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WALAIRAT PORNWIROON: INVESTIGATING THE ROLE OF THE

PUTATTVE DISULPHIDE BOND WITHIN THE LOOP CONNECTING ct4 AND CT5

OF THE Bacillus thuringiensrs Cry4A TOXIN. THESIS ADVISORS: CHANAN
ANGSUTHANASOMBAT, Ph.D., CHARTCHAI KRITTANAI, Ph.D., GERD
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A 3D model of the activated 65-kDa Bacillus thuringiensls Cry4A toxin reveals

a putative disulphide bond in the loop connecting helices 4 and 5 that may play a role

in function of the toxin. In this study, the recombinant plasmid harboring the cry4A

gene under control of the /ac promoter together with the cry4B regulatory region was

constructed and expressed rn Escherichia coli. Upon solubilization and typsin digestion,

the 130-kDa Cry4A protein was processed into a 47-kDa polypeptide and a ca. 20-kDa

fragment composed of crl-o5. SDS-PAGE showed that the 20-kDa fragment

treated with B-mercaptoethanol had mobility slower than the untreated protein,

indicating the existence of the Cl92-C199 disulphide bond within the loop connecting

o4 and cr5 of the Cry4A toxin. To investigate the role in toxicity of this disulphide

bond, site-directed mutagenesis was employed to convert either Cys-I92 or Cys-l99

to alanine in order to eliminate the disulphide bond. Like the wild-type protein, the

non-disulphide bridged mutants were highly expressed as inclusion bodies and were

structurally stable upon solubilization and trypsin activation. Gel-shift assays have

confirmed disappearance of the pre-existent disulphide bond. The larvicidal activity

against Aedes aegypti of E. coli cells expressing either Cl92A or C199A mutant toxin

has approximately the same as the wild-type toxin. Interestingly, the larvicidal activity

of the wild-type inclusions were apparently at least 2-fold more toxic than both

mutant inclusions, thus suggesting that the disulphide bond within the a4-cr5 loop

might indeed be involved in the Cr"v4A toxin mechanism.
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Fac.ofGrad.Studies,ン lahidol Un市 . M.Sc. (Mol. Genet. Genet. Eng.) / I

CHAPTER I

INTRODUCT10N

1. General Background

Bacillus thuringiensis (Bt) is a Gram-positive bacterium which produces

crystalline inclusions dwing sporulation. These inclusions are composed of one or

more toxic proteins known as insecticidal crystal proteins (ICPs) or 8-endotoxins

which are highly toxic to the larvae of major insect crop pests as well as disease

vectors (1). Due to their high specificity and safety for the environment, 8-endotoxins

are a valuable biological alternative to traditional chemical pesticides (2, 3).

Many of the 8-endotoxin genes have been cloned and sequenced. The cloned

proteins were classified into two groups: the Cry (crystal) and Cyt (cytolyic) toxins based

on the similarity of their deduced amino acid sequences (3). The Cry toxins (70-140 kDa)

are toxic to different species of lepidopteran, coleopteran, dipteran insects (3) and

certain parasitic nematodes and protozoan pathogens (4). The Cyt (27-30 kDa) toxins

show a wide range of cytolytic activity against insect and mammalian cells in vitro,

but are toxic to only dipteran larvae in vivo (3, 5, 6).

According to insecticidal activity spectrum and deduced amino acid sequence

similarlity, the Cry toxins can be classified into four major classes (3) as follows: CryI

are toxic to lepidopteran insects, CryII are toxic to lepidopteran and drpteran insects,

CryIII are toxic to coleopteran insects and CryIV are toxic to dipteran insects. Since

the novel cry genes isolated recently have created some problems for this classification

ハ
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scheme, Crickmore et al. (6) proposed a novel nomenclature based exclusively on

amino acid identity. For example, the 130-kDa Cry4A toxin which produced by

Br subsp. israelensis and specifically toxic to the dipteran Aedes sp., Culex sp. and

Anopheles sp. mosquito-larvae (3) is classified as Cry4Aal. The complete cry4A ger,e

sequence has been referred as the genbank accession number ofY00423 (7).

2. Protein Structure of Cry Toxins

Our understanding ofhow these 6-endotoxins function at the molecular level has

increased substantially over the last decade. Over 100 c4y genes have been cloned and

their sequences have been determined (6). From the alignment of complete deduced

amino acid sequence of the Cry proteins family, it revealed eight highly conserved

blocks. Blocks l-5 lie on the active toxic core in the amino-terminal half of the toxin

and blocks 6-8 lie on the carboxyl-terminal half of the toxin (1) (Fig. l). Because of

the structural core composed of five conserved blocks, it was proposed that all Cry

toxins will adopt a more or less similar tertiary structure (8). This postulate has been

supported by the two published crystal structures of the lepidopteran-specific CrylAa

and coleopteran-specific Cry3A toxins (8, 9) (Fig. 2). Despite the differences in insect

specificity and the comparatively low amino acid sequence identity (36%) between the

CrylAa and Cry3A proteins, their structures show high overall similarity. Both are

globular molecules containing three distinct domains. Domain I is a seven cr-helix

bundle in which the central helix (cr5) is relatively hydrophobic and completely

surrounded by six other amphipatic helices. This domain has been shown to be

responsible for membrane insertion and pore formation (10, 11, 12, 13,14, l5).
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Domain I Domain ll Damain lll
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100 amino acids
t-l

CrylA

Cry34

Cry4A

CryTA

CrySA

Cry9A

Cry10A

Cry194

Cry20A

Cry16A

Cry77A

Cry5Aa

Cry72A

Cry144

Cry2lA

Cry13A

Cry2A

Cry18A

Cry11A

Figure I Positions of conserved blocks among Cry Toxins
Sequence blocks are shown as black, gray or white to indicate high, moderate, or

low degree of homology, respectively, to the consensus sequence for each conserved
block. Variant (var), alternate (alt) (duplicated from ref. 1)
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Domain I

CrySA (Sdc view)

Domun I

Figure 2 The ribbon structure of CrylAa and Cry3A both of top view and side view
The crystal structure of Cry3A and CrylAa were clariff by X-ray crystallography

in 1991 (8) and 1995 (9) respectively, both compose of three domains.
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Domain II, the most divergent part in the two toxin structures, consists of three

antiparallel B-sheets containing three surface-exposed loops packed around a hydrophobic

core. This domain has been described as the specificity-determining domain, since

reciprocal hybrid genes between closely related toxins (CrylAa and CrylAc) resulted

in chimeric toxins with altered specificity (16, 17, 18). Mutation analysis of loop

residues in this domain suggested that the loop region is involved in receptor binding

(19,20,21, 22,23,24,25,26). Domain III is a p-sandwich of two antiparallel

B-sheets. The function of this domain is still in debate although it has been proposed to

be involved in either pore formation (2'7,28,29), receptor binding (30,31,32,33,34,

35,36,37,38, 39) or stabilizing the toxin by protection from proteolysis (8).

Recent study has proposed the plausible three dimensional model for the

activated 65-kDa Cry4A 6-endotoxin (40). This structural model was constructed by

homology modelling based on the coordinates from the CrylAa crystal structure. Like

the known structure, the derived structure consists of three domains (I-trI): a helical

bundle domain (I), a F-prism domain (II) and a p-sandwich (III). Therefore, the

proposed model was used in this study.

3. Mechanism of Action of Cry Toxins

3.1 Solubilization and Proteolytic Activation

B, toxins are natumlly present in inclusions as insoluble inactive protoxins.

Upon ingestion by the susceptible larvae, the protoxins are solubilized under the

alkaline conditions of the insect midgut and proteolytically processed in vivo by gr:'t

proteases to release the active toxins (3). The toxin activation can be done in vitro by

digesting the protoxins with larval gut extracts or trypsin (41,42, 43, 44).Copyright by Mahidol University
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The proteolytic activation of Cry4A with mosquito larval gut exhacts showed

that the 130-kD a Cry4A protoxin was processed into two protease-resistant fragments

of 18-20 and 45-47 kDa through the intramolecular cleavage at the loop

connecting a5 and cr6 (43).

3.2 Toxin-Receptor Binding

It is believed that the activated toxin binds to the specific receptors on the brush

border membrane of midgut epithelial cells (45). The interaction of the toxin with the

receptor has been studied extensively with brush border membrane vesicles (BBMV)

(23, 24, 25, 33, 36, 37, 39, 45, 46).

So far, two proteins have been identified as specific receptors ofthe Cryl toxins

The first is aminopeptidase N (APN) isolated from Mc nduca sexta, Lymantria dispar,

Heliothis virescens and Plutella xylostella that is specific to CrylAc (47,48,49, 50),

and the one isolated from Bombyx mori is for CrylAa. Another specific receptor is

cadherinJike protein which is purified from M. serrd and specifically binds to CrylAb (5 I ).

3.3 Toxin- Membrane Interaction and Oligomerization

After the toxin binds to the receptor, it is believed that there is a change in the

toxin conformation allowing toxin insertion into the membrane. Oligomerization of

the toxin occurs to form leakage pores leading to osmotic cell lysis (5).

There are two possible models proposed for the organization of the pore-forming

domain of the B/ 6-endotoxin within the membrane (5). The first one is a penknife

model suggesting that the cl5 and cr6 joined by the loop at the top of the structure flip

out like a penknife opening and insert into the membrane (Fig.3). The second model is

Copyright by Mahidol University
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an umbrella model which involves the insertion of a helical hairpin o4-o5 into the

membrane while the remaining helices spread out on the membrane surface forming

an umbrellalike structure (Fig,4).

Knowles and Ellar (52) have estimated the pore size formed by Cryl toxins by

using sugars and polyethylene glycol molecules of different sizes as osmotic

protectants and found that a calculated pore size was between I and 2 nm. This

measurement suggested that the Cryl pore could be formed by four to six monomers

(53).

Feng and Becktel (54) reported that the CrylAa and CrylAc toxins existed both

as monomers and oligomers with apparent molecular masses greater than 220 kDa in

solution and that ttre relative amount of oligomer depended on pH, while Cry3A was

found as a monomer at neutral pH. It also suggested that alkaline pH promoted toxin

oligomerization.

Guereca and Bravo (55) found that CrylAa, CrylAc, CrylC, CrylD and Cry3A

toxins formed an oligomer consisting of more than ten subunits in both neutral and

alkaline solution. It suggested that oligomer formation might be a time-dependent

process and might occur after the toxin binds to the receptor and inserts into the

membrane.

Aronson et al. (56) examined the steps required for toxin insertion into the

membrane and possible oligomerization to form a channel. When the CrylAb or

CrylAc toxins were incubated with vesicles from the midguts of M. sexta larvae and

arallzed by immunoblotting, it was found that most of the toxins formed a large

aggregate of ca. 200 kDa. No oligomerization occurred when inactive toxins with

mutations in cr5 were tested. There was one exception; a very active helix 5 mutant

Copyright by Mahidol University
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Lipid Bilayers

Figure 3 The penknife model
The figure shows the penknife model reproduced from Knowles (5). Helices 5 and 6

flip into the membrane as a helical hairpin.
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Figure 4 The umbrella model
The proposed pore forming model of Br toxins by insert the hydrophobic hairpin

cr4 and cr5 into the membrane to initiate the pore, while the other helices spread on the
surface of membrane like the umbrella ribs.

Lipid Bilayers

Copyright by Mahidol University
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toxin bound very well to membranes, but no oligomers were detected. Toxins with

mutations in the loop connecting cr2 and o3, which affected the irreversible binding to

vesicles, also did not oligomerize.

3.4 Toxin-Ion Channel

The ion channel activity of Cry toxins has been explored by a wide variety of

techniques. Knowles and Ellar (52) reported the effects of Cry toxins on CF-l cells

and proposed the colloidal osmotic lysis model that caused by an influx of water and

ions resulting in cell swelling and eventually lysis.

