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(4). Recently, we demonstrated that recombinant
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Bacillus thuringiensis (Bt), considered a safe insec-
icide, produces insecticidal proteins named Cry
uring sporulation, which possess exceptional immu-
ological properties. In this work using an immuno-
istochemical test we demonstrated that Cry1Ac pro-
oxin (pCry1Ac) binds to the mucosal surface of the
ouse small intestine. Ligand blot assay allowed us to

etect, under denaturing conditions, six pCry1Ac-
inding polypeptides present in brush border mem-
rane vesicles isolated from the small intestine. More-
ver, this protein induced in situ temporal changes in
he electrophysiological properties of the mouse jeju-
um. The data obtained indicate a possible interaction

n vivo of Cry proteins with the animal bowel which
ould induce changes in the physiological status of the
ntestine. © 2000 Academic Press

Bacillus thuringiensis produces inclusion bodies dur-
ng sporulation, which are formed by proteins toxic to a
roup of important pests. These are called Cry pro-
eins. The biochemical properties of Cry proteins are
ery peculiar: they have a high molecular weight, are
esistant to proteolysis and are soluble at alkaline pH
1). Little is known about the physiological or immu-
ological effects of Cry proteins on vertebrate organ-

sms, despite the proven homology of Bt with the
athogenic Bacillus cereus species (2).
The few studies related with the immunological

roperties of Cry proteins have been limited to the
rotoxin. In previous reports, Prasad et al. suggested
hat these proteins have antitumoral activity against
oshida ascites sarcoma in rats (3), and that they
nhance the immune response to sheep red blood cells

1 To whom correspondence should be addressed. Fax: (53-7)
36008. E-mail: Roberto.Vazquez@cigb.edu.cu.
54006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ry1Ac protoxin (pCry1Ac) administered to mice by
ntraperitoneal or intragastric route induces systemic
nd mucosal antibody responses similar to those ob-
ained with cholera toxin (5). Moreover, in adjuvantic-
ty studies, pCry1Ac elicited serum antibodies to hep-
titis B surface antigen and BSA when these antigens
ere co-administered via intragastric, and IgG anti-
odies in the intestinal fluid when administered by the
ntraperitoneal route (6).

Transgenic maize containing Cry proteins is being
sed in food elaboration (7). In this way, animals and
an will be in contact with these toxins at the intes-

inal epithelium; however, we do not know if Cry1Ac
roduces any physiological effect on the mammalian
owels. In this report, we show that pCry1Ac from Bt
D73 binds in situ to the intestinal epithelium of mice
nd induces a transient hyperpolarization of the mu-
osal tissue.

ATERIALS AND METHODS

Organisms and culture conditions. Dr. Donald H. Dean from
hio State University, Columbus, gently provided Escherichia coli
M103 [pOS9300] strain. The recombinant strain was grown in LB
edium containing 50 mg of ampicillin per ml, and the induction of
ry1Ac protein production was performed using isopropyl-b-D-

hiogalactopyranoside (IPTG) (8).

Purification of Cry1Ac protein. Recombinant Cry1Ac protoxin
as purified from IPTG-induced E. coli JM103 [pOS9300] cultures

8). The cell pellet harvested by centrifugation was resuspended in
E buffer (50 mM Tris–HCl, pH 8, 50 mM EDTA) and sonicated

Fisher Sonic Dismembrator Model 300, U.S.A.) three times for 5
in on ice. Inclusion bodies were collected by centrifugation at

0,000g for 10 min. The pellets were washed twice with TE buffer
nd pCry1Ac was solubilized in CBP buffer (0.1 M Na2CO3 pH 9.6,
% 2-mercaptoethanol, 1 mM PMSF). The particulate material was
iscarded by centrifugation at 10,000g for 10 min. Purified protoxin
as examined by SDS–PAGE (9) and protein concentration was
etermined using the method of Bradford (10).
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Indirect immunofluorescence assay. The mouse intestines were
xed in vivo using cardiac perfusion with 4% formaldehyde in PBS

11). The jejunum of treated mice was then extracted, flushed out
ith ice-cold PBS and immersed into an osmotic solution (2.3 M

ucrose in PBS). Frozen cut sections from fixed intestine were ob-
ained using an IEC Minotone cryomicrotome (International Equip-
ent Co., U.S.A.) and picked up on gelatin-coated slides. The prep-

rations were stored at 220°C until use. For in situ binding assays
ntestine sections were thawed in PBS solution for 1 h at 37°C.
ry1Ac protoxin was added on the tissue at 0.1 mg/ml in 0.1 M
a2CO3, pH 9.6, during 2 h at 37°C. Unbound protein was removed
y washing six times with PBS and the slides were incubated for 1 h
t 37°C with an anti-Cry1Ac polyclonal antibody at 10 mg/ml in PBS
12). The anti-rabbit monoclonal antibody conjugated with rhoda-
ine (Sigma Chemical Co., U.S.A.) was used at a 1:100 dilution.

