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Summary:

Vip (Vegetative insecticidal protein) constitutesnaw family of insecticidal
proteins produced during the vegetative growth ehasdifferent bacillus strains and
mainly by Bacillus thuringiensig(Bt). This protein family accounts for 4 members:
Vipl, Vip2, Vip3 and the recently described VipeTbinary toxins Vipl and Vip2
are found to be active to coleopteran and homoptersects; Vip3 is active against
lepidopterans, however, no target is yet known\Mig4. Determination of Vipl and
Vip2 mode of action was easy since they showedfgignt sequence homology with
the well-known clostridial toxins C2 and C3 respady. This was not the case of
Vip3; no significant sequence homology was founthwiny of the described proteins
in the data bases, and neither any characteristiagh with known toxic activity was
found in its sequence. Thus their mode of actianldiot be deduced. In this work we
study the main steps of the mode of action of Vig8ateins in an attempt to extend
the knowledge acquired so far.

In the present study we assess the stability of3&# through its purification
process, after which we investigate two steps<fribde of action: the activation by
the midgut juice of the susceptible insect str&pedoptera frugiperdand Spodoptera
exiguaand the binding to its specific receptors localizethe midgut ofS. frugiperda
The activity of Vip3Aa has been tested after ddfar purification protocols using.
frugiperdaas a control insect. It was found to be stableratained full toxicity after
the different biochemical steps used for its poaitiion.

The bioassays results using the protoxin form ogb3¥ia showed pronounced
differences in LG, values (scored at 7 and 10 days) betw&enexiguaand S.
frugiperda the former being less susceptible. Strong gramhibition was observed at
7 d and most live larvae were arrested in the firstar. LGy values of “functional
mortality” (dead larvae plus larvae remaining lre tfirst instar), measured at 7 d, were
similar or even lower than the kgvalues of mortality at 10 d. However, when the
trypsin-activated Vip3Aa is used no growth inhibitiwas observed in either species,
both were equally susceptible to this form. Proogs®f Vip3Aa protoxin to the
activated form was faster with. frugiperdamidgut juice than witts. exiguamidgut
juice suggesting that the difference in the aciivatrate of Vip3Aa between the two
species could be the basis of the difference iir fhesceptibility to the protoxin. In
contrast, Vip3Ae was found to be equally toxic tede two species. Proteolysis
experiments were performed to study the stabilityVgp3A proteins to peptidase

15



digestion and to see whether the differences faaudd explain differences in toxicity
against these twBpodopteraspecies. Results indicated that activation ofgiatoxin
form and degradation of the 62 kDa band took pktdewer concentrations of trypsin
when using Vip3Aa than when using Vip3Ae. The ojgosffect was observed for
chymotrypsin. When processed with the midgut extiien bothSpodopteraspecies,
Vip3Aa and Vip3Ae protoxins were readily processed no peptidase resistant core
was observed under the experimental conditions .udRidestion experiments
performed withS. frugiperda chromatography-purified digestive serine peptidases
showed that the degradation of the Vip3A toxingvactore is mainly due to the action
of cationic chymotrypsin-like peptidase. Althoudhetdigestion patterns of Vip3A
proteins do not always correlate with toxicity, freptidase stability of the 62 kDa core
is in agreement with intraspecific differences gb3/Aa toxicity.

The in vivo analysis of Vip3Aa binding toS. frugiperda midgut using
immunofluorescence histological localizatisimowed that Vip3Aa bound to the brush
border membrane along the entire apical surface.presence of fluorescence in the
cytoplasm of epithelial cells seems to suggestmnatezation of Vip3Aa or a fragment
of it. Thein vitro analyses of Vip3Aa binding characteristics ancapaaters have been
made possible by its successful radiolabeling. té&igous competition using Vip3Ad,
Vip3Ae, and Vip3Af as competitor proteins showedttthey share the same binding
site with Vip3Aa. In contrast, when using CrylAbda@rylAc as competitors, no
competitive binding was observed. The present walkhelp to better understand the
molecular basis of resistance to these toxins thcariroduced in plants and thus to
help design suitable insecticide resistance managestrategies for continued use of
Bt toxins in transgenic crops.
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Resumen:

Las proteinas insecticidas vegetativas (Vip) ctigh una nueva familia de toxinas
producidas durante la fase de crecimiento vegetai® diferentes cepas d@acillus y
principalmente poBacillus thuringiensigBt). Esta familia de proteinas esta representada
por 4 miembros: Vipl, Vip2, Vip3 y la recientemeikescrita Vip4. Las toxinas binarias
Vipl y Vip2 son activas contra coledpteros y horeépd; las proteinas Vip3 son activas
contra lepiddpteros, sin embargo, los insectosadjzara la proteina Vip4 no se conocen
todavia.La determinacién del modo de accion de Vipl y Vipe facil ya que mostraron
una homologia de secuencia significativa con lasin&s clostridiales C2 y C3,
respectivamente. Este no fue el caso de Vip3. taeipas Vip3 no han mostrado ninguna
homologia de secuencia significativa con ningun&sgeroteinas descritas en las bases de
datos. Tampoco se encontrd en su secuencia ningamid caracteristico con actividad
toxica conocida, por lo que no se pudo inferir ssdende accion. En este trabajo se
estudian las principales etapas del modo de ack&das proteinas Vip3A en un intento de
ampliar los conocimientos adquiridos hasta el mamsabre estas proteinas.

En el presente estudio se evalud la estabilidadip@Aa respecto a diversos procesos de
purificacién, tras lo cual se investigé dos pasesua modo de accion: la activacion por el
jugo intestinal de las especies susceptiBlesdoptera frugiperds Spodoptera exigug la
unién a sus receptores especificos localizadod @értestino medio deS. frugiperda El
efecto de varios protocolos de purificacion de Yig3sobre su toxicidad fue analizado
utilizandosS. frugiperdacomo insecto control. La proteina Vip3Aa fue elgtgtretuvo total
toxicidad después de los diferentes pasos bioqagmisados para su purificacion.

Los bioensayos utilizando la Vip3Aa en forma pritaxmostraron diferencias marcadas
en los valores de L (anotados a los 7 y 10 dias) erireexigugmenos susceptible) §.
frugiperda Se observd una fuerte inhibicion del crecimiestos 7 d y la mayoria de las
larvas vivas detuvieron su crecimiento en el priesadio larvario (L1). Los valores de
LCs de la " mortalidad funcional " (larvas muertadsnharvas en L1), medidos a 7 d,
fueron similares o incluso inferiores a los valadeda LG, de la mortalidad a los 10 d. Sin
embargo, cuando se utilizo la Vip3Aa activada pipsina, no se observo inhibicion del
crecimiento, y ambas especies fueron igualmenteptibles a esta forma. El procesado de
la protoxina de Vip3Aa a la forma activada fue mégido con el jugo intestinal ds.
frugiperdaque con el d&. exigualo que sugiere que la diferencia en la tasa tieaaton

de Vip3Aa entre las dos especies podria ser ladmse diferencia de susceptibilidad a la
protoxina. Por contra, Vip3Ae resultd ser igualreetixica para estas dos especies. Se
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realizaron experimentos de proteolisis para estudiastabilidad de las proteinas Vip3A
frente a las peptidasas intestinales y observas sliferencias encontradas podrian explicar
las diferencias en la toxicidad contra estas dpeaciss deSpodopteralLos resultados
indicaron que la activacion de la protoxina y lgraeacion de la banda de 62 kDa tenia
lugar a concentraciones mas bajas de tripsina Yg@2Aa que para Vip3Ae. El efecto
opuesto se observd con la quimotripsina. Cuandességugo intestinal de ambas especies
de Spodopteralas protoxinas Vip3Aa y Vip3Ae fueron inmediatarteeprocesadas y no se
encontr6 ningun péptido resistente a las peptidastestinales en las condiciones
experimentales utilizadas. Los experimentos de stiiye realizados con las serin
peptidasas d8. frugiperdgpurificadas por cromatografia mostraron que laatigrion del
fragmento activo de las toxinas Vip3A se debe |padmente a la accion de la peptidasa
de tipo quimotripsina cationica. Aunque los patsode digestion de las proteinas Vip3A
no siempre se correlacionan con la toxicidad; takeledad del fragmento de 62 kDa a las
peptidasas esta de acuerdo con las diferenciasmttificas de la toxicidad de la proteina
Vip3Aa.

La uniénin vivo de Vip3Aa al intestino medio d&. frugiperdamediante la localizacion
histolégica por immuno-fluorescencia mostré qué/ip3Aa se une a lo largo de toda la
superficie apical de la membrana del borde en loepi¢é las células intestinales. La
presencia ténue de fluorescencia verde en el ago@ de las células epiteliales parece
sugerir internalizacion de Vip3Aa o un fragmentdalmisma. El éxito del radiomarcaje de
Vip3Aa ha hecho posible el analisisvitro de sus caracteristicas y parametros de union.
La competencia heterdloga d@l-Vip3Aa con Vip3Ad, Vip3Ae y Vip3Af mostré que
estas proteinas comparten los mismos sitios denwni&. frugiperda Por contra, cuando
se utilizaron CrylAb y CrylAc como competidores seobservd union competitiva. El
presente trabajo ayudara a comprender mejor la lmadecular de la resistencia a las
toxinas Vip3A introducidas recientemente en plantaasi ayudar a disefiar estrategias
apropiadas de manejo de resistencia a los insggsigara uso continuado de las toxiBas
en cultivos transgénicos.
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INTRODUCTION

BACTERIAL VEGETATIVE
INSECTICIDAL PROTEINS (VIP) FROM
ENTOMOPATHOGENIC BACTERIA: A
REVIEW

The introduction of this thesis will be submittedtbhe journal of Microbiology and
Molecular Biology Reviews.
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1. Introduction:

1.1. Preface:

Entomopathogenic bacteria have an enormous pdtémtiansect control and they
can provide us with an arsenal of insecticidal coumuls (de Maaget al., 2003). By far
the most widely used insecticidal proteins areGhe proteins fromBacillus thuringiensis.
These proteins accumulate in the parasporal crgdtahe time of sporulation and are
released to the culture medium only after thewall disintegrates. Formulations based on
B. thuringiensisrystals and spores have been successfully usashtol a wide range of
lepidopteran pests, some Coleoptera, blackflies mmodquito species (Sanchis 2011;
Sanahujaet al., 2011). The insecticidal potency of some Cry prieis such that their
respectivecry genes have been transferred to plants, confewtagdr very high protection
against the most damaging pests (Estetcl.,1997; Shelton 2012; James 2014).

Despite the wide success of Cry proteins in insecitrol, some important pests
were found to be very tolerant to Cry proteins, hss Agrotis ipsilon (Lepidoptera:
Noctuidae) andDiabrotica spp. (Coleoptera: Chrysomelidae), which cause ifsignt
damage to the corn seedling. Screening programedaiim evaluate insecticidal active
principles in culture supernatants frddacillus isolates succeeded in finding the culture
supernatant oBacillus cereusAB78 to produce 100% mortality tDiabrotica virgifera
virgifera andDiabrotica longicornis barberi The active principle in the supernatant was
found to be proteinaceous. Anion exchange chromapdy followed by SDS-PAGE
showed that the insecticidal activity was due to tlifferent proteins of 80 and 45 kDa,
which were named ViplAa and Vip2Aa, respectivelyorfi Vegetative ihsecticidal
Protein) (Warren 1997). Sequences with homologyheirtrespectiveviplAaandvip2Aa
genes were found in about 12% of the B63huringiensisstrains tested. In the same study,
the B. thuringiensisAB88 strain vegetative culture supernatant idexdifa 88.5 kDa
protein highly toxic toA. ipsilon and other lepidopterans, which was named Vip3Aa
(Estruchet al., 1996). More recently, a new type, Vip4Aa, has besported by direct
sequence submission to the NCBI GenBank (accesiomber AEB52299) anth silico
analysis predicted a molecular mass of approx kDiB(Palmeet al.,2014).

Alternative names for this kind of proteins weresaal given before the
standardization by the Bt Toxin Nomenclature Cortemnit{Crickmoreet al.,2015), such as
Insecticidal Secreted Proteins (Isp), with the ssasispl, Isp2 and Isp3 (NCBI GenBank
acc. No. AJ871923, AJ871924, AJ872070), which aradiogous to Vip1, Vip2 and Vip3,
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respectively. It should be mentioned that anotkeereted insecticidal protein (named Sip)
from B. thuringiensishas also been reported (Donovenal., 2006) which shares no
homology to the Vip proteins and should not be akish with one of them.

To date, 15 Vipl, 20 Vip2, 101 Vip3 and one Vipbteins have been reported
(Crickmoreet al., 2015). Figure 1 shows the dendrogram with theahifty of the Vip
proteins based on their amino acid degree of ifentipl and Vip2 act as a binary toxin
for some coleopteran and Hemiptera and Vip3 is@etgainst Lepidoptera (Estruehal.,
1996; Ruiz de Escudemt al.,2014). For the member of the new family Vip4, aoget
insects have been found as yet. In contrast t&tigeprotein family, Vipl, Vip2 and Vip3
share almost no sequence homology among each dubieig Vipl and Vip4 the most
similar (34% amino acid identity).

1.2. The binary Vip1/Vip2 toxin

In addition toB. cereusandB. thuringiensisvipl andvip2 genes have also been found
in other bacterial species, suchlasinibacillus sphaericugformerly known asBacillus
sphaericuy and Brevibacillus laterosporugRuiu 2013; Schnepét al., 2005). Studies on
the distribution ofvipl andvip2 genes have shown that they are found in around &fB5
thuringiensisstrains (Hernandez Rodriguer al., 2009; Yuet al., 2011a; Shingotet al.,
2013a). These two genes are carried by the sammroad with two different open
reading frames separated by an intergenic spacdr tof 16 bp placed in a 4 to 5 kb
genomic sequence (Warren 1997; 8hal., 2007; Biet al., 2015) and in a megaplasmid
(around 328 kb length) iB. thuringiensisstrain 1S5056 (Murawskat al., 2013). At the
time of writing this document the Bt Toxin Nomertai@ data base listed the following
vipl andvip2 genes: JiplAg 1viplAh 1viplAg 1viplAd 2viplBa,3viplBh 1viplBg
2viplCa and 1viplDa and 3vip2Aa 1vip2Ah 2 vip2Ag 1vip2Ad 3vip2Ae 2 vip2Af 2
Vip2Ag 2vip2Ba,and 4vip2Bb(Crickmoreet al.,2015).

Vipl and Vip2 proteins are expressed concomitaatig translation from the same
transcript appears to be essential to ensure big#d of both proteins. They are produced
during the vegetative growth phaseBfthurigiensisand their level remains high till after
the sporulation stage. The gene transcripts arecthet even at the starting of the
logarithmic phase, following with maximum expressiin the stationary phase and
remaining at high levels in the sporulation stdgjeet al, 2015; Estruclet al.,1996; Shiet
al., 2004; Shiet al.,2007).
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1.2.1 Protein structure and function

Classical bacterial A-B toxins, such as choleranoiteract with cells as a complex
composed by one or several polypeptides associategblution. Alternatively, Gram
positive bacilli from the gener&lostridium and Bacillus produce proteins with a
synergistic binary mode of action in which the twmteins do not form an aggregate
before binding to the cell surface (A+B toxins) (Beet al.,2004). The Vipl/Vip2 toxin is
an example of A+B toxin related to mammalian toxinem Clostridium botulinum
Clostridium difficile Clostridium perfringens Clostridium spiriforme and Bacillus
anthracis Sequence homology with the mammalian toxins, [#ek of toxicity of the
individual proteins, and experiments of translagioftameshift mutation of theipl gene
along with toxicity bioassays to susceptible insexinfirmed the binary mode of action of
these proteins (Warren 1997).

Sequence analysis of ViplAa and Vip2Aa proteineeaéad the presence of an N-
terminal signal peptide of about 30 and 50 amiridsaespectively (Shit al.,2004; 2007,
Warren et al., 1998). The signal peptide was shown to be cleakatng secretion,
rendering mature proteins of ca. 82 kDa (for ViplAsand ca. 45 kDa (for Vip2Aa)
(Warren, 1997; Bet al, 2015). Sequence alignment revealed that the iNHtet part of
the Vip1l is highly conserved (identity of 75-919%)d. 2). In contrast, the Vipl C-terminal
part is much less conserved (identity of 23-35%a(k&h, 1997; Shét al.,2004, 2007).

Vipl has significant sequence identity with thediiig component C2-1l of the C2.
botulinumtoxin (29%), the Ib of the iota toxin fro@. perfringens(31%), 33 to 38% of
identity with C. spiroformetoxin andB. anthracisprotective antigen, and with the toxin B
of C. difficile at amino acids 142-569 (Séi al., 2004, 2007; Leubert al., 2006). Vip2
shares more than 30% sequence identity to theridiastRho-ADP-ribosylating exotoxin
C3 (Hanet al., 1999). These homologies suggested that the Vipteioris the component
called “B” and that the Vip2 protein is the “A” cqonent of the binary toxin (Bar#t al.,
2004). Vipl would act as the binding and transliocatcomponent (channel forming
protein) (Knappet al.,2002; Schmidet al., 1994, Blausteiret al., 1989) and Vip2 would
enter the cell and exert its toxic effect.

Vip2 is an NAD-dependent actin-ADP-ribosylating itoxJucovicet al.,2008) and has
two distinctive domains: the N-terminal domain framino acids 60 to 265 and the C-
terminal domain from amino acids 266 to 461 (Fip.(lBan et al., 1999). Despite their
limited sequence homology to each other, the diggraphy structure analysis of Vip2 N-
and C-terminal domains showed homology in theucétire (Fig. 4). Each domain core is

23



formed mainly by the perpendicular packing of a&fstranded mixefl-sheet with a three-
stranded antiparallgl-sheet. The three-stranded sheet is flanked by donsecutiveu-
helices and the five-stranded sheet by an addltiohelix (Hanet al., 1999). The overall
fold of each domain resembles the catalytic domairdassical A-B toxins. In fact, crystal
structure superposition of Vip2 and clostridial itoxC3, along with sequence alignment,
suggests that the class of Vip2 binary toxins hiésea by single gene duplication of an
ancestral ADP-ribosyltransyltransferase. This eweotld have been followed by further
divergence by which the N-terminal domain would éndost the catalytic function and
evolving into a binding component to finally giviea to a new protein family with ability
to bind to other carrier proteins and thereby a&cbiaary toxins (Haret al., 1999; 2001,
Barthet al.,1998).

1.2.2 Insecticidal activity

The toxicity of Vipl and Vip2 has been tested aghi@ number of insect species
belonging to the order Coleoptera (11 species),idogpera (12 species), Diptera (2
species) Homoptera (1 species) and Nematoda (2espédable 1). So far, toxicity has
been found against 8 coleopteran species (Warrén; Bbetset al.,2011; Biet al.,2015;
Shingoteet al.,2013b) and to the homopterAphis gossypi{Sattar and Maiti, 2011; Yet
al., 2011b).

Vipl and Vip2 acting as a binary toxin has beemsghio vivo for ViplAa/Vip2Aa and
ViplAa/Vip2Ab with Diabrotica spp. (Warren 1997; Boets et al., 2011), for
ViplAd/Vip2Ag with Holotrichia oblita (coleoptera: MelolonthidagMHolotrichia parallela
(Coleoptera: Motschulsky)and Anomala corpulentgColeoptera: Rutelidag)Bi et al.,
2015), for ViplDa/Vip2Ad for Anthonomus grandigColeoptera: Curculionidae) and
Leptinotarsa decemlineatgColeoptera; Chrysomeloidea)Boets et al, 2011), for
ViplAc/Vip2Ae and ViplAe/Vip2Ae withA. gossypii(Sattar and Maiti, 2011; Yet al.,
2011b), and for an 88% homologous Vipl/Vip2 wHitophilus zeamaigColeoptera:
Curculionidae)(Shingoteet al., 2013b) When both proteins were used in combination,
they were effective, whereas when expressed atheg,exhibited minimal or no activity
(Warren 1997; Boetst al.,2011; Biet al, 2015; Yuet al.,2011b; Sattar and Maiti 2011).
Another interesting feature of these toxins comesnfexperiments combining different
pairs of proteins. The pair ViplAa/Vip2Aa is actiagainstDiabrotica, but this is not the
case with the pair ViplAb/Vip2Ab. Interestingly, ethpair ViplAa/Vip2Ab is active
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whereas the pair ViplAb/Vip2Aa is not, suggestihgttthe lack of toxicity of the pair
Vip1Ab/Vip2Ab to D. virgiferais due to the Vip1Ab component (Warren 1997).

1.2.3 Mode of action

The molecular mechanism of the insecticidal agtiweit Vip1/Vip2 toxin is not totally
understood. The multistep process begins with tlgedtion of the toxin by the larva,
probably followed by the proteolytic activationtime midgut by trypsin-like proteases. The
activated 66 kDa monomer of ViplAc has been shawiotm oligomers containing seven
Vipl molecules (Leubeet al.,2006). These oligomers would recognize speciftepeors
in the midgut brush border membrane and then imsierthe membrane. Evidence that the
Vipl component is involved in receptor recognitwas in part provided by the fact that
ViplAa cannot be replaced by ViplAb without lositaxicity to D. virgifera (Warren
1997) ViplAa and Vip1lAb share 97 % homology at their Kximal part and only 31% at
the C-terminal, suggesting that the C-terminal daned these proteins is involved in the
insect specificity. The first receptor describedddvipl protein by ligand blot experiments
was an approx. 50 kDa protein identifiedAngossypii however no binding was observed
to the BBMV of non susceptible insects (Sattar Biadti, 2011).

In vitro experiments showed that Vipl formed membrane poreartificial lipid
bilayer (Leuberet al., 2006). The pores had two different conductancestauggesting
the simultaneous formation of two different chasn&liplAc channels are found to be
asymmetric and moderately anion selective. Thetpetahannel forming domain of Vipl
contains two negatively charged (E340 and E345)tandpositively charged amino acids
(K351 and H363) which are hypothesized to contebiat the selectivity of the channel
(Leuberet al., 2006). In contrast to the pores formed by Cry ®igB proteins, the pores
formed by Vipl, in the absence of the Vip2 compandrave no toxic effect to the
susceptible insect (Leubet al.,2006).

The Vipl pore would provide a channel for Vip2 enptrate into the cells to exert its
toxic action through the destabilization of theiradty preventing polymerization and thus
inhibiting the microfilament network formation (Haat al., 1999). The catalytic Vip2
domain would catalyze the transfer of the ADP-rio@goup from NAD to the major
cytoskeleton forming protein (actin), which woulskpent actin polymerization (Haet al.,
1999; Jucoviet al.,2008).
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1.2.4 Expression in plants

Despite the economic importance of Vipl and Vip2e#fective toxins against the
major corn pesD. virgifera, the expression of the binary toxim planta has not been
possible knowing the cytolytic activity of the Vig&otein. In fact, Vip2 expression in
yeast resulted in serious developmental pathologypdenotypic alteration (Jucowt al.,
2008). To overcome this problem, Jucoetcl (2008) designed a new zymogene strategy
which consisted in the expression of a zymogenimfof Vip2 called “ProVip2”. The
Vip2 proenzyme was obtained by extension of ther@inal part of the protein in such a
way that it masked the enzymatic activity. The @rieal added peptide showed to be
effectively eliminated by the proteolytic action®df virgifera midgut enzymes, and insects
on a diet containing ProVip2 transgenic corn anglMvere totally killed.

1.3. The Vip3 lepidopteran-active protein

Similarly to Vipl and Vip2 proteins, Vip3 proteingre produced during the
vegetative growth phase Bf thurigiensisand can be detected in culture supernatants from
15 h post-inoculation to beyond sporulation, whiefiects their high stability (Estruodt
al., 1996; Mesratiet al., 2005b). A study of thevip3Aal6 gene reported that the
transcription start point was located at 101 bptrepsn the start codon and that the
promoter -35 and -10 regions were very similati®B. subtilispromoters® and to theB.
thuringiensispromoters™, which strongly suggest that thgp3Aal6gene is transcribed by
a holoenzyme B* (Mesratiet al.,2005b).

Genes coding for Vip3 proteins are commonly foumdoag B. thuringiensis
strains and hence some studies have found themieveh and up to 87% of the strains
tested and in more than 90% of strains carryind @myd cry2 genes (Beadd al., 2008;
Espinasset al., 2003; Mesratet al., 2005a; Hernandez-Rodriguer al., 2009, Yuet al.,
2011a).vip3 genes are about 2.4 kb long and they are norroaliied in large plasmids
(Wu et al.,2004; Mesratet al.,2005a), though in some cases they have been mapos
be located in the bacterial chromosome (Franco rRie¢ al., 2004). Many screening
strategies oB. thuringiensisisolates were performed with the aim of isolatimey vip3
genes (Loguerciet al., 2002; Franco-Riverat al.,2003; Bhallaet al., 2005; Ranget al.,
2005; Liu et al., 2007;Sattaret al., 2008; Abulreestet al., 2012; Asokaret al., 2012;
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Murawskaet al., 2013), at the time of writing this document thevere 54vip3Ag 2
vip3Ah 1vip3Ag 4vip3Ad 1vip3Ae 3Vvip3Af 15vip3Ag 1vip3Ah 1vip3Ai 2vip3Ba,3
vip3Bh and 4vip3Cagenes reported (Crickmost al., 2015). Therefore, most studies on
the Vip3 proteins have been carried out with thestnatbundant Vip3Aa proteins and very
little information is available on Vip3B and Vip3@roteins and on other less common
Vip3A (Vip3Ab, Vip3Ac, etc.),. Unfortunately, earlyapers omitted the small letter in the
Vip3 name, referring just to Vip3A. Although thesteidies were most likely carried out on
Vip3Aa, in this review we have followed the nomextiale the authors’ used whenever we
found impossible to track down the identity of firetein by either the accession number or
by any other means.