Lorence et al. (57) reported that the CrylD cationic channel formed in whole

Spodoptera fugiperda BBMV were blocked by Ba2* and Ca2*. Moreover, Hawey et al. (5 8)

also found that Ba2t, the K* channel blocking agent, could completely reverse B,

inhibition of the K*-carried short circuit current in the isolated midgut of M. .sexta.

Peyronnet et al. (59) measured the effects of different toxins on the electrical

potential of the apical membrane of freshly isolated midguts from gypsy moth

(Lymantria dispar) and silkworm (Bombyx mori) larvae with a conventional glass

microelectrode and reported that addition of toxins caused a rapid, irreversible, and

dose-dependent depolarization of the membrane. It was found that the ability of Cry

toxins to form pores in the midgut epithelial cell membrane correlated with their

in vivo toxicity.

Slatin et al. (60) examined the CrylAc and Cry3A in planar lipid bilayer

membranes of various compositions and found that toxins formed cation-selective

channels. ln addition, Schwartz et al. (61) found that CrylAa, CrylAc and CrylC

Copyright by Mahidol University
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formed at much lower doses channels in the receptor reconstituting planar lipid

bilayers than in receptor-free membranes.

Channel formation in planar lipid bilayers has also been observed with

N-terminal fragment (essentially domain I which is responsible for ion channel

formation) of CrylAc (62) and Cry3Bb (63). It was found that the channels formed

with CrylAc N-terminal fragments differed from those formed by the whole toxins.

In contrast, N-terminal fragnents of Cry3Bb were quantitatively similar to the full-length

toxin.

The role of conseryed hydrophobic region located near the N-terminus has been

investigated by site directed mutagenesis. Wu and Aronson, (l l) reported that Ala-92

and Arg-93 mutations in cr,5 of CrylAc resulted in loss of toxicity, suggesting that the

amphipatic helical region of the toxin was essential for toxicity. The mutant toxins had

lost the capacity to inhibit K*-dependent amino acid transport into larval midgut

vesicles, but there was no effect on their ability to compete with wild type toxin for

binding. Chen et al. (12) also found that A92E and Y153D mutation of CrylAb

resulted in loss of toxicity. Moreover, reduction of pore function as tested by voltage

clamping and irreversible binding of these two mutant toxins to M. sexta brush border

membrane vesicles was observed.

Thnough the disulfide bridge mutation in domain I of CrylAa, SchwarE et al. (14)

demonstrated that the domain was involved in membrane integration and permeation.

They showed that unfolding of the protein around a hinge region linking domain I and tr

was a necessary step for pore formation. They also suggested that membrane insertion

of the hydrophobic helical hairpin ct4 and cr5 played a critical role in the formation

of a functional pore. The proposal was supported by Uawithya et al. (64) when they

Copyright by Mahidol University
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performed single proline substitution on cB and o4. They reported that helix 4 of the

Cry4B tox n could possibly involved in the membrane insertion and pore formation

rather than in receptor recognition. Manoj Kumar and Aronson (65) performed either

random mutagenesis of thirty-nucleotide segrnents in crylAcl gene, encoding parts of

o4 and the loop connecting c[4 and cr5 or site-directed mutagenesis of specific surface

residues in ct3. They found that 12 random mutations in cr4 and cr5 resulted in the total

loss of toxicity. Mutation either in the loop connecting o4 and c6 or in cr3 did not

affect toxicity. ln contrast to mutations in cr5, those in o4 which inactivated the toxin

did not affect its capacity to oligomerize in the membrane, but there was no ion flow

as measure by light scattering. They also suggested that cr5 is important for

oligomerization and perhaps has other functions, whereas cr4 must have a more direct

role in establishing the properties ofthe channel.

Some of amphipathic helices were studied by using synthetic peptides as the

model. A synthetic 31-mer peptide corresponding to the sequence of the central helix

(cr5) of CrylAc was structurally and functionally characterized by Cummings et al. (66).

They found that the peptide could exist as an alpha helix in methanol and as a random

coil in water. In addition, the peptide could associated with liposomes and formed

channels in planar lipid bilayers.

Gazit and Shai (67) synthesized the peptide corresponding to the cr5 segment,

amino acid residues 193-215 of Cry3A and its proline incorporated analogue (P-cr5),

and selectively labeled at their N-terminal amino acids with fluorescent probes. It was

reported that cr5 was much more active than P-cr5. The same approach was used in

characterization of the ability to self-assemble and to co-assemble within lipid

Copyright by Mahidol University
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membranes of c[5 and cr7 (68). It was revealed that, in their membrane-bound state, c[5

could self-associate but o7 could not, and that ct5 could coassemble with o7 but not

with an unrelated membrane bound cr-helical peptide.

Gazit et al. (69) also investigated the role of cr5 with respect to its interaction

with Sf-9 cell membranes and its propensity to form ion channels in planar lipid

membranes. Functional characterization of ct5 has revealed that it was cytotoxic to Sf-9

insect cells, and could form ion channels in planar lipid membranes. Moreover a

prcline-substituted analogue of o5 was less cytolytic and slightly more exposed to

enzymatic digestion. These findings would support a role for cr5 in the mechanism of

the delta-endotoxins, as one of the transmembrane helices to form the toxic pore.

Gazit et al. (15) have used resonance energy transfer measurements of all

possible combinatorial pairs of membrane-bound helices to map the network of

interactions between helices in their membrane-bound state. It was proposed that

a4 and cr5 would insert into the membrane as a helical hairpin in an antiparallel

manner, while the other helices would lie on the membrane surface like the ribs of an

umbrella (the "umbrella model"). They also suggested that a7 may serve as a binding

*sensor to initiate the structural rearrangement of the pore-forming domain.

Copyright by Mahidol University
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CHAPTER II

OBJECTIVES

Although the structure of the Cry toxins have provided some insights into the

possible steps that lead to cell death, the identity of the membrane-inserting

components in ion channel formation is still not clear. Several studies with the isolated

domain I of CrylAc (62) and Cry3Bb (63) and synthetic peptides of helix-5 from

CrylAc (66), Cry3A (67, 68) have demonstrated pore forming activity in phospholipid

bilayers. Directed mutagenesis studies by introducing disulphide bridges into the

CrylAa toxin suggested that membrane insertion of the helical hairpin cr4 and a5

played a critical role in the formation of a functional pore (14). Studies in a3 and o4

of the Cry4B toxin by proline substitution mutagenesis showed that helix 4 is involved

in membrane insertion and pore formation rather than in receptor recognition (64).

Furthermore, random mutation in helix 4 and helix 5 of CrylAcl toxin suggested that

helix 4 must have a role in establishing the properties of the channel (65).

Recent studies have proposed the plausible three dimensional model for the

activated 65-kDa Cry4A 6-endotoxin (40). This structural model was constructed by

homology modelling based on the coordinates from the CrylAa crystal structure. Like

the known structure, the derived structure consists of three domains (I-trI): a helical

bundle domain (I), a B-prism domain (II) and a B-sandwich domain (III) (Fig. 5).

Stnrctural analysis of the model has revealed a putative disulphide bond (C192-C199)

within the loop connecting o4 and cr5. This disulphide bond may play a role in toxin

t
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mechanism, possibly in membrane insertion of the helical hairpin cr4-cr5 of the Cry4A

toxin.

In this study it was aimed to investigate the role in toxicity of the putative

disulphide bond within the loop cormecting o4 and cr5 of the Cry4A toxin.

Copyright by Mahidol University
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Figure 5 Ribbon model of the activated 65-kDa Cry4A toxin
The figure shows the organization of three domains (I-IID and the putative

disulphide bond (S-S) between Cl92 and C199 within the loop connecting cr4 and a5 of
the activated 65-kDa Cry4Atoxin which constructed by homology modelling (40).
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CⅡAPTER ⅡI

PIATERIALS

1. Chemicals

Adenosine triphosphate (ATP) Gibco BRL

Cetyl trimethyl ammonium bromide (CTAB) Sigma

Coomassie brilliant blue R-250 Sigma

I,4-dithiothreitol (DTT) Sigma

. B-mercaptoethanol Sigma

- 
Isopropyl-B-D+hiogalactopyranoside (IPTG) Sigma

Other chemicals and solvents used were purchased from various suppliers (BIO-

RAD, Fulka, Merck and Sigma).

2. Enzymes and Accessory Buffers

All enzymes used.were purchased from Gibco BRL, New England Biolabs and

Promega. The accessory buffers were supplied by the enzyme manufacturer.

3. Bacterial Strains

- E. coli strain JM109 lrecAl supE44 endAl hsdRlT gtrA96 rclAl thiL(lac-proAB)

' F' (traD36 proAB* lacf lacZ AM15)] was purchased from Promega.

Copyright by Mahidol University
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E. coli strain BL2l(DE3)pLysS lF ompT hsdSo (rB-, mn-) gal dcm (DE3)pLysS

(Cm*)] was purchased from Stratagene.

4. Vectors and Recombinant Plasmids

pBA (70) (see Fig. 6) : a recombinant plasmid containing the 130 kDa Cry4A

toxin gene under control of the cry4B regulatory region and the LacZ promoter

(Genbank accession number : Y00423)

pMEx8 (71) (see Fig. 7) : an expression vector containing the tac promoter

designed to express a gene ofinterest

pET 24(+) (see Fig. 8) : an expression vector (Novagen's product) containing the

T7 promoter designed to express a gene of interest, kindly provided by Professor

S.Yasuda (Department of Microbial Genetics, National lnstitute of Genetics, Japan).

Copyright by Mahidol University
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cry4B regulatory region

EcoRI (90)

amp'

EcoR[ (1804)

EcoR[ (1932)

Figure 6 Physical map of the recombinant plasmid pBA (70)
The figure illustrates the recombinant plasmid pBA containing the 130 kDa

Cry4A toxin gene under control of the cry4B regulatory region and the LacZ promoter.

BamHl (l)

SalI (3833)
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- 
Smal

Figure 7 Physical map of the plasmid pMExS (71)
The figure illustrates the plasmid pMExS containing tac promoter, multiple

cloning sites, ColEl origin of replication and ampicillin resistance gene.
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EagI

NοЛ

H,4dIII

SαЛ

SαcI

EεοRI

Bα″HI

T7

″ダ

pBR322 ori

Figure 8 Physical map of the plasmid pET24(+)
The figure illustrates the plasmid pET24(+) containing T7 promoter, multiple

cloning sites, pBR322 origin of replication,lacl gene and kanamycin resistance gene.

pET‐24(+)

5236 bp
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5. SyntheticOligonucleotides (Primers)

Synthetic oligonucleotides served as primers in PCR were synthesized by Bio-

synthesis, U.S.A. for Cl92A-f, CI92L-r, C199A-f and C199A-r. It is also by

oligonucleotide synthesis division of Central Equipment Laboratory, Mahidol

University for 4AUTRO-f and 4AUTR(-)-r. The oligonucleotide sequences are shown

as follows. The mutated nucleotide or amino acid residues are in bold type. The

introduced restriction enzyme recognition site are underlined. Deduced amino acid

sequences are shown above forward primer sequences.

Set l. PCR primers were used to introduce the additional BamHl and Hindlll

recognition sites into cry4B-5'UTR.

4AUTR(― )― f:   5′  CCAGAAAAAGCTTGGATCCAATGTCAATATGG 3′

4AUTR(― )― r:   5′  CCATATTCACATTGGATCCAACCTTTTTCTGG 3′

Bα″″ πj“dHI

Set 2. PCR primers were used to substitute cysteine-I92 with alanine and

introduce EcoRl recognition site for screening the mutant plasmid.

P E L V N S A P P N

C192A― f:   5′  CCACAGCTTGTGAATTCTCCTCCTCCTAATCC 3′

C192A― r:   5′  GGATTAGGAGGAGCACAATTCACAAGCTCTCG 3′

EcοRI

Copyright by Mahidol University
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Set 3. PCR primers were used to substitute cysteine-I99 with alanine and introduce

Avalrecognition site for screening the mutant plasmid.

