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In Vivo and In Vitro Binding of Vip3Aa to Spodoptera frugiperda
Midgut and Characterization of Binding Sites by '*’I Radiolabeling

Maissa Chakroun, Juan Ferré

Departamento de Genética, Facultad de CC. Bioldgicas, Universidad de Valencia, Valencia, Spain

Bacillus thuringiensis vegetative insecticidal proteins (Vip3A) have been recently introduced in important 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
frugiperda with the aim of characterizing their binding to the insect midgut. Immunofluorescence histological localization of
Vip3Aa in the midgut of intoxicated larvae 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 '**I-Vip3Aa to S. frugiperda brush border mem-
brane vesicles (BBMV) 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 CrylAb and CrylAc as competitors, no competitive binding was observed, which makes them appropriate
candidates to be used in combination with Vip3A proteins in transgenic crops.

ry proteins produced by Bacillus thuringiensis are the active

components of the most widely used biopesticides in biolog-
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 introduction of
cry genes into a number of major crops (known as Bt crops),
mainly maize and cotton, to make them resistant to insect attack.
Development of insect resistance to B. thuringiensis insecticidal
proteins is an important concern for the long-term use of both
spray products and Bt crops. In the last decade, high levels of insect
resistance raised against Bt crops have been identified in several
lepidopteran pests (1-5).

A different class of insecticidal proteins from B. thuringiensis
are the Vip (vegetative insecticidal proteins) proteins, which have
been referred to 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 homology 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 Vip3A proteins is that they extend their activity to some agro-
nomically important pests that have little or no susceptibility to B.
thuringiensis Cry proteins, such as the black cutworm, Agrotis ip-
silon (6, 8). Moreover, studies so far on the mode of action of
Vip3A 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 Vip3A proteins make
them interesting candidates to complement Cry proteins in Bt crops
to broaden the insecticidal spectrum and for resistance management
purposes. For this reason, several agro-biotech companies, such as
Dow Agrosciences, Bayer CropScience, and Syngenta, have shown an
interest in introducing the vip3A genes in plants, to combine them
with the already transferred cry genes (13, 14).

Vip3A proteins are molecules of around 88 to 90 kDa that,
once ingested by lepidopteran larvae, are processed by the intesti-
nal serine peptidases to a number of proteolytic fragments. Only

6258 aem.asm.org

Applied and Environmental Microbiology p. 6258-6265

the 62-kDa fragment of Vip3Aa has been shown to bind to brush
border membrane vesicles (BBMV) from Helicoverpa armigera
(11) and is considered to be the active form of the toxin (8, 9, 15,
16). After crossing the peritrophic membrane, 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 cells and eventually to the in-
sect’s death (17, 18, 19).

In the present work, we show the in vivo binding of Vip3Aa to
the brush border membrane of the midgut epithelium cells of
Spodoptera frugiperda using immunofluorescence. We also set up
the conditions for the in vitro binding of the radiolabeled Vip3Aa
to BBMV 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 quantitative
binding parameters of a Vip3A protein for the first time and to
perform heterologous competition experiments among Vip3Aa
and a number of Cry and Vip3A proteins to determine whether
they share binding sites.

MATERIALS AND METHODS

Source of B. thuringiensis Vip3A and Cryl proteins. Vip3Aa was pre-
pared from recombinant Escherichia coli BL21 expressing the vip3Aal6
gene from the B. thuringiensis subsp. kurstaki BUPM95 strain (20). The
genes encoding the Vip3Ad (NCBI accession no. CAI43276), Vip3Ae
(NCBI accession no. CAI43277), and Vip3Af (NCBI accession no. CAI43
275) proteins were kindly supplied by Bayer CropScience N.V. (Ghent,
Belgium); these proteins were expressed in pMac5-8 in E. coli (21).
CrylAb was obtained from B. thuringiensis recombinant strain EG7077
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(Ecogen, Inc.) and CrylAc from recombinant E. coli strain XL-1 (kindly
supplied by Ruud de Maagd).