1.3.1 Protein structure and function

The number of amino acids in Vip3 proteins is atb@B7 with an average molecular
mass of around 89 kDa. The N-terminal half of Vj8teins is highly conserved, while the
C-terminal region is highly variable (Raeg al., 2005; Wuet al.,2007; Ruiz de Escudero
et al., 2014) (Fig. 5). Because of this reason it has h@eposed that the C-terminus is
related with target specificity (Wet al.,2007).

Vip3A proteins contain three cysteine residuesnPwiutations have been introduced
in each of the three residues in order to deterreimgirically the existence of disulfide
bonds. The loss of activity was rather related witypsin sensitivity than with the
disruption of a disulfide bond (Doreg al, 2012).

The N-terminus of Vip3 proteins contains a signgbfe which is responsible for
the translocation of the protein to the periplaspace across the cell membrane. It
consists in a few positively charged amino aciddpfved by a hydrophobic region, which
are not removed after secretion frddn thuringiensis(Estruchet al., 1996, Dosset al,
2002, Cheret al., 2003). Without a clear putative cleavage site,digmal peptide extent
varies depending on the protein sequence and omrtbgram used for prediction, and
ranges from 11 to 28 amino acids (Estrwthal, 1996; Dosst al, 2002; Cheret al,
2003). Since the secretion of proteins commonliespthe excision of the signal peptide,
the secretion mechanism of Vip3 proteins is stitlear.

The highly conserved amino acid sequence of theritihal region of Vip3A proteins
is an indication that this region must play an im@ot role in either the protein folding or
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by directly affecting binding to the membrane rdoep However, contradictory results
have been obtained in experiments testing the ticgdal activity of mutant Vip3A
proteins with deletions at the N-terminal end. Bete of the first 198 amino acids (which
corresponds to the 20 kDa proteolytic fragment diesd by Estruclet al,, 2001) abolished
the toxicity to Helicoverpa armigera(Lepidoptera: Noctuidae) anSpodoptera exigua
(Lepidoptera: Noctuidae) (Li et al., 200Deletion of the 27 N-terminal amino acids from
Vip3Aa rendered an inactive protein due to totaklof solubility (Cheret al.,2003). The
deletion of the 39 N-terminal amino acids from tgp3Aa differentially affected the
toxicity of this protein toward the two susceptiblegsect speciesSpodoptera littura
(Lepidoptera: Noctuidae) arthillo partellus(Lepidoptera: Crambidaépelvapandiyaret
al., 2001). Contrarily to the above results, Gageral. (2012) found that deletion of the
200 N-terminal amino acids enhanced the insectiqudéency of the core active toxin
about 2-3 folds againsH. armigera A. ipsilon Spodoptera littoralis(Lepidoptera:
Noctuidae) andScirpophaga incertulagLepidoptera: Pyralidae). Similarly, in another
study (Bhallaet al., 2005), suppression of 33 amino acids from the Xg3-terminus
caused no loss of toxicity agairst littura, Plutella xylostella(Lepidoptera: Plutellidge
andEarias vitella(Lepidoptera: Noctuidae)

The function of some C-terminus modifications hasrbalso studied but without
leading to a general conclusion. Usually the effetctthe same change varies among
different insect species, preventing a consensostahe contribution of certain regions or
positions of Vip3A proteins to their toxicity (Selpandiyaret al.,2001; Cheret al.,2003;
Bhallaet al.,2005; Liet al.,2007; Gayeret al.,2012). There is general agreement in that
the last amino acids of the C-terminus are critfcalthe activity and stability of Vip3
proteins, since their deletion, substitution to4conservative residues or addition of amino
acids to the end of the protein completely abadlghprotein activity (Selvapandiyaat al.,
2001; Gayeret al.,2012) and the stability against proteaseseflal, 2007; Estruclet al,
2001). A triple mutation at the C-terminus of Vip@Aresulted in an unstable protein that
was completely hydrolyzed by the midgut juicefofipsilonlarvae but retained toxicity
against Sf9 cells (Estruct al.,2001).

Analysis of the Vip3 protein sequences done byatitbors for this review revealed
the presence of a carbohydrate binding motif (CBM 4uperfamily, pfam02018) in all
Vip3 proteins with the exception of Vip3Ba (Fig.8he CBM spans from position 536 to a
position near amino acid 652, with a consistentalele between 10 “eand 10 &’
depending on the Vip3 protein considered (MarcBlaveret al, 2011 & 2013 NCBI-
CDD data base). The analysis of Vip3 sequencesraisgaled positive hits with different
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multidomains in the N-terminal region, with lowetvalues of around 10™% and with
differences depending of the Vip3 protein considgfeg. 6) (Marchler-Baueet al, 2013
NCBI-CDD data base). No hydrophobic region susbéptio form a transmembrane
domain was found besides the short succession drbpfiobic amino acids found in the
signal peptide (Estruckt al.,1996; Dost al.,2002).

Some differences exist between Vip3Aal and bothVip8B and Vip3C proteins.
These differences are distributed all along thetgimosequence, although maximum
divergence is found at the C-terminus, as occutisinvWip3A proteins. The N-terminus of
the putative signal sequence of Vip3B and Vip3@lmost identical to that of all Vip3A
toxins. The proteolytic processing sites are lesserved among the three Vip3 proteins,
but major differences are found in the middle a&f tirotein sequence; the insertion of 5
amino acids downstream the first processing siteVip3C type and 17 amino acids
downstream the second processing site for the ViR may cause a change in the
expected size of the toxin “active form” from 66 &Qo 69 kDa. The Vip3B inserted
sequence consists in three repetitions of the paRECEE, which is characterized by its
high content of negatively charged amino acids (d &) and cystein residues. From a
total of 11 cystein residues found in Vip3B progeiaight (78%) are located in this inserted
sequence (Rangt al., 2005; Palmaet al. 2012). Whether the insertion of this repetitive
pattern contributes to the limited insecticidaiatt of these proteins is not known.

The conformational structure of Vip3 proteins hasver been elucidated.
Secondary structure prediction suggests that theridinal part is mainly constituted loy
helix structures whereas the essential componenthef C-terminal part arg-helix
structures and coils, which would be consistenhvitg proposed role in insect specificity
(Ranget al.,2005; Wuet al.,2007). The fact that Vip3 proteins do not show blwgy to
any protein outside their group prevemssilico modeling based on structure homology.
Only a partial tertiary structure of the Vip3 prioteorresponding to the last 200 amino
acids has been modelled by homology to domain thefCry proteins (Wet al.,2007).

1.3.2 Insecticidal activity

Most information on the insecticidal activity of pd proteins has been obtained
with the most abundant proteins of the subclass8Adpand very few data exist on the
toxicity of Vip3B, Vip3C and other Vip3A differeritom the Vip3Aa subclass.
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1.3.2.1 Insecticidal spectrum of Vip3 proteins

Vip3A proteins are toxic to a large number of lagitbran insects. It is worth to
mention that they are very active against inseetigis from the genu&grotis, which are
known to be tolerant to Cry proteins, and alsopecges from the genu&podopterawhich
are relatively little susceptible to Cry proteinga( Frankenhuyzen & Nystrgn2009). In
this regard, it has been shown that deletion ofvip8A gene from theB. thuringiensis
HD1 strain significantly decreased its toxicity g A. ipsilonandS. exiguaDonovanet
al., 2001). On the other hand, other species suscepbbCry proteins, such &3strinia
nubilalis (Lepidoptera: Crambidae)Culex quinquefasciatugDiptera: Culicidae) and
Chironomus tepper{Diptera: Chironomidae), are marginally or notmible to any
Vip3A protein tested (Estrucht al, 1996; Yuet al, 1997; Dost al, 2002; Yuet.al,
2012). With Vip3 proteins, depending on the Vip3otein and the insect species
considered, it is not uncommon to find that, white mortality is reached at a high
concentration of Vip3 protein, a strong growth lition (or even complete growth arrest)
is observed at lower concentrations (Jamoeisal.,2009; Abdelkefi-Mesratét al.,2011a;
Ben Hamadou-Charféet al., 2013; Palmaet al., 2012; Ruiz de Escuderet al., 2014).
Therefore, the “functional mortality” (dead inseg@lsis those remaining at L1) represents
better the effectivity of the Vip3 protein in thosases (Ali and Lutrell, 2011; Chakroen
al., 2012; Ruiz de Escudest al.,2014).

Table 2 summarizes the results reported on thectiogtal activity of Vip3Aa
proteins. Only the values of the protoxin form aji®en since there are no reports
indicating differences in the insecticidal activibgtween the protoxin and the activated
form (Ruiz de Escuderet al 2014), with the exception of Vip3Aal6 agaistexiguand
Vip3Afl againstSpodoptera frugiperdéLepidoptera: Noctuidae) (Chakrowt al., 2012;
Hernandez-Martinezt al., 2013). Despite the very small differences among3%¥&a
sequences, some proteins may exhibit significdfierédinces in toxicity to the same insect
species (Selvapandiyat al.,2001; Ruiz de Escudert al. 2014; Palmaet al, 2013). For
example, among all Vip3Aa proteins tested, only 3Ap1 and Vip3Aal4 have been
described as low or non active agaidstarmigera(Table 2). Nonetheless, considering that
most of the data in Table 2 were obtained in diffidaboratories, insecticidal differences
are likely to come from factors other than sligtfitedences in protein sequence, such as the
protocol used for protein preparation, purity ot tekample, method of quantification,
bioassay conditions, or variability among insecpuyations. Hernandez-Martinez al.
(2013) evidenced the decrease in the toxicity g proteins after purification with
metal-chelate chromatography. The effect of thehowbtof purification depends on the
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tandem protein - target species. This effect was pfeviously described for Cry proteins
(Hernandez-Rodrigueat al, 2012). Ali and Lutrell (2011) found that insedti@l response
of Helicoverpa zeaand Heliothis virescengLepidoptera: Noctuidae) to Vip3Aa greatly
varies among different batches of the same prateiwell as with the buffer used. Besides,
considerably variability was reported among sevéeddl and laboratory populations and
within five consecutive seasons.

Table 3 summarizes the bioassay data on Vip3A im®tether than Vip3Aa, and
Table 4 that of Vip3 proteins other than Vip3A.

1.3.2.2 Interactions with other insecticidal progei

Synergism has been observed between Vip3Aa andA@ypPoteins againsthilo
suppressaligLepidoptera: Crambidae) ar®l exiguaafter their co-expression iB. col
contrarily, this protein combination was slightlytagonistic orC. quinquefasciatuéyu et
al., 2012). Bergamascet al., (2013) reported synergism between Vip3A and Crytla
three Spodopteraspecies $. frugiperda S. albula and S. cosmioides(Lepidoptera:
Noctuidae)) but slight antagonism i&podoptera eridanialLepidoptera: Noctuidae)
Antagonism between Vip3A, CrylA and CrylCa proteivess described ifd. virescens
(Lemeset al., 2014): antagonism was found in combinations of 1Cy with either
Vip3Aa, Vip3Ae or Vip3Af, and of Vip3Af with eitheCrylAa or CrylAc. In the same
study, Vip3Aa and CrylCa showed antagonismSin frugiperdawhereas the same
combination was synergistic Diatraea saccharaligLepidoptera: Crambidae).

The mechanism underlying synergism and antagonsnstill unknown. For the
antagonism between Vip3A and CrylC proteins, Lemesl., (2014) hypothesized a
physical interaction of the two proteins impairiting access of the binding epitopes to the
membrane receptor. Conversely, synergism coulcelzed to hetero-oligomer formation
with better ability of membrane insertion or poarriation, as it has been previously
proposed for CrylAc and CrylAa (Leeal.,1996).

1.3.2.3 Genetic engineered vip3A genes

Genetic engineering allows the creation of chimeganes that code for parts of
different proteins to obtain new ones with novelroproved properties. Knowledge of the
domains of a protein is of great help in the desifjohimeric proteins. Despite the lack of
information on the tertiary structure of Vip3A peots, two chimeras have been created by
sequence swapping betwesgip3Aa and vip3Ac genes with the aim to increase host
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specificity (Fanget al., 2007). Chimeras between Vip3Aa and Vip3Ac were tecdy
combining around 600 amino acids of the N-termnegion of one protein and around 180
amino acids of the C-terminal region of the othieal(le 5). The two chimeric proteins had
new toxicity properties: Vip3AcAa (with the N-temail region of Vip3Ac) was more toxic
than the two original proteins towards all theedsihsects, causing even growth inhibition
towards the Vip3A toleran©. nubilalis whereas Vip3AaAc was less toxic than its
counterpart and the original proteins, and evenptetaly lost the activity again@ombyx
mori (Lepidoptera: Bombycidae) (Farg al.,2007) (Table 5). Let al.,(2007) achived an
18-fold increase in toxicity again§. exiguaby changing the last two amino acids of the
chimeric Vip3AcAa protein (from IK to LR).

Similar attempts have been done combiniiigandcry genes. Fusion of thé@p3Aa
gene withcrylArendered a fusion protein that retained the toxitCrylAc, but partially
lost that of Vip3Aa, possibly due to incorrect Vip®olding (Saraswatht al.,2008). In
another study, theip3Aagene was fused with the N-terminus of%Ca and the resultant
chimeric protein resulted more toxic than the iidliial proteins and the mix of them,
probably because Vip3Aa increased the solubilitytred Cry9Ca protein (Dongt al.,
2012). In an attempt to improve the Vip3Aa yieldnatantvip3Aagene (with the signal
peptide deleted) was fused with the promoter andr@inal half of Cry1C, with the result
of a 9-fold increase in the expression of the rdmaant protein which was concentrated in
inclusion bodies. Unfortunately, this protein shdwewer insecticidal activity than the
original Vip3Aa protein against the insects testaibably due to low solubilization or
improper folding of the protein (Sorgg al.,2008) (Table 5).

Another type of approach has been the introductimhexpression ofip3A genes irB
thuringiensisstrains expressing differeaty genes, to create ndv thuringiensisstrains to
be used in insecticidal formulations with broadgrectrum of action. Commercial
formulations ofB. thuringiensisstrains contain little amounts of Vip proteins, canthe
latter are secreted to the growth medium whichigsatded during the processing of the
formulation (Taborsky, 1992). This problem can hbiecuomvented by directing the
expression of thevip3A gene to the sporulation stage using sporulatigredéent
promoters and specific transcription sequences flifferentcry genes (Arorat al., 2003;
Zhu et al., 2005; Thamthiankul Chankhamhaengdeehal., 2008; Sellamiet al., 2011).
The engineered strains in all these cases showpi@d production of Vip3A proteins
and higher toxicity toward the insects tested. @grand expression of th&p3Aagene in
Pseudomonas fluorescehas also been accomplished with the aim of produsprayable
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insecticides based on the Vip3A protein, either lom@d or not with Cry proteins
(Hernandez-Rodriguest al.,2013).

1.3.3 Mode of action

The study of the mode of action of the Vip3 prosestarted soon after their discovery
in 1996 by Estruch and coworkers, that suggestad\ip3 proteins most probably would
exert its toxicity via a process different to theegoroposed for the Cry proteins, based on
the lack of structural homology of these two typdsproteins (Estructet al., 1996).
Despite being so different, both types of toxinsréxheir toxic action through apparently
the same sequence of events: activation by midgoe@ses, crossing the peritrophic
membrane, binding to specific proteins in the dpmambrane of the epithelial midgut
cells, and pore formation (Lext al.,2003).

1.3.3.1. Behavioral and histopatholoqical effects

The behavioral symptoms observed in susceptiblectasafter ingestion of Vip3A
resemble the ones observed after Cry intoxicatifaeding cessation, loss of gut
peristaltism, and overall paralysis of the insett gt al., 1997). After ingestion of the
Vip3Aa protein, the analysis of gut cross sectiohsusceptible insects show extensive
damage in the midgut, with disrupted, swollen anti/sed epithelial cells and leakage of
cellular material to the lumen (Yet al.,1997; Doss, 2009; Abdelkefi-Mesrati al.,2011a;
Abdelkefi-Mesratiet al., 2011b; Ben Hamadou-Chast al., 2013; Sellamiet al., 2015;
Boukediet al.,2015). No damage was observed either in the foregin the hindgut, nor
in the midgut of non susceptible insects @fwal.,1997).

1.3.3.2. Proteolytic Processing

In vitro proteolysis of the full length Vip3A using insentdgut juice showed that these
proteins are processed to several major protegbytiducts, generally of about 62-66, 45,
33 and 22 kDa (Yt al., 1997, Abdelkefi-Mesratet al., 2011a; Abdelkefi-Mesratt al.,
2011b; Ben Hamadou-Charéit al., 2013; Sellamiet al., 2015). The 22 kDa fragment
corresponds to the N-terminal part of the protéion amino acids 1 to 198), the 66 kDa
fragment to the rest of the protein (from aminadak®9 to the end), and the 45 and 33 kDa
fragments are thought to be derived from the 66 gbdion (Estruch and Yu, 2001). The
minimal toxic fragment of the protein has also bestudied. Although an early study

33



claimed that the minimal fragment that retaineceatisidal activity after proteolysis was
the 33 kDa fragment (Estruch and Yu, 2001), thessgbent studies are in favor of the 62-
66 kDa fragment as being the Vip3A toxic core (ketal.,2003; Leeet al, 2006; Liet al.,
2007; Liu et al., 2011; Abdelkefi-Mesratet al., 2011a; 2011b; Chakrouet al., 2012;
Gayenet al., 2012 Hernadndez-Martinezt al., 2013; Ben Hamadou-Charéit al., 2013;
Cacciaet al.,2014; Sellamet al.,2015).

There are two major proteolytic processing sitescdled in the primary structure of
the Vip3A proteins. Processing sites are regiongeaf amino acids enriched in lysine
residues. The first site is located at lysine Kif®9&ip3Aal and is thought to release two
fragments: a 22 kDa fragment which correspondsieoN-terminus of the protoxin, and a
66 kDa fragment ranging from amino acid 200 todghd, which is assumed to be the toxin
active form. The second proteolytic site is locaa¢gbosition 455 and releases a fragment
of about 33 kDa from amino acid 200 to 455 (Rab@l, 2005; Estruch and Yu., 2001).
Estruch and Yu (2001) proposed the 33 kDa fragrteeive the minimal toxic core of the
Vip3A protein.

In contrast to Cry proteins, Vip3A proteins do r@ve a protease-resistant core.
Incubation of either Vip3Aa or Vip3Ae at differetitnes and concentrations of commercial
serine-proteases or insect midgut juice shows tistéable nature of the 62 kDa fragment,
which starts to break down even before all thegxiatis being processed (Cac@atal.,
2014; Sellamet al.,2015; Yuet al.,1997; Abdelkefi-Mesratet al.,2011b; Ben Hamadou-
Charfi et al., 2013). Partial purification of peptidase actistirom theS. frugiperda
midgut juice showed that cationic trypsin-like aadionic chymotrypsin-like peptidases
were involved in the formation of the Vip3A 62 kDmagment, whereas cationic
chymochypsin-like peptidases participated in itghfer processing (Caccet al., 2014).
Interestingly, the 20 kDa fragment produced upootgwiytic processing of the Vip3Aa
protoxin generally co-purifies with the 62 kDa fragnt, suggesting that, after activation of
the full length protein, the two fragments remaigdther (Chakroun and Ferré, 2014).

Results from bioassays using the full length protad the trypsin-activated form of
Vip3A proteins have shown that, in general, thevitno proteolytic activation does not
make a big difference in the insect toxicity anegficity (Chakrounret al.,2012; Ruiz de
Escuderoet al., 2014). There was also found that the midgut jute non-susceptible
insect O. nubilali§ could process Vip3An vitro to a 65 kDa fragment that was fully toxic
when fed to susceptible insects (¢u al., 1997). However, in some cases the rate of
processing of the full length protein has been gsep to account for differences of
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toxicity of a given Vip3A protein to different inse species (Abdelkefi-Mesrast al.,
2011b; Chakrouret al.,2012; Cacciaet al.,2014). Indeed, some studies have shown that
differences in mortality disappeared when the frypstivated protein was used instead of
the full length protein (Chackrowet al.,2012, Hernandez-Martinet al.,2013).

1.3.3.3. Binding to the larval midgut epithelium

In vivo immunolocalization studies have shown that Vip3iads to the apical
microvilli from midgut epithelial cells (Yet al.,1997, Chakroun and Ferré 2014). Specific
binding to the brush border membrane vesicles (BBMV

Interestingly, Vip3Aa also binds specifically toetBBMV of the non susceptible
O. nubilalis(Lee et al., 2003), which indicates that binding is necessanyriot sufficient
to produce toxicity. Quantitative binding parameterere obtained using tHé&l-labeled
protein (Chakroun and Ferré 2014). Specific bindafg*?-Vip3Aa to S. frugiperda
BBMV was found to be saturable, mostly irreversibled differentially affected by the
presence of divalent cations. Vip3A proteins wes® dound to have lower affinity but
higher number of binding sites compared with theyl@r and Cry2A proteins.
Interestingly, homologous competition showed thathbthe 62 kDa and the 20 kDa
fragments of the trypsin-activatétfl-Vip3Aa bound to BBMV and both were competed
by the addition of non-labeled Vip3Aa. By contrdatj et al. (2011), using biotin-labeled
Vip3Aa found that only the 62 kDa was able to bioadhe BBMV ofH. armigeraand that
the 20 kDa was found exclusively in the supernatéiite binding reaction.

Competition binding assays showed absence of shhimting sites between
Vip3Aa and CrylAc, CrylAb, CrylFa, Cry2Ae and Cry2&hich had been confirmed in
several insect species, and between Vip3Af and, Koyl Ab and CrylF irS. frugiperda
(Leeet al.,2006; Senat al., 2009; Liuet al.,2011, Goufforet al.,2011; Ben Hamadou-
Charfiet al., 2013, Chakroun and Ferré 2014). The only excegtiand was described by
Bergamasco and coworkers (Bergamastcal., 2013), that reported partial competition of
Crylla protein for the Vip3Aa binding sites $1 eridaniaBBMV, but not inS. frugiperda
S. albulaand S. cosmioide8BMV. Yet, Vip3Aa and its covariant Vip3Ae, Vip3Adnd
even the non active Vip3Ad share the same bindites Sn S. frugiperdawith no
significant differences between their binding pagters (Chakroun and Ferré 2014).

Interaction of Vip3Aa with the BBMV of the suscdpé insects involves specific
binding molecules different from the ones recogiizyy CrylA proteins. Ligand blot
analyses revealed that Vip3A recognized 80 and KDA& proteins inManduca Sexta
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(Lepidoptera, Sphingidae), while Cry1Ab bound totpins of 120 and 210 kDa (Le¢al.,
2003). The same study showed that Vip3A was urtableénd to the purified APN and the
cadherin ectodomain RTB fromil. sexta both membrane proteins known to bind Cry
proteins (Leeet al., 2003). InPrays oleae(Lepidoptera: Yponomeutidae) amkbrotis
segetun{Lepidoptera: Noctuidagjip3Aa bound to a 65 kDa protein, while Cry1Ac bdun
to a 210 kDa band iR. oleaeand to a 120 kDa band & segetunfAbdelkefi-Mesratiet
al., 2009; Ben Hamadou-Chast al.,2013). InS. littoralis Vip3Aa bound proteins of 55
and 100 kDa (Abdelkefi-Mesraét al., 2011a), and irfEphestia kuehniell§Lepidoptera:
Pyralidae),S. frugiperda S. albula S.cosmioidesandS. eridania to a protein of 65 kDa
(Abdelkefi-Mesratiet al.,2011b, Bergamasaet al., 2013), to which Crylla also bound in
the fourSpodopterapecies (Bergamasen al.,2013).

Very few studies have addressed the identity oMIp&A binding molecules in the
insect midgut. Two Vip3Aa binding molecules havemédentified so far using the yeast
two hybrid system. The first one was a 48 kDa pnoleom A. ipsilonwith homology to a
family of extracellular glycoproteins called tenias¢ which could be associated with
apoptotic processes (Estruch and Yu, 2001). Thenskone is the S2 ribosomal protein
from S. litura (Singh et al., 2010). It was identified as a Vip3A toxicity metingy
interacting partner in Sf21 cells. Silencing of 8#&gene reduced the toxicity of the Vip3A
to both in Sf21 cells and in fifth-inst&: lituralarvae. Both S2 and Vip3Aa co-precipitated
in pull down assays and co-localized in the surfmoe cytoplasm of Sf21 cells (Singh
al., 2010). How this S2-Vip3A protein interaction coutiger the lysis of the cells was
not explained and remains unknown.Hn armigera the molecules that bind to Vip3Aa
were found to be slightly associated with lipidtsglLiu et al.,2011).