P P N P S D A D Y Y N

C199A― f:   5′  CCTCCTAACCCGAGTGATCCTGATTACTATAAC 3′

C199A― r:   5′  GTTATAGTAATCACCATCACTCGGGTTAGGAGG 3′

ИソαI

6. Culture media

LB broth (72): l% bacto-tryptone, 0.5olo yeast extract, lolo NaCl

- 7. Miscellaneous

Ampicillin

Kanamycin

Chloramphenicol

Deoxyribonucleotide triphosphates (dNTP)

GENECLEAN II Kit

Standard DNA Marker

BIO-RAD Protein Assay

Sigma

Sigma

Sigma

Promega

Bio l0l Inc.

Gibco BRL, Biolabs

BIO-RAD

SDS-PAGE molecular weight standards, broad range BIO-RAD
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CHAPTER IV

METHODS

1. Plasmid DNA Extraction Using the CTAB Method (73)

A single colony of bacteria was inoculated into 3 ml LB broth with an

appropriate amount of antibiotic and incubated at 37"C with 200 rpm shaking for

16-20 hrs. Overnight culture was transferred into 1.5 ml microcentrifuge tube and

centrifuged at 10,000 rpm for l0 sec. Supematant was discarded and resuspended cell

pellet in 200 pl of STET buffer (8% sucrose, 50 mM Tris-HCl pH 8.0, 50 mM EDTA

and 0.1% Triton-X 100). A volume of l0 pl of freshly prepared lysozyme solution

(10 mg/ml) was added and incubated at room temperature for 20 min. The mixture

was boiled for 30-45 sec and immediately centrifuged at 12,000 rpm for 15 min at

room temperature. The pellet (chromosomal DNA) was removed with a sterile

toothpick. Plasmid DNA and residual low molecular weight RNA were recovered

from the supernatant by adding 1/10 volume of 5o/o CTAB. The tubes were inverted

5-6 times, incubated at room temperature.for 30 min and centrifuged at 12,000 rpm for

l0 min at room temperature. The pellet was resuspended in 300 pl of 1.2 M NaCl by

vigorous vortexing and l0 pl of RNase A solution (10 mg/ml) was added to remove

RNA and incubated at 37"C for 30 min. The protein was removed by adding 300 pl of

chloroform, mixed by inversion for 30 sec and cenffifuged at 12,000 rpm for 5 min at

room temperature. The clear aqueous phase was transferred to a new tube. The DNA
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pellets were precipitated with 2 volumes of absolute ethanol at -20oC for 5 min and

centrifuged at 12,000 rpm for 15 min at room temperature. The DNA pellets were

washed with 707o ethanol, dried and resuspended in 20 pl of sterile distilled water.

2. Restriction Endonuclease Digestion of Plasmid DNA (72)

In 20 pl digestion reaction, 0.2-l Stg of plasmid DNA, 1x restriction enzyme

digestion buffer, and approximately 5 U of restriction endonuclease and sterile

distilled water to make up the 20 pl total volume were mixed together and incubated at

a specific temperature for a period of time depending on the specification supplied by

the enzyme manufacturer.

3. Agarose Get Electrophoresis of DNA (72)

To analyze the size or restriction pattem of DNA sample, the sample was

subjected to agarose gel electrophoresis as described by Sambrook et al. (72). The

appropriate amount of agarose powder (Prona) was dissolved in IxTBE buffer

[90 mM Tris, 90 mM boric acid, 2 mM EDTA (pH 8.0)] under boiling temperature to

insure the homogeneity of gel solution. When the gel mixture cooled down to about

60'C, the mixture was poured into the mold and allowed to cool and to solidify at

room temperature. DNA sample solution was mixed with gel-loading dye [15% (Wv)

Ficoll 400,0.01% (w/v) Bromophenol bluel at ratio l:5 and loaded into the well of the

gel.

The electrophoresis was performed at constant voltage of 100 V in the same

buffer that was used to prepare the gel. After the electrophoresis was completed, the

gel was stained in 0.5 pglml ethidium bromide solution for 5-10 min and thenCopyright by Mahidol University
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destained in single distilled water for l0-15 min. The DNA band was visualized under

UV.

4. Purification of DNA fragment by GENECLEAI{ II kit

GENECLEAN II Kit (BIO10I) can be efficiently used to purify the DNA fragment

of0.5-15 kb in length. The IxTAE buffer [0.04 M Tris-acetate, 0.001 M EDTA (pH 8.0)]

was used in gel electrophoresis of DNA separation instead ofTBE buffer. The desired

DNA band was quickly excised from the gel under long-wavelength W light and

transferred to the eppendorf tube. NaI solution was added as 3 volume per I volume of

gel slice (e.g. 300 pl per 0.1 g ofgel slice). The agarose was dissolved by incubating at

55'C for 5 min while mixing every minute by inversion. The glassmilk suspension

was mixed thoroughly by vortexing and 5 pl of the suspension was added to the

solution containing 5 pg or less of DNA. An additional I pl of glassmilk suspension

was added for each of 0.5 trrg of DNA above 5 pg. The mixture was placed on ice for

30 min while mixing gently by inversion to allow binding DNA to the silica matrix.

The pellet of glassmilk-DNA complex was collected by 5 sec centrifugation at

maximum speed in a microcentrifuge. The supematant was removed and then

centrifuged again. The rest of NaI solution was removed by pipetting. The pellet was

washed 3 times with New wash solution by using 200 pl in the first wash and 400 pl

in the next 2 washes. After the third wash, all the New wash solution was removed

from pellet by centrifugation. The DNA was eluted twice by resuspending the pellet in

the equal volume of TE buffer (10 mM Tris-HCl pH 8.0, I mM EDTA pH g.0) or

sterile distilled water, incubated at 55'c for 2 min and centrifuged at maximum speed
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in a microcentrifuge for 30 sec. The DNA solution was transferred to the new

microcentrifuge tube.

5, Fill-in of Restricted DNA Termini (72)

The purified sticky ended DNA fragments were mixed with lx T+ DNA

Polymerase buffer, 100 pM of each dNTP, 50 pglml ofBSA and l-3 units ofTe DNA

Polymerase (NEB) and incubated at l2"C for 20 min. The reaction was terminated by

heating at 75oC for 10 min.

6. DNA Ligation (72)

The vector and insert were ligated at the molar ratio l:3 in the reaction mixture

(50 mM Tris-HCl pH 7.6, l0 mM Mgclr, I mM ATP, I mM dithiothreitol,5% (w/v)

polyethylene glycol-8,000). One unit of low-concentrated T+ DNA Ligase (1 unit/pl)

(Gibco BRL) was added to the mixture. The reactions were mixed, centrifuged briefly

and incubated ovemight at l4oc.

7. Preparation of Competent Cells (72)

A single colony of either E. coli strain JM109 or E coli strain BL2l(DE3)pLysS

was inoculated into 3 ml of LB broth and LB broth with 34 pglml of chloramphenicol,

respectively and cultured at 37"C with 200 rpm shaking for 16-20 hrs. I ml of

ovemight culture was transfened into 100 ml of fresh LB broth and incubated at 37oC

with 200 rpm shaking until OD6ss - 0.3-0.5. The cell culture was chilled on ice for

15 min and centrifuged at 3,000 rpm for l0 min at 4.C. The pellet was gently
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resuspended twice in 20 ml of cold 0.1 M CaCl2, incubated on ice for 30 min and then

centrifuged at 3,000 rpm for 15 min at 4"C. The E. coli pellel was gently

resuspended in 4 ml of cold 0.1 M CaClz and incubated on ice for 15 min. 1.8 ml of

glycerol was added into the cell suspension (30% final concentration) and 200 pl

aliquots were kept at -80'C until required.

8. Transformation of Competent CeUs (72)

An aliquot of 200 pl of competent E. coli was mixed with the solution of DNA

to be transformed. The cells were incubated on ice for 30 min, followed by incubation

at 42oC for 90 sec, and then immediately chilled on ice for additional 5 min. 800 pl of

37'C LB broth were added to the transformed cells, mixed and incubated at 37'C for I hr.

with shaking at 200 rpm. The transformed cells were pelleted by centrifugation at

6,000 rpm for I min. The cells were spread on a LB agar plate containing an

appropriate amount of antibiotic and incubated at 37"C for 16 hrs.

9. In vitro site directed mutagenesis

The basic procedure based on Stratagene's QuickChangeru Site-directed

Mutagenesis Kit (see Fig. 9) which basically utilizes a supercoiled, double-stranded

DNA (dsDNA) vector with a gene of interest and two synthetic oligonucleotide

primers containing the desired mutation. The mutagenic primers, each complementary

to opposite strands of the vector, extend during temperature cycling by means ofpln

DNA Polymerase which replicates both plasmid strands with high fidelity and without

displacing the mutant oligonucleotide primers. Upon incorporation of the primers,

a mutated plasmid containing staggered nicks is generated. Following temperatureCopyright by Mahidol University



Fac. ofGrad. Studies, Mahidol Univ. M.Sc. (Mol. Genet. Genet. Eng.) / 29

cycling, the PCR product is treated with DpflI to digest the parental DNA template and

to select for mutation-containing synthesized DNA since this endonuclease is specific

for methylated and hemimethylated DNA (5'-G'"AJTC-3'). DNA isolated from

almost all E. coli strains is dam methylated and therefore susceptible to Dpnl

digestion. The nicked vector DNA corporating the desired mutation is then

transformed into E. coli competent cells.

10. Setting up the Polymerase Chain Reactions

The PCR was performed by Gene Amp System 2400 (Perkin Elmer Cetus) for

controlled incubation of PCR-samples. The PCR reaction mixture (50 pl) composes of

50 pM of each dNTP (dATP, dCTP, dGTP and dTTP), 30 pmol of each primer,

100 ng of template DNA (pMEx-B4A), 2x reaction buffer (200 mM Tris-HCl pH 8.8,

100 mM KCl, 100 mM (NHq)zSOq, 20 mM MgSOa, lmg/ml nuclease-free BSA,

and lYo Triton X-100) and double distilled water to a final volume of 50 pl. Before

starting the reaction, 3 units of P/a DNA Polymerase lvas added to the mixture. After

the amplification reaction was finished, the PCR products were examined on

0.870 agarose gel electrophoresis.

1I. Digesting the PCR products

I pl of DpnI restriction endonqclease was added to the PCR product and

incubated at 37"C for I hr. The Dpnl will digest the parental i.e. nonmutated

methylated or hemimethylated dsDNA. Then, the Dpnl digested PCR products were

analysed on 0.87o agarose gel electrophoresis.
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12. Expression of Toxins (72)

Each clone of E. coli strain BL21(DE3)pLysS carrying the pET-recombinant

plasmid expressing the Cry4A wild type toxin was inoculated into 3 ml of LB broth

containing 25 p{ml of kanamycin and 34 1rylml of chloramphemicol and grown at 37oC

and 200 rpm agitation for 16 hrs. One percentage of the ovemight culture was

inoculated into fresh LB broth containing kanamycin and chloramphemicol and grown

until OD6sa - 0.5-0.6. Subsequently, the expression was induced with IPTG at a final

concentration of I mM at37"C for2 and 4 hrs.

Each clone of E. coli strain JM109 harboring either the recombinant plasmid

(pBA, pMEx-B4A) expressing the Cry4A wild fype toxin or the mutant plasmid

(pCl92A, pC199A) expressing the mutant toxins was inoculated into 3 ml of LB

broth with 100 pglml of ampicillin and grown at 37oC and 200 rpm agitation for 16

hrs. One percentage of the ovemight culture was inoculated into new LB broth with

ampicillin and grown until OD6ee - 0.3-0.5. Then, the expression was induced with

IPTG at a final concentration of 0.1 mM at either 37'C for 2,4 and 6 hrs or 30oC for

l0 hrs.

