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Abstract

The pore formation activity of Cry1Ab toxin is analyzed in an improved membrane preparation from apical microvilli structures of

Manduca sexta midgut epithelium cells (MEC). A novel methodology is described to isolate MEC and brush border membrane vesicles

(BBMV) from purified microvilli structures. The specific enrichment of apical membrane enzyme markers aminopeptidase (APN) and

alkaline phosphatase (APh) were 35- and 22-fold, respectively, as compared to the whole midgut cell homogenate. Ligand-blot and Western-

blot experiments showed that Cry1A specific receptors were also enriched. The pore formation activity of Cry1Ab toxin was fourfold higher

in the microvilli membrane fraction that showed low intrinsic K + channels and higher APN and APh activities than in the basal-lateral

membrane fraction harboring high intrinsic K + channels. These data suggest that basal-lateral membrane was separated from apical

membrane. This procedure should allow more precise studies of the interaction of Cry toxins with their target membranes, avoiding

unspecific interaction with other cellular membranes, as well as the study of the pore formation activity induced by Cry toxins in the absence

of endogenous channels from M. sexta midgut cells. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Studies with isolated brush border membranes represent

a powerful tool in the analysis of cellular mechanism

involved in the transmembrane and transepithelial transport

of various solutes, and in the analysis of the interaction of

bacterial toxins with their receptors and their pore formation

activity. However, data obtained with isolated membrane

fractions need careful interpretation since cross-contamina-

tion and vesicle heterogeneity can lead to conclusions not

related with intact ephitelia.

The midgut of lepidopteran larvae is composed of two

major cell types, the columnar cells with an apical brush

border microvilli and the goblet cells containing a large cavity

which is joined to the apical surface by a complex interdigi-

tated valve [1]. The epithelial cells are joined by septate

junctions and gap junctions [2]. The gap junctions provide the

electrical and chemical coupling between the globet and

columnar cells [3]. The function of the lepidopteran gut is

dominated by the vigorous electrogenic transport of K + from

the blood side to the lumen side [4]. K + channels are located

in the basal membrane [3–5]. The K + proton pump (V-

ATPase) and the H + /K + exchanger are located on the apical

membrane of the goblet cell [6,7]. Their activity leads to the

electrogenic flux of K + from the goblet cell cytoplasm to the

goblet cell cavity and hence to the gut lumen.

Bacillus thuringiensis (Bt) is an aerobic, spore-forming

bacteria that produces crystalline inclusions during the

sporulation phase, which are toxic to larvae of several

insects orders as well as to other invertebrates [8]. The

crystals are composed of proteins known as Cry toxins [9].

It is widely accepted that the primary action of Bt toxins is

to lyse midgut ephitelial cells in the target insect [10]. The

ingested Cry proteins are dissolved in the alkaline environ-

ment of the larval midgut and are cleaved by midgut

proteases. The active toxin fragment binds to specific

membrane receptors on the apical brush border of the

midgut epithelium columnar cells [11,12]. After binding,
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the toxin or part of it, inserts into the cell membrane [13],

leading to the formation of lytic pores [14–16], which

disrupt midgut ion gradients and the transepithelial potential

difference. This disruption is accompanied by an inflow of

water that leads to cell swelling and eventual lysis, resulting

in paralysis of the midgut and subsequent larval death.

The pore formation activity of purified Cry toxins has

been studied in brush border epithelial membranes contain-

ing specific receptors [14,17–19]. The method most fre-

quently used to isolate brush border membrane vesicles

(BBMV) from lepidopteran insects involves differential

Mg2 + precipitation introduced by Wolfersberger et al.