In an attempt to understand how midgut cells redporthe intoxication by Vip3
proteins, gene expression profiles $f exigualarvae treated with a sublethal dose of
Vip3Aa were obtained using a genome-wide microattet included more than 29000
unigenes (Beét al.,2013). No alteration in the expression levels efttlio Vip3A binding
proteins described above (S2 and the tenascin Xikexprotein) was found. Genes related
with the mode of action of the Cry proteins wergoadnalyzed and only minor differences
in expression were found. Authors concluded thatstnprobably, the lack of significant
changes in transcription was either because thesganalyzed are either not involved in
the Vip3 mode of action or the mechanisms of defexrgminst Vip3A toxins do not rely on
the regulation of the members involved in the mofdaction.

1.3.3.4. Pore formation
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Despite the absence of any pore forming domainesezpiin the Vip3 proteins, the
pore formation activity of the trypsinized or midgjwice activated protein has been
demonstrated by voltage clamping assays with disdenidguts oM. sexta(Lepidoptera:
Sphingidae) and also in planar lipid bilayers, joposition to the full length Vip3A protein
that was unable to form them (Leeal.,2003). These ion channels are capable to destroy
the transmembrane potential, are voltage indepénaiet cation selective (Leet al.,
2003). The pore forming ability of the activatedp®A has been also demonstrated by
fluorescence quenching usiiy armigeraBBMV (Liu et al., 2011). Besides, Vip3A ion
channels are restricted to susceptible insectshawe been found to have biophysical
properties that differ from those of Cry1AbMh sexta(Leeet al.,2003).

1.3.4 Resistance and cross-resistance

Very few cases have been reported on resistan¢gBoproteins. Laboratory selection
of aH. virescengolony lead to 2040-fold resistance to Vip3A conggiato the Vip-Unsel
population (Pickett, 2009). Resistance was fountbaagpolygenic with possible paternal
influence and ranged from almost completely rewest incompletely dominant; fitness
costs were temperature dependent, with reducedhgnaticcess, fecundity and fertility
(Gulzaret al., 2012). The presence of Vip3Aa resistance alleteeld populations was
studied inH. armigeraandHelicoverpa punctigergLepidoptera: Noctuidae) in Australia
using the F2 screening (Mahenal, 2012). Results showed that resistance allelisseek
in both insect species as natural polymorphisies r&latively high frequency (0.027 and
0.008 respectively), above mutation rates normeltgountered (Mahomwt al., 2012).
Interestingly, within each species, the resistapfcevo different F2 families was due to
alleles at the same locus, and resistance was ftaroe essentially recessive, most
probably conferred by a single gene, and did noifesocross-resistance to CrylAc or
Cry2Ab (Mahonet al., 2012). Further studies on thd. punctigera resistant strain
confirmed that there was no linkage between theBXiand the Cry2Ab resistance loci
(Walshet al, 2014).

The increased use of Vip3 toxins in pyramided Bipst to improve both pest control
and resistance management, sparked interest ieviiaation of cross-resistance between
Cry and Vip3A proteins (Kurtz, 2010). So far, ngrsficant cross-resistance between these
two classes of proteins has been described. Vip8As found to be equally toxic to a
susceptible and to three Cry resist&ht virescensstrains YHD2, resistant to CrylAc,
CrylF and slightly cross resistant to Cry2A, andCGCAnd KCBhyb, both resistant to
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CrylAc, CrylAa, CrylAb, CrylF and Cry2Aa2) (Jackstml.,2007). A CrylAc resistant
strain of H zea(AR) showed cross-resistance to CrylAb but noViga3A, Cry2Aa2 or
Cry2Ab2 (Anilkumaret al.,2008). A study on twél. armigerapopulations from CrylAc-
cotton planting regions in China showed lack oh#igant correlation between responses
to Vip3Aa and CrylAc, suggesting little or no cressistance between these two toxins
(An et al., 2010). Cross-resistance to Vip3A has also beediestuin twoS. frugiperda
CrylF resistant populations, one collected fronnize fields in Puerto Rico and the
other in southeast USA. Both populations were a&ugceptible to Vip3Aa, indicating
absence of cross resistance between Vip3Aa and=Qmgdteins (Véleet al.,2013; Huang
et al.,2014). A study using a different Vip3A protein,p3iAc, showed that it was equally
toxic to a susceptible and a CrylAc-resistanithoplusia ni(Lepidoptera: Noctuidae)
strain (Fanget al., 2007). However, in this case the resistant stw@s slightly less
susceptible to Vip3Aa (resistance ratio of 2.1) andtwo Vip3A chimeric proteins
(resistance ratios of 1.8 and 3.2) (Fahal.,2007).

1.3.5 Expression in plants

The vip3Aa gene has been successfully introduced in cottoniangbrn, and later
combined with othercry genes to confer higher protection and delay insesistance
(http://www.epa.gov/oppbppd1/biopesticides/pips/bgt.htm). VipCot" and Agrisure
Viptera™ were registered in the USA in 2008 and 2009, mtspmdy (Syngenta Seeds,
Inc.). The former is the result of event COT10Zatton, which produces the Vip3Aal9
protein
(http://www.isaaa.org/gmapprovaldatabase/gene/dedapl?GenelD=24&Gene=vip3A(a)
http://en.biosafetyscanner.org/schedaevento.phpfev208, whereas the latter contains
the event MIR162 in corn, which produces the Vip2Ba protein
(http://iaspub.epa.gov/apex/pesticides/f?p=CHEMICEARCH:30#p. Both events have
been pyramided witterylAb (VipCot™ Vip3Aa + mCrylAb, and Agrisure Vipteta
Vip3Aa + CrylAb) and later witterylFa (VipCot™ Vip3Aa + CrylAc + CrylFa, and
Agrisure Vipterd" Vip3Aa + CrylAb + CrylFa) to confer a wider and maaobust
protection against Lepidoptera (Kuegal.,2007; Adamczylet al., 2008; Burknesst al.,
2010). Furthermore, the corn event MIR162 has bstcked with othercry genes
expressing proteins active against Coleoptera (€a13d eCry3.1Ab) to confer protection
against these two insect orders (Carrieteal., 2015) A three-year study on the field
performance of VipCdl' expressing just the Vip3Aa protein indicated tiat plants were
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highly efficacious againddl. armigeraearly in the season and that the efficacy declased
the season progressed, though not so drasticall@rgsAc in Bollgard" or Ingard"
cotton (Llewellynet al.,2007). In 2015, the first modified Vip3A, with imgved toxicity,
has been introduced in tobacco conferring almdsi farotection towardd. armigerg A.
ipsilonands. littoralis (Gayenet al.,2015).

Cotton has also been transformed with a syntha&p8A gene fused t@ chloroplast
transit peptide coding sequence (\Wual, 2011). The Vip3A protein accumulated in the
chloroplasts and its concentration in the plant Wigker than in plants transformed with
just the synthetic gene. Transformed plants prodok80% mortality to larvae o08.
frugiperda S. exiguaandH. zea.
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Table 1: Activity spectrum of individual and cométion of Vip1 and Vip2 protoxins on neonate
larvae reported in the literature.

Protein Insect Insect species  Activity/LC 5 Reference
order
ViplAa Coleoptera D. virgifera NA Warren 1997
ViplAc Coleoptera H. oblita NA Yuetal.,2011
T. molitor NA Shiet al.,2004
C. suppressalis NA Yuetal.,2011
Lepidoptera H. armigera NA Yuetal.,2011
S. exigua NA Shiet al.,2004
S. litura NA Yuetal.,2011
Diptera C. NA Shiet al.,2004
Homoptera quinquefasciatus NA Yuetal.,2011
A. gossypii NA Shiet al.,2004
ViplAd Coleoptera  A. corpulenta NA Bi et al.,2015
H. oblita NA Bi et al.,2015
H. parallela NA Bi et al.,2015
ViplAe Homoptera A. gossypii NA Sattar and Maiti,
2011
ViplDa Coleoptera D. virgifera NA Boetset al, 2011
Vip2Aa Coleoptera D. virgifera NA Warren 1997
Vip2Ac Coleoptera  T. molitor NA Shiet al.,2004
Lepidoptera H. armigera NA Shiet al.,2004
S. exigua NA Shiet al.,2004
S. litura NA Shiet al.,2004
Vip2Ad Coleoptera D. virgifera NA Boetset al, 2011
Vip2Ae Coleoptera H. oblita NA Yuetal.,2011
T. molitor NA Yuetal., 2011
Lepidoptera C. suppressalis NA Yuetal.,2011
H. armigera NA Yuetal.,2011
S. exigua NA Yuetal.,2011
Diptera C. NA Yuetal.,2011
Homoptera quinquefasciatus NA Sattar and Maiti,
A. gossypii 2011
NA Yuetal.,2011
Vip2Ag Coleoptera A. corpulenta NA Bi et al.,2015
H. oblita NA Bi et al.,2015
H. parallela NA Bi et al.,2015
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ViplAa+Vip2Aa

ViplAa+Vip2Ab
ViplAb+ Vip2Aa
Vip1lAb+ Vip2Ab
ViplAc+Vip2Ac

ViplAc+Vip2Ae

ViplAd+Vip2Ag

ViplAe+Vip2Ae

ViplCa+Vip2Aa

Coleoptera

Lepidoptera

Diptera

Coleoptera

Coleoptera
Coleoptera

Coleoptera

Lepidoptera
Coleoptera

Lepidoptera
Diptera

Homoptera
Coleoptera
Homoptera
Coleoptera

Lepidoptera

Diptera

D. longicornis
D.

undecimpunctata

D. virgifera

L. decemlineata
T. molitor
A. ipsilon
H. virescens
H. zea
M. sexta
O. nubilalis
S. exigua
S. frugiperda
C. pipiens
D. virgifera

D. virgifera

D. virgifera

T. molitor

H. armigera

S. exigua

S. litura

H. oblita

T. molitor

C. suppressalis
H. armigera

S. exigua

C
qu
A
A
H
H
A

inquefasciatus

. gossypii

. corpulenta
. oblita

. parallela

. gossypii

T. molitor
H. armigera
S. exigua
S. litura
C

quinquefaciatus

+++ (NI)
+ (NI)
+++ (40/20 ng/g
diety
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

+++ (NI)
NA

NA

NA

NA

NA

NA

NA

NA

+++ (87.5 ng/ml)
+++ (220 ng/g soil)
+++ (120 ng/g soil)
+++ (80 ng/g soil)
++ (96/481 ng/mi)

NA
NA
NA
NA
NA

Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997
Warren 1997

Warren 1997

Warren 1997

Warren 1997

Shiet al.,2004
Shiet al.,2004
Shiet al.,2004
Shiet al.,2004
Yuetal.,2011
Yu et al.,2011
Yu et al.,2011
Yu et al.,2011
Yuetal.,2011
Yuetal.,2011
Yuetal.,2011

Bi et al.,2015

Bi et al.,2015

Bi et al.,2015
Sattar and Maiti,
2011

Shiet al, 2007
Shiet al, 2007
Shiet al, 2007
Shiet al, 2007
Shiet al, 2007
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ViplDa+Vip2Ad  Coleoptera
Lepidoptera
88% similarityto  Coleoptera
vip2Ac and
viplAc genes
Vipl/Vip2 Nematoda
ViplBal-Vip2Bal Coleoptera
ViplAa2- Coleoptera
Vip2Aa2 Lepidoptera
Vip1Bbl- Coleoptera
Vip2Bb1l Lepidoptera

A.
D.
D.
undecimpunctata
D.

T

LunununwoZIITC

grandis
barberi

virgifera
decemlineata

. virescens

zea

. sexta

. hubilalis

. frugiperda

. littoralis

. honagrioides
. Zeamais

. pacificus
. elegans
. virgifera

. virgifera
. virescens
. zea

. virgifera
H.
H.

virescens
zea

+ (207 pg/ml)
+++ (213 ng/ml)
++ (4.91 pg/ml)

+++ (437 ng/ml)
+++ (37 ng/ml)
NA

NA

NA

NA

NA

NA

NA

++ (NI)

NA
NA
+++ (NI)

+++ (NI)
NA
NA

+++ (NI)
NA
NA

Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Boetset al, 2011
Shingoteet al.,
2013b

latsenkoet al.,
2014
Schnepktt al.,
2003
Feitelsoret al.,
2003

Feitelsoret al.,
2003

*Proportion of Vip1/Vip2 that give 50% of the moalitg.
The number of “+” marks indicated the activity leve

NA: Not Active.
NI: No information.

Diabrotica undecimopunctata

Diabrotica barberi
Anomala corpulenta
Holotrichia parallela
Holotrichia oblita

Tenebrio Molitor
Leptinotarsa decemlineata
Culex pipiens
Anthonomus grandi
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Sesamia nonagrioides
Sitophilus zeamais
Pristionchus pacificus
Caenorhabditis elegans
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Table 2: Activity spectrum and relative toxicity ¥fp3Aa protoxins reported in the literature.

When it is not mentioned, Ligis given in ng/cm?2.

Protein Insect species Larval Assay LCs Scoring Reference
instar type time
(d)
Vip3A A .ipsilon 231 DietInc.  <200.0 2 Yuetal,
O. nubilalis 2".3" DietInc. NA 2 1997
S. frugiperda 2.3 Diet Inc.  <200.0 2
H. armigera Neonate Diet Surf. 155 7 Liao et al.,
H. punctigera Neonate Diet Surf. 22 7 2002
H. virescens Neonate Dietlnc. A 7
H. zea Neonate DietInc. A 7
A. ipsilon 1st Diet Surf. 17.1 5 Leeetal.,,
D. plexippus 1st Diet Surf. NA 5 2003
H. zea 1st Diet Surf. 1125 5
M. sexta 1st Diet Surf. 176.3 5
O.nubilalis 1st Diet Surf. NA 5
S. frugiperda 1st Diet Surf. 55.9 5
H. armigera Neonate DietInc 89 5 Gayenet al.,
A.ipsilon Neonate DietInc 63 5 2012
S.littoralis Neonate Dietinc 36 5 and 2015
S. incertulas Neonate Diet Inc 60 5
Vip3Aal A. ipsilon Neonate Diet Inc. <28 6 Estruchet al.,
H. virescens Neonate Diet Inc. <420 6 1996
H. zea Neonate DietInc. >420 6
O. nubilalis Neonate Diet Inc. >420 6
S. exigua Neonate Diet Inc. <28 6
S. frugiperda Neonate DietInc. <70 6
B. mori Neonate Diet. 1986.1 7 Fanget al,
Surf. 2007
H. zea Neonate Diet. 27.7 7
Surf.
S. frugiperda Neonate Diet. 6.9 7
Surf.
S. frugiperda Neonate Diet. 49.3 7 Senaet al,
Surf. 2009
A. ipsilon Neonate Diet. 14 7 Hernandez-
Surf. Martinezet
S. frugiperda Neonate Diet. 620 7 al., 2013
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Vip3Aa7

Vip3Aa9

Vip3Aalo

Vip3Aall

Vip3Aal3

Vip3Aal4

Vip3Aal6

H. armigera
L. botrana
M. Brassicae
S. littoralis
H. armigera
P. xylostella
S. exigua

P xylostella

A .ipsilon

C. partellus
P. opercullela
P xylostella
S. litura

A .ipsilon

B. mori

C.quinquefaciatus

H. armigera
. xylostella
. litura

. armigera

I wn D

. furnicalis

. Xylostella
. exigua

. armigera

exigua

. litura

. vitella

. armigera

. brassicae
. xylostella
. litura

. armigera

. xylostella
. litura

. Oleae

. littoralis

WIOTWTUTIWIUTUTIP>PONNINTUO

Neonate
Neonate
Neonate
Neonate
Neonate
3rd

Neonate
3rd

1st

1st

1st

1st

1st
Neonate/1st
Neonate/1st
Neonate/1st
Neonate/1st
Neonate/1st
Neonate/1st
1st

1st
1st
1st
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
3rd
1st

Surf.

Diet Surf.
Diet Inc.
Diet Surf.
Diet Surf.

Leaf Surf.

Diet Inc.
Diet Inc.

Leaf Surf.

Leaf Surf.
Leaf Surf.
Leaf Surf.
Leaf Surf.
Leaf Surf.

Diet Surf.
Diet Surf.
Water

Diet Surf.

Leaf Surf.

Diet Surf.
Diet Inc.

Diet Inc.

Leaf Surf.

Diet Inc.
Diet Inc.
Diet Inc.
Diet Inc.

Leaf Surf.
Leaf Surf.
Leaf Surf.
Leaf Surf.
Leaf Surf.

Diet Inc.

Leaf Surf.
Leaf Surf.
Leaf Surf.

Diet Surf.

1660

1.3 pg/ml
14.4

4.0

35.6 ng/ml
28.9 ng/ml
46.1 ng/ml
4.9

2165

8

370

36

5

80.7

NA

NA

325.2
220.7
45.4

25.7
ng/mg
720 pg/ml
4.2 mg/ml
1.3 ng/mg
160 ng/ml
740 ng/ml
270 ng/ml
794

NA

NA

120

12

NA

NA

0.1

A

305

W~NWwWwN N NN

NDNNOODODOODODOODR R R R

O 01T W WWWwWwWwwwwNDNDDN

Ruiz de
Escuderaet
al., 2014

Songet al,
2008

Donget al,
2012a,b
Selvapandiyan
et al, 2001

Dosset al,
2002

Liu et al,
2007

Chenet al,
2003

Bhallaet al,
2005

Saraswathyt
al., 2008

Abdelkefiet
al., 2009
Abdelkefiet
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m

Vip3Aal9

Vip3Aa29

C
C
H

2]

Vip3Aa43

Vip3Aa50
S

H
0.
P
S

S
S
S
S
Vip3Aa45 C.
L
M
S
S
A

. kuehniella
. exigua
. frugiperda

.segetum

. absoluta

. ceratoniae

. armigera
furnicalis
. Xylostella
. exigua

C.quinquefaciatus

. suppersalis
. tepperi
.armigera

. exigua

. albula

. cosmioides
. eridania

. frugiperda
chalcites

. botrana

. brassicae

. exigua

. littoralis

. gemmatalis
. frugiperda

1st
Neonate
Neonate
1st
3rd
Neonate
1st
1st

1st
1St

Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate
Neonate

Diet Inc

Diet Surf.

Diet Surf.

Diet Surf.

Leaf Surf.

Diet Inc

Diet Inc.
Diet Inc.

Leaf Surf.

Diet Inc.
In water
Diet Inc.
In water
Diet Inc.

Diet Inc.

Diet Surf.
Diet Surf.
Diet Surf.
Diet Surf.
Diet Surf.
Diet Inc..
Diet Surf.
Diet Surf.
Diet Surf.
Diet Surf.
Diet Surf.

36

2600
290
340
24
86

335
40*

24.1ng/mg
>100ug/ml
59.8ug/ml
1.4 ng/mg
NA
24.0pg/ml
NA

(ICs0)
22.6pg/ml
36.6ug/ml

3.9

2.8

3.4
24.7
1044.6
1.96ug/ml
39.7
119.7
18.7
20.3
79.6

10

10

g1 N

NN N NN N NN NN

~

al.,2011a
Abdelkefiet
al.,2011b
Chakrounet
al., 2012

Ben Hamadou
etal, 2013
Sellamiet al.,
2015
Boukediet al.,
2015

Liu et al.,
2007

Yuetal.,
2012

Bergamasco
et al.,2013

Palmaet al.,
2013

Figueiredoet
al., 2013

* Althought the LG value is given in ng/cmz?, the bioassay was peréoriosing diet incorporation.
ICs0: Inhibition Concentration (50).
NA: Not Active.

A: Active.

Diet Inc.: Diet incorporation.
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Diet Surf: Diet surface contamination.

Leaf Surf: Leaf surface contamination.

-: not specified.
Helicoverpa puntigera
Danaus plexippus
Ectomyelois ceratoniae
Chrysodeixis chalcites
Earias vitella

Ostrinia furnacalis
Pieris brassicae

Tuta absoluta
Mamestra brassicae
Lobesia botrana
Phthorimea opercullela
Anticarsia gemmatalis
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Table 3: Activity spectrum and relative toxicity ®ip3A variants proteins reported in the
literature up to date. Bioassays mortality was réed at 7 days. When it is not mentionedsd-i6

given in ng/cmz.

Protein Insect species Larval  Assaytype LCs Reference
Instar
Vip3Abl A .ipsilon Neonate Diet Surf. 62 Ruiz de Escuderet al., 2014
S. exigua Neonate Diet Surf. 597
S. frugiperda Neonate Diet Surf. 2020
S. littoralis Neonate Diet Surf. 163
Vip3Acl A.gambiae - - NA Fanget al.,2007
B. mori Neonate Diet Surf.  44.8
D. virgifera - - NA
H. zea Neonate Diet Surf. 133.7
O. nubilalis Neonate Diet Surf. NA
S. frugiperda Neonate Diet Surf. 11.6
Vip3Ad2 A. ipsilon Neonate Diet Surf.  >4000 Hernandez Martineet al.,
S. frugiperda Neonate Diet Surf. >4000 2013
Vip3Ael A.ipsilon Neonate Diet Surf. 4 Hernandez Martineet al.,
S. frugiperda Neonate Diet Surf. 28 2013
S. exigua Neonate Diet Surf. 11.1 Cacciaet al.,2014
S. frugiperda Neonate Diet Surf. 20
H.armigera Neonate Diet Surf. 4460 Ruiz de Escuderet al.,2014
L. botrana Neonate Diet Inc. 0.2 pg/ml
M. brassicae Neonate Diet Surf. 258
S. littoralis Neonate Diet Surf. 8
Vip3Afl  S. frugiperda Neonate Diet. Surf. 49.3 Senaet al., 2009
A. ipsilon Neonate Diet Surf. 18 Hernandez Martineet al.,
S. frugiperda Neonate Diet Surf. 60 2013
H. armigera  Neonate Diet Surf. 840 Ruiz de Escuderet al.,2014
L. botrana Neonate Diet Inc. 0.8 pg/ml
M. brassicae Neonate Diet Surf. 6
S. littoralis Neonate Diet Surf.  43.2
Vip3Ag4 C.chalcites Neonate Diet Surf.  45.5 Palmaet al.,2013
L. botrana Neonate Diet Inc. 1.1
M. brassicae Neonate Diet Surf. >2500
S. exigua Neonate Diet Surf. 265.2

S. littoralis Neonate Diet Surf. 34.9

-: not specified.
NA: Not Active.
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Diet Inc.: Diet incorporation.

Diet Surf: Diet surface contamination.

Anopheles gambiae
Lobesia botrana
Chrysodeixis chalcites
Mamestra brassicae
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Table 4: Activity spectrum and relative toxicity \8ip3B and Vip3C protein families reported in the

literature. When it is not mentioned, t4ds given in ng/cm2,

Protein Insect species Larval Assay type LC50 Scoring  Reference
Instar time (d)
Vip3Bal O. nubilalis Neonate Diet Surf. NA 7 Ranget al.,
P. xylostella 2™ Leaf Surf.  NA 7 2005
Vip3Bb2 A. gossypii Nymphs Diet Inc. NA 7 Beardet al.,
C. tepperi 4th Liquid NA 4 2008
solution
H. armigera Neonate Diet Surf. A 7
H. punctigera  Neonate Diet Surf. A 7
T. castaneum - Diet Inc. NA 10
Vip3Ca3 A. ipsilon Neonate Diet Surf. >4000 10 Palmaet
C. chalcites Neonate Diet Surf. <400 10 al., 2012
H. armigera Neonate Diet Surf. <4000 10
L. botrana Neonate Diet Inc. >100 pg/ml 10
M. brassicae Neonate Diet Surf. <4000 10
O. nubilalis Neonate Diet Surf. >4000 10
S. exigua Neonate Diet Surf. >4000 10
S. frugiperda  Neonate Diet Surf. >4000 10
S. littoralis Neonate Diet Surf. <4000 10
T. ni Neonate Diet Surf. <4000 10

NA: Not Active.

A: Active. Diet Inc.: Diet incorporation.
Diet Surf.: Diet

surface contamination.

Leaf Surf.; Leaf surface contamination.
-: not specified.

Mamestra brassicae

Chrysodeixis chalcites

Lobesia botrana

Helicoverpa puntigera

Tribolium castaneum
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Table 5: Genetic engineered Vip3A proteins andot$fen insect toxicity.

Protein Modification  Position Effect of the modification Reference
type
Vip3AcAa Domain Chimera of Vip3Ac Gain of toxicity toO. nubilalis Fang et al.,
swapping N-t (600 aa) and IA to S. frugiperda, H. zeand 2007
Vip3Aa C-t (189  B.mori
aa)
Vip3AaAc Domain Chimera of DA to S. frugiperda, H. zea  Fang et al.,
swapping Vip3Aal N-t (610 LA to B.mori 2007
aa) and Vip3Ac C-t
(179 aa)
Vip3Aal4 Protein fusion Chimera of NE of CrylAc toxicity vsH. Saraswathy
Vip3Aal4 and armigera, S. lituraandP. et al., 2008
CrylAc xylostellabut DA of
Vip3Aal4 toxicity vsS. litura
Vip3Aa7  Gene Chimera of CrylC Higher yield of Vip3Aa7, Vip Song et al.,
promoter promoter with relocation in Bt inclusion 2008
change and  truncated Vip3Aa7 bodies but
protein fusion (39 aa deleted at N- DA to P. xylostella, H.
t) and CrylC C-t armigeraandsS. exigua
region
Vip3Aa7  Protein fusion Chimera of IA to P. xylostella Dong et al.,
Vip3Aa7 and 2012
Cry9Ca N-t

N-t: N-terminal region.
C-t: C terminal region.
DA: decrease of activity.
IA: increase of activity.
NE: no effect.