Toxin preparation. Conditions for bacterial culture and expression of
Vip3A proteins from recombinant E. coli strains were described before for
Vip3Aa (16). For Vip3Ad, Vip3Ae, and Vip3Af, the protocol by Ruiz de
Escudero (22) was followed. The Vip3Aa protein used to intoxicate the
larvae was purified by using a HiTrap chelating high-performance (HP)
column (GE Healthcare) equilibrated with Ni*". The lysate supernatant
of the induced E. coli cells carrying the vip3Aa gene was loaded in the
preequilibrated column and eluted with (50 mM phosphate buffer [pH
8.0], containing 0.3 M NaCl and 200 mM imidazole) elution buffer. Frac-
tions (1 ml) were collected in tubes containing 5 mM EDTA, and the more
concentrated ones were pooled and dialyzed against 20 mM Tris-HCI
buffer (pH 9)-0.3 M NaClL.

Since we found out that the Vip3Aa protein purified with the protocol
described above was not suitable for binding assays, a different purifica-
tion protocol was used to prepare Vip3A proteins for radiolabeling and
competition assays. Expressed Vip3A proteins were partially purified and
trypsin activated as follows. After cell lysis and centrifugation, the pH of
the lysate supernatant was lowered to 5.5 with 0.1 M acetic acid. The pellet
was recovered by centrifugation and dissolved in 20 mM Tris-HCl-150
mM NaCl (pH 7.4). Vip3A protoxins were incubated with 1% trypsin
(wt/wt) for 2 h at 37°C. Activated toxins obtained at this point were used
as competitors in the binding assays. Vip3Aa to be used for labeling was
further purified by anion-exchange chromatography. After overnight di-
alysis against 20 mM Tris-HCI, (pH 9), Vip3Aa was purified on a HiTrap
Q HP (5-ml bed volume) column equilibrated in the same dialysis buffer,
using an AKTA explorer 100 chromatography system (GE Healthcare,
United Kingdom). Proteins were eluted with a 100-ml linear gradient (0
to 80%) of 1 M NaClL

CrylAc expression, solubilization from E. coli inclusion bodies, and
trypsin treatment were performed as described before (23). CrylAb was
solubilized from B. thuringiensis parasporal crystals, trypsin activated, and
chromatography purified as described elsewhere (24).

Immunohistochemical localization of Vip3Aa toxin. Third or sec-
ond instar larvae of S. frugiperda were starved overnight before being
exposed to 1.2 mg/ml Vip3Aa protoxin (purified in a HiTrap chelating HP
column) in a solution of Fluorella blue in 50% sucrose. After 1 h of expo-
sure, larvae with blue-stained midgut were transferred to 4% paraformal-
dehyde in phosphate-buffered saline (PBS) (1 mM KH,PO,, 10 mM
Na,HPO,, 137 mM NaCl, 2.7 mM KCl [pH 7.4]) and incubated for 2 days
at 4°C with gentle shaking, and then for 2 additional days in 30% sucrose
in PBS. Whole larvae were fixed to a support and coated with Tissue Tech
gel (Sakura, Japan). The gel was allowed to solidify at —30°C. Sections of
10 pm were prepared using the cryostat microtome Leica CM 15108S.
Slides with the tissue sections were stored at —20°C until used.

Tissue sections were washed three times with buffer A (PBS, 0.5%
bovine serum albumin [BSA], 0.3% Triton) for 10 min and blocked with
the same buffer supplemented with 5% fetal bovine serum (FBS) for 30
min in a humid chamber. Sections were then coated with the anti-Vip3Aa
protoxin polyclonal antibody for 2 days at 4°C in a humid chamber. Un-
bound antibodies were washed off with three rinses using buffer A (10 min
each), and slides were subsequently incubated with a mix of fluorescein
isothiocyanate (FITC)-labeled goat anti-rabbit IgG (1:1,000 dilution) and
phalloidin (1:1,000 dilution) in blocking buffer for an additional 2 h. After
the slides were washed with buffer A, coverslips were mounted using
Vectashield mounting medium with DAPI (4’,6-diamidino-2-phenylin-
dole) from Vector Laboratories. The specimens were then examined using
a Leica DMI2500 microscope equipped with a digital color camera (Leica
DFC300 FX). Fluorescent images acquired in the red, blue, and green
channels were merged using Image] software (25).