The culture containing a number ofcells equal to 108 cells (l OD600 - 108 cells)

were collected by centrifugation at 5000 rpm for l0 min. The total E. coli protein was

analysed on l0% SDS polyacrylamide gel.

13. Electrophoresis of Protein

13.1 Sample Preparation (74)

Protein samples were mixed with 4x sample buffer [60 mM Tris-HCl (pH 7.5),

2%(w/v) SDS, 10% glycerol, 0.015%(ilv) Bromophenol blue and 100 mM DTTI andCopyright by Mahidol University
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heated at 95oC for 5 min. The heated samples were vigorously vortex mixed and

centrifuged at 10,000 rpm for l0 min. The supematant equal to 0.1 ODooo was loaded

onto the well of 10% SDS polyacrylamide gel.

13.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) (75)

SDS-PAGE was carried out using the Bio-Rad Mini-Protein II system. SDS

polyacrylamide gel is composed of separating and stacking gel. The separating gel

consisted of 2.6YoC, l|Yo or 13ohT,0.375 M Tris-HCl (pH 8.8), and 0.1% SDS. The

stacking gel contained of 2.6%C,6%T,0.125 M Tris-HCl (pH 6.8), and 0.1% SDS.

The gel was run in Tris-glycine buffer (25 mM Tris, 192 mM glycine, and 0.1% SDS).

Electrophoresis was performed with constant voltage of 100 V at room temperature.

After electrophoresis, the protein band was visualized by soaking the gel in

staining solution (50% methanol, l0% glacial acetic acid and 0.1% Coomassie

Brilliant Blue R-250 in water) for 2 hrs. The gel was then soaked in destaining

solution (10olo methanol and 10% glacial acetic acid) ovemight or until the background

was clear.

14. Partial purification of Inclusions (76)

E. coli cells expressing the recombinant protein were harvested by centrifugation

at 6,000 rpm, 4oC for l0 min. The cell pellets were resuspended in cold distilled water.

The cell suspension was lysed in a French Pressure Cell at 900 psi. The cell lysate was

centrifuged at 8000 rpm,4oC for 15 min. The supernatant to be analysed was collected

and the inclusions were washed twice in cold distilled water, sonicated at amplitude 2

(3 sec on and 2 sec off for 15 sec) and centrifuged at 10,000 rpm, 4'C for 15 min. The
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equal volume of the cell lysate, partial-purified inclusions and supematant were

analysed on 10% SDS polyacrylamide gel.

15. Protein Quantification

Protein concentrations of partial-purified inclusions were determined by using

Bio-Rad Protein microassay reagent following the Bradford Method (77). The

calibration curve was constructed using bovine serum albumin (BSA) as a protein

standard. To prepare the standard protein samples, BSA was diluted into 5 concentrations

containing 2,4, 6, 8 and 10 pg in 800 pl of distilled water. The sample solution in 800 pl

was mixed with 200 pl of dye reagent and incubated 10 min at room temperature. The

absorbance of samples and standards were measured at 595nm using Hitachi U-2000

Spectrophotometer. The protein concentrations of samples were calculated from the

standard curve.

16. Biochemical Characterization of Toxins

16.1 Solubilization and Proteolytic Activation (43)

One mg of protoxin inclusions were solubilized in I ml of 50 mM Na2CO3, pH 9.0

and incubated at 37"c for t hr. For solubility determination, the incubated toxins were

subjected to centrifugation at 10,000 rpm for l0 min. prior-and post-centrifugation

toxin samples were quantified as described in METHOD 15. Furthermore, the

samples were analysed on 10% SDS polyacrylamide gel. For proteolytic activation,

the solubilized protoxins were digested with rrlpsin (N-Tosyl-L-phenylalanine

Chloromethyl Ketone treated, Sigma) at a trypsin: protoxin ratio of l:20 (w/w) at 37"C

for l6 hrs. The trypsin digestion products were analysed on l3% SDS polyacrylamide gel.

45283 11よ %11)'い
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16.2 Disulphide Bond Determination (78)

Gel-shift assays were employed to indicate the existence of the disulphide bond.

The solubilized wild type and mutant protoxins were digested with trypsin as

described in METHOD 16.1. The trypsin-treated toxins were then mixed with

4x sample buffer either containing or lacking 14.4 mM p-mercaptoethanol. Samples

were analysed on 13% SDS polyacrylamide gel.

17. Mosquito Larvicidal Activity Assays

Mosquito bioassays were modified from previously described methods (79)

using 2-day-old Aedes aegtpti larvae, obtained from the mosquito-rearing facility of

the Institute of Molecular Biology and Genetics, Mahidol University. T\e E. coli

strain JM109 harboring either pMEx-B4A expressing the Cry4A wild type toxin,

pCl92A or pCl99A expressing the mutant toxins was grown in LB broth with

100 pglml ampicillin at 17"C. Protein expression was induced with 0.1 mM IpTG

for 4 hrs. Cell pellet (20 OD600- 2*10e cells ) was harvested by centrifugation at 6,000

rpm, 4oC for 10 min, resuspended in 4 ml of distilled water (108 cells/200 pl) and

diluted to 107, 106 and 105 cells in 200 pl of distilled water. Each assay was performed

in a 4S-well titration plate (11.3 mm well diameter, Costar, MA, USA) containing

l0 larvae in 800 pl of distilled water. Then,200 pl ofE coli cell suspensions (105-108 cells)

was added into each well. The total 300 larvae were used for each cell concentration.

The mortality was recorded after 24-hr incubation at room temperature. Modified

Reed-Muench Method was used to calculate percent mortality of larvae (g0). The

calculation method was shown in Table 1.
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Table I Pattern for Calculating Percent Mortality by Reed-Muench Method

The average value (C and D) was mean of total number of died or survived larva

per l0 larvae in each well. The accumulated value of died (E) was calculated from the

summation of the average value of died (C) from 105 cells to the test step of cells. The

accumulated value of survived (F) was calculated from the summation of the average

value of survived (D) from 108 cells to the test step of cells. The accumulated

mortality ratio (G) display the accumulated number of dead larvae (E) over the

accumulated total number of larvae (E+F). Percent mortality (H) was equal to the

accumulated mortality ratio (G) multiply by 100.

Another assay to test the toxicity is use of inclusion bodies obtained from 4-hr

IPTG induced E. coli sffain JM109 harboring either pMEx-B4A, pCl92A or pCl99A

mutant plasmids grown at 37"C. The assay was performed in a 48-well titration plate

(l1.3 mm well diameter, Costar, MA, USA) containing l0 larvae in 800 pl of distilled

water. Then, 200 Sl of distilled water (negative control) and 2 pg of inclusion bodies in

Bacterial

Dilution

(cells/ml)

(A)

108

107

106

105

Mo■ality

Ratio

(13)

9/10,10/10,10/10

9/10,8/10,8/10

4/10,6/10,4/10

1/10,1/10,1/10

Average value

Died Survived

(C)

9.6

8.3

4.6

1.0

(I))

0.4

1,7

5.4

9.0

(E)

23.5

13.9

5.6

1.0

(F)

0.4

2.1

7.5

14.4

Accumulated value

Died Survived

Mottality

Ratio    Percent

23.5/23.9    98.3

13.9/16.0    85.0

5.6/18.7    29,9

1.0/15.4     6.5

(H)(G)
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200 pl of distilled water was added into each well. The total 300 larvae were used for

each clone. The mortality was recorded after 24-k incubation at room temperature.
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CHAPTER V

RESULTS

l. Construction of Recombinant Plasmids for Expressing the Cry4A Toxin

Many attempts have been made to improve the expression of the Cry4A toxin in

E coli by constructing the following recombinant plasmids:

1.1 Construction of pET-Recombinant plasmids

ln order to improve the expression of the cry4A gene by using the T7 promoter,

three types of recombinant plasmids, which are (l) the pET-B4A clone containing the

T7 promoter followed by the putative cry4B promoter, (2) the pET-4A clone

containing only the T7 promoter and (3) the pET-4AUTRO clone containing only the

T7 promoter and the cry4B-5'UTR in which 47 nucleotides was deleted, were

constructed.

The recombinant plasmid pET-B4A which contains the 3.8 kb fragment

comprising the putative cry4B promoter together with the SD sequence md the cry4A

sfruchral gene isolated from the recombinant plasmid pBA was constructed (see Fig. f0).

The DNA fragment was ligated to the BamHl-,SalI digested pET24(+) vector

according to the method as described in CHAPTER IV. The ligation product was then

transformed into E. coli strain BL21(DE3)pLysS and spread on the LB-kanamycin and

chloramphenicol agar plate. Sixteen transformants obtained were screened for the

presence of the recombinant plasmid by plasmid extraction as described in
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CHAPTER fV and HindIIl digestion. It was found that eleven from sixteen clones

showed the expected size of two DNA bands of about 6.6 and 2.2kb (Fig. 11).

To generate the recombinant plasmid pET-4A (Fig. l2), the 3.7 kb DNA

fragment [from EcoR[ site (90) to,Scll site (3833)] containing the SD sequence and the

cry4A gene isolated from the recombinant plasmid pBA was ligated to the Sa[I-EcoRI

digested pET24(+) vector. The ligation product was transformed into E. coli strain

BL21(DE3)pLysS. Thirty transformants obtained were screened for the presence of

the recombinant plasmid by plasmid extraction and XbaI digestion. It was found that

three clones showed the expected size of one DNA band of about 8.9 kb (Fig. 13-15).

Furthermore, SmaI, SalI, HindIII, EcoR[ and Aval digestions were performed to

confirm that three clones are the recombinant plasmid pET-4A (Fig. 13-15).

Thirdly, construction was made for the recombinant plasmid pET-aAUTRo

@ig. 16) in which 47 nucleotides of the cry4B-5'UTR was deleted. Sited-directed

mutagenesis was employed to delete the nucleotide sequence from the 5'UTR by

creating the addition BamHI and HindIlI sites. The mutants were screened by Hindill

digestion and then the mutant plasmid was digested with BamHl to delete the

unwanted sequence from the 5'UTR and religated. The ligation product was then

transformed into E. coli strain BL2l(DE3)pLysS. Nine transformants were screened

for the presence of the recombinant plasmid by plasmid extraction and Hind[

digestion. It was found that eight clones showed the expected size of two DNA bands of

about 6.5 and2.2 kb (fig. 17).
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1.2 Construction of the pMEx-Recombinant Plasmid

Further attempt was made to improve the expression of the cry4A gene by using

the dc promoter. The recombinant plasmid pMEx-B4A harboring the cry4A gene

under control of the tac promoter as well as the cry4B regulatory region was

constructed (Fig. f8).

The 3.8 kb DNA fragment containing the cry4B regulatory region an,d lhe cry4A

structural gene was purified from pBA and then ligated to the predigested pMEx8

vector. The ligation product was then transformed into E coli strain JM l09 and spread

on LB-Amp agar. Seven transformants obtained were screened for the presence of the

recombinant plasmid by plasmid extraction and, Hindlll digestion. It was found that

three clones showed the expected size oftwo DNA bands ofabout 5.0 ard2.2 kb (Frg. 19).

Copyright by Mahidol University



BamHl (l)

Safl (3833)

Walairat Pornwiroon Results/40

cry4B regulatory region

qmp'
cry4A

BamHl-Sall
digestion

Hindrrt (174)
Sa/l (180)

Hindltr (286)

cry4A

Hindrrr (2s66)

cry4B regulatory region

Figure l0 Construction of the recombinant plasmid pET-B4A
The recombinant plasmid pET-B4A was constructed by subcloning the 3.8 kb

fragment containing the putative cry4B promoter, SD sequence and the cry4A gene
from pBA into predigested BamHI and SalI sites of the expression vector pET24(+).