LA: loss of activity.
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Figure 2: Dendogram of the Vip proteins based airthmino acid degree of identif
Amino acid sequences were aligned using the Clustiaterface (Thomson et al., 199
The evolutionsy distance was calculated by the maximum likelthamalysis and the tre

was performed using the MEGAS5 program (Tamura.efll 1)
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Figure 2: Multiple sequence alignment of the Viptitpins. Sequence identity is indicated
by shading: black for 100%, dark gray for 80—100%ht gray for 60—80%, and white for
less than 60% identity. Intervals of 10 amino acide marked with “*".“SP”: Signal
Peptide. Accessions numbers of the protein segseunsed in this analysis: ViplAal
(available in patent US5770696, Seq. ID 5), ViplAatailable in patent US5770696, Seq
ID 21), ViplAcl (HM439098), ViplAdl (JQ855505), dipal AAR40886, ViplBbl
(AAR40282), ViplCal AAO86514) and ViplDal CAI40767).
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Figure 3: Multiple sequence alignment of the Vipatpins. Sequence identity is indicated
by shading: black for 100%, dark gray for 80—100g#ht gray for 60—80%, and white for
less than 60% identity. Intervals of 10 amino acide marked with “*".“SP”: Signal
Peptide. Domain N-terminal (N-Domain) and domaite@ninal (C-domain) are framed In
boxes. Accessions numbers of the protein sequengssd in this analysis:
Vip2Aal(lQS1A, Vip2Abl (Available in patent US5770696, Seq. #D), Vip2Acl

(AAO86513, Vip2Adl (CAI40769, Vip2Ael EF442243, Vip2Afl (ACH42759,
Vip2Ag1 (JQ855506), Vip2Bal (AAR40887) and Vip2B@—dA96500).
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Figure 4:a. Vip2 Stereo view showning the NAD-binding site.ldlue is the N-terminal
domain, in orange the C-terminal domain and the N#Dlecule (black bonds with
nitrogen in blue, oxygen in red and phosphorusraen) is bound to the active site of the
C-terminal domain. The labels N and C indicateltimations of the terminb. Schematic
drawing of Vip2 secondary structure illustrating tfolding patterns of the two domains
and nomenclature. (Haat al.,1999)
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Figure 5: Multiple sequence alignment of the Vip®hoteins. Sequence identity is
indicated by shading: black for 100%, dark gray86+100%, light gray for 60—-80%, and
white for less than 60% identity. “SP”: Signal Rdet(Ranget al, 2005); “T": 65 kDa
fragment after proteolysis; “PPS1” and “PPS2”: tfirand second processing site,
respectively (Ranget al, 2005). Intervals of 10 amino acids are markedh wit’.
Accession numbers of the protein sequences ustiisimnalysis: Vip3Aal (AAC37036),
Vip3Abl (AAR40284), Vip3Acl (available in patent @@40128716, PS49C Seq. ID 7),
Vip3Ad2 (CAI43276), Vip3Ael (CAI43277), Vip3Afl (CA3275), Vip3Ag2
(ACL97352), Vip3Ahl (ABH10614), Vip3Ail (KC156693)Vip3Ajl (KF826717),
Vip3Bal (AAV70653), Vip3Bb2 (ABO30520), Vip3Cal (A26178).
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Figure 6: Conserved Domain (CDD) Analysis of reprdative Vip3 proteins (Marchler-
Baueret al, 2011). Same sequences as in Figure 4 were used.

N-term C-term
e o N - NN 2
. =2 s . . . .=

Position CDD Accession  E-value superfamily Position  E-value

Vip3Aa ~ 12188  pfam12495  9.56E-107 < 536- 652 6.24E-16
Vip3Ab < 12-188  pfam12485 2.33E-106 @ 536- 652 2.71E-07
Vip3Ac ¢ 11-187  pfam12495  4.78E-100 b 535-651 9.31E-08
Protein Vip3Ad < 12-188  pfam12495  1.78E-105 « 536-652 1.38E-11
Family Vip3Ae o 12.188  pfam12495  3.55E-108 L 536- 652 1.16E-06
Hits Vip3Af + 12-188  pfam12495  2.94E-108 < 536- 652 2.74E-16
Vip3Ag « 12.188  pfam12495  7.01E-107 « 536- 652 1 70E-08
Vip3Ah ~ 12-188  pfam12495  3.40E-107 ~ 536- 649 9 83E-11
Vip3Ai ~ 14-190  pfam12495  6.72E-105 v 538- 655 1.68E-13
Vip3Aj < 12- 188  pfam12495 1.49E-103 ¢ 536-652 297E-11
Vip3Ba . 12-189  pfam12495 3.16E-98 ®
Vip3Bb v 10- 187  pfam12495 1.54E-97 + 556- 667 6.82E-03
Vip3Ca g 12-188  pfam12495  3.40E-105 w 544- 660 3.76E-09
Position  CDD Accession  E-value
Vip3Aa . AphA 58-177 COG1893 2.98E-03
Vip3Ab
Vip3Ac 5 43-226  TIGR03545 3.55E-03
Vip3Ad P ] 31- 155 COG0340 4.87E-03
Multi- Vip3Ae p ] 31-155  COGO840 8.78E-03
-domains Vip3Af p ] 31-155 COG0840 6.22E-03
Hits Vip3Ag p 21- 281 COGI511 441E-03
Vip3Ah P ] 31-155  COGO840 9 86E-03
Vip3Ai
Vip3Aj
Vip3Ba
Vip3Bb 1 1- 224 COGI511 2 06E-04
Vip3Ca b ] 31-154  COGO840 7.76E-03

(COG1893: ApbA): Ketopantoate reductase motif.

(COG0840: Tar): Methyl-accepting chemotaxis protaitif.
(COG3264): Small conductance mechanosensitive ehanatif.
(COG1511): Motif of a predicted protein membraneoiknown function.
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2. Objectives:

The overall aim of this project is to understand thode of action of the Vip3A
proteins. Knowledge of its mode of action will heétp understand the molecular basis of
resistance to these toxins recently introducedantp. This information is also an essential
tool during the design of effective pyramidBticrop and implementing strategies aiming

at delaying resistance and cross-resistance totiogke based oBt-crops.

2.1 Collect all the knowleg acquired on Vip proteinstaglate in a paper that would serve

as review on these proteins (introduction of thesigk).

2.2 Monitoring of Vip3Aa stability under different premtion protocols and storage
conditions using bioassays agairst frugiperdaand analysis of the correlation
between the difference of susceptibility®f exiguaandS. frugiperdato Vip3Aa and
its activation by the midgut juice of both spedi@st paper).

2.3 Study of the processing of two Vip3A proteins bytspodoptera species and analysis
of the role of theS. frugiperdatrypsin-like and chymotrypsin—like midgut juice

fraction in the activation and degradation of thesseins (second paper).

2.4 In vivo andin vitro binding of Vip3Aa taS. frugiperdamidgut and characterization of

its binding sites by*l-radiolabeling (third paper).
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2. Objetivos:

El objetivo general de este proyecto es entendefonde accion de las proteinas
Vip3A. El conocimiento de su modo de accion ayu@ac@dmprender la base molecular de
la resistencia a estas toxinas recientemente imtidds en plantas. Esta informacion es
también una herramienta esencial a la hora de atidef cultivosBt piramidados y la
aplicacion de estrategias encaminadas a retrasegsistencia y resistencia cruzada a

insecticidas en base a los cultiiBits

2.1.Reunir todos los conocimientos adquiridos hastdiaelsobre las proteinas Vip en un

documento que serviria como revisién de estasipasdintroduccion de la tesis).

2.2.Seguimiento de la estabilidad de Vip3Aa durantepmceso de su preparacion
utilizando diferentes protocolos de purificacidéegndiciones de almacenamiento por
medio de bioensayos contid frugiperday analisis de la correlacién entre la
diferencia de susceptibilidad & exiguay S. frugiperdaa Vip3Aa y su activacion por

el jugo del intestino medio de ambas especies urarticulo).

2.3.Estudio del proceslo de dos preinas Vip3A por el jugo intestinal de dos espedies
Spodopteray arélisis dela funcién de ds actividades de tipo tripsina y quimotripsina,
purificadas a partir del intestino medio $lefrugiperdaen la activacion y degradacion

de estas proteinas (segundo articulo).
2.4.Andlisis de la uniénn vivoy in vitro de la proteina Vip3Aa al intestino medio 8e

frugiperday caracterizacion de sus sitios de unién mediaraecaje con'f® (tercer

articulo).
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3. General discussion:

B. thuringiensids one of the modern agricultural defenses agailastt eating insects
and it has been used for decades in agronomicatpesol. This popularity came from the
high specificity of the mode of action of its deftadotoxins. One way to maximize the
effect of these insecticidal proteins is combinthgm whether in &t formulation or by
plant expression. The use of commercial crops asprgBt has increased during the last
years and despite its high efficacy as a biologicaltrol agent there are still some concerns
over the narrow spectrum of activity of the indivad toxins and also the threat of
emergence of resistance by insects species. Onéoveaddress these concerns is the search
for of novel toxins with new insecticidal specti. thuringiensisvegetative insecticidal
protein (Vip3) is one of these toxins; it has shawrbe significantly more active against
several agronomically important insects than oBietoxins, beingA. ipsilonis the most
illustrative example. An even more important feataf Vip3 proteins is that they share no
sequence homology with the Cry toxins and have beand to exert their insecticidal
activity using a different mode of action which reakthem good candidates for the
resistance management strategy. Knowing the impoetaf these proteins for the future of
the biological control, this thesis has been dddit#o the analysis of the different aspects
of the mode of action of these proteins for itddrainderstanding.

3.1. Monitoring of Vip3Aa stability under different prep aration protocols and
storage conditions using bioassays againStfrugiperda.

Our first observation when we started working wiitlese proteins was their unusual
instability when compared with the Cryl toxins. $#pproteins were found to precipitate
largely at pH below 8, especially after affinityrjfication or after freezing. They showed
better stability at high pH and when the sodiunodbke concentration was above 100 mM.
The main problem caused by the protein precipitaii® that we couldn’t reproduce
efficiently our bioassays results since the preaifmn was irreversible and the precipitated
form was inactive. After having suffered for long¢ trying to solve this precipitation
problem, we decided to assess the stability ofethm@steins under different purification
protocols and storage conditions to be sure tlmttakicity is not affected by these
treatmentsS. frugiperdawas used as control pest for the analysis of thieity of the
different Vip3Aa preparations because of its higeceptibility: crude lysate supernatant,
ammonium sulfate precipitation, Ni-chelating affyni purification or ion-exchange
chromatography purification; these preparationsieaeh different purity degrees of the
Vip3Aa, the less pure was the ammonium sulfateipitation and the purest preparation
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was obtained with the chromatography purificatidp3Aa was also tested under its
activated form; this form was obtained after tryjo=ation of the protoxin and it resulted in
a major product of 62 kDa considered to be theraatore of Vip3A proteins.

Despite the difference in Vip3Aa purity among thiedent preparations, the bioassay
results (scored at 7 days) indicated that the Vip&#aintained its toxicity independently of
the purification protocol. However, the use of Sypactivated Vip3Aa significantly
decreased the Lgvalues at 7 days compared with the protoxin sapgpid the difference
of LCso between 7 and 10 days disappeared which suggedghtin vivo activation of the
protoxin inS. frugiperdamidgut is a limiting step for the protein toxicity

3.2. Analysis of the correlation between difference ofusceptibility of S. exigua
and S. frugiperda to Vip3Aa and its activation by the midgut juice d both
species.

Side by side bioassays 8f frugiperdaandS. exiguawith the Vip3Aa protoxin showed
around 10-fold difference in their s scored at 7 and 10 days, beiSg exigualess
susceptible to Vip3Aa. The growth of both insecé@ps was strongly inhibited by the
protoxin and when the functional mortality (deadséee + first-instar arrested larvae) was
considered, these differences disappeared. Thissng®tS. exiguasuffers a stronger
growth inhibition than larvae frons. frugiperda which compensates for the lower
mortality of the former when the functional mortglis measured. Ali and Luttrell (2011),
testing the toxicity of Vip3Aa, also found importadifferences between mortality and
growth inhibition (10-fold) inH. zeabut little differences iH. virescenswhich indicates
that the growth inhibition is not a general rule the Vip3Aa mode of action but a
peculiarity limited to some insect species.

The difference between mortality 8f exiguaandS. frugiperdaobserved at 7 and 10 d
completely disappeared when trypsin-activated Vi@3#as used, which strongly suggest
that the differences might be due to differenceshatactivation step. Indeed, a higher
activation rate of Vip3Aa by the midgut juice 8f frugiperdawas confirmed in a time
course experimen. exiguamidgut juice was found to be less efficient iniating the
protoxin. Further analysis of the midgut juice athb Spodoptera species showed more
variety of proteases and higher protease activitg.ifrugiperdathan inS. exiguawhich
could account for the faster processing of thegxiatin the former.
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Difference in processing of the Vip3Aa protoxin laso been proposed to be a crucial
factor in determining the difference of suscepiypibetweenEphestia kuehniellaand
Spodoptera littoralifAbdelkefi-mesrati et al., 2011b). Defects in greteolysis process of
Cry proteins have been recognized to play a rolsadme cases of insect resistance to
CrylA proteins (Opperntt al., 1994; Forcada&t al., 1996; Liet al.,2004) and in one case,
proteases were shown to be critical in determitiregspecificity of the activated toxin to
different insect targets (Haidet al.,1986).

3.3.Study of the processing of two Vip3A proteins by tw Spodoptera species
and analysis of the role of the dissected trypsinand chymotrypsin—like
fraction from the S. frugiperda midgut juice in the activation and
degradation of these proteins

Vip3Ae, a new variant of the Vip3A proteins, hawh to be equally toxic t&.
exiguaand S. frugiperda Therefore, we have performed a more detailedystfdthe
Vip3A proteolysis to establish whether this stepnolved in defining the susceptibility
difference in these two Spodoptera species.

The proteolytic processing of Vip3Aa and Vip3Ae gins was first analyzed using the
commercial serine proteases: trypsin and chymaimy@oth toxins were susceptible to
high concentrations of both proteases and in pdatido chymotrypsin. In general, the 62
kDa toxin form of Vip3A was more efficiently proded by the action of trypsin than
chymotrypsin, and the yield obtained of this formsngreater for Vip3Aa than for Vip3Ae
using either trypsin or chymotrypsin. The highestability of Vip3Aa and Vip3Ae to
chymotrypsin is in agreement with the predominasicine higher predicted cleavage sites
of this peptidase compared to the trypsin.

Processing of Vip3Aa and Vip3Ae was also analyzsidgimidgut juice ofS. exigua
andS. frugiperdaThe results showed that both proteins do notyrea protease resistant
core, at least under the tested experimental dondit Vip3Aa processing witls.
frugiperdaproduced a higher yield of 62 kDa activated fomzdmparison witts. exigua,
which is likely contributing to the higher suscégtty (12-fold) of this insect to Vip3Aa
compared t&. exiguaHowever, this correlation is not observed indhee of Vip3Ae.

To better understand the role of the different mtdgice components and identify
those in charge of activation and/or degradatiothefVip3A proteins, the midgut juice of
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S. frugiperdawas fractionated into its trypsin- and chymotrypike luminal digestive
peptidases. Using anion exchange- and size exohgfimmatography three serine
peptidase fractions were isolated: two chymotryligim fractions, one cationic and one
anionic and a cationic trypsin-like fraction. Vip8Aligested with the cationic trypsin like
fraction resulted in a major band of 62 kDa actwen, which remained moderately stable
to a wide range of peptidase concentrations. Vipgaee the same pattern but with lower
yield of 62 kDa band. No significant amount of 6Ra&band was obtained with either
Vip3Aa or Vip3Ae when they were digested with cate chymotrypsin-like fraction.
These results suggest that the 62 kDa fragmentadation is mainly due to the action of
the cationic trypsin-like and the anionic chymosyplike peptidases o§. frugiperda
However, cationic chymotrypsin-like activities migiparticipate in their degradation.

According to the above results, Vip3Aa and Vip3Amteolysis, with either the
commercial or the insect purified midgut peptidasie®es not produce a peptidase resistant
core, which is different to what happens with Bi&€Cry1 proteinln vitro activation studies
of the Cryl proteins with insect peptidases shotid most of them are processed into
stable fragments (Ogiwa al.,1992; Shaet al.,1998; Lightwoodet al.,2000; Rukmini
et al., 2000; Mirandaet al., 2001; Siqueiraet al., 2004; Diaz Mendozat al., 2007;
Dammaket al., 2010; Gonzalez-Cabreret al., 2013) even for incubation periods and
midgut juice amounts higher than the ones we useithe present study. The few cases
reported on Cryl degradation by the midgut juicetipeses were associated with low
susceptibility of the insect to the tested toxirgi{@ara et al., 1992; Shacet al., 1998;
Lightwood et al, 2000; Mirandaet al., 2001) except for Crylla, an unconventional
secreted-endotoxin toxic toP. oleaewas rapidly degraded by the midgut juice of this
insect, and no stable intermediate were observath(@aket al.,2010).

In summary, no peptidase resistant core appedheinourse of proteolytic processing
of Vip3Aa and Vip3Ae protoxins by the action offdifent types of serine peptidases. The
concentration of the active form of Vip proteinstive midgut seems to be the dynamic
result of two antagonistic effects. The idea of transient accumulation of the 62 kDa
fragment as a major determinant of the toxicit}/gd3A proteins is in agreement with the
kinetic study that showed that the accumulatiothef62 kDa Vip3Aa band was faster with
S. frugiperdamidgut juice than withS. exiguamidgut juice (Chakrouret al. 2012).
Therefore, according to the new results, inseatramtecific differences at the level of
midgut peptidases seem to be one key step in dgfini vivo differences in susceptibility
to Vip3 proteins.

82



3.4. In vivo and in vitro binding of Vip3Aa to S. frugiperda midgut and
characterization of binding sites by'*I-radiolabeling:

In this chapter we started by investigating ihersivo binding of Vip3Aa to its target
tissue inS. frugiperda Immunohistochemical analysis of Vip3Aa intoxichtéarvae
showed that binding mainly took place in the brumirder membrane of the midgut
epithelial cells, as had been described previoigsl. ipsilonandO. nubilalis(Yu et al.,
1997). In our experimental conditions and incubatiime no binding to the basal
membrane nor to the peritrophic membrane was obdewith Vip3Aa as had been
described for the Cry proteins (Bragbal.,1992; Rodrigo-Simdet al.,2006; Rouist al.,
2008). In addition, green florescence was obseimv&de the midgut epithelial cells which
could suggest possible internalization of the Vip3dr a fragment of it. Results from a
previous study with Sf21 insect cells also suggktitat Vip3Aa internalized after binding
to the cell membrane (Singtt al., 2010). Whether internalization of Vip3Aa is actya
step in the mode of action deserves further study.

Vip3Aa shares no sequence homology with Cry preteamd there has been
demonstrated to be a good candidate for resistarareagement since it does not share
binding sites with either CrylA, CrylF or Cry2 pts in different insect species (Lee
al., 2006; Senat al.,2009; Liu et al, 2011, Gouffoet al.,2011; Ben Hamadou-Chaset
al., 2013). So far, all studies on the binding of Vipproteins to the insect midgut have
been done with biotinylated proteins, and thus,njtative binding parameters were
lacking. In this part of the thesis, successfuiakatbeling of a Vip3 protein and its use to
characterize the binding to BBMV is described foe first time. Specific binding df7-
Vip3Aa to S. frugiperdaBBMV was shown by incubating a fixed amount'of-Vip3Aa
with increasing concentrations of BBMV and this wasfirmed by autoradiography of the
bound protein after separation from BBMV by SDS-AAGn both cases, around half of
the total binding of the iodinated toxin was inkéoi by the presence of an excess of
unlabeled Vip3Aa. The 20-kDa fragment present ie #ample of Vip3Aa used in
radiolabeling was also competed by an excess abelrdd Vip3Aa. This is due to the fact
that this fragment remains tightly linked to the-kd2a fragment. Saturation of Vip3Aa
binding sites was shown by incubating a fixed amoahtBBMV and increasing
concentrations of the radiolabeled protein. Degpiéefact that the affinity-purified Vip3Aa
protoxin, after trypsin activation, showed stroogitity againstS. frugiperda(Chakrouret
al., 2012), this toxin preparation was found to be prapriate for binding assays: no
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specific binding could be obtained with the radielald toxin (data not shown), and the
unlabeled protein was unable to compete with rabeled Vip3Aa (anion-exchange
purified), For Cryl toxins, a direct correlationueen irreversible binding, pore formation,
and toxicity has been described in various cademdkt al., 1993; Lianget al., 1995).
Vip3A proteins have been shown to form pores ifedént susceptible insects, suchMas
sextaandH. armigera(Liu et al., 2011; Leeet al., 2003), which indirectly indicates that
binding of Vip3A to the BBMV from these insects & least in part, irreversible. Our
study provides the first direct evidence of theversible binding of Vip3Aa toS.
frugiperdaBBMV.

Since this was the first time that radiolabeled YAig3vas used for binding assays, it
was necessary to select first the conditions undéchamhe binding to th&. frugiperda
BBMV was optimum. As in one of the first studiesiwiadiolabeled Cry proteins (Van Rie
et al., 1989), the influence of pH, NaCl concerratiand incubation time was tested.
Furthermore, the effect of the presence of EDTAhertype and concentration of divalent
cations was investigated. Since the pH of the ntidgfulepidopterans is known to be
alkaline, the effect of pH was tested in the rafigm 7.4 to 9. The binding was shown to
be dependent on the pH: the highest values of fapéanding were obtained at the lowest
pH. The NaCl concentration also had an influencéhenspecific binding of*1-Vip3Aa,
most likely by stabilizing the Vip protein.

Hernandez-Martinez et al. (Herndndez-Martiretz al., 2013) showed that the
purification of two different Vip3A proteins usindné metal chelation columns had a
negative effect on their toxicity, and thus, EDTAswsed to stabilize the toxin. However,
the addition of the chelating agent EDTA in thediig reaction mixture of th&3-Vip3Aa
decreased both the total and the specific bindingedBMYV, which indicated that the
vitro binding is sensitive to the presence of divalettons. The concentration and type of
the cations affected both the total and the spebifiding of the'*1-Vip3Aa. Mn** at 10
mM vyielded the highest total binding, althoughthis binding was nonspecific. However,
at 1 mM Mrf*, despite that the total binding decreased comipatata substantial amount
of specific binding was obtained. Addition of ¢0.1 or 1 mM), M§" (10 mM), or C&'

(1 mM) had relatively small effects on the totahding; however, in all cases specific
binding was decreased compared with when theseviene absent. These results are in
contrast with the binding of CrylAb tdl. sextaBBMV, which was not affected by the
presence of either 5 mM EGTA or 10 mM Mor C&* (Van Rieet al.,1989). It is possible
that some metal ions are required by some brusiiebonembrane proteins involved in the
Vip3Aa binding.
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The displacement of th&2-Vip3Aa protein observed in the homologous contjueti
experiment confirms the occurrence of a limited nendd receptors for Vip3Aa that could
be saturated, adding an excess of unlabeled tOXwe heterologous competition by
Vip3Ad, Vip3Ae, and Vip3Af indicates that thesedhrproteins also bind to the same sites
as Vip3Aa. However, whether Vip3Aa competes foroélthe binding sites recognized by
Vip3Ad, Vip3Ae, or Vip3Af (i.e., the reciprocal cqmetition experiments) has not been
tested here. Competition of Vip3Aa with biotinylat¥ip3Af had been shown previously
in S. frugiperda(Senaet al.,2009). The proteins Vip3Aa, Vip3Ae, and Vip3Af doeown
to be toxic toS. frugiperda(Hernandez-Martineet al., 2013, Senat al., 2009, Chakroun
et al.,2012); however, Vip3Ad is nontoxic (Hernandez-Ntaet et al., 2013). This result
indicates, as occurs with Cry proteins, that bigdih Vip proteins is necessary, though not
sufficient, for toxicity.

The analysis of the binding parameters from the dlogous and the heterologous
competitions rendereldy andR; values similar for all four Vip3A proteins, wity values
in the range of 6.1 to 22 nM arR] values in the range of 48 to 76 pmol/mg of BBMV
protein. These values are higher (around 10-fdidhtthe ones normally obtained for the
CrylA and Cry2A proteins (Gouffoet al., 2011; Hernadndez-Rodriguezt al., 2008;
Garczynskiet al.,1991; Ranget al.,2004; Cacciat al.,2010), which indicates that Vip3A
proteins have lower affinity but a higher numberbofding sites in the BBMV than the
CrylA and Cry2A proteins. Lee et al. (Leeal., 2003) showed that the kinetics of pore
formation of activated Vip3A was more than 8-foltbvger than that of CrylAb (at
equimolar concentrations) and that the kineticsrahtl change after a 10-fold increase in
the Vip3A concentration. Lee et al. claimed thas ttould be due to the fact that saturation
of functional binding sites of the Vip3A proteingsvhard to reach.