Radiolabeling of Vip3Aa. Iodination was performed twice using two
different batches of Vip3Aa by the chloramine T method (24, 26). Tryp-
sin-activated and anion-exchange-purified Vip3Aa protein (25 pg) was
mixed with 0.5 mCi of '*°I and 1/3 (vol/vol) 18 mM chloramine T. The
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excess of free '2°I was separated from the labeled protein using a PD10
desalting column (GE HealthCare). The purity of the '**I-labeled Vip3Aa
was checked by analyzing the elution fractions by SDS-PAGE with further
exposure of the dry gel to an X-ray film. 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 parameters and the saturation experiment,
and the second batch was used for the rest of experiments.

BBMYV preparation. Last instar larvae of S. frugiperda were dissected,
and the midguts were frozen in liquid nitrogen and preserved at —80°C
until required. Brush border membrane vesicles (BBMV) were prepared
by the differential magnesium precipitation method (27), frozen in liquid
nitrogen, and stored at —80°C. The protein concentration in the BBMV
preparations was determined by Bradford (28) using bovine serum albu-
min (BSA) as a standard.

Binding assays with '**I-labeled Vip3Aa. For all binding assays,
Vip3Aa was incubated with BBMV at room temperature in a 0.1-ml final
volume of PBS or Tris buffer containing 0.1% BSA. The reaction was
stopped by centrifuging the tubes at 16,000 X g for 10 min at 4°C, and the
pellet was washed once with 500 wl of cold buffer. The radioactivity re-
tained in the pellet was measured in a model 2480 WIZARD? gamma
counter. An excess of unlabeled Vip3Aa toxin (300-fold) was used to
estimate the nonspecific binding.

To determine the appropriate amount of BBMV to use, a fixed amount
of '*°I-Vip3Aa (1.2 nM) was mixed with increasing concentrations of
BBMYV in PBS with 0.1% BSA. For all subsequent experiments, 20 pg/ml
of BBMV was chosen. For the time course experiment, BBMV were mixed
with 1.2 nM '*°I-Vip3Aa and incubated for 15, 30, 60, 90, and 120 min in
PBS-0.1% BSA. For saturation experiments (three replicates), BBMV
were incubated for 90 min with increasing amounts of '**I-Vip3Aa in
PBS-0.1% BSA. To test the effect of pH, NaCl concentration, EDTA and
the presence of divalent cations, two independent replicates were per-
formed. To avoid precipitation of some divalent cations, Tris buffer was
used instead of phosphate buftfer.

The conditions chosen to perform the competition binding assays
were 1.2 nM '?° I-Vip3Aa (second labeled batch), 20 pug/ml BBMV, a 90-
min incubation time, and increasing concentrations of unlabeled compet-
itor in a 0.1-ml final volume of Tris binding buffer (20 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1 mM MnCl,, 0.1% BSA). Equilibrium dissociation
constants (K;) and the concentration of binding sites (R,) 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
nM '*’I-Vip3Aa and 2 p.g of BBMV in Tris binding buffer, incubated at
room temperature for 3 h. One sample was used to determine the total
binding. Another sample, to which an excess of unlabeled Vip3Aa (300-
fold) was added at the start of the assay, was used to determine the non-
specific binding. The third sample was used to estimate the ratio of revers-
ible/irreversible binding by means of adding the excess of Vip3Aa 1.5 h
after the start of the assay.