Sa/I (180)

pET-24(+)
5236bp

BamHr (40t2)
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12 131415 16 17

Figure Ll Restriction endonuclease analysis of pET-B4A recombinant plasmids

This figure shows 0.8Yo agarose gel electrophoresis (ethidium bromide stained)

of Hindlll digestion pattern of the recombinant plasmids.

Lane 1 : ?' I Hindlll digested DNA marker

Lanes 2,4,8-Il,l3-17 : pET-B4A digested with ^FftndIII
Lanes 3,5-7,12 : undesirable recombinant plasmids digested with I/irdIII
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cry4B regulatory region

EcoRI (90)

amp'
EcoRI (1804)

EcoRl (1932)

cry4A

Sa/I (3833)

EcoRl-Sall
digestion

EcoN (l)

Aval (1057)

Hindrll (1358)

EcoRI (l7ls)
EcoRI (1843)

'Aval (1876)

Smal (4996)
Aval (4994) kan'

Hindlrl (3638)

Xbar (3738)
Satt Q7a4)
Hindrlt (3750)

Aval (3765)

Figure 12 Construction of the recombinant plasmid pET-4A
The recombinant plasmid pET-4A was constructed by subcloning the 3.7 kb

fragment containing SD sequence and the cry4A gene from pBA into predigested

EcoRl and SalI sites of the expression vector pET24(+)'

.SalI (180)

pET-24(+)
5236bp
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9.4 -
6.5 -
4.3 -

2.3 -
2.0 -

-2.3
- 1.9

- 1.3

Figure 13 Restriction endonuclease analysis of pET-4A recombinant plasmid
This figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of Xbal, SmaI, Sall, HindIII, EcoRI and AvaI digestion patterns of the recombinant
plasmid.
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4.3 -

)1-
2.0 -

Figure 14 Restriction endonuclease analysis of pET-4A recombinant plasmid
This figure shows 0.87o agarose gel electrophoresis (ethidium bromide stained)

of Xbal, Smal, Sall, Hindlll, EcoRI and lval digestion pattems of the recombinant
plasmid.
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,8.97

*Z'
- 4.8

- 2.2
- 1.8
- 1.7

- 1.2

Figure 15 Restriction endonuclease analysis of pET-4A recombinant plasmid
This figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of XbaI, Smal, SalI, HindIII, EcoRI and AvaI digestion patterns of the recombinant
plasmid.
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BamHr (8961)

Hindltr (42)

BamHl (48)

Hindlll (1358)

cry4A

BamHl (8961)

Hindlll (13s8)

cry4A

Site-directed

-+
mutagenesis

Hindttt (3638)

Hindtrt (3750)
Hindrrr (3638)

Hindrrt (37s0)

BamHI digestion
and religate

Hindrrt (l3l l)

cry4A

Hindrlt (3s91)

Hindrlr (3703)

Figure 16 Construction of the recombinant plasmid pET-aAUTRo
The figure illustrates the construction of the recombinant plasmid pET-aAUTR(-).

Sited-directed mutagenesis was employed to delete the nucleotide sequence from the
cry4B-5'UTR by creating an addition BamHl site. The mutant plasmid was digested
with BamHI to delete 47 nucleotides of the cry4B-5'UTR and religated.

pET-4A mutant
8966 bp

BamHl (l)

pET-aAUTR()
8913 bp
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Figure 17 Restriction endonuclease analysis of pET-4AUTR(-) recombinant
plasmids

This figure shows 0.8%o agarcse gel electrophoresis (ethidium bromide stained)
of HindIIl digestion pattern of the recombinant plasmids.

Lane I : )u I Hindlll digested DNA marker
Lanes 2-5,7-10: pET-4AUTRO digested with Hindlll
Lane 6 : an undesirable recombinant plasmid digested with IlindIII

6.5 -

2.3 - n)mtrmr*5hl**
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cry4B regulatory region EcoR I (3630)
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cry4A

amp'

EcoR[ digestion and fill in

Sc/l digestion

B regulatory region
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cry4A

Hindrrt (3869)
Sa/I (3833)

Figure 18 Construction of the recombinant plasmid pMEx-B4A
The recombinant plasmid pMEx-B4A was constructed by subcloning the 3.8 kb

fragment containing the putative cry4B promoter, SD sequence and the cry4A gene
from pBA into predigested EcoRI and SalI sites of the expression vector pMEx8.

BamHI digestion and fill in

Sal[ digestion

Hindtll (3727)

qmp'
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9 1011 121314

Figure 19 Restriction endonuclease analysis of pMEx-B4A recombinant plasmids
This figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of HindIII digestion pattern of the recombinant plasmids.
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2. Expression of the Wild-Type Cry4A Toxin

All pET-recombinant plasmids were expressed n E. coli strain BL2l(DE3)pLysS

and the recombinant plasmid pBA was expressed in E. coli strain JM109 upon

induction with IPTG as described in CHAPTER IV. When the cells were lysed and

subjected to l0% SDS-PAGE, it was found that all three types of the pET-recombinant

plasmids expressed the level of the 130 kDa Cry4A toxin lower than the original clone

(pBA) containin g the cry4A gene under control of the cry4B reg:Jatory region and the

LacZ promotet (Fig. 20). lnterestingly, E. coli sl;laln JM109 containing pMEx-B4A

exhibited higher expression level of the Cry4A toxin ttran the pBA clone @g. 21).

The optimum point for expressing the Cry4A toxin from E. coli containng

pMEx-B4A was also determined by collecting the bacterial culture at different time of

induction. It was found that the cry4A protein reached the highest level after 4 hrs of

induction (Fig.21) and at this time point, the Cry4A toxin was expressed as a

cytoplasmic inclusion (Fig. 22).
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Figure 20 Expression of the Cry4A toxin via the pET vector
The figure shows SDS-PAGE protein profiles (Coomassie blue stained l0% gel)

of the crude extracts of IPTG induced E. coli recombinant cells containing different
plasmids.

Lane 1 : molecular mass protein standards
Lane2 : crude extracted proteins of E. coli containing pET24(+y,

4 hrs of induction
Lane 3 : crude extracted proteins of E. coli containing pBA,

4 hrs of induction
Lanes 4-5 : crude extracted proteins of E. coli containing pET-B4A,

2 and 4 hrs of induction
Lanes 6-7 : crude extracted proteins of E. coli containing pET-4A,

2 and 4 hrs of induction
Lanes 8-9 : crude extracted proteins of E. coli containing pET4AUTRO,

2 and4 hrs of induction
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Figure 21 Expression of the Cry4A toxin via the pMEx vector
The figure shows SDS-PAGE protein profiles (Coomassie blue stained 10% gel)

of the crude extracts of E. coli recombinant cells containing different plasmids
expressed at37"C.

Lane I : molecular mass protein standards
Lane2 : crude extracted proteins of E. coli containing pMEx8,

4 hrs of induction
Lane 3 : crude extracted proteins of E. coli containing pBA,

4 hrs of induction
Lane 4 :crude extracted proteins of E. coli containing pMEx-B4A,

non-induced with IPTG grown for 6 hrs
Lanes 5-7 : crude extracted proteins of E. coli containing pMEx-B4A,

2,4 and 6 hrs of induction, respectively
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Figure 22 Protein profiles of extracted protein fractions from .E cali cells
containing either pBA or pMEx-B4A

The figure shows SDS-PAGE protein profiles (Coomassie blue stained 10% gel)
of the crude extracts, sedimented protein and supernatant fraction prepared from 4-hr
IPTG induced E. coli clones grown at37oC.

Lane I :molecular mass protein standards
Lane2 : crude extracted proteins of E. coli containing pMEx8
Lanes 3-5 : crude extracted, sedimented protein and supematant fraction from

E. coli containing pBA, respectively
Lanes 6-8 : crude extracted, sedimented protein and supernatant fraction from

E. coli containing pMEx-B4A, respectively
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3. Biochemical Characterization of Wild-type Cry4A Toxin

3.1 Solubility and Proteolytic Activation of Cry4A Toxin

Solubility analysis of the Cry4A inclusions in carbonate buffer, pH 9.0 showed

that no soluble protoxin could be recovered for the inclusions obtained from 4-hr

IPTG induced E. coli clones grown at 37'C (Fig. 23). Thus, an attempt was made to

solubilize the Cry4A inclusions by using various concentrations of urea as shown in

Fig. 24. It was found that the inclusions were able to be solubilized in 6 M urea. Since,

it is not practicable to in vitro refold and unfold the 130-kDa Cry4A toxin which is

quite large and comprises of three globular clusters, an attempt has been made to

overcome the problem by optimizing the solubility profile which may depend on the

time of induction. It was however, found that no soluble protoxin could be recovered

for the inclusions obtained from 2, 4 and 6-hr IPTG induced E. coli clones, grown at

37'C (Fig.25).

To improve the solubilization of Cry4A inclusions, another approach has been

tried to express the protein of interest at 30oC. It was interestingly found that the

solubility of the inclusions produced from 10-hr IPTG induced clones grown at 30oC

increased substantially (Fig. 27), although amounts of the protoxin inclusions obtained

were lower than that of the cells grown at 37'C (Fig. 26).

For proteolytic activation, the solubilized protoxins were digested with trypsin

and subjected to 13% SDS-PAGE. It was found that the Cry4A protein was processed into

a 47-kDa polypeptide and a ca. 20 kDa fiagment composed of crl-cr5, similar to the

Cry4B tox n (Fig. 28).
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Lane 4

molecular mass protein standards
the partially purified Cry4A inclusions
the solubilized fraction
the insolubilized Cry4A toxin
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Figure 23 solubility of the cry4A toxin inclusions in carbonate buffer
The figure shows SDS-PAGE protein profiles (Coomassie blue stained l0% gel)

of the Cry4A inclusions obtained from 4-hr IPTG induced E. coli clones grown at37"C.
The toxins were incubated for t hr with carbonate buffer (pH 9.0) and centrifuged at
10,000 for 10 min. Prior- and post-centrifugation toxin samples were applied to the gel.
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Figure 24 Solubility of the Cry4A toxin inclusions in urea buffer
The figure shows SDS-PAGE protein profiles (Coomassie blue stained l0% gel)

of the Cry4A inclusions obtained from 4-hr IPTG induced E. coli clones grown at37"C.
The toxins were incubated for t hr with various concentrations of urea and centrifuged
at 10,000 for 10 min. Prior- and post-centrifugation toxin samples were applied to the gel.

molecular mass protein standards
the partially purified inclusion, the solubilized fraction and
the insolubilized Cry4A toxin, respectively : 0.5 M urea
the partially purified inclusion, the solubilized fraction and
the insolubilized Cry4Atoxin, respectively : 1 M urea
the partially purified inclusion, the solubilized fraction and
the insolubilized Cry4Atoxin, respectively : 3 M urea
the partially purified inclusion, the solubilized fraction and
the insolubilized Cry4Atoxin, respectively : 6 M urea
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Figure 25 Solubility of the Cry4A toxin inclusions prepared from clones grown at37"C
The figure shows SDS-PAGE protein profiles (Coomassie blue stained l0% gel)

of the Cry4A inclusions obtained from IPTG induced E.coli clones grown at 37"C,
different time of induction. The toxins were incubated for I hr with carbonate buffer
ftrH 9.0) and centrifuged at 10,000 for 10 min. Prior- and post-centrifugation toxin
samples were applied to the gel.

Lane 1

Lanes 2-4

Lanes 5-7

Lanes 8-10

molecular mass protein standards
the partially purified inclusion, the solubilized fraction and the
insolubilized Cry4A toxin, respectively : 2 hrs of induction
the partially purified inclusion, the solubilized fraction and the
insolubilized Cry4A toxin, respectively : 4 hrs of induction
the partially purified inclusion, the solubilized fraction and the
insolubilized Cry4A toxin, respectively : 6 hrs of induction
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Figure 26 Protein profiles of extracted protein fractions from E'. coli cells
containing pMEx-B4A

The figure shows SDS-PAGE protein profiles (Coomassie blue stained l0% gel)
of the crude extacts, sedimented protein and supematant fraction prepared from 10-hr
IPTG induced E. coli clones grown at 30oC.