When Cry1lAb and CrylAc were used as heterologoogetitors, no displacement of
129.vip3Aa occurred. This result, along with the caetifion of the Vip3A proteins for the
same binding site found here and the results addain a previous study (Sem al.,
2009), strongly suggests that Vip3A proteins do sbare binding sites with CrylA
proteins inS. frugiperda Lack of competition between CrylA and Cry2A pmogseand
Vip3Aa had already been reported in three heliattsipecies (Leet al., 2006; Luiet al.,
2011; Gouffonet al., 2011). The overall results suggest that thesedlasses of toxins
(Vip3A and CrylA/2A) use different receptors to dito the brush border membrane of
target insects.
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In conclusion, the successful radiolabeling of VAp3dn this work opens up interesting
perspectives for the future of binding studies wiip3A proteins. Using radiolabeled
Vip3Aa allowed us to estimate for the first time diimg parameters for this protein.
Furthermore, heterologous competition has revetiad Vip3Ad, Vip3Ae, and Vip3Af
competed for the Vip3Aa binding sites. The absariammpetition of CrylAc and CrylAb
makes them appropriate candidates to be used irbination with Vip3A proteins in
transgenic crops as a strategy to delay the ewvolati resistance in insects.
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4.1

4.2

4.3

4.4

4.5

4.6

4. Conclusions:

Vip3Aa purification is a very critical step. Althgh the protoxin retains full toxicity
after being subjected to different biochemical tmme@nts, the nickel affinity
purification of the Vip3Aa is not an appropriaterifigation protocol for the
molecular study of its mode of action. During therification process we also
discovered that the Vip3Aa proteolytic productsafkDa 20 kDa are tightly linked
in solution.

A limiting rate of protoxin activation seems to the cause of the marked difference
of susceptibility betwee. frugiperdaandS. exiguao Vip3Aa. The disappearance
of these differences when the trypsin activated3¥ is used strengthen this
hypothesis.

Under our experimental conditions, the proteolypimcessing of Vip3Aa and

Vip3Ae by the serine proteases (trypsin and chyypsin) does not produce a
peptidase resistant core, and the accumulatioheob6® kDa active form of Vip3A

proteins is not always correlated with the differemf susceptibility between insect
species.

Most likely, inside the midgut of the lepidopterarsects, the cationic trypsin-like
and the anionic chymotrypsin-like peptidases are ¢mes contributing to the
accumulation of the 62 kDa active toxin form, whihe cationic chymotrypsin-like
activities mainly participate in its degradation.

Vip3Aa binds specifically to the brush border mear® of S. frugiperdaand is
possibly internalized into the midgut epitheliallse

The successful radiolabeling of Vip3Aa allowed osestimate for the first time
binding parameters for this protein. Vip3Aa bindisglmost totally irreversible and
is sensitive to many factors such as sodium chéocmhcentration, pH, the presence
of the divalent cations.
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4.7 Vip3Aa share binding sites i8. frugiperda,not only with the toxic Vip3Ae and
Vip3Af, but also with the non toxic Vip3Ad, whicindicates that the binding of
Vip3 proteins is necessary but not sufficient foit toxicity.
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4.1.

4.2.

4.3.

4.4,

4.5,

4.6.

4. Conclusiones:

La purificacion de la proteina Vip3Aa es un padtiorr para el mantenimiento de su
funcion. A pesar de que la protoxina retiene ttdaicidad después de diferentes
tratamientos bioquimicos, la purificacién por adandl a niquel de la Vip3Aa no es un
protocolo de purificacion apropiado para el estudmecular del modo de accion.
Durante el proceso de purificacion también desoulsi que los productos de
protedlisis de 62 kDa y 20 kDa de Vip3Aa estantkraente unidos en solucion.

Una velocidad limitante de activacion de la prataxiparece ser la causa de la
marcada diferencia de susceptibilidad eBtrérugiperday S. exiguaa la Vip3Aa. La
desaparicion de estas diferencias cuando se uilixp3Aa activada por tripsina
refuerza esta hipotesis.

Bajo nuestras condiciones experimentales, el pagceproteolitico de Vip3Aa y
Vip3Ae por las serin proteasas (tripsina y quinpsiria) no produce un nucleo
resistente a las peptidasas, y la acumulacion dertaa activa de 62 kDa de las
proteinas Vip3A no siempre se correlaciona coriftaehcia de susceptibilidad entre
especies de insectos.

Muy probablemente, en el interior del intestino mede los lepidopteros, las

peptidasas de tipo tripsina cationica y las peptidade tipo quimotripsina aniénica
son las que contribuyen a la acumulacion de ladaaotiva de 62 kDa, mientras que
las actividades de tipo quimotripsina catidnicatipgran principalmente en su

degradacion

Vip3Aa se une especificamente a la membrana desratepillo de. frugiperda
con posible internalizacion en las células epiediael intestino medio.

El éxito en el marcaje radioactivo de Vip3Aa peidnéstimar por primera vez los
parametros de unidén de esta proteina. La union ig8A4 es casi totalmente
irreversible y es sensible a muchos factores, t@e® la concentracion de cloruro
de sodio, el pH y la presencia de los cationedeatives.
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4.7. Vip3Aa comparte sus sitios de union 8n frugiperda no sélo con las toxinas
Vip3Ae y Vip3Af, sino también con la Vip3Ad que B8 toxica para este insecto, lo

gue indica que la union de las proteinas Vip3 egsaria pero no suficiente para su
toxicidad.
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The Vip3Aa protein is an insecticidal protein secreted by Bacillus thuringiensis during the vegetative stage
of growth, The activity of this protein bas been tested after different seeps/protocols of purification using
Spodoptera frugiperdo as a control insect. The results showed that the Vip3aa protoxin was stable and
retained full toxicity after being subjected to common biochemical steps used in protein purification, Bio-
assays with the protoxin in 5. frugiperda and 5 exigua showed pronounced differences in LC sy values when
mortality was measured at 7 vs. 10d. At 7 d most live larvae were ammested in their development. LGy
values of "functional mortality” [dead larvae plus larvae remaining in the first instar), measured at 7 d,
were similar or even lower than the LCsq values of mortality at 10 4. This strong growth inhibition was
nat abserved when testing the trypsin-activated protein (62 kDa) in either species. 5 exigua was less sus-
ceptible than 5. frugiperdn to the protoxin form, with LCs, valves around 10-fold higher. However, both
species were equally susceptible to the trypsin-activated form. Processing of Vip3Aa protoxin to the acti-
vated form was faster with 5 frugiperdo midgut juice rhan with 5 exigua midgut juice. The results
serongly suggest that the differences in the rate of activation of the Vip3Aa protaxin between both species
are the basis for the dilferences in susceptibility towards the protoxin form.

@ 2012 Elsevier Inc. All rights reserved.

1. Introduction

Bacillus thuringiensis is a gram positive bacterium that produces
two major categories of lepidopteran active proteins: The Cry pro-
teins, which are produced at the end of the log phase and accumu-
late in the parasporal crystal, and the Vip proteins, which are
produced during the vegetative stage of growth and are secreted
imto the calture medium. The Cry proteins are oxic to a variety
of insect orders such as Lepidoptera, Diptera and Coleoptera. The
maode of action of the Cry proteins involves solubilization of the
crystal, processing of the protoxins by infestinal proteases, and rec-
ognition of a binding site an the midgut brush border membrane
surface, followed by pore formation and cell lysis, leading ulti-
mately to insect death (Schnepf et al, 1998} Two steps in the
mode of action of the Cry proteins are considered key steps in their
toxicity against susceptible larvae, the alteration in the proteolytic
activation of the protoxin and the loss of binding of these proteins
to receptors located in the brush border membrane. In fact, both
hawe been described as mechanisms of resistance to these toxins
(Ferré and Van Rie, 2002; Ferré et al., 2008 ).

* Corresponding author, Address: Departamento de Genética, Facultad de COC
Biobégicas, Or. Moliner 50, 46100 Burjassor (Valencia), Spain. Fax: +34 96 354 3020,
Eertaril adefiress! juan lermeduees (), Feomé)

OO22-Z2001 1§ - see front matter & 200132 Elsevier Inc, All rights peserved.
http: fidecdoiore 101016/ jip 201 203021

The Vip proteins have no sequence homology with the Cry pro-
teins. Vip proteins have been classified into four groups according to
their sequence homology: Vipl, Vip2, Vip3, and Vipd (hitp:/ v,
lifesci sussex.acukyhome/Neil_Crickmore/Btvip.homl). Vipl and Vip2
act as binary toxins and are toxic to coleopterans (Shi et al., 2004
Vip3 proteins are toxic to lepidopterans and genes coding for
thiz type of proteins have been found to be very common among
8. thuringiensis iselates (Bhalla et al., 2005; Abdelkefi-Mesrati
et al.. 2005; Liu et al.. 2007; Fang et al, 2007; Beard et al.. 2008;
Hernandez-Rodriguez et al., 2009; Yu et al, 2010).

Wip3Aa proteins were the first ones discovered and the most
cammaon enes within the Vip3 family. They have been shown to
have a broad insecticidal spectrum against a range of Lepidopteran
pests, including Agrotis ipsilon, Heliothis virescens, Helicoverpa zea,
Helicoverpa armigera, Plutella xylostella, Spodaptera frugiperda, 5. ex-
igrea, and 5. litura, among others (for a summary of toxicities, see
Milne et al., 2008: van Frankenhuyzen and MNystrom, 2002).

Vip3Aa has been shown to kill larvae of susceptible insects by a
series of steps that resemble those used by Cry proteins in their
mode of action. Vip3Aa is secreted from the B. thuringiensis cell
as a protoxin, which is partially processed by proteases in the larva
midgut rendering the active toxin {Yu et al., 1997; Lee et al., 2003).
This toxin then binds to specific receptors in the midgut mem-
brane, which are different from those of Cry proteins (Lee et al..
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2003, 2006; Sena et al., 2009; Abdelkefi-Mesrati et al., 2009; Lio
et al, 201 1) The bound toxin provokes the disruption of the mid-
gut epithelial cells (Yu et al, 1997; Abdelkefi-Mesrati er al.,
2011a.b) by the formation of pores in the apical membrane (Lee
et al, 2003: Liu et al, 2011),

We have observed that Vip3A proteins are less stable than Cry
proteins. Since roxicities of Vip3Aa among different laboratories
may differ not only due to the different source of protein, but to
differences in the protocols used for the preparation and storage
of the protein sample, we first investigated the possible effect of
different steps/protocols of purification on the activity of Vip3Aaal6
using 5. frugiperda as a control insect. In a second step, the suscep-
tibility of 5. frugiperda and 5. exigua was compared using both the
protoxin and the activated form of Vip3fa. Strong differences in
susceptibility between both species were observed when using
the protoxin, but not when using the activated toxin. In vitro acti-
vation of Vip3Aa by midgut juice from both species was examined
for the possible role of midgut proteases on the toxicity differences
of Vip3Aa,

2. Materials and methods
2.1. Sourge of the Vip3Aa protein

BUPMSS is a B. rhuringiensis subsp. kursraki strain producing the
Vip3AalG protoxin {Abdelkefi-Mesrati et al, 2005). The vip3Aale
gene was cloned and the corresponding protein fused to a six
histidine-tail was overexpressed in recombinant Escherichia coli
(Abdellkefi-Mesrati et al., 2009).

2.2. Expression, purification and activation of Vip3Aa

One single colony of E. coli BL21 harboring the pET plasmid with
the vip3Aalé gene was inoculated in a preculture containing 3 ml
of LB medium {100 pg/ml) ampicillin and (25 pg/ml} chloram-
phenicol, and growin ar 37 =C with shaking (250 rpm) until ODgng
was (0.4, The preculture was transferred to 400 ml LB medium con-
taining ampicillin (100 pgfml) and chloramphenicol {25 pg/mil),
When the 0Dy, reached 1.2, 0.4 mM PTG (isopropyl-f-D-thioga-
lactopyranoside} was added for induction. The culiure was grown
avernight ar 37 C in a shaking incubatar at 190 rpm. Cells were
centrifuged at 4000g for 15 min. The pellet was resuspended in
20 mM Tris-HCl buffer, pH 8.6, containing 0.3 M NacCl, 0.3 mg/mil
Iysozyme, and 10 pg/ml DMAse, and incubated with shaking for
30 min at 37 “C. The pellet was then sonicated twice for 60 s, with
a 10 5 pause in between. The supernatant was collected following
centrifugation at 17000z and then filtered through a 0.22 pm filter,
This lysate supernatant was used in binassays and for subsequent
purification. The concentration of Vip3Aa protein was determined
by densitometry after separation from other contaminant proteins
by sodivm dodecyl sulfate 12% polyacrylamide gel electrophoresis
(SD5-PAGE).

Affinity chromatography purification of Vip3aa was carried out
using the HiTrap™ Chelating HP column (GE Healtheare), Imidazol
was added to the lysate supernatant containing the Vip3Aa protein
until reaching 10 mM. The solution was loaded on the column and
eluted with elution buffer (50 mb phosphate buffer, pH 8.0, con-
taining 0.3 M MNaCl and 100 mM imidazol) and fractions {0.9 ml)
were collected in tubes containing 100 wl of 30 mM EDTA. Frac-
tions most concentrated in Vip3Aa were combined and dialyzed
overnight against 20 mM Tris-HCl buffer, pH 9, 0.3 M MaCl. The
concentration of Vip3Aa protein was determined by Bradford
(1876

Alternatively, Vip3Aa was purified by isoelectric point {pl) pre-
cipitation followed by anion-exchange chromatography. The pH of

the lysate supernatant was lowered to 5.5 with 0.1 M acetic acid
(predicted pl of 505 according to the Protein fdenrification and
Analysis Tools on the ExPASy Server). The pellet was recovered by
centrifugation and dialyzed overnight against 20 mM Tris-HCI,
pH 9. After filtration, the dialysate was loaded on a HiTrap
Q) HP {5 ml bed volume) column equilibrated in 20 mb Tris-HCI,
pH 9, using an AKTA explorer 100 chromatography system [GE
Healthcare, UK). The proteins were eluted by a linear gradient of
1M MaCl (0-80% in 100 ml). The concentration of Vip3Aa protein
was determined by Bradford. The eluted Vip3Aa protein was stored
at —20°C

Ammonium sulfate precipitation was also used in some batches
of Vip3Aa for stability testing, Vip3Aa protoxin was precipitated by
adding a saturated solution of ammonium sulfate until 708 salt by
continuous stirring for 1 h at 4 °C, After centrifugation, the pellet
was solubilized in 20mM Tris-HCI, pH 8.6, 0,15 M NaCl, 5 mM
EDTA and wsed in bisassays, The concentration of Vip3aa protein
was determined by densitometry after SD5-FPAGE,

To activate the Vip3Aa protoxin 1o use in bicassays, either the
supernatant crude lysate or the pl precipitated and dialyzed pro-
toxin were incubated with 10% commercial trypsin (hy weight re-
ferred to total pretein in the mixture) at 37 °C for 2 h (after this
time no further activation/degradation of the protein occurred).
The reaction mixture was cenirifuged at 16000g and the superna-
tant containing the activated Vip3Aa was stored at —20 *C until
use.

2.3 Insect bicassays

First instar larvae of 5 frugiperda and 5. exigua were reared on
artificial diet as described by Bell and Joachim (1976). The activity
of Vip3Aa was determined by surface contamination assays. Seven
different concentrations of Vip3aAa (serial dilutions) were tested for
each treatment. A volume of 50 pl of the sample dilutions was ap-
plied on the artificial diet {in 2 cm® multiwell plates] and let dry.
One first instar larvae was placed in each well, and 16 neonate lar-
vae were used for each concentration, Mortality was scored at 7
and 10d. In addition to mortality, larvae remaining in L1 after
7 d were also counted, The number of dead larvae plus larvae ar-
rested at L1 was considered “functional mortality”, Regression esti-
mates of mortality and functional mortality were obtained using
the POLO-PC probit analysis program (LeQra Software,.. Berkeley,
CA) LCs; values were considered significantly different if ABducial
limits did not overlapped.

2.4, Midgut juice preparation and kinetics of Vip3Aa processing

5. frugiperda and 5. exizua last instar larvae were immabilised on
ice for 5 min and then longitudinally dissected to collect the peri-
trofic membrane together with the food bolus, For each sample,
five peritrophic membranes with their food contents were homog-
enized ina microtube and centrifuged for 10 min at 16000g at 4 “C.
The supernatant (midgut juice) was collected and stored at —80 °C
in small aliquots, The total protein concentration was measured
with the Bradiord assay.

Vip3Aa protoxin (10 pg) was mixed with 5 pl of diluted midgut
Juice from either 5, exigua or 5. frugiperda, in a final volume of 235 pl.
The reaction mixture was incubared at 30 °C for different times,
and stapped by adding the electropheresis loading buffer and hear-
ing at 99 °C for 10 min. Reaction products were separated by 12%
SDS-PAGE and the gels stained with Coomassie blue.

2.5 Zymogram analysis

Proteins (20 pg) from midgut juice samples of 5 exiguo and
5. frugiperda larvae were separated by non-denaturing 5D5-PAGE
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in a 12% Tris-glycine gel and processed for zymogram analysis as
described by 1i et al. {2004 ). The gel was incubated in 50 mMf car-
bonate buffer pH 9.6, 10 m& DTT, for 15 min and then incubated
for ¢ h in the same buffer supplemented with 8 mg/ml of either
milk powder [containing casein) or Yip3Aa lysate supernatant.
Clear bands on a dark background, corresponding to protease activ-
ity in the gel, were revealed by Coomassie Mue staining,

3. Results
2.1, Punifcotion amd trypsin-activation of Vip3do protoxin

Purification of Yip3Aa by affinity chromatography with Ni col-
umns gave rese o inconsistent resulls in preliminary bioassays.
The Instability of Vip3Aa was also observed in crude exiracts
stored at —20°C For this reason. we tried different methods of
sample preparation and punfication to design protocols that did
not affect adversely the activity of the Vip3as protein in bloassays,

The Vip3Aa prosein in the crude lysate supernatant was readily
purified to a high degres by affinity chromatography (Fig 1, lane 51,

1 z 3 + 5 ]

250 —
130 — -

g ——

]D———Pull

Fig. 1. Puriny analysis of Vipdaa after different peeparation mechock, Prateing wene
separated by S05-PAGE and then stained weth Coomassie blue, Lae 1: molecalar
verighn medrkers lane 20 supeimarant of the crsde lysame; lane 3 sofulnBized pelier
alter ammoniem sulfate precipitasion; lane 4: solubilized peliet after iscelecine
poEnt precipitation: lane 5: affinity-chromaragraghy eluate: lane B trepsin-treated
sample after isoelectric poine precipitasion.

Incubration time (min)
] “ 1 6 6 M
- ]
= 15t
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Fig. X Frocealytic activarion of Vig3aa protoxin by commenclal crypsin, Alfinicy-
puarified VipiAa protoocin | 1 g i was mixed with bovine tryppsin (15 by weight] and
imcishated a1 30 °C [or different tivses. Vipdaa peotooin incubared Les 20 mdin i the
absence of trypsin was ased as 2 control {C1 M Medecular weight markers. Heaction
products were sepacared by SD5-PAGE and stained with Coomassie blue,

Also, a high degree of purity was achieved by lowering the pH 1o
approach the isoelectric point of Vip3Aa (Fig 1, lane 4). As ex-
pected, a low degree of purification was obtained by precipitation
with 70% ammonium sulfate (Fiz. 1. lane 50 Treatment with com-
mercial trypsin served two purposes: to activate the Vip3da pro-
roxin and o eliminate some of the contaminating  proteins
[Fig. 1. lane G; Fig. 21,

Anion-exchange chromatography [after pl precipitation) sepa-
rated most of the comtaminating proteins and revealed two
Isoforms of Vip3Aa, both with similar molecular weight {indistin-
guishable by SDS-PAGE) (Fig. 3) but with obvicusky different net
charge, The degree of purification of Vip3Aa (as determined by vi-
sual inspection of the contaminant bands by SD5-PAGE) was lower
than that obtained by affinity chromatography but much higher
than by either ammonium sulfate or pl precipitation (Fig. 15

3.2, Factors affecting insectcidel activity against 5, frugiperda

tlortality scored ar 7 d showed no significant differences in LCs,
values among different procedares to prepace the protoxin sample,
with a welghted average of 203 nglem® (Table 1) Slopes of regres-
sion lines ranged from (UGE to 1.31, with higher values for the more
purified samples {with the exception of the chromatographic peak
21, The 1.Csy value of the trypsin-activated sample (41 ng/om?] was
lowver than those of the protoxin samples, with the fducial limits
overlapping only with the samples purified by anion-exchange
chromarography.

When considering functional martality at 7 d ( both dead and L1
larvae), the LCsy values were much lower than just considering
martality. The weighted average was 13 ngfem?”. Agaln, there were

A
1 |
!
| |
Vip3aa
I 1
ML
B Peak 1 Peak 2
AdAS AS AlS A4 ATS
ot 1101
= — 100
T - ]
. -
- 50

Fig- 3. Purification by anion-eachange chromacography. An € coll exiract contain-
ing VipkAa protoxin was puarified by isoelectrc poiot precipitabaon and  then
subjecied o aninf-exchange chromacography i 3 HiTrap O column, [A) Chro-
miatogram showing the absorbance st 280 nm and the Nall gradssat. (B} S0S-PACE
of the chremarography fractions stained with Coonsssie bdue,
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Table 1

EMfect of the preparation and activation of Vip3aa oo 128 insecricidal sctivity on S fagipendn. LCan values ke given in ng ol Vip protein per cm® of discsueface, Fducial Bits (955

an® giwen In parenthesia

Sample preparation’ Moaralizy (7 d) Fanctianal mentalisy (7 d) Bartality (10 d}

LCeq L LCen
Supermatant of omode bysate Jan (160-11000 12 (Gu0-25] 24 [1T-34]

Shope = DT 2011 Slpe = 2.35 4 .44 Slope = 1RO &K1
Armmanium sulfate porified IR I0=-250) 14 (12-173 1% [23-a0)

Shope =091 = 007 Sope = 3.5+ 033 Slope = 1,77 £ 1§
Chromatographic peak 1 TP LAG-170) 15 10-23% B4 [P?.-D6]

Sope = L2012 006 Slope= |82 IR Slope = 223 & 2T
Chromatographic peak 2 T (%7-2ma) 11 (GG 5T [35-92)

Shope = Q5202 Sape =151 $ 022 Sloge = 588 £ R0
Micked puaritied EE M-S - T8 [43-120)

Sope = 1.31 2006 Slope = 2.00 £ 040
Trvpsin-activated 41 [20-75%) 44 E-13) FER1-21)

Shope = 1 27520010

Shope = 166 015 Slope = 2164 020

* Supernatant of cnede lysate and ammoniom selfaie panfied samples were replicated fom 3 to 7 ames, The rest were replicated swace,

Tahde 3

Inmecticidal activitg of Vip2aaon £ svigun. Ly, and fducial limiss (95%) valoss are given in o of Yip procein per cm® of dies surface. Yalues are the mean of thres 1o six replacates.