1257

RESULTS

In vivo binding of Vip3Aa to S. frugiperda midgut. Midgut sec-
tions from S. frugiperda larvae, either exposed or nonexposed to
Vip3Aa protoxin, were observed under a fluorescence microscope
to investigate 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. 1B). Furthermore, some
green fluorescence could be observed nonhomogeneously distrib-
uted in the cytoplasm of the epithelial cells. The insect cuticle also
showed intense green fluorescence, most probably due to 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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FIG 1 Immunolocalization of Vip3Aa in midgut tissue sections (10 wm) after in vivo ingestion by S. frugiperda larvae. Binding of Vip3Aa was revealed by Alexa
Fluor-conjugated secondary antibody (green) using fluorescence microscopy. Nuclei were stained with DAPI (blue), and the apical and the basal membranes
were stained with phalloidin (red). Magnification X 400. (A) Larvae not exposed to Vip3Aa; (B) larvae that ingested Vip3Aa. BM, basal membrane; AM, apical
membrane; L, gut lumen. White arrows show the Vip3Aa protein bound to the midgut apical membrane.

brane and the apical membrane microvilli in red. In the control
sections of the nonexposed larvae, the overall midgut epithelium
structure was found to be intact and well organized. No green
fluorescence was detected either inside the cells or in the apical
membrane of the nonexposed larvae (Fig. 1A).

Purification of trypsin-activated Vip3Aa for radiolabeling
and binding assays. Vip3Aa was purified by isoelectric point pre-
cipitation, followed by trypsin activation and then anion-ex-
change chromatography (Fig. 2A). To further purify the 62-kDa
fragment, the chromatographic fraction containing the highest
concentration of Vip3Aa was loaded into a gel filtration column
(Superdex 75 10/300 GL; GE Healthcare). The analysis of the dif-
ferent chromatographic fractions showed that the 62-kDa peptide
and the approximately 20-kDa peptide eluted together (Fig. 2B),
indicating that they remain attached after trypsinization. Since we
were unable to separate these two peptides even using 1 mM di-
thiothreitol (DTT) (31), the preparation after anion-exchange
chromatography was used for radiolabeling and competition as-
says.

In vitro binding of '*°I-Vip3Aa to S. frugiperda BBMV. Spe-
cific binding was firstly shown by incubating a fixed amount of
12°[_Vip3Aa (1.2 nM) with increasing concentrations of BBMV, in
the presence or absence of excess of unlabeled Vip3Aa (Fig. 3).
Around 10% of '*°I-Vip3Aa used in the assay bound to the BBMV,
of which approximately 50% was specific.

A second experiment was done, which consisted of the separa-
tion by SDS-PAGE of the proteins in the pellet after incubation of
'’[_Vip3Aa with the BBMV and subsequent autoradiography
(Fig. 4). Two radioactive peptides bound to the BBMV, one of 62
kDa (which corresponded to the molecular mass of the activated
Vip3Aa toxin) and the second of approximately 20 kDa. Western
blot analysis with a Vip3Aa-specific antibody showed that this
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peptide corresponded to a Vip3Aa proteolytic fragment (data not
shown). As shown in Fig. 4, an excess of unlabeled Vip3Aa dis-
placed the binding of both '*°I-Vip3Aa peptides, indicating that
both the activated Vip3Aa and the 20-kDa fragment bind to the
BBMV specifically.

To show that binding of '*’I-Vip3Aa to S. frugiperda BBMV
was saturable, a fixed amount of BBMV from S. frugiperda was
incubated with increasing concentrations of '**I-Vip3Aa. As
shown in Fig. 5, the plot of the specific binding versus input '*I-
Vip3Aa exhibited an asymptotic curve, in which saturation was
observed at concentrations above 50 nM.

The analysis of the irreversible and reversible components of
the Vip3Aa-specific binding showed that most part of this binding
was irreversible (over 87% of the specific binding) (Fig. 6).

Optimization of binding conditions. A time course experi-
ment was performed to determine the time required for the bind-
ing reaction to reach equilibrium. Binding increased rapidly over
the first 30 min, reached equilibrium at about 90 min, and re-
mained stable for at least 2 h.