[20]. However, most BBMV preparations have intrinsic

K + channels, indicating that the basal-lateral membrane is

a cross-contaminant frequently found in the BBMV prepa-

ration [14,21,22]. The intrinsic channel activity interferes

with the analysis of the pore formation activity of Cry

toxins. In this work, we described an improved method-

ology to purify the brush border membranes from the Cry1A

susceptible insect Manduca sexta. This novel methodology

increases 35- and 22-fold the purification ratio of enzyme

markers associated with brush border membranes, amino-

peptidase (APN) and alkaline phosphatase (APh), as com-

pared to the whole midgut cell homogenate. Also, the

presence of intrinsic K + channels is highly reduced. This

novel BBMV preparation will be highly useful in the

analysis of the Cry toxin ion induced permeability.

2. Materials and methods

2.1. Cry1Ab y-endotoxin purification

Cry1Ab crystals were produced in the acrystalliferous Bt

strain 4Q7cry � transformed with pHT315 plasmid [23]

harboring the cry1Ab gene (pHT315-1Ab) (GenBank acces-

sion no. M13898). The transformant strain was grown for 3

days at 29 jC in nutrient broth sporulation medium [24]

supplemented with 10 Ag/ml erythromycin. After complete

sporulation, crystals were purified by sucrose gradients as

reported [25], solubilized at 37 jC for 2 h in extraction

buffer (50 mM Na2CO3 pH 10.5, 0.2% h-mercaptoethanol)

and digested with M. sexta midgut juice in a 1:10 protease/

protoxin mass ratio for 2 h at 30 jC. PMSF was added to a

final 1 mM concentration to stop proteolysis. Samples were

centrifuged at 16,000� g for 10 min and the toxin-contain-

ing supernatant was harvested.

2.2. Isolation of BBMV

M. sexta eggs were kindly supplied by Dr. Jorge Ibarra

from CINVESTAV, Irapuato. Larvae were reared on an

artificial diet as described [26]. Thirty M. sexta larvae in

fourth instar were chilled for 10 min on ice and midgut

tissue was dissected. The midgut tissue was cleaned from

traquea, Malpiglian tubules, peritrophic membrane and

midgut content. Then, midguts were cut longitudinally,

rinsed with a physiological saline solution (PBS) and

incubated for 30–60 min, at room temperature with slow

agitation in 100-ml PBS supplemented with Ca2 + chelants

(EDTA 5 mM and EGTA 5 mM) and protease inhibitors (1

mM PMSF and 100 Ag/ml leupeptin). Midgut epithelium

cells (MEC) were dissociated using mild agitation of the

tissue with forceps, cells were collected by centrifugation 5

min at 120� g (1000 rpm in a bench centrifuge Eppendorf

5804R), washed three times with PBS and suspended in 4-

ml cold PBS. Isolated MEC were homogenized by gentle

mechanical disruption (2–4 min in vortex maximal veloc-

ity) to detach the complete microvilli structure from the

disrupted cells. Disrupted cells were loaded in two 10-ml

linear density gradient of 0% to 30% Percoll (Sigma

Chemical, St. Louis, MO) in PBS, centrifuged 10 min at

2500� g (4500 rpm using a swing rotor in a bench

centrifuge Eppendorf 5804R) at 4 jC to purify the micro-

villi-containing fraction. The two gradients were then frac-

tionated in 10 tubes (1.2 ml each). The microvilli structure

sediments in the 25–30% Percoll fractions. The microvilli

fraction was suspended in 150 mM KCl, 10 mM HEPES–

HCl pH 8, and washed three times by centrifugation for 10

min at 3000� g (5000 rpm Eppendorf 5804R) at 4 jC.
Finally, this fraction was sonicated for six periods of 30 s

each at 25 jC (Branson 1200 sonic bath, Danbury, CT) in

the same solution.