Mortatiny [ 741

Fanceanal moralisy (7 &) Plortality [10d}

supernatant of tnade bysate AR | 1A - B3N
Slope = .72 £ 005
3% | 5.A-200)

Slope =069+ 0,10

Trypsin-activated

33 (24445 251 | 1B0-6E0)
S = 454 2055 Slope = (79 £ (kM
1.7 [ha-285 24 {4.7-80)

Sope = 154 20,34 Shope =115 015

no significant differences among protoxin samples and, in contrast
tix the values obtained just considering mortality, the LG, values
for the Tunctional mortality werg more homogensous (range of
11-15} and with narrower fiducial limics, Slopes of regression lines
were sleeper, ranging from 1.51 to 250, with higher values for the
less purified samples, The trypsin-activated sample was the sample
with the lowest LC s value [4.4 ngjem®), although it was not sigrif-
icantly different from those of the protoxin samiples according to
the fducial limits,

Scoring mortality after 100 d had a marked effect on the L wal-
wes, which were considerably lower than those at 7 d and with nar-
rower Aducial limits, Slopes of the regression lines were steeper
than at ¥ d. The trypsin-activated sample had the lowest LC s, value
[1Z mgfom?), being significantdy different from those of some pro-
toxin samples,

2.3 Insecticidal acrivity epminst 5 exdgue

The Vipdaa protoxin (in crude lysate supernatant ) was less ac-
rive against 5, exigua, with LCsy values of 2600 and 290 ng/cm”® at 7
and 10 d, respectively (Table 2). These values are significantly dif-
ferent from those obrainsd For 5 frugipecda (around 10-fold high-
erl In contrast, when considering either the functional mortality
at ¥ d of the protoxin or the mortality cawsed by the activated toxin
[mo matter the scoring model used), the LCss values Trom both spe-
cies were not significantly different frome each ocher. This result
sugpests an incficient processing of the protoxin m vive in the
5 exipeg midgut, which is overcome when administering the acti-
wated voxin,

24, Activation of Vip3An protoxin by midgut juice protemses

Vip3Aa profoxin was incubated with diluted midgut juice from
last instar larvae of 5 frugiperde and 5. exiga to determine whether
differences in susceptibility to the protoxin were due to differences
in the rate of activation. An appropriate dilution (172500 of the
midgut juice was chosen because an excess (a 150 dilution) com-
plerely degraded the 62 kDa band (data not shown L The results, at

A ¢ o1 w0 80 120 M

- 250

= — L1

— —  LOQ

— —— Y

i — — 30
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_——

B C 1 10 60 120 D
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— 150
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e
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&= — — SO
| =4 —— ]
— — —
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Fig. 4. Time course of profeoivie processivg of VEp3Aa protaxin by midgal juice,
Alfinisy-chromatography purfied Wiptaa protoan (10 pg) (lane O] was incubaced
weith 5 il of a 1250 dilution of midgua jisoe from 5 frugipenda (A} and From S exigun
| Bl Bractinn products were separaces by S05-FAGE and the gels were stained with
Coomassie blue. Incubations were carvied out at 300 for different tmes {mnk b:
Fdal ecuilar welght makers

equal dilutions from both insect species, show rhat the midgut

juice of 5. frugiperda activated the Vip3Aa protoxin at a faster rate
than the 5 exigas midgut juice {Fig 41
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Fig. 5. Zymapram analysis of midgal julce proteases. Midgur julce profeases Iroem 5
exignn {lane 1] and & frgppends (line 2) were separated in son-denataring 505-
PAGE ina 12% Tos-glycine gel amd iheir acowiny revesded using casein oo Vipdha
profoxim as substrages,

1.5, Zymaogrmm analysis of midout protegses

Zymograms from the midgul juice proteases from the two in-
sect species were obrained using two types of proteins as sub-
strabes: casein [a general substrate] and Vip3Aa. Results were
essentlally the same using either substrate, However, the twao in-
sect samples showed a totally different pattern in several aspects:
in the number of bands. their position and the overall intensity
[FRg. 51

4. Discussion

The Vip3aa protoxin was subjected te different purification pro-
tocols (affinity chromatography and ion-exchange chromatogra-
phy) and storage conditions (ammonium sulfate  precipitation,
and freezing} commaonly vsed in a biochemistry laboratory. The
@im was not to develop a purification protocol, but to check if
any of the steps affected negatively the insecticidal activity of this
proiein, For this reason, we tested the following samples: E coil
crude ly=ate supernatant, ammonium sulfate precipitated protein,
mi-chelating affinity purified protein, and anjen-exchangs purified
progein, 1t is noteworthy thar the Vip3aAa protoxin eluted in two
different fractions after anion-exchange chromatography. The
two Vip3Aa isoforms very likely derived one from another by the
action of £ cofi enrymes during Vip3aa produoction or cell lysis.

To test the insecticidal activity of the different preparations of
protoxin, 5 frugiperda was chosen because of (s known suscepti-
hility po this insecticidal protein (Estruch et al, 1996; Yu et al,
19497 Sena et al, 20091 The results indicate that the Vip3Aa pro-
raKin maintains it insecticidal activity independently of the puari-
fication protocol wsed (Table 1) Moreover, trypsim-activated
samples had lower LCa, values than protoxin samples, supmesting
that the activation step is rate limiting.

tortalicy of & frugiperda scored at 7 d revealed two effects
caused by the toxin: only part of the insects was killed, although
a considerable proportion of larvae that remained alive were ar-
rested in their development. Most of these larvae died before
10vd. This is the reason of the pronounced differences in LCs, val-
wes ar 7o ws, 100, and also why the values of the funcrional mor-
rality at 7 d resemble those of mortality at 10 d. Such pronounced

differences between maomality ar 7d ve 10d are not observed
when testing the trypsin-activated protein, suggesting again that
the activation step may be rate limiting.

Side by side bioassays with the two Spodoprera species show
that 5. exigua is more tolerant than S frigiperde o the Vip3sa pro-
toxin, The former species also shares with the Latter the dichotamy
of mortality and severe growth inhikition when exposed o the
protoxin. Both species have a significant difference in susceptibifity
to the protoxin when mortality is measured, however, in térms of
functional martality, they do not differ significanily. This indicares
that larvae from 5 eximea suffer a stronger groweth inhikiticn than
larvae from 5, frugiperda, which compensates for the lower mortal-
ity of the former when the functional mortality Is measured, The
strong grovwth inhibition seems not be a general pattern of the ef-
fect of Vip3Aa, but a peculiarity Himited only Lo seme insect species.
For example, impostant differences (around 10-feld) in LG5, values
between maortality and functional mertality were found in H. zea,
while minimum differences were found in H wirescens (Al and
Lurirell, 20010

Drifferences in susceptibility berween both species disappeared
when testing the activated toxin, a strong indication that the dif-
ferences might be due te differences at the activation step. The
higher activation rate was confirmed with the results obtained
with the time course experiment with Vip3Aa protoxin and midgut
Juice from both species, inwhich S exiger midgat juice was shown
to be less efficient in activating the protoxin than 5. frugiperdo mid-
gul juice [Fig. 4). The zymogram study revealed more variely
of proteases and higher protease activity in 5 frugiperda than in
% exiguo [Fig. 5), which could account for the faster processing of
the protoxin in the Tormer.,

Differences in the processing of the Vip3aAa protoxin by Ephesiia
kuelniello and 5. littorelis midgut juice have also been proposed to
b crucial in determining the differences in susceptibility between
baoth species (Abdelkefi-Mesrati er al., 200 1h) The rele of midgut
proteases in activating Cry proteins have been recognized to play
a rode insome cases of insect resistance (o Cry ] A prodeins (Dppert
et al., 19494 Forcada et al., 1996&; Li et al, 2004 ) and., at least in one
case, proteases were shown to be critical in determining the spec-
ificity of the activated toxin to-different insect targers ( Haider et al,,
19B6).

Based on owur resules, the VipEaa protoxin retains Full coxicity
after being subjected w different biochemical treatments. The
marked differences ohserved in the two insect species in the pro-
vouinm LC gy walues when mortality was measured at 7 vs. 10 d seems
to be due te the limiting rate of profoxin activation. These dilfer-
ences between 7 and 10d disappear when vsing the trypsin-
activated toxin. Furthemmore, the differences in susceptibility bebween
bath species against the protoxin also disappeared when the actl-
vated toxin was rested instead. All these ohservations. along with
the time course activation experiment, clearfy point out that the
pretoxin activation is a critical step contributing to the toxicily
of VipiAa to these twio Spodopiern species,
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Wip3 proreins have been described ta be secreted by Socillus thueringiensis during the wegerative growth
prhase and to display a broad insecticidal spectrum against lepidopteran larvae. Vip3Aa protoxin has been
reportad to be significantly more toxle to Spodoprere frugiperda than to Spodoprera exigua and differences
in the midgut processing have been progosed to be responsible. [n contrast we have found that Vip3aAe =
essentially equally roxic against these two speches. Proteolysis experiments were performed to soudy the
stability of Vip3A proteins to peptidase digestion and to see whether the differences found coold explain
differences in toxicity against these two Spodoprera species. It was found that activation of the profoxin
form and degradation of the G2 kDB band took place at bower concentrations of trypsin when sing
Wip3aa than when using Vip3ae. The opposite effect was observed for chymotrypsine Vip3aa and Vip3ae
protaxing were effectively processed by midgut content extracts fram the two Spadoplera species amd the
protealytic activation did not produce a pepridase resistant core under these in virro conditions. Digestion
experiments performed with 5 frugiperde chromatography-purified digestive serine peptidases showed
that the degradation of the Vip3A toxins active core is mainly due to the action of cationic chymotryp-
sin-like pepricdase. Although the digestion patterns of Vip3A proteins do nod always correlate with
toxicity, the peptidase stability of the 62 kDa core is in agreement with inmraspecific differences of
roxicity of the VipdaAa protein,
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1. Introduction Abdelkefi-Meseatl et al., 2009 Ben Hamadou-Carli et al, 2013}
which makes Vip proteins very promising ro combat resistance in

Vegetative insecticidal proteins (Vip) are produced by Bacillus target pest insects, in combination or rotation with Cry proteins.

thuringiensiz (Bt} and secreted during the wvegetative phase of
erowth, Vipl and Vip2 proteins act as binary toxins and are toxic
to coleopterans (Shi et al, 2004) and aphids {Sartar and Mairi,
2011}, andVip3 proteins are toxic to lepidopterans {Estruch et al,
1996; Bhalla et al, 2005; Fang et al. 2007; Lo et al, 2007;
Hemandez-Rodrigues et al., 2009; ¥u et al,, 2000} (for a summary
of toxicities, see van Frankenhuyeen and Mystrom, 2002 and Milne
er al, 2008), Vip proteins are structurally different from
B. thuringiensis Cry and Oyt f-endotoxins produced during the fate
growih phase, and share po sequence homology with them.
This is reflected in their different rargets [Lee et oal, 2003;

= Corresponding author, Address: Departamente de Genéica, Facultad die €T,
Biobdgicas, Dr. Mdaliner 50. 461 00-Burfassat (Valencia ), Spain. Tel.! +34 96 354 45062
lax: #3d 96 354 3029

E-mmil address: juamn ferredueens . Ferrél

! Current address: Dipartimente di Agrara, Universitd degdi Stadi Fededee 11 &
Mapnli, Partici; ualy,

# Cumrent sddress: Blodagy centrum of the Academy of Sciences. Entomaligical
institute, Ceské Bud&jovice, Crech Repuhlis

b {cdod o) VWE 10065 Jinsphoys 20014 A6 HE
DO22-E9 01000 204 Elsevier Lid. All righis reserved

Recombinant Bt strains fransformed by vip3A genes in laboracory
experiments showed more than 10-fold increase of the oral
toxicity against Spodoplers exigua and 5 Niredsvalis (Sellami e al,
201131 Vip3A has already been incorporated into transgenic cotton
and maize o confer additional resistance against a wide range of
lepidopteran insect pests {Raybould and Quemada. 2010,

Muost of the lew studies carried out so Tar on the mede of action
of Vip? proteins have been done with Vip3aa, Vip3Aa is synthe-
stzed by B thuringiensis as a full length protein of approximately
af kD, Upon ingestion, the protoxin undergoes proteolytic
processing by larvae midgut lumen peptidases, yielding an approx-
imately 62 kDa active toxin form that is able to cross the peritroph-
ic membrane and bind to specific receptars on the brush border
membrang of midgut epithelial cells {Lee ef al. 2iM03, 2006; Send
et al., 2009; Abdeikefi-Mesrati er al,. 2009) Similarly as with Cry
toxins, all these steps finally lead to the disruption of midgur epi-
thelial cells and death of the insect (Yuw et al., 1997 Liu et al, 2001,
Abddelkefi-Mesrat] et al, 200 1a bl Although the model resembles
that of d-endotoxins involving a series of sequential steps finally
leading to the formation of ion channels in midgue epithelial cells,
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Vip3Aa binds to membrane receprors different from those of Cry
proteins {Lee ¢l al., 2003, 2006; Abdelkefi-Mesrati et al. 2009;
Sena et al. 2009; Liv et al, 2011}

Digestion of food proteins in lepidopteran larvae refies on extra-
cellular serime peptidases contributing to abowur 95% of the total
digestive profeolytic activity. Lepidopteran serine peptidases have
high pH optimuem (Terra and Ferrebre, 1994 Srinlvasan er al,
2006 ), which perfectly fits with the alkaline conditions of the lepi-
dopteran midgut, and they are present in a multitude of different
isoforms, For example, Helicoverpa armigera gut contains about
20 different types of active serine peplidase isoforms at any given
moment (Christeller et al,, 1992 Terra and Perreira, 15994; johnston
et al., 1945; Bown et al, 1997; Gatchouse ot al, 1997; Patankar
et al, 2001, Lopes et al, 2006, 2009; Srinivasan et al. 2006}
Among this array of isoforms, iepidopteran midgut lumen serine
peptidases are mainly characterized by trypsin- and chymaotryp-
sin-like activities and, to a lesser extent, by elastase activity, In
Spodoeptern species, rypsin, chymotoypsin, and elastase account
respectively for 7%, 85% and 1% of the digestive peptidases activity,
while exopeptidases associated to the brush border of the midgut
epithelial cells account for the residual 6% [Srinivasan et al, 2006}

The role of lepidopteran serine peptidases in the pathology of
Cry toxins has been extensively studied: Cry proteins are
synthesized as inactive precursors, or protoxins, which are further
processad into active toxins by both trypsins and chymotrypsins in
the inszect midgut {Rukmini et al, 2000 Such protealytic
activation plays an important rele not enly In the formation of
the active toxin that is able to bind to epithelial midgzut receptars,
but has also been reported to be involved in the host range
specificity of the different toxins (Haider et al, 1986, 1959;
Haider and Ellar, 1989: Milne €t al., 1990; Rukmini et al,, 2000)
and the dewvelopnent of Cry resistance in some insect species
(Oppert et al, 1997; Ferré and Van Rie, 2002; Li et al,, 2007;
Ferré o al., 2008), Despite the many studies focusing on the incer-
action between luminal serine peptidases and Cry toxins in regard
te the mode of action and resistance development, the role of
insect midgut peptidases in Vip pathogenicity has not received
much attention yet. In a previous scudy with Vip3Aa, it was
suggested that differences in susceptibility hetween species might
be explained by differences in the processimg of the prowoxin by
midgut peidases {Abdelkefi-Mesrati et al,, 2010 1h),

In a previous publication, we described a marked difference in
susceptibility to the Vip2aa protoxin between Spodoprera frugiperda
and 5. exiguo {Chakroun ef al. 2012), In contrast, in the present work
we have found that Vip3Ae protoxin is essentially equally toxic
against these two species. Therefore, we have performed a detailed
study of Vip3A protein proteclysis to establish whether the midgur
digestive proteclytic complex is imeolved in defining the susceptibil-
Ity differences in these two Spoedoptera species o Vip3A proteins,

2. Materials and methods
2.1, Insects

The laboratory strain of 5 exigeo was kindly supplied by
M. Lopez-Ferber, INBA (SC Christol les Abés, France) and the labora-
tory strain of 5 frugiperds was provided by P, Caballero, Universidad
Pdiblica de Navarea { Pamplona, Spain). Both strains were reared on
artificial diet (Moar et al, 1985] at 25 £ 2 °C, with a relative humid-
Ity of 65 £ 5% and a photopencd of 16:8 (light/dark).

2.2 Preparation and purification of Vip3Aa and Vip3Ae proteing
The gene coding for the Vip3Ae protein (NCBl accession Moo

CAI3277) was kindly provided by Bayer BioScience NV, (Ghent,
Belgium), cloned in Escherichia coli WKE. Before expression, the

gene had been modified to contain a His-tag sequence at the
MN-terminus of the protein to facilitate punfication. Recombinant
£ ool was grown at 37 °C in LE medivm with 100 pg/ml ampicillin
and Wip3Ae expression was induced with 1 mM isopropyl-fi-o-
thiogalacto pyranoside (IFTG) The culture was then centrifuged
at 5000z for 15 min at 4 °C and the pellet was resuspended in lysis
buffer {20 mM phosphate buffer pH 7.4, 500 mb NaCl, 3 mg/ml
Iysozyme, 10 pgiml DNAse and 100 ph phenylmethylsulfony]
Mueride). After 30min of incubation at 37 °C, the lysate was
somicated, stirred for 30 min at 4 °C and centrifuged (12,000g for
I0min al 4°C). The Vip3Ae present in the supernatant was
precipitated by 70% ammonium sulfate and then resuspended in
PES buffer and used for the bicassays. For proteolysis assays, the
toxin was purified from the culture supernatant by means of
immakilized metal ion absorption chromarography {(IMAC) on
Hi-Trap chelating HP column (GE Healthcare] charged with Ni<*.
Briefly, the supernatant was loaded onto columns equilibrated
with 50 mM phosphate buffer. pH 8.0, containing 10 mM midazole.
After washing with 50 mM phesphate buffer, pH 8.0, with 40 mb
imidazale, the bound proteins were eluted with the same buffer
containing 100 mM imidazole. Fractions were collected in tubes
containing  ethylencdiaminetetraacetic acid [(EDTA) ta a final
concentration of 5 mb. Finally, the Vip3Ae protoxin-containing
fractions were dialvzed overnight at 4°C  against 20 mM
Tris~HCL, pH B.6. 150 mM NaCl and 5 mM EDTA.

The vipddails gene, originally from B thuringiensis subsp,
kurstakl strain BUPMS5, was Kindly provided by the Laboratory
of Biopesticides {Centre de Biotechnologie de Sfax, Tunisia), and
had been cloned in pET vector in fusion with a His-tag. and then
subcloned into BL21 E  coli strain for protein expression
(Abdelkel-Mesrath et al, 2009)% E coli BL2T was grown at 37 °C
in LE medium supplemented with 100 pg/'ml ampicillin and
25 pg!ml chloramphentcol. Induction was done with 0.4 mb PTG,
Cells collection, Iysate preparation and protein purification was
performed as described above for Vip3ae,

Vip3A protein concentraticn was determined by the Bradford
assay {Bradford, 1976) wsing bovine serum albomin (B5A) as
standard.

2.3, Blowssays wilh Vip2ae

Owerlay bioassays with artificial diet were carmed out following
the same protocol and with the same source of insects as those
used in bioassays with Vip3Aa (Chakroun et al, 2012). Bioassays
af Vip3ae protoxin were performed in duplicate or triplicate using
seven concentrations (from 1.8 to 1350 ng/cm®) of Vip3Ae protoxin
(supernatants of crude lysates) and a comtrol with the buffer in
which the insecticidal protein was dissolved. For each concentra-
tion and controls, 16 neonate larvae of 5 frugiperda or 5 exigua
were used, Mortality was monitored after 10 days of larvae
exposure at 25 £2°C, with a relatlve humidity of 65+ 5% and a
photoperiod of 16:8 (light/darkl Median lethal concentrarions
[LCay) were estimated from mortality data by probit analysis
(POLO-PC; LeOra Software, 1987) and values were considered
significantly different if their 95% fducial limits [Fles) did not
overlap (Finney, 1971}

2.4, Spodoprera midgut content crude extracts isolafion

Actively feeding last instar larvae from the two Spodeptera spe-
cies (fifth and sixth instar larvae for 5, exiguo and 5 fugiperda,
respectively) were anesthetized on ice and then cut lengthwise
to expose the midgut. To abtain the crude midgut content extracts
for the ¥Vip proteins activation experiments and digestive pepti-
dases  chromatographic separation, dissected midguts were
carefully rinsed in cold 128 mM MaCl (to remove contaminating
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hemolymph} and then placed on a piece of Parafilm: Midguts were
carefully opened longitudinally and the content, within the intact
peritrophic envelope, was removed and transferred into ice-cold
centrifuge tubes. After centrifugation at 15000z for 10 min at
4°C, supernatants were immediately albquoted, frozen in liquid
nitrogen and stored at —80 “C ungil use,

2.5, Pepridase activity assay

Azocasein was used as a general peptidase substrate to deter-
miine the activities of commercial trypsin, commercial chymotryp-
sim, and larval midgut extraces (Vinokurov et al, 2009) The
commercial peptidase or a midiut content extract aliqueot diluted
up o 100 pl with 20 mM Tris-HCI, pH 8.6, was incubated for 1 h
at 30 °C with 100 pl of 0.5% arocasein made in the same bufier.
The reaction was terminated by addition of trichlorcacetic acid
(TCA) up to 6% final concentration and the mixture was incubated
for 30 min on jce to faver undigested substrate precipitation.
Finally, the reaction mixture was clarified by centrifugation at
10,0008 for 10 min, An equal volume of 1 M NaOH was added o
A 100 pl aliquot of supernatant transferred to a cuverte and the
absorbance was measured at 440 nm with Spectronic Genesys 3
spectrophotometer {Milton Roy) or with Multiskan Ascent plate
reader [Thermo Labsyseems]. One unit of total proteolytic activity
with azocasein was defined as the increase in absorbance by 0.1
unit per min per mg protein or per pl,

Specific proteolytic activigy was assessed with synthetic sub-
strates, including BzRpMA and SAAPFpMNA (Bachem AG. Bubendorf,
Switzerland), for trypsin- and chymotrypsin-like peptidase acrivicy
evaluation, respectively. Briefly, 5yl of 10mM substrate in
dimethylformamide {DMF) was added o each well of a microtiter
plate containing the emzyme aliquet diluted to 195 pl with reaction
buffer {20 mM Tris-HCL, pH 8.6 Samples were incubated at 30 °C,
and the absorbance of released p-nitroaniline was measured
spectrophotometrically  with  Multiskan  Ascent plate reader
{Thermo Labsystems). Enzyme activity was calculated in pmol of
p-mitroaniline produced per min.

2.6, Purification of trypsin and chymotrypsin pepridase fraciions from
midgut contents of 5. frugiperda

Partial separation of 5 frugiperda trypsin- and chymolrypsmn-
like peptidases was achieved by combination of anien-exchange
amd  size-exclusion chromatography  performed on AKTA 100
explorer system (Amersham Biosciences) with HiTrap Q@ HP and
Superdex 75 columns (GE Healthcare), For the primary separation,
midgut content extract (up to 0.5 mg total protein) was loaded
onte a 1 ml HiTrap @ HP celumn equilibrated with 20 mM phos-
phate buffer, pH 6.9. The elution was accomplished by applying a
linear gradient of O-G00 mM NaCl in the same buffer for 20 min
at a flow rate of 1 mllmin. Chromatography fractions were
assayed for trypsin- and chymotrypsin-like activities as it has been
described previously, Two peaks with serine peptidase activity
were detected (Fig. 1A} Fractions of peak 1, containing trypsin-
and chymuotrypsin-like activities, were not retained on the column
{cationic peptidases ), whereas peak 2 peptidases were bound onto
the column and eluted by the Mall gradient [anionic chymaotryp-
sin-like peptidases). Since fractions of peak 2 showed malinly chy-
metrypsin-like activity, they were pooled, concentrated on 10K
Centricon ultrafiltration units { Millipore), and used without further
purification for Vip3a protoxins hydralysis, Fractions 3-7 (peak 1]
were applied for subsequent separation of trypsin- and chymo-
trypsin-like activiries on a size-exclusion chromatography column
Superdex 75 equilibrated with 10 mM phosphate bulffer, 150 mbd
Nall, pH 6.8 (Fig 1B). Fractions showing either frypsin- or
chymotrypsin-like activities [cationic trypsin- and chymotrypsin-

like peptidases) were combined, concentrated by ultrafiltration
and used for Vip3A protoxins hydrolysis.

2 7. Digestion of Vip3A protoxins by commercial ond Spodoprera
mebdgut content serine peptidases

Purified protoxins (9.5 pg) were mixed with different concen-
trations of either commercial bovine trypsin and chymotrypsin
(Sigma Chemical Co., S0 Louis, USAL, midgut crude extracts, or ser-
ing peptidase chromategraphic fractons, and incubated for 1 h ar
30 °C. Incubation was stopped by addition of SD5-sample buffer
(2.5% (wivi SDS, 1% f-mercaptoethanecl, 0.075% {w/v} bromophenol
bilue, 3.8 mM EDTA, 150 mM Tris-HCl pH 6.2, 750 mM sucrose)
fdlowed by heat denaturation at 99 °C for 10 min. Proteclysis
products were then separated by 123 SD5-PAGE. Gels were stained
with Coomassie blue R-250 dye (o visualize the proteolysis prod-
ucts. The amount of protoxin and activated toxin was estimared
densitometrically from the intensity of the corresponding bands
in the gel with the 1D Manager ver, 2.0 programme (T} Tecnologia
de Diagndstice ¢ Investigacion)L

3. Resulis
3.1. Toxicity of Vip3Ae against 5. frugiperda ond 5, exigua larvae

Vip3Ae was found highly toxic to neonate larvae of 5. frugiperda
and 5 exigua, with Lq; values not significantly different (20 and
11 ngfcm?, respectively) (Takle 1% This differs from protoxin
Vip3aa, being siznificantly more taxic {12-fold) to 5 frugiperda
than to 5 exigia. Comparing the toxicity of Vip3Aa-and Vip3de,
they both are equally toxic against S frugiperdo [LCoq of 24 and
20 ngfcm?, respectively], whereas Vip3Ae is more roxic to 5 exigua
than Vip3Aa [LC:a of 11 and 290 ngfem?®, respectively ]

3.2, Protenlysis of Vip3Aa and Vip3Ae protoxins by commercial irypsin
angd chymotrypsin

Alfinity purified Vip3A full-length proteins were exposed to
different concentrations of commercial bovine trypsin amd
chymotrypsin (Fiz. 2A and B; Table 2} The proteolysis of the
a0 kDa Vip3Aa protoxin with the two commercial enzymes led to
a major digestion product which corresponded to a band of
62 kDa (Fig. 2A, Table 2} The fragment was susceptible to further
digestion at increasing concentrations of trypsin higher than
0.2 mU and at concentrations of chymotrypsin higher than 2 mi.
The proteolysis of the 88 kDa Vip3Ae protoxin with the two
commercial enzymes also resulted in a 62 kDa major digestion
product which was also susceptible to further digestion (Fig. 2B
Table 23 Accumulation of the 62 kDa active toxin form was
maximal at 1-2 mb of trypsin and started to decline at higher
enzyme amounts, Against chymotrypsing Vip3ae was relatively
unstable, showing at 0.1-04mb a maximal yield of active
62 kDa toxin form that was completely degraded at 10 ml of
chymotrypsin, With both Vip3A proteins, the amount of 62 kDa
band proeduced by chymotrypsin never reached the levels obtained
with trypsin, which suggests that its degradation started ewven
befare activation was completed.