To select the best conditions to obtain the highest total binding
while maintaining the nonspecific binding to a minimum, the
influence of the incubation time, pH, NaCl concentration, EDTA,
and the presence of divalent cations was studied (Table 1). The
effect of pH was analyzed in the range of 7.4 to 9.0. The results
showed that binding was pH dependent, with both the total and
the specific binding decreasing as the pH increased. The concen-
tration of NaCl also influenced the amount of total binding and
the proportion of specific binding, with the optimum between 100
and 150 mM. For subsequent optimization assays, a pH of 7.4 and
a concentration of NaCl of 150 mM were chosen.

Results in our laboratory have shown that the presence of some
divalent cations, such as Ni**, significantly reduced the toxicity of
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FIG 2 Purification of Vip3Aa. (A) SDS-PAGE of trypsin-activated Vip3Aa purified by isoelectric point precipitation and anion-exchange chromatography. (B)
Gel filtration chromatography (Superdex 75 10/300 GL) of the anion-exchange-purified Vip3Aa. The inset shows the elution fractions as revealed by SDS-PAGE.
The arrows below the chromatogram indicate the elution volume of molecular mass (MM) standards in kDa. The arrowheads by the electrophoresis gels indicate

the molecular mass markers in kDa.

Vip3Ae and Vip3Af toward S. frugiperda (8). For this reason, the
effect of the addition of the chelating agent EDTA to 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. However, 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 S. frugiperda BBMV.

Competition binding assays. Homologous competition was
performed with a fixed amount of '*’I-Vip3Aa and increasing
concentrations of unlabeled Vip3Aa (Fig. 7). The analysis of the

10F

% Binding

0.02 0.04 0.06

[BBMV] (mg/ml)

FIG 3 Specific binding of '**’I-Vip3Aa at increasing concentrations of S. fru-
giperda BBMV. Data points are the mean of two replicates. The nonspecific
binding was calculated using an excess of unlabeled Vip3Aa toxin. @, total
binding; A, nonspecific binding.
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data indicated that the curve fitted one binding-site model of high
affinity (equilibrium dissociation constant [K;] of 15 = 2nM) and
a relatively high concentration of binding sites (R, = 54 = 7
pmol/mg BBMV protein). It is worth mentioning that the acti-
vated VipAa that had been purified by a Ni*"-loaded chelating
column did not compete with '**I-Vip3Aa (Fig. 7).

To find out whether Vip3Aa shares binding sites with other B.
thuringiensis toxins, binding assays with '**I-Vip3Aa and increas-
ing concentrations of unlabeled competitors were performed
(heterologous competition). No competition was observed when
CrylAc or CrylAb was used as a competitor (Fig. 7). However,
Vip3Ad, Vip3Ae, and Vip3Af completely displaced the specific

FIG 4 Autoradiography of '**I-Vip3Aa bound to BBMV from S. frugiperda.
1251.Vip3Aa was incubated with BBMV in the absence (lane 2) or presence
(lane 3) of a 300-fold excess of unlabeled Vip3Aa. The pellet obtained after
centrifugation of the reaction mixture was subjected to SDS-PAGE and ex-
posed to X-ray film for a week. Lane 1, labeled toxin used in the assay (input).
Arrowheads indicate the approximate molecular masses of the labeled pep-
tides in kDa.
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FIG 5 Saturation of '*’I-Vip3Aa binding to S. frugiperda BBMV. A fixed
amount of BBMV (2 pg) was incubated with increasing amounts of '*I-
Vip3Aa for 90 min. The reaction was stopped by centrifugation, and the ra-
dioactivity retained in the pellet was measured. Specific binding was deter-
mined by subtracting nonspecific binding from the total binding.
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binding of '**I-Vip3Aa (Fig. 8). These results indicate that the four
Vip3A proteins share binding sites in S. frugiperda and that
CrylAb and CrylAc do not bind to these sites. The estimation of
K, and R, for the competing proteins from the heterologous data
indicated that binding parameters obtained for all Vip3A proteins
were comparable (Table 2).