Alternatively, the microvilli fractions were washed and

suspended in 300 mM mannitol, 2 mM DTT, 5 mM EGTA,

1 mM EDTA, 0.1 mM PMSF, 150 Ag/ml pepstatin, 100 Ag/
ml leupeptin, 1 Ag/ml soybean trypsin inhibitor, 10 mM

HEPES–HCl, pH 8.0. BBMV were prepared from this

fraction by homogenization in a glass and teflon homoge-

nizer, using nine strokes at 3000 rpm. An equal volume of

cold 24 mM MgCl2 solution was added to the microvilli

homogenate and incubated 15 min at 4 jC. Then it was

centrifuged at 2500� g (4500 rpm in a Beckman JA20

rotor) for 15 min at 4 jC. The supernatant was centrifuged

at 30,000� g (16,000 rpm Beckman JA20 rotor) for 30 min

at 4 jC; the resulting pellet contains the BBMV. The BBMV

preparation was dialyzed overnight against 400 volumes of

150 mM KCl, 10 mM HEPES–HCl pH 8, and sonicated as

described above in the same solution.

2.3. Enzyme assays

Cytochrome c oxidase activity was determined to ensure

that microvilli fraction and BBMV were not contaminated

with mitochondrial membranes. It was assayed using

reduced cytochrome c acid modified from horse heart as

substrate in a double beam SIM Aminco DW-2000 [27].

APN activity was assayed using L-leucine-p-nitroanilide

(LpNA) as substrate [28] and APh using p-nitrophenyl

phosphate as substrate [29]. Protein content was measured

by the DC protein-dye method (Bio-Rad Richmond, CA)

using bovine serum albumin as standard (New England Bio-
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Labs, Beverly, MA). The initial rate at 405 nm (Ultrospec II

spectrophotometer; Pharmacia LKB) was used to calculate

specific enzymatic activity of both enzymes. The absorption

coefficient of p-nitroanilide used was 9.9� 10� 3 mol 1� 1

[30]. One unit of specific APN activity was defined as the

amount of enzyme catalyzing the hydrolysis of 1 Amol of

LpNA min � 1 mg protein� 1 at 25 jC. One unit of specific
alkaline phosphatease (APh) activity was defined as the

amount of enzyme producing 1 Amol of nitrophenol min� 1

mg protein� 1 at 25 jC. A standard curve of 4-nitrophenol

in 0.5 mM MgCl2, 100 mM Tris pH 9.5 was performed.

2.4. Fluorescence measurements

Membrane potential was monitored with the fluorescent

positively charged dye, 3,3V-dipropylthiodicarbocyanine
(Dis-C3-(5), Molecular Probes, Eugene, OR; 1.5 AM final,

1 mM stock in DMSO). Fluorescence was recorded at 620/

670 nm excitation/emission wavelength pair using an

Aminco SLM spectroflorometer, as in Lorence et al. [14].

Hyperpolarization causes dye internalization into the

BBMV and fluorescence decrease; depolarization causes

the opposite effect. Dye calibration and determination of

resting membrane potential were performed in the presence

of valinomycin (2 AM) by successive additions of KCl to

BBMV (10 Ag) suspended in 150 mM N-methyl-D-gluc-

amine chloride (MeGluCl), 10 mM HEPES–HCl pH 8

buffer (1.8 ml). All determinations were made at 25 jC
with constant stirring. Time zero (to) was considered when

BBMV were added, and toxin (50 nM) addition was made

after 2 min. After the first hyperpolarization produced by the

toxin, successive additions of KCl (4, 8, 12, 16, 32 and 64

mM, final concentration) to the BBMV were done. After

each KCl addition a new membrane potential is established,

and a depolarization is produced. The slope (m) of the curve

DF (%) vs. K + equilibrium potential (EK+) (mV) or vs.

external K + concentration was determined. EK+ was calcu-

lated with the Nernst equation. Changes in fluorescence

determinations were done four times.

2.5. Detection of APN by Western blot

Sandwich Western blots were used to detect APN.

Briefly, homogenate, microvilli and BBMV samples were

separated by 9% SDS-PAGE and blotted onto nitrocellulose.