In sifice prediction of trypsin and chymobrypsin cleavage sites
with ExPASy Peptide Cutter tool showed that Vip3Aa has 78 and
173 patential hydrolysis sites for ypsin and chymotrypsin,
respectively, while Vip3aAe has 75 sites for trypsin and 175 for
chymotrypsin.
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Fig. 1, Cheamatographic separatian of trypsin- and chymotrypsin-like peptidases from S frugiperdo orude midgait content exiracts, (A1 A sample of orude midgut content
(tatal progcin: DAES mg) was injected anto a @ ml HiTrap Q HE codumn equilibraced with 20 mad phosphame buffer, pH 59, The efution was started by applying a linear
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Table 1
Effect of & thurmgiensis VipdA protoxins (supemnatant of cmde bysares) on larval
martality of twe Spodapiera specles after 10 davs,

Protein & Jreglpenda X exigun

Ly Flas Slope LT Flas Slope
Viplaa® 24 (17-34)  18ke011 2090 {160-610) 079008
Yip3ae 20 [H-431 LEF 050 1L (BE-16) 1462 + (L0

Assays were performed with necnate larvae and values are given in ng per cm?.
Paramebers were ablaived with the POLO-PC program,
* ata published by Chakroun et al, [ 20020 and included bere o belp discossion,

3.3. Proteolysis of Vip3Ao and Vip3Ae protoxins by Spodaptera midgut
conttent extrocts

Drigestion of Vip3A protoxins by crude midgut content extracls
from- 5. frugiperda produced two major bands: a fragment of
62 kDa, the same as in the case of commerdal serine peptidases,
and a smaller product of approximately 47 kDa {Fig. 3A and B). In
the case of Vip3ha, the 62 kDa band accumulated wntil 0.7 mU of

-Jand the chymotrypsin- 2nd trypsin-like activities of the elurion fracsons (underiined | were ascayed with

midgut extract activity equivalents {defined as azocaseinolytic
aceivity umits, see Section 2) and started to decrease at higher activ-
ity levels (Fiz. 3A) In the case of the Vip3Ae protoxin (Fig. 3B],
activation proceeded with an intermediate product with slightly
lower maolecular mass than the protoxin, which was not formed
in the course of Vip3Aa activation. All proteolysis products fodmed
were unstable at the highest concentrations of midgut content
extract used for this study, being completely degraded at 70 mU.

The protoxins digestion by 5 exiguo midgut content extract
(Fig. 44 and B) generated a similar pattern of hydrolysis products
as described for 5 frugiperda. However, the Vip3a protexin hydro-
lysis by 5. exiguo peptidases was more efficient since both protoxin
and 62 kDa acrive toxins were completely degraded even at 1.8 mU
of midgut content extract.

34, Proteolysis of Vip2Aa and Vip3Ae profoxing by purified
5. Frugiperda midgur peptidases

As described above (see Section 2.6 of Marerials and Methods),
the fractionation of serne peptidases from 5 frumperdn midgut
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figure,

Table 2

Mensitometric estimaticn af the protoom and 62 klla bands from Vip3sa (Fig 2A] amd Vipdae (Fig 2B) produced by the action of different ammants [ml)) of trypsin or

chymotrypsin (-5 nod measurabde.

Pepaidase >ctiviny [mi] ol 0z 04 1 2 4 jit] 20
Cliymedrypsin Vip3Aa protesin (ug) 4.8 P&} 20 04 [iE - - -
Vip3Aa toxin [pg) [ o 15 20 21 14 1.2 04
Trypsin Vip3Aa protexin (ug) - - - - - - - -
WipdAa toxin (pg) 4.1 410 14 r7 A 2 1.7 K]
Chymuotrypsin Wip3dhe protesin (pg) 48 i4 nz = £ il = =
Vip3Ae boxin (HE) 12 13 14 [T o7 04 ’ =
Trypsin WVip3ae protoxin (ug) 43 25 4 03 - - = =
Vip3Ae toxin (pg) 23 34 44 43 14 14 1 19

content extracts atlowed us to separate the 3 main digestive pep-
tidase fractions; one cationic trypsin-like and two chymaotrypsin-
like peptidases {one cationic and cne anionic) (Fiz. 1) Treatment
of ¥Vip3Aa and ViplAe protoxinsg by the cationic trypsin-like
fraction produced similar processing patberns [Fig. 5A and B), The
62 kDa fragment accumulated between 0.1 and 1.1 mlU for Vip3Aa
and 0.1-0.44 mLF for Vip3Ae, In the case of Vip3Aa, proteolytic
activation of protoxin with formation of 62 kDa active toxin band
was maore apparent allowing us to propose a stepped proteolytic
processing In comparison sith Vip3ae that shows a similar
intensity of hydrolysis products bands of different MW, prabably
due to unspecific cleavage in different parts of the more proteolyt-
ically labile molecule, Similar results were obtained with the
anionic chymotrypsin-like fraction (Fiz GA and B: When using

the cationic chymoteypsin-like fraction with Vip3aa and Vip3ae,
the 62 kDa band did not appear as the major intermediate
(Fiz. 7A and B}, In the case of Vip3Aa, the 62 kDa band appeared
only as a minoer band whereas with Vip3Ae this band was
completely absent in the gel and, instead, there appeared a major
intermediare with a smaller maolecular mass {ca. 56 kDa),

4. Discussion
Spodaptera larvae are mostly polyphagous pests attacking a
variety of commerdally important crops including cotton, rice,

maize, legumes, grasses and ornamental planes all around the
weorld. For this reason the control of these species is cruaal for crop
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content extract from 5. frugipendo far 1 b at 3050 All reactions containesd 8.5 pg af
protaein and different amoants of midgut cantens extract (see Seotion 2 for general
pepridase activity unit determination | Molecular mass markers [MW) in kDa are
indlicated on the lef of the Tgwere, Arrows indicale the expedted position of the
62 kD active toxin band [salid line) and that of the 47 kDa band (<dotied lme),

pratection and Bt products have been largely used to minimize the
damage caused by these pests. To preserve the efficacy of this
biopesticide, effective strategies delaving resistance development
must be adopted,

Vip insecticidal proteins were discovered in the 1990 {Estruch
etal, 1996} and they still represent a relative novelty as part of the
Bt arsenal. In fact, studies clarifying their mode of action are not
abundant (Yu et al, 1997; Lee et al, 2003, 2006; Sena et al.
2009; Abdelkoei-Mesrati et al, 200 1ab; Liu et al,, 2011). We have
chosen two Spodepiena species (5, frugiperda and 5. exigua) [present
paperand Chakroun et al, 2012) with twe Vip3A proteins for this
stugdy: Wip3aa, a roxin that has been already tested with many
insect species, and Vip3Ae, a protein that was discovered more
recently. Both toxims are good candedates for the control of msect
pests, Since differences in the Vip3Aa activation have been
proposed o be involved in the susceptibility differences between
lepidopteran species (Abdelkefi-Mesrati et al, 200108 Chakroun
ot al, 2012 we decided to study in detail the protealytic process-
ing of Vip3Aa and Vip3ae by serine peptidases, both commercial
(hovine trypsin and chymotrypsin) and from the larval midgut of
5. frugiperda and 5. exigua.

Estruch and ¥u (2001 }indicated that Vip3Aa processing by mid-
gut peptidases from the different lepidopteran species led to main
products of approximarely 66, 45, 33 and 22 kDa. However, further
studies have found the 62 kDa fragment as the major product of
the protoxin processing and thus it has been considered as the
active form of this protein (Ya el al, 1997, Lee ol al, 2003, 20046;
Chakroun et al, 20702), It was shown that only 62 kDa Vip3A toxin
form specifically binds to BEMY of H, grmigera (Lio et al, 2001 )
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—
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Fig 4 Proteolysiz of Yip3Aa (A) asd Vip3ae (B] protoxing by the crude midgut
coaitent extract froem & exigue For 1 b oat 30 °C. Afl reactions contained 9.5 ug of
protoctin and differene amaunts of medgus content exmaat (see Section 2 for general
peptidase activity unde determination] Mobecular mass markers (MW in kDa are
ndicated an the belt al the figure. Arooss indicate the expected position of the
52 kDa active toxin band (solid line} and the 47 kDa band (dotted line],

Since binding to membrane receprors is a key step in the mode
of actlon of Vip3a proteins, this is an additional confirmation that
the 62 kDa form is the active toxin i viva,

Activation with commercial trypsin and chymotiypsin clearly
shows that the Vip3Aa and Vip3ae 62 kDa toxin forms are suscep-
tible to further digestion by both eneymes and, in particular, by
chymatrypsin (Fig. 2A and B; Table 2). Activation of Vip3Aa with
commerdial peptidases showed rhat trypsin is more efficient in
processing the protoxin which almost completely disappeared
with 0.1 mb), Howewer, with chymotypsin the protoxin band was
more stable and appeared wisible up o 4mU of peplidase
(Fig. 2A)Whereas trypsin activation yielded up to 4.1 pg of the
62 kDa toxin, chymoloypsino only wvielded 2.1 pg at the most
[Table 2% This difference in the yields of the active 62 kDa toxin
form probably indicates its higher instability to chymatrypsin than
o trypsin. This result is in agreement with the predominance of
chymotrypsin cleavage sites predicted for Vip3aa.

Activation of Vip3&e with commercial enzymes (Fiz 2B
Table Z) showed that the protoxin band almost disappeared at
1 ml of either peptidase, Similarly to Vip3Aa, the yield of the
62 kDa band was higher with trypsin than with chymotrypsin,
though with Vip3ae such difference was even more pronounced,
Also, the chymotrypsin cleavage sites predicred in silico for this
toxkn were more abundant than Urypsin cledavage sites.

Regarding the relative stability against the commercial pepti-
dazes of the two Vip3A protemms (both the protoxin and the acli-
vated forms), Vip3Ae was found more tolerant to the action of
trypsin than Vip3Aa, The Vip3ia protoxin showed comparatively
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higher resistance against chymotrypsin, however Its 62 kDa acti-
vated form was mare easily degraded by chymotrypsin than by
trypsin (Fig. 2; Table 2).

Vip3ha and Vip3Ae protoxins were readily processed by midgut
luminal serine peptidases from the two Spodoplera specles {Fizs, 3
and 41, The resulis indicate that, av least under the current in vifro
conditions, the proteolytic activation of both proteins does not
produce a profease resistant core. The comparatively higher
wield of the 62 kDa activated form of Vip3Aa toxin produced by
5 frugiperda midgur peptidases is likely to contribuge to the higher
susceptibility [ 12-fold} of this insect against this protein compared
to S exigua {Table 1L However, this correlation is not obssrved in
the case of Vip3ae,

The attempt of separation of the luminal digestive peptidases of
5 frugiperda was performed to assign their rele in the activation of
the protoxin and degradation of the 62 kDa active toxin form.
Three seringe pepridase fractions {one cationic trypsin-like and
tweo chymotrypsin-like peptidases, one anionic and one cationic)
were isolated from the midgut content of 5 frugiperda larvae
{Fiz. 1) Digestion of Vip3Aa by the cationic trypsin-like fraction
amd the anionic chymotrypsin-like fraction resulted in a major
band of 6.2 kDa which remained moderately stable at a wide range
of peptidase amouwnts (Figs. 5A and AL Vip3ae gave similar pat-
terns, but with a lower yield of the 62 kBa active toxin (Figs, 5B
and GBL Fractions with cationic chymotrypsin-like activity
digested Vip3A protoxins without generating significant amounts
of the 62 kDa band of active toxin which, in the case of Vip3ae,
was not even detectable (Fig. 7 These results suggest that the cat-
tonic trypsin-like and the anionic chymotrypsin-like peptidases of
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Fig- 6. Proceolysis of Wipdaa (A] amd Viplae (8] protoxines by chromatography
purifiecd anionke chymarrypsin-like pepcidase from 5 fregiperda midgar content
exITAct (58 Section 261 ProfeclyEis was performed for | ar 30°C. The reaction
mixture contained 9.5 pg of protexin amd dilferent dilutsons of anions chymotryp-
sin-like peptidase. Maolecular mass markers (MW in kDa is indicated an the left ol
the figare. Arrows indicane the expected pasicien of the 62 kDa band of acrive toxin.

5. frugiperda are the ones contributing to the accumulation of the
62 kDa active toxin forme wihile the catlonic chymotrypsin-like
activities mainly participate in its degradation,

In summary, according Lo our results, no peplidase resistant
core appears during in vitro profeclytic processing of Vip3Aa and
Vip3Ae protoxing by the action of different oypes of serine
peptidases. This result is highly relevant as we can conclude thar
the activation of Vip3A proteins differs from that of the major class
of Bt proteins active against lepidopterans {Cryl toxins)y whaose
active cores are comparatively more stable to insect's serine pepti-
dases In witrg (Rukmind er al, 2000% fn wvitre activation studies
showed that Cryl protoxing are processed by midgut juice inbo rel-
atively stable fragments (Oglwaras et al, 1992 Shao e al, 1998;
Lightwood &t al., 2006); Miranda et al., 2001; Siqueira et al,, 2004;
Diaz Mendoza er al, 2007:; Dammak et al, 2010 Gonzdlez-
Cabrera et al, 2013%) with a few exceptions {Shao et al, 1998,
Dramureak et al, 2000% In i vitro activation studies, further protecl-
ysis or degradation of the Cry protein by midgut juice is often asso-
ciated with low suscepribility of the insect for the tested protein
(Ogiwara ef al, 1992; Shao et al,, 1998; Lightwood et al, 2000,
Miranda et al., 2001) but, in all cases, a consistent accumulation
of the active fragment was chserved, even for incubation periods
and midgut juice amounts greater than the ones used in the pres-
ent study. A pattern of Cryl degradation similar to the one
described herein for Vip3A proteins was chserved only in one case
(Dammak er al, 200100 Dammack and collegpes performed the
im vitre activation of CryiAa and Crylla preteins by Prays oleae
midgut juice. Crylla is an "uncenventonal” Cry protein since it is
a secreted d-endotoxing whereas Cryl8a is a typical one that accu-
mulates in the parasporal crystal, Interestinzly, while Cry LAa was
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Flg. 7. Protealysis of Vip3aa (A} and vip3ae (B promoxins by chromaregraphy
purified caticnic chymotrypsin-like peptidase [rom 5 fogipeide midgur content
extract (see Section 2,61 Protealysis was perforrned For 1 h ad 30C. The reaction
migiure contained 9.5 pg of prowsin and different dilutions of cationic chymo-
orypain-like pepridase. Molecular mass markers (WMW) in kDa are indicated on the
Felt ol the figure. Arrows indicate the expected position of the 62 kKDa band of active
taxin.

processed into a stable active core, Crylla was strongly degraded
and no stahle intermediates were observed.

The transient accumulation of the 62 kDa fragment as a major
determinant of the toxicity of Vip3Aa protein is in agreement with
aur previous kinetic studies showing that the accumulation of the
62 kDa Vip3Aa band was faster with 5, frugiperda midgur juice than
with 5 exigua midgul juice [(Chakroun et al, 2002% Therelore,
according fo our results, insect interspecific differences at the
quantitative and qualitative levels of midgut digestive peptidases
seem b0 be invalved in defining in vive differences in susceptibility
to Wip3A proteins,
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In Vive and In Vitre Binding of Vip3Aa to Spodoptera frugiperda
Midgut and Characterization of Binding Sites by '*°I Radiolabeling

Maissa Chakroun, Juan Ferré

Cepamamen

e Gendtica, Facultad de CC Biokagicay, Liniversidad de Valencia, Yalencia, Spain

Bacillus thuringiensis vegetative insecticidal proteins (Vip3A) have been recently introduced in impaortant crops as a strategy to
delay the emerging resistance to the existing Cry toxins. The mode of action of Vip3A proteins has been studied in Spodoptera
Srugiperda with the aim of characterizing their binding to the insect midgut. Immunofluorescence histological localization of
Vip3Aa in the midgut of intoxicated larvac showed that Vip3Aa bound to the brush border membrane along the entire apical
surface. The presence of fluorescence in the cytoplasm of epithelial cells seems to suggest internalization of Vip3Aa or a fragment
of it. Successful radiolabeling and optimization of the binding protocol for the '*71-Vip3Aa to 8. frugiperda brush border mem-
brane vesicles (BEMV) allowed the determination of binding parameters of Vip3A proteins for the first time. Heterologous com-
petition using Vip3Ad, Vip3Ae, and Vip3Af as competitor proteins showed that they share the same binding site with Vip3Aa, In
contrast, when using Cry1Ab and Cryvl Ac as competitors, no competitive hinding was observed, which makes them appropriate
candidates to be used in combination with Vip3A proteins in transgenic crops.

ry proteins produced by Bacillus thuringicnsis are the active

components of the most widely used biopesticides in binlog-
ical control. They have been used in spray formulations for more
than 60 years in forestry and agriculture. The importance of Cry
proteins has increased dramatically following the intreduction of
oy genes into a number of major crops (known as Bt cropsl,
mainly makee and cotton, to make them résistant to insect attack,
Development of insect resistance to B, thuringiensis insecticidal
proteins is an important concern for the long-term use of both
spray prodoces and Broerops. In the last decade, high levels of insect
resistance raised against Bt crops have been identified in several
lepidopleran pests (1-51,

A different class of insecticidal proteins from B, theringiensis
are the Vip (vegetative insecticidal proteins) proteins, which have
been referred wo as second generation insecticidal proteins. These
proteins were initially found to be secreted into the medium dur-
ing the vegetative growth phase of this bacterium, and they were
discovered much later than Cry proteins (6 ). Vip proteins share no
sequence or structural hemology with the Cry proteins, and those
belonging to the Vip3A class are active against a wide range of
lepidopteran insects {7, 8), One interesting feature presented by
the VipiA proteins is that they extend their activity to some agro-
nomically important pests that have little or no susceptibality 1o B,
thuringiensis Cry proteins, such as the black cutworm, Agrofis ip-
silon (6, B). Moreover, studies so far on the mode of action of
Vip3dA proteins have revealed differences from that of Cry pro-
teins: in particular, they seem to bind to different binding sites
from those targeted by the Cry proteins {9-12),

The above-mentioned characteristics of VipdA proteins make
them miteresting candidates to complement Cry proteins in Bt crops
1o broaden the insecticidal spectrum and for resistance management
purposes, For this reason, several agro-biotech companies, such as
Dow Agrosciences, Bayer CropSaence, and Syngenta, have shown an
interest in introducing the wp3d genes in plants, to combine them
with the alveady transferved cry genes (13, 143

Vip3iA proteins are molecules of around 88 o 90 kida that,
once ingested by lepidopteran larvae, are processed by the intesti-
nal serine peptidases o a number of protealytic fragments. Only
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the 62-kDa fragment of Vip3Aa has been shown to bind to brush
horder membrane vesicles (BEMY ) from Helicoverpon armigemn
(11) and is considered to be the active form of the toxin (&, 9, 15,
16}, Adter crassing the peritrophic memberane, the activated toxin
specifically binds to the brush border membrane and forms pores
(11, 15}, All of these steps give rise to the paralysis and complete
degeneration of the gut epithelium cefls and eventually to the in-
sect’s death (17, 18, 19]),

In the present work, we show the in s binding of Vip3aAa to
the brush border membrane of the midgut epithelium cells of
Spodeprera frugiperda using immunofluorescence, We also set up
the conditions for the fm witre binding of the radiolabeled Vip3Aa
to BEMY of this insect, testing different conditions of pH, sodium
chloride, chelating agents, and concentrations of divalent cations,
Radiolabeling of Vip3Aa has allowed us to estimate guantitative
binding parameters of o Vip3A protein for the first time and to
perform heterologous competition experiments among Vip3Aa
and a number of Cry and Vip3A proteins too determine whether
they share binding sites,

MATERIALS AND METHODS

Source of B. thuringiensis Vip3A and Cryl proteins. Vip3Aa was pre-
pared from recombinant Escherictiio coli BLI1 expressing the wp3Aais
gene from the B thuringiensis subsp, bursigkl BUPMSS strain (20). The
ienes eneoding the Vip3ad (NCBI acccssion no. CAI43276), Vip3Ac
(MBI accession no. CAM3277), and Vip3af (NCB accession no. CAT43
275) proteins were kindly supplied by Bayer CropScience NY, (Ghent,
Belgium); these proteing were expressed in pMac5-8 in E eoli (21}
LoryiAb was obtamned from B, tharingicesis recombinint strain EGTO7T
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{Ecogen, Inc.) and CrylAc from recombinant E coli strain X1L-1 (Kindly
supplied by Rund de Maogd).

Toxin prepacation. Conditions for bacterial culture and expression of
Vip3A proteins from recombinant £ coli strains were described before for
Vipdaa (18). For Vip3ad, Vip3ae, and Vip3al, the protocol by Buoie de
Escudero (22} was followed, The Vip3Aa protein used o intoxicate the
larvae was purified by using a HiTrap chelating high-performance (HP)
column (GF Healtheane b equilibrated with Ni*", The ysate supernatant
of the induced £ coli cells carrying the wpdAe gene was loaded in the
preequilibrated columm and eluted with {30 mM phosphate bulfer [pH
#.00, containing 0.3 M NaCl and 200 mM imidazole) elution buffer. Frac-
teoms |1 ml) were collected in tubes containing 3 mM EDTA, and the more
concentrated ones were pooled and dialyzed against 20 mM Tris-HCI
baffer (pH 9}—0.3 M NaCl

Sinee we foonsd oat that the Viplaa protein purified with the protocal
described above was not suitable for binding assays, a different purifica-
teom protecol was vsed to prepare VipdA proteins for radiclabeling and
competition assays, Expressed Vip3A prateing were partially purified and
trypsin activated as follows, After cell lysts and centrifugation, the pH of
the Iysite supernatant was lowered 1o 5.5 with (01 Moacetic acid. The pellet
was recovered by centrifugation and dissobved in 20 mh Tris-HEC-150
mM MaCl (pH 740 VipdA protoxins were incubated with 1% trypsin
(wifwt ) for 2 kat 37°C, Activated toxinsobtained dt this point were used
as competitors in the binding assays. Vip3Aa o be wsed for labeling was
further purified by anton-exchange chromatography. After overnight di-
alysis against 20 mM Tris-HCL (pH 9], Vip3Aa was purified on a HiTrap
Q HP (5-mi bed volume ) column equilibrated in the same dislysis bulfer,
using an AKTA explorer 100 chromatography system (GE Healthcare,
Ulnated] Kingdom}, Proteins were eluted with o 10-ml hinear geadient (4
Lo B0% ol 1| M NaCl

CrvlAc expression; solubtlization from E celi inclesion bodies, and
trypsin treatment were performed as described before (230 Cry LA was
solubilized from B. Hruringiensis parasporal crystals, trypsin activated, and
chromatography puriBed as described elsewhere {243,

Immunochistochemical localization of Vip3Aa toxin. Third or sec-
omd instar lacvae of 8 frogeperda were starved overnight before beng
exposed to 1,2 mg/ml Vip3Aa protoxin (purified in a HiTrap chelating HP
column) in e solotion of Fluerella blue i1 50% sucrose, Afier T h of expo-
sure, larvae with blue-stained midgut were teansferred 1o 4% parafiormal-
dehyde in phosphate-buffered saline (PBS) (1 mM KH,PO, 10 mM
MNaHPCY, 137 mbdd MaCl 2.7 mM KOG {pH 7411 and incabated for 2 days
at 4°C with gentle shaking, and then for 2 additional days in 30% sucrose
in PBS. Whaobe larvae were fixed toa support and coated with Tissue Tech
el (Sakurs, Japun). The gel was allowed to solidify at —30°C, Sections of
10 pm were prepared using the cryostat microtome Leica OM 15305,
Slides with the tissue sections were stored af —20°C uniil wsed.

Tissue sections were washed three times with buffer A (PBS, 0.5%
besvine serwm allemin [BSAL 0.3% Triten) Gor 10 min and bBlocked with
the same buffer supplemented with 5% fetal bovine serum (FBS) for 30
mim i & hosmsed chamber, Sections were then coated with the anti-Yip3Aa
protoxin polyclonal antibody for 2 days at 49C i a humid chamber. Un-
bound antibodies were washed off with three rinses usang buffer A (10 min
ek, and slides were subsequently incubated with a mix of fleorescein
gothiscyanate { FETC)-labeled goat anti-rabbit 1g6G (§:1,000 dilution ) and
phalioddin OO0 dilution | in blocking buffer for anadditional 2h, Afer
the slides were washed with buffer A, coverslips were mounted using
Wectashield mouniing medivom with DAFL (47 6-diamiding - 2- phenylin-
dale) from Vector Laboratories. The specimens were then examined using
a Leica DMIZS00 micrescope equipped with a digrtal color camera (Lewca
DFC300 FX). Fluorescent images acquired in the red, blue, and green
channels were merged using Image] software (15).