DISCUSSION

Vip3 proteins are considered a new generation of insecticidal pro-
teins from B. thuringiensis as they do not share any type of se-
quence homology with the Cry toxins (6, 15). Vip3Aa has been
recently introduced in important crops not only in an effort to
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 Cry2A proteins,
Vip3A proteins have been shown to target distinct receptors in the
insect midgut (9, 15, 32). Their discovery in 1996 was the starting
point for the search for new vip3 genes, with more than 80 vip3A
genes identified to date (33). Different Vip3A 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 study their mode of action in more detail.
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FIG 6 Contribution of the reversible and irreversible binding to the specific
binding of '*’I-Vip3Aa to S. frugiperda BBMV.
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TABLE 1 Influence of pH, NaCl concentration, chelating agents, and
the presence or absence of divalent cations on the binding of '*I-
Vip3Aato S. frugiperda BBMV*”

1251-Vip3Aa
binding (% of
Binding condition input) Ratio of
NacCl EDTA specific
concn concn to total
Buffer” pH (mM) Divalent cation (mM) Specific Total binding
A 9 150 0 6.3 0
8.2 2.5 7.1 0.35
B 7.4 150 4.1 8.5 0.48
0 1.9 5.8 0.33
50 3.5 7.5 0.47
100 3.8 8.5 0.45
300 2.7 8.1 0.33
500 1.8 7.5 0.24
150 5 2.8 7.2 0.39
A 74 150  MnCL (10 mM) 0 218 0
MnCl, (1 mM) 55 131 042
CuSO0, (1 mM) 0 82 0
CuSO, (0.1 mM) 2.5 8.2 0.30
ZnCl, (1 mM) 42 10.8  0.39
MgCl, (10 mM) 1.2 6.9 0.17
CaCl, (1 mM) 2.4 70 034

“ Values are the means of at least two replicates.
b Buffer A is 20 mM Tris—0.1% BSA, and buffer B is 10 mM Na,HPO,/NaH,PO -
0.1% BSA.

As a first approach to the study of the binding of the Vip3Aa to
the midgut of S. frugiperda, immunohistochemical analysis of
Vip3Aa showed that binding took place in the brush border mem-
brane of the midgut epithelial cells (Fig. 1), as had been described
previously in Agrotis ipsilon and Ostrinia nubilalis larvae (17). Un-
like the Cry toxins, there was no visible binding of the Vip3Aa
toxin to the basal membrane of the midgut epithelial cells or to the
peritrophic membrane (34, 35, 36). In 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 Sf21 insect cells also suggested that Vip3Aa
internalized after binding to the cell membrane (37). Whether
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FIG 7 Binding of '*’I-Vip3Aa to S. frugiperda BBMV at increasing concentra-
tions of unlabeled competitor. Each data point represents the mean of two
independent replicates.
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FIG 8 Heterologous competition of Vip3A proteins with '**I-Vip3Aa and S.
frugiperda BBMV. Each data point represents the mean of two independent
replicates.

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

So far, all studies on the binding of Vip3A 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, successful radiolabeling of a Vip3 protein and its
use to show saturable and specific binding to BBMV are described
for the first time. Specific binding of '*’I-Vip3Aa to S. frugiperda
BBMV was shown by incubating a fixed amount of '*’I-Vip3Aa
with increasing concentrations of BBMV (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
total binding of the iodinated toxin was inhibited by the presence
of an 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 fragment remains tightly linked to the 62-kDa fragment (Fig.
2B). Saturation of Vip3Aa binding sites was shown by incubating
a fixed amount of BBMV 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 S. frugiperda (16), this toxin preparation was
found to be inappropriate for binding assays: no specific binding
could be obtained with the radiolabeled toxin (data not shown),
and the unlabeled protein was unable to 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,
15), which indirectly indicates that binding of Vip3A to the BBMV
from these insects is, at least in part, irreversible. Our study pro-
vides the first direct evidence of the irreversible binding of Vip3Aa
to S. frugiperda BBMV (Fig. 6).