Lane 1 : molecular mass protein standards
Lane 2-4 : crude extracted, sedimented protein and supernatant fraction from

E. coli containing pMEx-B4A
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molecular mass protein standards
the partially purified Cry4A inclusions
the solubilized fraction
the insolubilized Cry4A toxin
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Frgure 27 Solubility of the Cry4A toxin in'ctusions prepared from clones grown at 30"C
The figure shows SDS-PAGE protein profiles (Coomassie blue stained 10% gel) of

the Cry4A inclusions obtained from 10-hr IPTG induced E. coli clones grown at 30'C.
The toxins were incubated for I hr with carbonate buffer (pH 9.0) and centrifuged at
10,000 for l0 min. Prior- and post-centrifugation toxin samples were applied to the gel.
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3.2 Disulphide Bond Determination

To determine the existence of the disulphide bond, gel-shift assays were

employed. Based on the fact that, the protein containing the disulphide bonds will

have mobility faster than the one lacking the disulphide bond under non-reducing

conditions. When the activated wild type toxins were analysed on SDS-PAGE, it was

found that the 20-kDa fi:agnent of the wild type protein teated with B-mercaptoethanol

had mobility slower than the untreated protein (Fig. 28, lanes 2-3), suggesting the

existence of the C192-C199 disulphide bond within the loop connecting cr4 and cr5 of

the Cry4A toxin.
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Figure 28 Trypsin digestion products of the Cry4A and Cry4B toxins
The figure shows SDS-PAGE protein profiles (Coomassie blue stained 13% gel)

of the trypsin digestion products of the Cry4A and Cry4B toxins.

Lane I
Lane2

Lane 3

Lane 4

Lane 5

molecular mass protein standards
the trypsin digestion products of the Cry4A toxin untreated with
B-mercaptoethanol
the trypsin digestion products of the Cry4A toxin treated with
B-mercaptoethanol
the trypsin digestion products of the Cry4B toxin untreated with
B-mercaptoethanol
the trypsin digestion products of the Cry4B toxin treated with
B-mercaptoethanol
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4. Construction of the Non-Disulphide Bridged Mutants

For construction of the two non-disulphide bridged mutant plasmids, pCl92A

and pCl99A were generated via site-directed mutagenesis. The recombinant plasmid

pMEx-B4A (Fig. 18) containing the gene sequence encoding the 130-kDa Cry4A

toxin was used as a template together with the two mutagenesis primers which were

designed to substitute the mutated bases and introduced a restriction enzyme

recogrrition site for screening the mutant plasmid. The Pfu DNA Polymerase was

employed to achieve highest fidelity. After amplification reaction, the amplified

products were analysed on 0.8o% agarose gel electrophoresis. It was found that the PCR

products showed the expected sizes of DNA band of about 7.4 kb @g. 29 and Fig. 30).

After digesting the methylated and hemimethylated plasmid DNA with Dpn I, the

digested PCR products were transforme d inta E.coli strain JMI09. Nine transformants

were screened for the presence of the mutant plasmid pC192A via EcoRI digestion. It

was found that six clones showed the expected size of three DNA bands of about 5.6,

1.1 and 0.6 kb (Fig. 3l). Eighteen transformants were screened for the presence of the

mutant plasmid pcl99A via Aval digestion. Seven clones contained the expected size

of three DNA bands of about 6.2, 0.8 and 0.4 kb (Fig. 32).
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Figure 29 Amplification of the mutant plasmid pC192A
This figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of PCR product, using Ctgz/.-f and C192A-r as primers, pMEx-B4A as template and
48oC as annealing temperature.

Lane 1

Lane2

Lane 3
Lane 4

?' / BstBll digested DNA marker
negative control using sterile distilled water instead of DNA template
in the reaction
the PCR product of the mutant plasmid pCI92A
the PCR product of the mutant plasmid pCl92A digested with DpnI
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Figure 30 Amplification of the mutant plasmid pC199A
This figure shows 0.8Yo agarose gel electrophoresis (ethidium bromide stained)

of PCR product, using C 199A-f and C l99A-r as primers, pMEx-B4A as template and
45oC as annealing temperature.
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Lane 2

Lane 3

Lane 4

λ/βs′EII digested DNA marker

ncgat市e control using sterile distilled water instead ofDNA template in

the rcaction

the P(〕R product ofthe rnutant plaslnid PC199A

thc PCR product ofthc mutant plasmid pC199A digcsted with Eン ″I
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Figure 31 Restriction endonuclease analysis of pC192A mutant plasmids
This figwe shows 1.0%o agarose gel electrophoresis (ethidium bromide stained)

of EcoRI digestion pattern of the mutant plasmids.

Lane l

Lanes 4,6,8,10,16,18

Lanes 5,7,9,11,17,19

Lanes 2,12,14

Lanes 3,13,15

Lane 20

)u I BstBll digested DNA marker
the undigested pCl92A
pCl92A digested with EcoRI
the undigested undesirable mutant plasmid
undesirable mutant plasmid digested with EcoRI
pBR322lMspI digested DNA marker
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Figure 32 Restriction endonuclease analysis of pC199A mutant plasmids
This figure shows l.lYo agarose gel electrophoresis (ethidium bromide stained)

of Aval digestion pattern of the mutant plasmids.
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5. Expression of the Non-Disulphide Bridged Mutants

The mutant plasmids were expressed in E.coli strain JMl09 upon induction with

IPTG as described in CHAPTER IV. When the cells were lysed and subjected to

l0% SDS polyacrylamide gel, it was found that clone 4 of both pC192A and pCl99A

exhibited high expression of the 130-kDa protein (Fig. 33), so these two clones were

chosen to express the mutant toxins for further analysis.

Like the wild-type Cry4A protein, the non-disulphide bridged mutants were

expressed in both soluble and inclusion forms at 30"C, 10 hrs of induction (Fig. 3a).
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Figure 33 Expression level of the wild type and mutant cry4A toxins
The figure shows SDS-PAGE protein profiles (Coomassie blue stained l0% gel)

of the crude exkacts of 4-hr IPTG induced E. coli recombinant cells containing eithei
pMEx-B4A, pCl92Aor pC I 99A expressed at 37"C.

molecular mass protein standards
crude extracted proteins of E. coli containing pMEx8
crude extracted proteins of E. coli containing pMEx-B4A
crude extracted proteins of E. coli containing pClg2Aclones l-5,
respectively
crude extracted proteins of E. coli containing pCl99A clones 1-4,
respectively
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Figure 34 Protein profiles of extracted protein fractions from E coli cells
containing either pMEx-B4A, pCl92A or pCl99A

The figure shows SDS-PAGE protein profiles (Coomassie blue stained 10% gel)
of the crude extracts, sedimented protein and supematant fraction prepared from l0-hr
IPTG induced E. coli clones grown at 30.C.

molecular mass protein standards
crude extracted, sedimented protein and supernatant fraction from
E. coli containing pMEx-B4A
crude extracted, sedimented protein and supernatant fraction from
E. coli containing pC192A
crude extracted, sedimented protein and supernatant fraction from
E. coli containing pC199A
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6. Biochemical Characterization of the Mutant Cry4A Toxins

6.1 Solubility and Proteolytic Activation of Mutant Cry4A Toxins

Similar to the wild type Cry4A protein, the mutant Cry4A inclusions produced

from 10-hr IPTG induced E. coli clones grown at 30"C were able to be solubilized in

carbonate buffer, pH 9.0 (Fig. 35).

After solubilization and trypsin digestion, both mutant Cry4A proteins were

processed into a 47-YAa polypeptide and a ca. 20-kDa fragment composed of ql- o5

(Fig. 36). The fact that the stably expressed mutants exhibited the same solubility

characteristics as the wild type protoxin and generated stable products when treated

with trypsin suggested that they had folded correctly.

6.2 Disulphide Bond Determination

Gel-shift assays were performed to confirm disappearance of the pre-existent

disulphide bond. When the activated wild type and mutant toxins were analysed on

SDS-PAGE, it was found that the 20-kDa fragment of the wild type protein

treated with B-mercaptoethanol had mobility slower than the untreated protein

(Fig. 36, lanes 2-3) while that of both mutant proteins when treated with

B-mercaptoethanol had the same mobility as the untreated proteins (Fig. 36, lanes 4-7),

suggesting the disappearance of the Cl92-C199 disulphide bond within the interhelical

loop.
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Figure 35 Solubility of the wild type and mutant Cry4A toxin inclusions
The figure shows SDS-PAGE protein profiles (Coomassie blue stained 10% gel)

of the wild type and mutant Cry4A inclusions obtained from 10-hr IPTG induced E. coli
clones grown at 30oC. The toxins were incubated for t hr with carbonate buffer (rH 9.0)
and centrifuged at 10,000 for l0 min. Prior- and post-centrifugation toxin samples were
applied to the gel.

Lane I
Lane2
Lane 3
Lane 4
Lane 5
Lane 6
LaneT
Lane 8
Lane 9
Lane l0

molecular mass protein standards
the partially purified wild type Cry4A inclusions
the solubilized wild type Cry4A toxin
the insolubilized wild type Cry4A toxin
the partially purified ClgzAmutant inclusions
the solubili zed Cl92A mutant toxin
the insolubilized C192A mutant toxin
the partially purified Cl99A mutant inclusions
the solubili zed Cl99 A mutant toxin
the insolubilized C199A mutant toxin
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Figure 36 Trypsin digestion products of the wild type and mutant Cry4A toxins
The figure shows SDS-PAGE protein profiles (Coomassie blue stained 13% gel) of

the trypsin digestion products of the wild type, cl92A and c199A mutant cry4A
toxins.

Lanes 1,8 : molecular mass protein standards.
Lanes 2,4,6 : the trypsin digestion products of the wild type, Clg2A and Cl99A

mutant Cry4A toxins untreated with B-mercaptoethanol, respectively
Lanes 3,5,7 : the trypsin digestion products of the wild type, clgzA and cr99A

mutant Cry 4 A toxins treated with B -mercaptoethanol, respectively
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7. Mosquito Larvicidal Activity Assays

Mosquito bioassays were performed with either E cofi whole cells or inclusion bodies

produced from zt-hr IPTG induced E coli clones huboring either pMEx-B4A expressing

the Cry4A wild type toxin, pCl92A or pC199A expressing the mutant toxins grown at

37'C. These assays were performed to compare the larvicidal activity against 2-day-old

A . aegpti larvae of the wild t)?e and mutant toxins. Percentage mortality of the larvae

after 24-hr exposure to different concentrations of whole cells or inclusions from

E. coli clones expressing either the Cry4A wild type, Cl92A or Cl99A mutant toxins

were shown in Table 2 and Table 3, respectively. It was found that E. coli cells

expressing either mutant in which the pre-existent disulphide bond within the o4-cr5

loop was abolished, exhibited approximately the same level of larvicidal activity as the

wild type at three different cell concentrations (108-106 cellVml). Interestingly, ttre wild

type toxin inclusions Q $g/ml) were apparently at least 2-fold more toxic than both

mutant inclusions.
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Table 2 Larvicidal activity of E coli clones expr€ssing either the Cry4A wild type,

Cl92L or Cl99A mutant toxing

The table shows the larvicidal activities against 2-day-old A. aegtpti mosquito

larvae after 24-lr exposure to different concentrations of E coli cells expressing either

the Cry4A wild type, CIgzAor Cl99A mutant toxins. The data represent the mean + SEM

based on three separated assays.