Racliolabeling of Vip3dAa, lodination was perfonmed twice using Dwe
different batches of Vip3Aa by the chloramine T method {24, 260 Tryp-
sim=activated and anion-exchange-porified YVipiAa protein (25 pgh was
mixed with 0.5 mCi of "Land 1/3 (volfvol) 18 mM chloramine T, The
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excesa of free 71 was separated from the labeled protein using a P10
desalting columin (GE HealthCare ). The purity of the ' 1-labeled Vip2aa
was checked by analyzing the elution fractions by SD5-PAGE with further
exposure of the dry gel toan X-ray lilm. The specific activity of the labeled
protein was 1.1 mCi'mg in both cases. The first batch was used for the
optimization of the binding parametens and the stumtion experimenl,
and the second batch was used for the rest of experiments.

BEMVY preparation. Last instar irvae of 5. frugipenda were dissectid,
and the midguts were frozen in liquid nitrogen and preserved at —80°C
until required. Brush border membrane vesicles ( BEMV ) were prr:pnn_-d
by the differential magncsium precipitation method (27), frocen m ligusd
nitrogen, and stored at —80PC. The protein concentration in the BEMY
preparations was determined by Bradiord (28 using bovine seram albu-
min { BSA} as a standard.

Binding assays with "*l-labeled Vip3Aa. For all binding assays, =91-
Vip3 Ao was incubated with BEMY at room temperature ina 0.1-ml final
volume of PBS or Tris buffer containing 0.1% BSA, The reaction wis
stopped by centrifugong the tubesat 16,000 = g for 10 min at 4°C, and the
pelier was washed once with 500 pl of cold buffer. The radicactivity re-
taimed in the pellet was mensured in 0 model 2480 WIZARDY gamma
counter. An excess of unlobeled Vip3Aa toxin (300-fold) was wsed to
estimate the nonspecific Binding.

Todetermine the appropriate amount of BEMY 1o use, a fixed amount
of '5[—"-’i|.13_-\.u. (12 o) was mised with increasing concentrations of
BBMY in PBS warh (L% BSA. For all subsequent experiments, 20k ppdmil
of BEMV was chosen, For the dime courseexperiment, BEMV were mixed
with 1.2 mdd " LVip3Aa and incubated for 15, 30, 60, 90, and 120 min in
PRS-0.1% BSA, For saturation experiments (three replicates), BREMY
were incubated for #0 min with increasing amounts of " 1-Vip3Aa in
PRS- 0.1 % BSA. To test the effect of pH. Not concentration, EIYTA and
the presence of divalent cationg, two independent replicates were per-
formed. Te avoid precipitation of soeme dovalent cations, Tns buffer was
used instead of phosphate buffer,

The conditions chosen 1o perform the competition binding sssays
were 1.2 oM "F1-VipdAa (second labeled batch), 20 pgfm] BEMY, a 90-
min incubation time, and increasing concentrations ol unlabeled comper-
itor ina 0. 1-ml final volume of Trs binding buffer {20 mM Tris-HCH [pH
Toa] 150 mb MaCl, 1 omM M, 0.1% BSAL Equilibrivm dissociation
constants { &) and the concentration of binding sites (K, ] were estimated
using the LIGAND software (29],

To estimate the ratio of reversible and irreversible binding within the
specific binding of Vip3Aa, the procedure described by Park et al. {30) was
followed, The experiment consisted of three samples, each containing 1.2
nk U-WipdAa and 2 pg of BAMY in Tris binding buffer, incubated at
rosomm femperaturce for 3 he One sample was used to determine the total
binding. Anather sample, to which an excess of unlabeled Vip3Aa (3K
fobd) was added at the stare of the assay, was used to determine the non-
specific bimding. The third ssmple was used (o estimate the mtio of revers-
iblefirreversible binding by means of adding the excess of VipdAa 15h
after the start of the assay.

RESULTS

It vive binding of Vip3Aa to 8. frugiperda midgut, Midgut sec-
tions from 5. frugiperda larvae, cither exposed or nonexposed o
Wip3Aa protoxin, were observed undera Muorescence MICroscope
tor inwvestigate the fate of Vip3Aa after ingestion (Fig, 1), In the
midgut of Vip3Aa-fed larvae, an intense green color, which cor-
responded to the toxin, was observed along the entire midgut
apical surface, which was still intact {Fig. LB). Furthermore, some
green fluorescence could be observed nonhomogeneously distrib-
uted in the evtoplasm of the epithelial cells. The insect cuticle also
showed intense green fluorescence, most probably due 1o residual
Vip3Aa that adhered to the larva surface during its exposure to the
protoxin. Nuclei were stained in blue and the basement mem-
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seciions of the nonexposed larvae; the ov

structure was found o be intact and we

il midgut epithelinm
anized, Mo green

Huorescence

s detected either inside the cells or in the apical

e nonexposed larvae (Fig, 1AL
Purification of trypsin-activated Vip3Aa for radiolabeling
and binding assays. VipiAa was pur

cipitation, followed by trypsin ac

ed by isoelectnic point pre-
tion and then
irthier purify the 62-kila
fragment, the chromatographic fraction containing
concentration of Vip3Aa was loaded into a fAltration column
(Superdex 75 107300 GL: GE Healthcare), The analy:
ferent chromatographic fractions showed that the 62
and the approximately kida peptide eluted 1
indicati

ATHON-EX
change chromatography (Fig. 2A). To

the highest

s of the dif-

hat they remain attached after trypsinization. Since we

were unable to separate these two peptides even using 1 mM di
thiothreitol (DXTT) (31), the preparation after anion-exchange
chromatography was used for radiolabeling

and competition as-
SAVE,

In vitre binding of "*1-Vip3Aa to 8. frugiperda BBEMY. Spe-
cific binding was firstly shown by incubating a fxed amount of
4 Vip3Aa (1.2 nM) with increasing concentrations of BEMY, in

the presence or absence of excess of unlabeled Vip3Aa (Fig. 3).
Around ool "CI-Vip3Aa used in the assay bound Lo the BEMVY,
of which approximately 50

WS S i

A second experiment was done, which consisted of the separa-

1 by SD5-PAGE of the proteins in the pellet after incubation of
I-Vip3Aa with the BEMY and subsequent autoradiography
I 1des bound to the BEMVY, one of 62
kDa {which corresponded to the molecular mass of the activated
Vipdaa roxin) and the sécond of approximately 20 k3, Western
blot analysis with a Vip3Aa-specihe antibody showed that this

(Fig. 4). Two radioactiv

660  asnasm.ONg

peptide corresponded to a Vip3dAa protealytic fragm not
shown ). As shown in Fig. 4, .an excess of unlabeled Vip3Aa dis
placed the binding of both ! "I-'l.'i|}'-\..'l..=_ peptides, indicating that

a2 and the 20-kha fi

ient bind o the

both the activated Vip3s
BEMVY specifically,
I'o show that binding of ! T-Vip3Aa to 5 frugt

=}

it BEMW

wle, @ fixed amount of BEMY [rom 5. fn

with

Wwas splure i wWas

incubated

shown in Fi

incressing concentrations of :1\-.'|'r‘l_'1:.-'x‘|_ Aa
he plot of the specific hindir |
Vip3dAa exhibited an asympitotic curve, in which saturation was
abserved at concentrations above 30 nh.
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['he analysis of the irreversible and re
the Vip3Aa-specific bindir

was irreversible (over 870

eraihle components of
showed that most part of this binding
the specific binding) ( Fig, &)

Optimization of binding conditions. A time course experi-

ment was performed to determine the time required for the bind
ing reaction to reach equilibrivm. Binding increased rapidly over
the first

3 mian, reached equilibrivm at about 90 min, and re-
stable for at least 2 h.
l'o select the best conditions to obtain the highest total binding

e

while maintaining the nonspecific binding 1o a minimum, the

influence of the incubation time, pH, NaCl concentration, EDXTA,

and the presence of divalent cations was studied {Table 1], The

stiect of pH was an
)

The results
the total and

veed in the range of 7.4 10 90

at binding wias pH dependent, with b

vwied
ed. The concen-

he specific binding decr
tration of NaCl also influenced the amount of total binding and
the propartion of specific binding, with the optimum between 100
and 50 mM. Forsubsequent optimization a
ation of Mal

slallend

as the pH incre

vsc 2 pHof 7.4 and
a COncent [of 150 mM were chosen.
Fesults

divalent cations, such as
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ave shown that the presence of some
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FIG 2 Purification of Vip3aa, (A} SDES-PAGE of trypsin-activated Vip3Aa purified by isocleciric point precipitasion and anion-exchange chromatsgraphy, {18
Geel filtration chromutopraphy (Superdex 75 LIVA00 GLY of the anion-exchange-purified ¥ip3Aa, The inset shows the elution fractions as revealed by SDS-PAGE.
The arrswes below the chromatogrom indicate the elution volume of molecular mass { MM ) standards in kDa. The arrowheads by the electrophoresis gebs indicase

the molecular mass markers in ka,

Vipdae and Vip3Af toward S, frugiperda (8}, For this reason, the
effect of the addition of the chelating agent EDTA 1o the binding
reaction and the type and concentration of several divalent cations
was tested (Table 1), The results showed that EDTA reduced both
the total binding and the proportion of specific binding. The pres-
ence of some divalent cations, such as Mn™ " and Zn*", drastically
increased the total binding, Huowever, the proportion of specific
binding was strongly influenced by the concentration of the diva-
lent cation, as could be observed with Mn* " and Cu®"'. Based on
these results, | mM MnCl, was included in the binding reaction in
further assays with 5 frugiperde BEMY,

Competition binding assays. Homologous competition was
performed with a fixed amount of "SI1-VipiAs and increasing
concentrations of unfabeled Vip3Aa (Fig. 7). The analysis of the

10
=
=
[ T iy
R 5 = A
o T T T
ooz 004 0.065
[BEMY] (ma/ml}

FIG 3 Specibic binding of ““I-VipAAg ot increasing concentrotions of & fru-
piperda BEMY. Dot points are the mean of two replicates. The nonspecific
binding was calculbated using an excess of unlabeled Vipiaa woxin. @, otal
binding: &, monspecific binding.
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data indicated that the curve fitted one binding-site model of high
affinity (equilibrium dissociation constant [ K] of 15 = 2 nM}and
a relatively high concentration of binding sites (B, = 54 = 7
pmolimg BEMY protein). It is worth mentioning that the acti-
vated VipAa that had been purified by a MNi*"-loaded chelating
column did not compete with '**[-Vip3Aa ( Fig. 7).

To hnd ot whether VipiAa shares hindimg sites with other B
thuringiensis toxins, binding assays with '"~1-Vip3Aa and increas-
ing concentrations of unlabeled competitors were performed
{heterologous competition ). No competition was observed when
CrylAc or CrylAb was wsed as a competitor (Fig. 7). However,
Vipidad, Vipiae, and Vip3Al completely displaced the specific

FIG 4 Autorsdiography of ‘“I-'..-'ipjﬁ.a boand to BEAMY Froam 5. fragrperda,
VA IpaAa was incubated with BEMY in the abwence (lane 2} or presence
(kane 3) of a 300-fold excess of unlabeled Vip3Aa The pelier obtained after
cenirifizpation of the reaction mixiure was subjected (o SD5-PAGE and ex-
posad to X-ray film for & weck. Lane 1, labeled toxin used i the assay (inpuar).
Arrowheads indicate the approximate mobecular masses of the labeled pep-
tides in kD,
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Spacifically bound '251-Vip3Aa (nM)
P
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125 vip3Aa input {nM)
FIG 5 Saturation of “?I-Vip3Aa binding to S fregiperda BBMY. A fixed

amount of BRMWY (2 pepd was incubared with increasing amounts of 71
Wip3Aa for 9 andn. The reaction was stopped by centrifiegation, amd the m-
disaactivity retamed in the pellel was measured. Specific binding was deter
miined by subtracting nonspecific binding from the roml binding,

binding of “ T1-Vip3Aa (Fig. 8). These results indicare that the four
Vip3A proteins share hinding sites inm & frugiperda and cthan
CrylAb and CrylAc do not bind to these sites, The estimation of

pand B, for the competing proteins from the heterclogous data
indicated that binding parameters obtained for all Vip3A proteins
were comparable (Tahle 2).

DISCUSSION

Vip3 proteins are considered a new generation of insecticidal pro-
teins from B thuningiensis as they do not share any type of se-
quence homology with the Cry boxins {6, 131, Vip3Aa has been
recently introduced in important crops not only in an effort w
widen their protection against lepidopteran pests but also as part
of a strategy of resistance management in a response to the emerg-
ing resistance to the existing Cry toxins {3, 5). In addition to hav-
ing different activity spectra from CrylA and Cry2ZA proteins,
Vip3A proteins have been shown to target distinet réceptors in the
insect midgut (9, 15, 32}, Their discovery in 1996 was the starting
point for the search for new vipd genes, with more than 80 vip3a
genes identified to date (33), Different VipdA proteins have been
shown to differ in their insecticidal spectra (8, 22). Because of the
increasing interest in this new class of insecticidal proteins, it be-
comes important to stidy their mode of action in more detail.

:

Specific binding (%)
g

B2 =

£ L

FIG 6 Comribution of the seversible and irreversible binding 1o the specific
Binding of "-Vipaaa w5 fragipenda BEMY.

B26T  Sem.asmLong

TABLE 1 Influence of pH, NaCl copcentention, cheliting agents, and
the presence or absence of divalent cations on the binding of '

Vipdaate S frugiperda BEMYY

IS yipiAa
Evimeding (% of
Binding condition input ) Fatis 6F
el EDTA specific
ORI CONECT Bir toakal
B Fer™ pH  (mbdl | Fvalent cation (i) Specific Toeal  binding
A 9 E50 i} 63 0
ey 25 1 035
[} T4 154 4.1 .5 48
0 19 58 033
i 35 7.5 047
L] £ &5 045
Mk iy & 033
Bt 1.4 7.5 10,24
154 5 248 72 (L
A T MEnCE, (10 mid) 21 n
MCE, (1 mbd) 55 (EX] 4l
CusS0, 1 mM) il 2 1]
S0 0 ma 25 o .50
w1, (1 mb) 4.2 [T [NREL]
Mg, (10 mM 12 698 0I7
ol 1L mdd) 24 ] 054

"W abues are the meams of at beast teo replsontes.
* Buffer & bs 20 mb Tris-0, 0% D54, and buffer B s 040 mbd Ma HPO O WaH PO
0,1% BEA

Asa first approach to the study of the binding of the Vip3Aa to
the midgut of 5 frugiperda, immunohistochemical analysis of
Vip3dAa showed that binding teok place in the brush border mem-
brane of the midgut epithelial cells [ Fig. 1), as had been described
previousiy in Agroes ipsilon and Crstrimia nubilalis larvae {17). Un-
like the Cry toxing, there was no visible binding of the Vip3Aa
toxin to the basal membrane of the midgut epithelial cells or 1o the
peritrophic membrane (34, 35, 36}, [n addition, some green fluo-
rescence could be observed inside the epithelial cells, which could
suggest internalization of Vip3Aa or a fragment of it. Results from
a previous study with SE21 insect cells also ﬁuggl_-.lil:ml that Vip3Aa
internalized after binding ro the cell membrane (37), Whether

-.FE” 120 i
5 oy g
3 o
= - Vip3Aa
,,E e CrylAc
2 ag4 & cryiab
= O wip3Aa (NEY
F T T T
a 10° 108 10
[Competitor] {nki)

FIG 7 Binding of ''1-Vip3Aa to S frugiperda BEMY arincreasing concentra-
tioms of unlabeled competitor. Each data point represents the miean of twa
independent replicates.
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“3 = Vip3ae :
B oapd -m- vip3ad
= e MipSAS
W] 'IEF 162 1EIJ3

[Competitor] (nM)

FIG & Heterologous competition of Vipia proteins with ""1-Vip2aa and 5,
Srumperde BEMY, Lach data point represents the mean of two independent
replicaies.

intermalization of Vip3Aa is actually a step in the mode of action
deserves further study.

So far, all studies on the hinding (Jf\"i]:ﬂr\ proteins to the insect
midgut have been done with biotinylated Vip3A proteins, and
thus, quantitative parameters of Vip3A binding were lacking. In
the present work, successtul radiolabeling of a Vip3 protein and its
use to show saturable and specific binding to BBMY are described
for the first time. Specific binding of "”“l—"l."'ipi.ﬂtq to S frugiperda
BBMV was shown by incubating a fixed amount of "“1-Vip3Aa
with increasing concentrations of BEMY (Fig. 3) and confirmed
by autoradiography of the bound protein after separation from
BBMYV by SDS-PAGE (Fig. 4}. In both cases, around half of the
tatal binding of the iodinated toxin was inhibited by the presence
ofan excess of unlabeled Vip3Aa, The 20-kDa fragment present in
the sample of Vip3Aa used in radiolabeling also showed competi-
tion by an excess of unlabeled Vip3Aa, This is due to the fact that
this rmgmt_-nl reTmaing tigh[]y’ linked 1o the 62-kDa fragment (Fig.
2B). Saruration of Vip3Aa binding sites was shown by incubating
a fixed amount of BEMY and increasing concentrations of the
radiolabeled protein {Fig. 5). Despite the fact that the affinity-
purified Vip3Aa protoxin, after trypsin activation, showed strong
toxicity against 5 frugiperda (16), this toxin preparation was
found o be inappropriate for binding assayvs: no specific binding
could be obtained with the radiolabeled toxin (data not shown),
and the unlabeled protein was unable 1o compete with radiola-
beled Vip3Aa (anion-exchange purified ) (Fig, 7).

For Cryl toxins, a direct correlation between irreversible bind-
ing, pore formation, and toxicity has been described in various
cases (38,39, Vip3A proteins have been shown to form pores in
different susceptible insects, such as M. sexta and H. armigera {11,
153, which '[i!di.n_-i:[]lllr indicates that bimiingul'\"ipflﬁ. to the BEMVY
from these insects is, ar least in part, irveversible, Our study pro-
vides the first direct evidence of the irreversible binding of Vip3Aa
to 3. frugiperda BBMV (Fig. 6).

Since this was the first time that radiclabeled Vip3Aa was used
for binding assays, it was necessary to fArst select the conditions
under which the binding to the 8, frugiperds BEMV was optimum.
As in one of the first studies with radiolabeled Cry proteins {26},
the influence of pH, MNaCl concentration, and incubation time was
tested. Furthermare, the effect of the presence of EEYTA or the tvpe
and concentration of divalent cations was investigated. Since the
pH of the midgut of lepidopterans is known to be alkaline, the

Dotober 2014 Volume 30 Number 20
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cffect of pH was tested in the range from 7.4 1o %, The binding was
shown to be dependent on the pH: the higher values of specific
binding were obtained at the lowest pH. The NaCl concentration
also had an influence on the specific binding 1lf':=']—‘~f'ip3hﬂ, st
likely by stabilizing the Vip protein.

Herpandez-Martinez et al. (8) showed that the purification of
two different Yip3A proteins using the metal chelation columns
exerted negative effect on their toxicity, and thus, EDTA was used
1o stabilize the toxin, However, the addition of the chelating agent
EDTA in the binding reaction mixture of the "“I-Vip3Aa de-
creased bath the total and the specific binding ta the BBMY (Table
11, which indicated that the in vitre hinding is sensitive to the
presence of divalent cations. The concentration and tvpe of the
cations affected both the total and the specific binding of the ="1-
Vip3As. Mo at 10 mM yielded the highest total binding, al-
though all this binding was nonspecific. However, at 1| mM Mn* ™,
despite that total binding decreased comparatively, a substantial
amount of specific binding was obtained. Addition af Co?t (0.1 or
I mMY, Mg®™ (10 mM}, or C®" (1 mM) had relatively small
effects on the total binding: however, in all cases specific binding
was decreased compared with when these inns were alrsent, These
results are in contrast with the binding of CrylAb to Manduca
sexta BBMY, which was not affected by the presence of gither 5
mM EGTA or 10 mM Mg™ or Ca® " (26). It is possible that some
metal ions are required by some brush border membrane proteins
invalved in the Vip3Aa binding,

The displacement of the '“1-Vip3Aa protein observed in the
homologous competition experiment confirms the ocourrence of
a limited number of receptors for Vip3Aa that could be saturated,
adding an excess of unlabeled toxin. The heterologous competi-
tion by Vip3Ad, Vip3Ae, and Vip3AF indicates that these three
proteins also bind to the same sites as Vip3dAa, However, whether
Vip3Aa competes for all of the binding sites recognized by
VipaAd, Vipihe, or Vip3Af (i.e., the reciprocal competition ex-
periments]) has not been tested here. Competition usipSM with
biotinylated Vip3Af had been shown previously in S, frugiperda
(10}, The proteins Vip3Aa, Vipide, and Vip3Af are known to be
toxic to 5. frugiperda (8, 10, 16); however, Vip3Ad is nontosic (8),
This result indicates, as occurs with Cry proteins, that binding of
Vip profeins is necessary, though not sufficient, for toxicity,

The analysis of the binding parameters from the homologous
and the heterologous competitions rendered K and B values sim-
tlar for all fou r Vip3A proteins, with K, values in the range of 6.1 to
22 oM and R, valaes in the range of 48 to 76 pmol/mg of BEMWY
protein. These values are higher [around 10-fold) than the ones
normally obtained for the CrylA and Cry2A proteins {12, 24,
40-42), which indicates that Vip3A proteins have lower affinity

TABLE 2 K, and R, of Vip3A proteing with BEMY from 5 frigipesda®

Mean = SEM
Pratern K inhd) i, (prookimg)
Vip2Aa J5 42 54 =7
Vip2ad IFx3 ek 7
Wiplae 18 Sl N | 48 T @
Vip3af I2-x'5 It 14

H Equilifrturm constants for Vip3 A were estimaated from homokypouws competition
{three indepemdent replicates ), nmd those for Vip3ad, VipiAe ami Vipd Al were
estimated from Beterologous conapetition (iwo indepensdent seplicates],
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bt a higher number of binding sites in the BEMY than the Cryl A
and Cry2A proteins. Lee et al. {15} showed that the kinetics of pore
formation of activated Vip3A was more than &-fold slower than
that of Cry 1Al (at eguimolar concentrations) and that the kinetics
did mot change after a 10-fold increase in the Vip3A concentra-
tion. Lee et al. claimed that this conld be due to the fact that
saturation of functional binding sites of the Vip2A proteins was
hard to reach.

When Crylaband Cryl Ac were used as heterologous compet-
itors, no displacement of '**1-Vip3iAa occurred, This result, along
with the competition of the Vip3A proteins for the same binding
site found here and the results obtained in a previous 5t'ud:r' {100,
strongly suggests that Vip3A proteins do not share binding sites
with Cryl A proteins in 8. frrgiperda, Lack of competition between
CrylA and Cry2A proteins and Vip3dAa had already been reported
in three heliothine species (9, 11, 12} The overall results suggest
that these two classes of toxins (VipdA ond Cryl ASZA) use differ-
ent receptors 1o bind to the brush border membrane of target
insects.

In conclusion, the successful radiolabeling of Vip3Aa in this
work opens up interesting perspectives for the future of bindin
studies with Vip3A proteins, Using radiolabeled Vip3Aa allowed
s to estimate for the first time binding parameters for this pro-
tein. Furthermore, heterologous competition has revealed that
Vip3ad, Vip3Ae, and Vip3Af competed for the Vip3aa binding
sites. The absence of competition of CrylaAc and CrylAb makes
them appropriate candidates 1o be vsed in combination with
Vip3A proteins in transgenic crops as a strategy to delay the eva-
lution of resistance in insects.
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ABSTRACT

Entomopathogenic bacteria produce, in addition rieecticidal proteins that
accumulate in inclusion bodies or parasporal clyqjaroteins Cry and Cyt), insecticidal
proteins that are secreted to the culture mediaorfgnthe latter, the most important ones
are the Vip proteins, which are divided into foamilies according to their amino acid
identity. The Vipl and Vip2 proteins act as a byntxin and are toxic to some Coleoptera
and Homoptera. The Vipl component is thought tal hnreceptors in the membrane of
the insect midgut and the Vip2 component enterscile where it displays its ADP-
ribosyltransferase activity against actin, prevemtmicrofilament formation. Vip3 has no
sequence similarity to Vipl or Vip2 and is toxicaavide variety of Lepidoptera. Its mode
of action has been shown to be similar to that of froteins in terms of proteolytic
activation, binding to the midgut epithelial memigaand pore formation, though Vip3A
proteins do not share binding sites with Cry praeiThis last property makes them good
candidates to be combined with Cry proteins indgamic plants (Bt-crops) to prevent or
delay insect resistance, in addition to broadeninbecticidal spectrum. There are already
commercially grown varieties of Bt-cotton and Btimgathat express the Vip3Aa protein in
combination with Cry proteins. For the most recenmtported Vip4 family, no target
insects have been found as yet.
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