Since this was the first time that radiolabeled Vip3Aa was used
for binding assays, it was necessary to first select the conditions
under which the binding to the S. frugiperda BBMV was optimum.
As in one of the first studies with radiolabeled Cry proteins (26),
the influence of pH, NaCl concentration, and incubation time was
tested. Furthermore, the effect of the presence of EDTA or the type
and concentration of divalent cations was investigated. Since the
pH of the midgut of lepidopterans is known to be alkaline, the
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effect of pH was tested in the range from 7.4 to 9. 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 of '**I-Vip3Aa, most
likely by stabilizing the Vip protein.

Hernédndez-Martinez et al. (8) showed that the purification of
two different Vip3A proteins using the metal chelation columns
exerted negative effect on their toxicity, and thus, EDTA was used
to stabilize the toxin. However, the addition of the chelating agent
EDTA in the binding reaction mixture of the '**I-Vip3Aa de-
creased both the total and the specific binding to the BBMV (Table
1), which indicated that the in vitro binding is sensitive to the
presence of divalent cations. The concentration and type of the
cations affected both the total and the specific binding of the '*I-
Vip3Aa. Mn*" 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 of Cu®* (0.1 or
1 mM), Mg®>" (10 mM), or Ca** (1 mM) had relatively small
effects on the total binding; however, in all cases specific binding
was decreased compared with when these ions were absent. These
results are in contrast with the binding of CrylAb to Manduca
sexta BBMV, which was not affected by the presence of either 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
involved in the Vip3Aa binding.

The displacement of the '*’I-Vip3Aa protein observed in the
homologous competition experiment confirms the occurrence of
alimited 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 Vip3Aa. However, whether
Vip3Aa competes for all of the binding sites recognized by
Vip3Ad, Vip3Ae, or Vip3Af (i.e., the reciprocal competition ex-
periments) has not been tested here. Competition of Vip3Aa with
biotinylated Vip3Af had been shown previously in S. frugiperda
(10). The proteins Vip3Aa, Vip3Ae, and Vip3Af are known to be
toxic to S. frugiperda (8, 10, 16); however, Vip3Ad is nontoxic (8).
This result indicates, as occurs with Cry proteins, that binding of
Vip proteins is necessary, though not sufficient, for toxicity.

The analysis of the binding parameters from the homologous
and the heterologous competitions rendered K ;and R, values sim-
ilar for all four Vip3A proteins, with K, values in the range of 6.1 to
22 nM and R, values in the range of 48 to 76 pmol/mg of BBMV
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 proteins with BBMV from S. frugiperda®

Mean *+ SEM
Protein K, (nM) R, (pmol/mg)
Vip3Aa 15+ 2 54+7
Vip3Ad 17x3 76 = 17
Vip3Ae 6.1 £ 1.1 48 £ 8
Vip3Af 225 72 = 14

“ Equilibrium constants for Vip3Aa were estimated from homologous competition
(three independent replicates), and those for Vip3Ad, Vip3Ae, and Vip3Af were
estimated from heterologous competition (two independent replicates).
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but a higher number of binding sites in the BBMV than the CrylA
and Cry2A proteins. Lee et al. (15) showed that the kinetics of pore
formation of activated Vip3A was more than 8-fold slower than
that of Cry1Ab (atequimolar concentrations) and that the kinetics
did not change after a 10-fold increase in the Vip3A concentra-
tion. Lee et al. claimed that this could be due to the fact that
saturation of functional binding sites of the Vip3A proteins was
hard to reach.

When CrylAb and CrylAc were used as heterologous compet-
itors, no displacement of '**I-Vip3Aa 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 study (10),
strongly suggests that Vip3A proteins do not share binding sites
with CrylA proteins in S. frugiperda. Lack of competition between
CrylA and Cry2A proteins and Vip3Aa had already been reported
in three heliothine species (9, 11, 12). The overall results suggest
that these two classes of toxins (Vip3A and CrylA/2A) use differ-
ent receptors to 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 binding
studies with Vip3A proteins. Using radiolabeled Vip3Aa allowed
us 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 CrylAc and CrylAb makes
them appropriate candidates to be used in combination with
Vip3A proteins in transgenic crops as a strategy to delay the evo-
lution of resistance in insects.
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