The blots were incubated with anti-APN [31] kindly sup-

plied by Dr. Michael Adang (Athens GA) (1:10,000 in

PBS), and anti-rabbit horseradish peroxidase (1:3000 in

PBS). Blots were developed by enhanced chemilumines-

cence (ECL, Amersham) as described by manufacturers.

2.6. Toxin overlay assay

Protein blot analysis of microvilli and BBMV prepara-

tions was done as previously described [32]. Ten micro-

grams of BBMV protein was separated by 9% SDS-PAGE

and electrotransferred to nitrocellulose membranes. After

renaturation and blocking, blots were incubated for 2 h with

10 nM of biotinylated Cry1Ab toxin in washing buffer

(0.05% Tween 20 in PBS) at room temperature. Unbound

toxin was removed by washing three times for 10 min in

washing buffer and bound toxin was identified by incubat-

ing the blots in TBS containing streptavidin–peroxidase

conjugate (1:5000 in PBS) for 1 h. The excess of strepta-

vidin was removed by washing in three changes of washing

buffer and the membrane-bound complex was visualized

using luminol as above.

3. Results

3.1. Purification of M. sexta BBMV from isolated microvilli

Pore formation activity of Cry toxins has been assayed in

BBMV usually prepared from whole larvae midgut tissues

[20]. BBMV are prepared by using a differential precipita-

tion with Mg2 + that theoretically separates apical and basal-

lateral membranes from epithelial cells according to their

difference in surface charge density. In a concentration

between 15 and 30 mM the divalent cations aggregate

basal-lateral membranes as well as mitochondria, lyso-

somes, and endoplasmic reticulum. Apical membrane frag-

ments do not aggregate [33]. However, preparation of

BBMV using whole midgut homogenates as starting mate-

rial, only increases the apical membrane enzymes markers

APh and APN by 6- and 7-fold, respectively [20], and the

membrane vesicles contains endogenous K + channels

[14,22]. Intrinsic K + channels interfere with the character-

ization of Cry1A-induced K + permeability. Therefore, we

decided to prepare BBMV from microvilli brush border

structures that were purified from MEC. Midguts were

isolated from 4th instar M. sexta larvae and incubated with

Ca2 + chelants (EDTA and EGTA) to induce epithelium cell

detachment from basal lamina (Fig. 1A). MEC were homo-

genized by gently mechanical disruption to detach the

microvilli from the cells. Microvilli structures were then

purified by a density 0–30% Percoll gradient as described

in Section 2 (Fig. 1B). Microscopic observation of the

different Percoll gradient fractions revealed that fractions

1–3 contain intracellular materials and microsomal mem-

branes, fractions 4–8 contains disrupted midgut cell frag-

ments while the higher density fractions 9 and 10 were

enriched in microvilli structures (Fig. 1B).

3.2. BBMV marker enzyme enrichment

APN and APh specific activities were determined in the

different fractions obtained from the Percoll density gra-

dient. Fig. 2 shows that both APN and APh were enriched in

the fractions where microvilli were isolated. The enrichment

of these two enzymes in relation to the initial homogenate

was only three and four times for APh and APN, respec-
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tively (Table 1). However, it is clear from Fig. 2 that the

higher activity of both enzymes was found in the fractions

of the gradient of higher Percoll concentration that contain

the microvilli membranes.

In order to improve the quality of the membrane prep-

aration, membrane vesicles were prepared from isolated

microvilli structures using differential Mg2 + precipitation.

APN and APh enzymatic activities were determined after

membrane vesicles isolation. Table 1 shows that BBMV

isolated from microvilli have APh and APN enrichments

of 22- and 34-fold, respectively, in relation to the initial

homogenate.

3.3. GPI-anchored APN enrichment and association of

Cry1Ab toxin with membrane proteins.