E. coli clone

containing plasmids

Bactcrial Dilution

(CellS/ml)

%Mo■ ality± SEMa

plⅥ Ex―B4A 108

107

106

105

97.3± 0.2

50.9± 5。 1

37.7± 4.8

25.4± 0.9

pC192A 108

107

106

105

96.4± 0.4

46.6± 8.0

22.8± 6.5

10.0± 1.7

pC199A 108

107

106

105

96.1± 0.8

49.3± 5.1

22.7± 5.5

9.3± 2.0

a SEヽ4=器 ; lN=Sallnple sizc(3)]Copyright by Mahidol University
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Table 3 Larvicidal activity of the inclusions obtained from .E coli clones

containing either pMEx-B4A, pC192A or pCl99A mutant plasmids

The table shows the larvicidal activities against 2-day-old A. aegtpti mosquito

larvae after 24-hr exposure to inclusions obtained from 4-hr IPTG induced E. coli

clones grown at37"C expressing either the Cry4A wild type, Clg2|or Cl99A mutant

toxins. The data represent the mean t SEM based on three separated assays.

Inclusion

(2μg/ml)

%Mortality± SEMa

Negative control

pMEx―B4A

pC192A

pC199A

1.7± 0,7

28.3± 3.4

11.0± 3.6

9.67± 3.18

aSE卜
〔= [N: Sample size (3)]塑
√
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CHAPTER Ⅵ

DISCUSS10N

Recently, a plausible three-dimensional model for the activated 65-kDa Cry4A

6-endotoxin has been constructed via homology modelling based on the X-ray crystal

structure of CrylAa. Structural analysis of the model has revealed a putative

disulphide bond (C192-C199) within the loop connecting cr4 and cr5 (a0) that may be

involved in membrane insertion of helical hairpin a4-o5 of Cry4A. In this study,

attempts have been made to investigate the role in toxicity of this disulphide bond

within the interhelical loop.

From the previous work (70), the amount of the expressed Cry4A toxin in

E. coli strain JM109 under control of the LacZ promoter as well as the cry4B

regulatory region from the recombinant plasmid pBA was still not high enough to

form an inclusion body. The initial task of this project was therefore to improve the

expression of the Cry4A toxin gene in E. coli by using a stronger promoter such as the

T7 promoter that would lead to inclusion formation. Three tlpes of recombinant

plasmids were constructed and expressed in E.coli strain BL2l(DE3)pLysS upon

induction with IPTG. It was found that the pET-B4A clone containing the T7 promoter

followed by the putative cry4B promoter expressed the level of the Cry4Atoxin lower

tiran pBA clone containing the gene under control of the LacZ promoter together with

the cry4B regulatory region. One possible reason is that T7 RNA polymerase has a

higher transcription rate than E.col, RNA polymerase. Since the putativ e cry4B
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promoter which could be *ilized,by E.coll RNA polymerase, is downstream of the T7

regulon, it was possible that T7 RNA polymerase might be obstructed by the

preceeding E coli RNA polymerase. However, screening for the better expression of

some other recombinant clones should have been carried out. Recombinant plasmid

(pET-4A) without the pfiatiye cry4B promoter was also constructed. It was found that

the pET-4A clone which contained only the T7 promoter also exhibited lower

expression of the Cry4A toxin than the pBA clone. This may be possibly due to the

length of 5'UTR between operator and SD sequence in pET-4A clone is so long

(66 nucleotides) and contains the inverted sequences that could allow the operator to

form a stem-loop structure that would prevent the 30s ribosomal subunit to bind to the

SD sequence. Therefore, an attempt was also made to test this hypothesis by

constructing another recombinant plasmid (pET-4AUTR(-)) whose 47 nucleotides of

cry4B-5'UTR was deleted. This would prevent the operator to form the stem-loop

structure. It was also found that the pET-4AUTRO clone could not improve the

expression of the cry4A toxin. All of these results suggested that the T7 promoter

might not be an appropriate promoter to drive the expression of the cry4A gene.

Further attempt was made to improve the expression of the Cry4A toxin gene by

using the ,ac promoter. The recombinant plasmid pMEx-B4A harboring the cry4A

gene under conhol of the lac promoter as well as the cry4B regulatory region was

constructed. When E coli clone containing pMEx-B4A was induced with IPTG, it

produced high amounts of the cry4A protein which lead to inclusion formation and

exhibited higher expression level of the cry4A toxin than the original clone (pBA)

containing the cry4A gene under control of the cry4B regrlatory region and the LacZ
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promoter. This might be due to the strength of the tac promoter together with the

cry4B reg atory region. However, a role in gene expression of the cry4B-5,UTR is

needed to be further investigated.

Unlike the inclusions of Cry4B which are soluble in carbonate buffer, pH 9.0,

the cry4A protoxin inclusions obtained fiom 4-hr IprG induced E coli clones grown

at 37oc were readily soluble only when this buffer was supplemented with 6 M urea.

This result imply that the interactions among the molecules are likely to be

hydrophobic interactions instead of the normal salt bridge. Eventhough the inclusions

were able to be unfolded in 6 M urea, but it is not practicable to in vitro refold the

130-kDa cry4A toxin which is quite large and comprises of three globular clusters.

Thus, another try-out was made by optimizing the solubility profile which may depend

on the time of induction, but it was shown to be unsuccessful.

Another approach has been tried to express the target protein at 30oc which was

reported to be successful (81). It was found that the solubility of inclusions obtained

from 10-hr induced clones grown at 30oc increased substantially. This significant

improvement in solubility might be due to the formation of smaller-sized inclusions

when grown at 30"c, although at this stage there is no evidence for this possibility.

when the solubilized protoxins were treated with trypsin, it yielded two major

trypsin-resistant bands of 47 and ca. 20 kDa and some minor bands of about 40 kDa

(see Fig. 28, lane 3). Thus, attempts have been tried to achieve comprete activation by

either optimizing the incubation time or varying the trypsin-protoxin ratio, but these

minor bands were still observed. Therefore, N-terminal sequencing would be useful to

identiff undesirable trypsin digestion products. yamagiwa et al (g2) performed rn vivo

processing of Cry4A. They found that the Cry4A protoxin was processed into twoCopyright by Mahidol University
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protease-resistant fragments of 20 and 45 kDa together with a band of about 40 kDa.

To determine the existence of the disulphide bond, gel-shift assays were

employed. Based on the fact that the protein containing the disulphide bonds will have

mobility faster than the one lacking the disulphide bond under non-reducing

conditions. When the activated wild type toxins were analysed on non-reducing

conditions via SDS-PAGE, it was found that the 20-kDa fragment, which is

composed of o1-45, treated with B-mercaptoethanol had mobility slower than the

untreated protein (Fig. 28, lanes 2-3), suggesting the existence of the C192-C199

disulphide bond within the loop connecting a4 and cr5 of the Cry4Atoxin. It was also

found that there is the mobility shift of ca. 40-kDa fragment (Fig. 28, tanes 2-3).

There is no clear explanation for this observation, but this might be due to the

formation of either an intramolecular disulphide bond in the 40 kDa protein or

intermolecular disulphide bond of the 20-kDa fragments. Again, there is no evidence

for this suggestion.

Further experiment is needed to confirm that the disulphide bond was not

formed during proteolytic activation by using iodoacetamide which can irreversibly

react with free thiol group preventing disulphide bond formation. However, this

experiment is not trivial because iodoacetamide can also react with a histidine residue,

although much less rapidly (83). The problem could be solved by incubating the

solubilized protoxin with iodoacetamide in a short period of time followed by dialysis

to prevent nonspecific reaction.

To investigate the role in toxicity of the disulphide bond within the interhelical

loop, site-directed mutagenesis was employed to convert either Cys-192 or Cys-199 to

alanine in order to eliminate the disulphide bond. Like the wild type protein, theCopyright by Mahidol University
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non-disulphide bridged mutants were highly expressed as inclusion bodies and were

structurally stable upon solubilization and trypsin activation, suggested that they had

folded correctly. Furthermore, gel-shift assays confirmed disappearance of the

pre-existent disulphide bond (see Fig. 36).

For bioassays, either E coli whole cells or inclusions was used to test for

mosquito larvicidal activity. The larvicidal activity tested by feeding with E. coli

whole cells expressing either non-disulphide bridged mutant exhibited approximately

the same level as the wild type at three different cell concentrations (108-106 cells/ml).

The differences in toxicity between the wild type and mutants could not be observed.

Since the bioassays tested with E. coli whole cells had the limitation in determining

toxin concentrations, the toxicity assay tested with 2 ytg of inclusions would be

another method to overcome this problem. The small (ca. 2 folds) but reproducible

difference in larvicidal activity between the wild type inclusions and both mutant

inclusions suggests that this disulphide bridge linking the cr4-ct5 loop might indeed be

involved in Cry4A toxin function, possibly in promoting the helical hairpin,s ability to

translocate into the membrane interior. Accordingly by eliminating this stabilizing

bond within the hairpin loop, it may be possible to reduce the effectiveness, even not

much, of the mutant toxins by making the inserting hairpin less penetrable. However,

it should be noted that the disulphide bond within the interhelical loop may not be

existed in the 130-kDa protoxin, eventhough the existence of the disulphide bridge

linking the cr4-n5 loop was observed in the 20-kDa fragment of the activated toxin.

Another caution here that applies to results with toxin inclusions is the possibility that

the size of mutant inclusions might be smaller than the wild type inclusions. Since the

A. aegtpti larvae behave a collecting-filtering mode (84), the smaller mutantCopyright by Mahidol University
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inclusions could be filtered out by the larvae. To test this hypothesis, the size of both

wild tpe and mutant inclusions could be verified by transmission electron

microscopy. Dahl et al (85) found that the particle size which can be ingested by the

larvae is ranging from 0.56-5.75 pm.

1n vivo bioassays are not a sensitive technique and give only the limited

information in toxicity. Moreover, there are several factors involved in the deviation of

the results such as expression level, particle size and feeding behavior. Therefore,

further functional investigation of the non-disulphide bridged mutants by using more

sensitive assays such as in vito toxicity or liposome assays needs to be carried out.
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CHAPTER VⅡ

CONCLUSION

1. The recombinant plasmid (pMEx-B4A) harboring the cry4A gene under control of

the /cc promoter together with the cry4B regalatory region was successfully

constructed and highly expressed in E. coli upon IprG induction as a cytoplasmic

inclusion.

2. The cry4A inclusions obtained from lO-hr IprG induced E coli containing

pMEx-B4A grown at 30oC were able to be solubilized in carbonate buffer, pH 9.0.

3. The existence of the disulphide bond in the loop connecting ,4 and o5 of the cry4A

toxin was determined by gel-shift assays.

4. The two non-disulphide bridged mutant plasmids (pCl92A and pCl99A) were

successfully generated via site-directed mutagenesis using pMEx-B4A as a template.

5. The cry4A mutants were highly expressed in the form of inclusion bodies and

structurally stable upon solubilization and trypsin activation as the wild type toxin.

6. The larvicidal activity tested by feeding with E. coli whole cells expression either

non-disulphide bridged mutant exhibited approximately the same level as the wild

type at three different cell concentrations (108-106 cells/ml).