FIG. 1. Immunolocalization of pCry1Ac bound to mouse jejunu
xtracted and cryosection into the thin layers was performed. The pr
sing an immuno-purified anti-Cry1 polyclonal antibody. A and C s
ame images converted to pseudocolor scale are shown in B and D. T
n E and F (pseudocolor scale).
55
mmunofluorescence was recorded using a MRC-6000 confocal mi-
roscope (Bio-Rad, U.S.A.). Cry1Ac protoxin was omitted in the neg-
tive controls. The images were analyzed in its original form or were
ransformed to pseudocolor scale.

Electrophysiological experiments. The small intestine was re-
oved from adult Balb/c male mice under sodium pentobarbital

nesthesia. Segments of jejunum were placed on ice-cold Ringer’s
olution at 4°C and gassed with an O2–CO2 (95:5) mixture. Each
egment was cut open along its mesenteric border, rinsed clean of
uminal contents, and extended and kept in gassed Ringer’s solution.
ull-thickness segments were divided into two and mounted between
he circular openings of two adjacent Ussing hemichambers (13).
ach hemichamber was filled with 2.5 ml of gassed Ringer’s solution
nd kept at 37°C while bubbling with the O2–CO2 mixture. The

sections. The fixed small intestine from anesthetized mouse was
xin was added on the tissue section and the protein bound detected
ed different intestine preparations treated with the protoxin. The

image obtained from the section not treated with pCry1Ac is shown
m
oto
how
he



protoxin (7.5 mg) was applied on the mucosal side of the preparation
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hat had been mounted ten minutes before, and the transmural
otential difference (PD) and short-circuit currents (Isc) were re-
orded each minute for sixteen minutes. Transmural resistance (R)
alues were obtained from PD/Isc ratios at each time point (13).
ecay rates were calculated by regression analysis of the correspond-

ng PD and Isc values.

Brush border membrane vesicles (BBMV) purification. Mouse in-
estinal BBMVs were prepared according the methodology reported
y Biber et al. (1980) with some modifications (14). Briefly, small
ntestine from five anesthetized mice was extracted, rinsed with PBS
nd cut to small pieces. Intestinal fragments were immersed in 15 ml
f ice-cold BBMV isolation buffer (300 mM D-mannitol, 5 mM EGTA,
2 mM Tris–HCl, pH 7.4) and homogenized at 4°C using a potter (B.
raund, Germany). The homogenate was mixed with 21 ml of ice-
old water and MgCl2 was added to 12 mM. The mixture was incu-
ated 15 min on ice and part of the precipitate was discarded by
entrifugation at 4500g. The BBMVs suspended in the supernatant
ere then collected by centrifugation at 16,000g during 15 min at
°C and stored at 270°C. The quality of BBMVs was tested by
easuring the activity of alkaline phosphatase and b-glucoronidase

nzymes (14). Protein concentration was determined by Bradford’s
ethod (10).

Ligand blot assay. Ligand blot assays were performed following
he protocol reported by Hoffman et al. (15) for insect BBMVs (15).
ifferent amounts (5, 10, 15, 20 mg) of mouse BBMV were dissolved

n sample buffer (1% 2-mercaptoethanol, 1% SDS, 10% glycerol, 100
M Tris–HCl pH 8) and applied on SDS–PAGE (9). The resolved

roteins were immobilized onto Hybond C1 (Amersham, UK) using
submarine transfer (Bio-Rad, USA). Membranes were blocked with
% dry milk in PBS for 1 h at 37°C, and incubated under similar
onditions with 10 mg of pCry1Ac alone or with 10 mM of glucose,
annose, N-acetyl-galactosamine, or biotin. Cry1Ac protein binding

o the membrane was detected using an anti-Cry1Ac polyclonal
ntibody (12). The immune complexes were revealed with an ECL
estern blot kit (Amersham, UK).

ESULTS

Immunohistochemical detection of Cry1Ac binding
fter in situ exposure. Cry1Ac protoxin under alkaline
onditions bound to the jejunum epithelium, being
ore intensive the binding to enterocytes. The process-

ng of confocal images with pseudocolor scale showed
hat the protoxin binds mainly to the apical surface,
ncluding the brush border. The tissue sections to
hich pCry1Ac was not added did not emit intense red
uorescence (Fig. 1).

Study of Cry1Ac interaction with BBMV proteins
rom mouse small intestine. BBMVs isolated from the
mall intestine were separated and immobilized onto a
itrocellulose membrane. Six polypeptides with molec-
lar weights of 102, 87, 62, 55, 51, and 39 kDa bound
Cry1Ac in ligand blot assays (Fig. 2). The signal was
aturated with more than 10 mg of BBMVs per lane.
he assay performed with no protoxin did not show
ignal, which evidences the lack of antibody immuno-
eactivity with the membrane proteins.

A second experiment was performed to characterize
he binding of pCry1Ac to intestinal surface proteins.
he presence of biotin, glucose, mannose and N-acetyl-
lucosamine in the reaction buffer of ligand blot assay
56
id not inhibit the protoxin interaction with the BBMV
roteins (Fig. 2).