The presence of the Cry1A toxin receptor, a GPI-anch-

ored APN, was analyzed by Western-blot using an antibody

raised against a protein fragment of purified M. sexta APN

[31]. The APN was greatly enriched in the BBMVobtained

from isolated microvilli structures (Fig. 3A). Fig. 3B shows

a Cry1Ab toxin overlay assay of the three different mem-

brane preparations, initial midgut cells homogenate, micro-

villi structures and the BBMV isolated from microvilli

structures. Toxin overlay assays identify proteins in the

membrane that bind Cry1Ab toxin. Fig. 3B shows that

besides the 120-kDa APN, the 210-kDa cadherin-like

receptor (Bt-R1) was also present in the microvilli mem-

brane preparations.

3.4. Pore formation activity of Cry1Ab toxin

Pore formation activity of Cry1Ab toxin was assayed in

the different fractions obtained after Percoll gradient. The

membrane vesicles were loaded with KCl by sonication and

pore formation activity was assayed by monitoring changes

Fig. 2. Microvilli enzyme markers (APN and APh) are enriched in the

fractions containing isolated microvilli structures. Analysis of APN (5) and

APh (o) specific activities (Amol min� 1 mg protein� 1) of the fractions

obtained after Percoll gradient centrifugation of disrupted midgut cells.

Table 1

Distribution of APN and APh enzymatic activities in subcellular fractions

of M. sexta larval midgut

Enzyme Specific activity (Amol min� 1 mg protein� 1)

Homogenate Microvilli BBMVa BBMV/

homogenate

APh 52F 4 249F 10 1153F 36 22

APN 27F 12 109F 25 925F 52 34

a BBMV were purified from isolated microvilli structures as described

in Section 2.

Fig. 3. Cry1A toxin receptors are present in the purified microvilli

membranes. Detection of GPI-anchored APN by Western-blot analysis with

anti-APN polyclonal antibody (A); toxin overlay assay of biotinylated

Cry1Ab to the different membrane samples (B). Homogenate proteins

(lines 1), microvilli fraction 9 from the Percoll gradient (lines 2) and BBMV

isolated from microvilli structures by the differential Mg2 + precipitation

method (lines 3).

Fig. 1. Light micrographs under Normaski differential interference contrast

of isolated M. sexta MEC (A) and microvilli structures purified from

disrupted cells (B), magnification 100� .
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in the fluorescence of a membrane potential-sensitive fluo-

rescent dye Dis-C3(5) as described in Section 2. Fig. 4

shows the fluorescent traces obtained from three different

fractions of the gradient, fraction 2 that contains intracellular

membranes (Fig. 4A), fraction 5 that contains principally

basolateral membranes (Fig. 4B) and fraction 9 that harbors

the purified microvilli membranes (Fig. 4C). All fractions

produced similar K + permeability response when assayed

with the K + ionophore valinomycin (Fig. 4). In contrast, the

intrinsic K + channels were only present in fraction 5

correlating with the presence of basal-lateral membranes

(Fig. 4B). Finally, addition of 50 nM of the activated toxin

Cry1Ab produced a fast hyperpolarization and an increase

in the response of the dye to KCl additions principally in

fraction 9 containing the microvilli membranes (Fig. 4C).

The plot of the changes in fluorescence vs. K + equilibrium

potential is shown in the small insert within each panel. The

slope of these curves correlates with K + permeability across

the membrane. Fig. 5 summarizes this information by

analyzing the pore formation activity induced by valinomy-

cin, by the intrinsic channels and by the Cry1Ab toxin in all

fractions of the Percoll gradient. The Cry1Ab K + perme-

ability was calculated by subtracting intrinsic K + perme-

ability (mtox�mint). This figure shows the percentage of the

maximal K + permeability obtained from the slope of

changes in fluorescence vs. K + equilibrium potential. As

stated above, all fractions presented similar pore formation

when an excess of valinomycin is added; these data indicate

Fig. 4. Analysis of K + permeability across membrane vesicles of three different fractions of the Percoll gradient used for purification of microvilli membranes.