7. The larvicidal activity of wild type inclusions was apparently ca.2-fold more toxic

than both mutant inclusions.
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APPEi\DIX

Complete nucleotide sequence of cry4A gene
The nucleotide sequence shown is the sequence of cry4A gene in pBA. The

uppercase letters represent the deduced amino acid sequence. The cysteine-I92 and
cysteine-l99 are in bold type. The predicted alpha helices in domain I are marked as box.

atg aat cct tat
M   N   P   Y

aat gaa tat gaa aca
N   E   Y   E   T

tct aat aat tat aca
S   N   N   Y   T

tta tta caa agt aca
L   L   Q   s   T

cag aat cag cag tat
Q   N   Q   Q   Y

He■ ix l

tta aat gct
LNA

aga tat cca
RYP

aat tat
N  Y

ggt gga
G  G

tca caa
sQ

ata gaa
rE

gat tgg
DW

ttt gaa
FE

aaa
K

aat
N

ctc
L

act
T
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Ｓ

　

ａ
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ａ
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aat
N

aat
N

aaa caa

K  Q

tgt caa
C   Q

gat
D

５

　

　

　

０

　

　

　

５

５

５

　

　

０

０

　

　

３

５

　

　

８

０

　

　

２

５

agt ggt gaa ctc agt gcc tat act att
S G E L S A Y T I

act aaa aat att ata
T   K   N   I   I

aa aaa gaa
K   K   E

ata
I

gca
A

270
90

315
105

360
120

405
135

450
150

495
165

540
180

ａＣ

Ｐヽ

Ｃｔａ

Ｎ

ａ aiCiC::IC8ヨ

ttt caa aat gtc att cca gag
F   Q   N   V   I   P   E

agt gat tgc gat
S   D   C   D

ctt gta aac tct tgt cct
L V N S c P

CCt aat   585
P  N   195

０

０

　

　

５

５

tac
Y

CCt
P

cga
R

ａＣ

Ａ

ｇａＣ

【Ｔ

ａ

ｇ

　
　
　
　
　
ａ

Ｃ

Ａ

　

Ｃ

Ｐ

ｇ

　
　
　
　
　
Ｃ

Hel

tat tta aaa aac aat
Y   L   K   N   N

tat aac ata cta
Y   N   I   L

a tta tct agt tat
V L S s Y

caa ttc gat tat tta   720
Q F D Y L 240□

g:a

gag cct ttg
E   P   L

att gat tat tat cca gta ttg act aaa
I D Y Y P v L T K

５

５

gta gtt ggg acc gta ctg act ggt
V V G T V L T G

ttc ggg ttc aca aca ccc
F   G   F   T   T   P

■ X

gga ctt gct tta ata ggt ttt ggt aca tta ata cca gtt
G L A L I G F G T L I P v

Ctt
L
ttt
F

e■ ix
cca gcc caa gac caa tct
P A Q D Q s

aac aca tgg agt gac ttt ata aca caa
N  T  w  s  p  F  I  T  Q

ｔｇ

Ｓ

ａａｔ

Ｉ

ａｔａ

一Ｙ

ａＣ

Ｔ

ａａＣ

５^

ｔ

aat gct aat aaa att tta aac agg tcg ttt aat gtt atc agc act
N A N K I L N R S F N V I s T

tat cat aat cac ctt aaa aca tgg gag aat
Y H N H L K T w E N

aat act cag gat gta agg aca caa atc caq cta gtt cat tac cat
N T Q D V R T Q I Q L V H Y H

gica caa gca gica aac tta cat ctg act gta tta aat caa gcc gtc
A A N L H L T V L N Q A V
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gga tta aat tta at
G   L   N   L   I

aaa acg acg cct gat agt aat
K   T   T   P   D   S   N

ctt gat gga
L   D   G

810
270

855
285

900
300

945
315

act gct gta tta gat gtt gtt gca ctc ttt cct aat
T A V L D V v A L F P N

tat gat gta
Y   D   V

ggt aaa tat cca ata ggt gtc caa tct gaa ctt act cga gaa att   990
G K Y P I G V Q s E L T R E 1 330

tat cag gta ctt aac ttc gaa gaa agc ccc tat aaa tat tat gac   lo35
Y Q V L N F E E S P Y K Y Y D 345

ttt caa tat caa gag gat tca ctt aca cgt aga ccg cat tta ttt   lo80
F Q Y Q E D S L T R R P H L F 360

act tgg ctt gat tct ttg aat ttt tat gaa aaa gcg caa act act   l125
T W L D S L N F Y E K A Q T T 375

cct aat aat ttt ttc acc agc cat tat aat atg ttt cat tac aca   l170
P N N F F T S H Y N M F H Y T 390

ctt gat aat ata tcc caa aaa tct agt gtt ttt gga aat cac aat   1215
L D N I s Q K S S v F G N H N 405

gta act gat aaa tta aaa tct ctt ggt ttg gca aca aat att tat   1260
V T D K L K S L G L A T N I Y 420

att ttt tta tta aat gtc ata agc tta gat aat aaa tat cta aat   1305
1 F L L N V I s L D N K Y L N 435

gat tat aat aat att agt aaa atg gat ttt ttt ata act aat ggt   1350
D Y N N I s K M D F F I T N G 450

act aga ctt ttg gag aaa gaa ctt aca gca gga tct ggg caa ata   1395
T R L L E K E L T A G S G Q 1 465

act tat gat gta aat aaa aat att ttc ggg tta cca att ctt aaa   1440
T Y D V N K N I F G L P I L K 480

cga aga gag aat caa gga aac cct acc ctt ttt cca aca tat gat   1485
R R E N Q G N P T L F P T Y D 495

aac tat agt cat att tta tca ttt att aaa agt ctt agt atc cct   1530
N Y S H I L S F I K S L S I P 510

gca aca tat aaa act caa gtg tat acg ttt gct tgg aca cac tct   1575
A T Y K T Q v Y T F A W T H s 525

agt gtt gat cct aaa aat aca att tat aca cat tta act acc caa   1620
S V D P K N T I Y T H L T T Q 540

att cca gct gta aaa gcg aat tca ctt ggg act gct tct aag gtt   1665
1 P A V K A N S L G T A S K V 555

gtt caa gga cct ggt cat aca gga ggg gat tta att gat ttc aaa   1710
V Q G P G H T G G D L I D F K 570

´
・　
　
´

gct ata gaa gat
A   I   E   D

tac act aat tat
Y   T   N   Y

tgt gta aca act tat aaa aaa
C   V   T   T   Y   K   K

aat ata aac tgg aac aca tac aat acg
N I N W N T Y N T

tat cga aca aaa atg act
Y   R   T   K   M   T
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gat cat ttc aaa att aca tgt caa cac tca aat ttt caa caa tcg   1755
D H F K I T C Q H S N F Q Q s 585

tat ttt ata aga att cgt tat gct tca aat gga agc gca aat act   1800
Y F I R I R Y A S N G S A N T 600

cga gct gtt ata aat ctt agt atc cca ggg gta gca gaa ctg ggt   1845
R A V I N L S I P G V A E L G 615

atg gca ctc aac ccc act ttt tct ggt aca gat tat acg aat tta   1890
M A L N P T F S G T D Y T N L 630

aaa tat aaa gat ttt cag tac tta gaa ttt tct aac gag gtg aaa   1935
K Y K D F Q Y L E F S N E V K 645

ttt gct cca aat caa aac ata tct ctt gtg ttt aat cgt tcg gat   1980
F A P N Q N I S L V F N R S D 660

gta tat aca aac aca aca gta ctt att gat aaa att gaa ttt ctg   2025
V Y T N T T V L I D K I E F L 675

cca att act cgt tct ata aga gag gat aga gag aaa caa aaa tta   2070
P I T R S I R E D R E K Q K L 690

gaa aca gta caa caa ata att aat aca ttt tat gca aat cct ata   2115
E T V Q Q I I N T F Y A N P 1 705

aaa aac act tta caa tca gaa ctt aca gat tat gac ata gat caa   2160
K N T L Q S E L T D Y D I D Q 720

gcc gca aat ctt gtg gaa tgt att tct gaa gaa tta tat cca aaa   2205
A A N L V E C I S E E L Y P K 735

gaa aaa atg ctg tta tta gat gaa gtt aaa aat gcg aaa caa ctt   2250
E K M L L L D E V K N A K Q L 750

agt caa tct cga aat gta ctt caa aac ggg gat ttt gaa tcg gct   2295
S Q S R N V L Q N G D F E S A 765

acg ctt ggt tgg aca aca agt gat aat atc aca att caa gaa gat   2340
T L G W T T s D N I T I Q E D 780

gat cct att ttt aaa ggg cat tac ctt cat atg tct ggg gcg aga   2385
D P I F K G H Y L H M s G A R 795

gac att gat ggt acg ata ttt ccg acc tat ata ttc caa aaa att   2430
D I D G T I F P T Y I F Q K 1 810

gat gaa tca aaa tta aaa ccg tat aca cgt tac cta gta agg gga   2475
D E S K L K P Y T R Y L V R G 825

ttt gta gga agt agt aaa gat gta gaa cta gtg gtt tca cgc tat   2520
F V C S S K D V E L V V S R Y 840

ggg gaa gaa att gat gcc atc atg aat gtt cca gct gat tta aac   2565
G E E I D A I M N V P A D L N 855

tat ctg tat cct tct acc ttt gat tgt
Y L Y P S T F D C

gag acg tcc gct gtg ccg gct aac att
E T S A V P A N I

gaa ggg tct aat cgt tgt   26■ 0
E G S N R C 870

ggg aac act tct gat atg   2655
G N T s D M 885
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ttg tat tca tgc caa tat gat aca ggg aaa aag cat gtc gta tgt   2700
L Y S c Q Y D T G K K H v v c 900

cag gat tcc cat caa ttt agt ttc act att gat aca ggg gca tta   2745
Q D S H Q F S F T I D T G A L 915

gat aca aat gaa aat ata ggg gtt tgg gtc atg ttt aaa ata tct   2790
D T N E N I G V W v M F K I s 930

tct cca gat gga tac gca tca tta gat aat tta gaa gta att gaa   2835
S P D G Y A S L D N L E V I E 945

gaa ggg cca ata gat ggg gaa gca ctg tca cgc gtg aaa cac atg   2880
E G P I D G E A L S R V K H M 960

gag aag aaa tgg aac gat caa atg gaa gca aaa cgt tcg gaa aca   2925
E K K W N D Q M E A K R S E T 975

caa caa gca tat gat gta gcg aaa caa gcc att gat gct tta ttc   2970
Q Q A Y D V A K Q A I D A L F 990

aca aat gta caa gat gag gct tta cag ttt gat acg aca ctc gct   3015
T N V Q D E A L Q F D T T L A 1005

caa att cag tac gct gag tat ttg gta caa tcg att cca tat gtg   3060
Q工 Q Y A E Y L V Q s I P Y V 1020

tac aat gat tgg ttg tca gat gtt cca ggt atg aat tat gat atc   3105
Y N D W L S D V P c M N Y D 1 lo35

tat gta gag ttg gat gca cga gtg gca caa gcg cgt tat ttg tat   3150
Y V E L D A R V A Q A R Y L Y 1050

gat ata aga aat att att aaa aat ggt gat ttt aca caa ggg gta   3195
D I R N I I K N G D F T Q G V 1065

atg ggg tgg cat gta act gga aat gca gac gta caa caa ata gat   3240
M G W H v T c N A D V Q Qェ D 1080

ggt gtt tct gta ttg gtt cta tct aat tgg agt gct ggc gta tct   3285
G V S v L V L S N W S A G V s lo95

caa aat gtc cat ctc caa cat aat cat ggg tat gtc tta ggt gtt   3330
Q N V H L Q H N H G Y V L G V ll10

att gcc aaa aaa gaa gga cct gga aat ggg tat gtc acg ctt atg   3375
1 A K K E G P G N G Y V T L M l125

gat tgg gag gag aat caa gaa aaa ttg acg ttt acg tct tgt gaa   3420
D W E E N Q E K L T F T s c E l140

gaa gga tat att acg aag aca gta gat gta ttc cca gat aca gat   34 65
E   G   Y   I   T   K   T   v   D   V   F   P   D   T   D    l155

cgt gta cga att gag ata ggc gaa acc gaa ggt tcg ttt tat atc   3510
R V R I E I G E T E G S F Y 1 1170

gaa agc att gaa tta att tgc atg aac gag                       3540
E S I E L I C M N E      l180
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