Cry1Ac effect on electric properties of mouse small
ntestine. The PD and Isc values of full-thickness je-
unum fragments mounted in the Ussing chamber de-
ayed very slow with a rate of 20.015 mV min21 and
0.016 mA cm2 min21, respectively (Fig. 3). The R

alues of this tissue in Ringer’s solution were constant
uring the experiments. Treatment of mice jejunum
ith pCry1Ac raised DIsc in 37% and DPD in 31%
uring the first 5 min, with the increased rates of 0.092
A cm2 min21 and 0.096 mV min21, respectively. Seven
inutes later, these electrical parameters decayed
ith a rate of 20.040 mA cm2 min21 and 20.020 mV
in21. The resistance of treated jejunum did not

hange during the experiments (Fig. 3).

ISCUSSION

Cry1Ac protoxin induced a high immune response in
ice by both oral and intraperitoneal route (5), and

ad an immunostimulant effect when coadministered
ith other antigen (6). In this study, we demonstrate

hat a Cry binding protein exists in mice, which could
e related with an efficient capture and processing of
ry proteins by the antigen presenting cells in the
ucosal tissue. Ligand blot and immunohistochemical

ssays allowed us to detect six Cry1Ac binding proteins
robably placed in the apical membrane of the small
ntestine. The data obtained by us do not discard the
ossibility that Cry1Ac protein could bind to another
olecule in the intestine mucosal surface. Other bac-

erial toxins with exceptional immunological proper-
ies like cholera toxin and E. coli labile enterotoxin
rom E. coli (LT), bind to gangliosides presents on the
ntestinal surface of vertebrates (16).

FIG. 2. Ligand blotting assay performed with BBMVs isolated
rom mouse small intestine. (Left) Amounts of BBMV proteins of 5
1), 10 (2), 15 (3), and 20 mg (4) were loaded onto a SDS–PAGE and
lotted to a nitrocellulose membrane. The membrane was incubated
ith 10 mg of pCry1Ac and the bound protoxin was detected using a
olyclonal antibodies. (Right) Strips of nitrocellulose membrane, con-
ained 15 mg of resolved proteins from mouse BBMVs, were incu-
ated with pCry1Ac mixed with glucose (6), mannose (7), N-acetyl-
alactosamine (8), or biotin (9). Line 5 was treatment without
Cry1Ac and was used as a negative control.
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Putative Bt toxin receptors have been found in the
pical membrane of the columnar cells present in the
nsect midgut, and have been identified in many cases
s either 100- or 120-kDa N-aminopeptidases (17) or
00- to 220-kDa E-cadherine-like proteins (18). Similar
roteins are present in vertebrate bowel playing im-
ortant roles in nutrient absorption (19) and cellular
dhesion (20). In contrast with the data reported for
nsect BBMVs, the interaction of Cry binding protein
ith the protoxin is not mediated neither by sugars nor
iotin, thus electrostatic interactions involving other
tructures may occur (17, 18).
Cry1Ac not only binds to the intestinal surfaces, but

lso induces a temporal hyperpolarization of the intes-
ine without apparent tissue damage. This phenome-
on could be explained by supposing that pCry1Ac, or
locally produced toxin, form cationic channels like it
appens in the insect midgut (21). In this way, a net

on flux could be generated across the enterocytes in-

FIG. 3. Effects of pCry1Ac protoxin on the electrophysiological pr
inger’s solution gassed with 95% O2–5% CO2, and 15 min later 7.5 m
ymbols represent the average normalized values of PD/PD0, Isc/Isc
epresents the mean of four experiments.
57
reasing the positive charges on the intestinal serose
ide. Many substances, from simple organic molecules
o complex proteins, induce changes on the electric
arameters of animal intestine (22). In contrast with
T and ciguatoxins, which produce hyperpolarization
n the intestinal tissue, pCry1Ac does not induce elec-
rolyte secretions (23, 24).

For many years, Bt-based formulations containing
igh concentrations of Cry proteins have been used as
n example of totally safe insecticides. This idea is
ased on three important facts: (i) Bt-based insecti-
ides have been used for many years with no reports of
onsistent hypersensitivity or toxicity (25); (ii) the tox-
cological tests performed to support registration of
t-based insecticides show that several strains of this
icroorganism are innocuous when administered to

nimals and man by systemic and mucosal routes (26);
nd (iii) Bt strains isolated from food and human in-
ected wounds are unable to produce illness in animals

erties of mouse jejunum preparation. Both hemichambers contained
f protoxin were added to each preparation on the mucosal side. The

nd R/R0 ratios, i.e., (value for each time)/(initial values). Each point
op
g o

0, a
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mmunotoxicological assays probing the absence of a
icroscopic effect on animal physiology.
The results obtained by us indicate that pCry1Ac

ould induce temporal changes in the intestinal mem-
rane of mice without affecting the macroscopic phys-
ological signals, perhaps due to the existence of a

echanism that eliminates or inhibits the toxin effect.
e think that previous to commercialization of food

laborated with self-insecticide transgenic plants it is
ecessary to perform toxicological tests to demonstrate
he safety of Cry1A proteins for the mucosal tissue and
or the immunological system of animals. If pCry1Ac is

totally harmless protein that binds to the intestinal
urface of animals it could be now used as a carrier of
accinal antigens for oral immunization.
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