Membrane vesicles were prepared from fraction 2 that contains intracellular membranes (A), from fraction 5 that contains basal and lateral membranes (B) and

from fraction 9 that harbors the purified microvilli membranes (C). Changes in distribution of the fluorescent dye Dis-C3-(5) sensitive to changes in membrane

potential were recorded as described in Section 2. The arrow on top of the traces corresponds to the time of valinomycin, buffer or toxin addition. An upward

deflection indicates a membrane potential depolarization; the opposite effect indicates a hyperpolarization. AFU= arbitrary fluorescence units. Final K +

concentrations (mM) were: 1 = 4, 2 = 8, 3 = 12, 4 = 16, 5 = 32 and 6 = 64. Inserts show the plot of changes in AFU (%) vs. K + potential (Ek) (mV) induced by

intrinsic K + channels (o), valinomycin (5), or by Cry1Ab-activated toxin (w).

Fig. 5. Percentage of maximal K + permeability across membrane vesicle

fractions obtained after Percoll gradient centrifugation, produced by

intrinsic K + channels (D), by valinomycin (o), or by Cry1Ab-activated

toxin (n). Changes in distribution of the fluorescent dye (Dis-C3-(5)) were

recorded as described in Section 2. Percentage values were obtained from

the slope (m) of the curve DF (%) vs. EK+ as in inserts of Fig. 4.
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that all fractions contained sealed vesicles that presented a

K + gradient. The fractions of medium density (fractions 4

to 7) showed a higher intrinsic K + permeability, while the

Cry1Ab-dependent pore-formation activity was highly

increased in the fractions containing the microvilli structures

(fractions 9 and 10).

4. Discussion

The pore-forming Cry toxins exert their effect through a

multistep process including protoxin proteolytic activation,

receptor binding, membrane insertion, oligomerization and

finally pore formation. Most of these events have been

studied in vitro by the isolation of midgut BBMV, which

are the target of the Cry toxins [13]. The purification of

BBMV is of key importance to avoid misleading interpre-

tations of the interaction of the toxin with other contaminat-

ing cell membranes. For the isolation of BBMV, whole

midguts homogenates are differentially precipitated with

divalent cations that preferentially precipitate basal-lateral

and internal cellular membranes [33]. Using this procedure,

enzymatic markers of brush border membranes as APN and

APh are enriched sevenfold when compared to the midgut

homogenate [20]. In this work we developed a method to

purify BBMV from isolated microvilli structures rather than

from whole midgut homogenate. The procedure described

here showed an enrichment of APN and APh of 34- and 22-

fold, respectively, compared with the whole midgut cell

homogenate (Table 1), showing that a higher purity prepa-

ration of BBMV can be obtained. Ligand-blot and Western-

blot experiments demonstrated that Cry1A receptors were

enriched in BBMV obtained by this procedure (Fig. 3). In

contrast with the 120-kDa APN receptor, the 210 kDa Bt-R1

receptor was not increased in the final BBMV preparation.

This result could suggest a different distribution of these

receptors in the midgut cell membrane. The specific enrich-

ment of microvilli by gentle disruption of midgut cells

following a density gradient separation (Fig. 1) was illus-

trated by the separation of membranes harboring low

intrinsic K + channels, and high Cry1Ab-dependent K +

permeability (Fig. 4C) of membranes that harbor high

intrinsic K + channels (Fig. 4B). K + ionic channels have

been shown to be present in basal-lateral membranes [3,5].

In contrast, purification of BBMV from different larvae (M.

sexta, Lymantria dispar and Spodoptera frugiperda) by the

differential Mg2 + precipitation method had led to the

isolation of membranes contaminated with intrinsic chan-

nels that were slightly cationic and ranged from 16 to 850

pS [14,21,22].

The procedure described here for BBMV preparation

should allow more precise studies of the interaction of Cry

toxins with their target membranes avoiding unspecific

interaction with other cellular membranes, as well as the

study of the pore formation activity induced by Cry toxins

in the absence of other intrinsic channels.
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