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The proposed mode of action of Bacillus thuringiensis (Bf) 5-endotoxins is the
formation of lytic pores in the susceptible larval midgut epithelium. Recently published
X-ray structures of two different Cry -endotoxins (CrylAa and Cry3A) revealed a
possible apparatus for pore-formation in the form of a seven-amphipathic helix bundle
in which five helices (a3, a4, a5, a6 and a7) are potential candidates for inserting into
the membrane to form a transmembrane pore.

In this study, PCR-based mutagenesis was employed to investigate the role for
toxicity of the putative transmembrane helices of the 130-kDa Cry4B mosquito-
| larvicidal toxin produced by B subsp. israelensis. Mutant toxins with a single proline
substitution in the central region of o5, a6 and o7 were constructed on the basis of the
homology based-Cry4B model, and were over-expressed in Escherichia coli as
cytoplasmic inclusion bodies with a yield similar to that of the wild-type toxin. Unlike
the wild-type inclusion, all proline-substituted inclusions were insoluble in carbonate
buffer, pH 9.0, and gave no stable products when the solubilising buffer was
supplemented with trypsin. A complete loss of larvicidal activity against Aedes aegypti
larvae was also demonstrated for E. coli cells expressing mutant toxins in which
residues Ala-182 or Leu-186 in a5, Tyr-220 or Ile-221 in o6, or Thr-254 or Val-257 in
o7 were mutated. The results therefore suggest that these six residues might be
mvolved in solubility and proteolytic susceptibility or toxicity of the Cry4B toxin.
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CHAPTER1

INTRODUCTION

1.  General Background

Bacillus thuringiensis (Bf) is a Gram-positive soil bacterium. It is the most
widely used environment-friendly alternative to chemical insecticides for the
biological control of forest and agricultural pests and vectors of human and animal
diseases. During sporulation, different strains of this bacterium produce larvicidal
protein (delta-endotoxins) in large quantities as crystalline inclusions. These inclusions
are composed of one or more toxins (Cry and/or Cyt toxins). The Cry (crystal) toxins
(70-140 kDa) are highly toxic to different insect larvae (1, 2, 3) in the orders of
Lepidoptera (butterflies and moths), Diptera (mosquitoes and flies) and Coleoptera
(beetles). Cry proteins are also selectively toxic to nematodes, flatworms and protozoa
(4). The 27-29 kDa Cyt (cytolytic) toxins show a wide range of cytolytic activity
against insect and mammalian cells in vitro but only to dipteran larvae in vivo (1, 2).
The Cry toxins can be classified according to their insecticidal activity spectra (2) and
deduced amino acid sequence similarity (5) as illustrated in Fig. 1. The updated
information of the delta-endotoxin nomenclature is available online (http://www biols.
susx.ac.uk/Home/Neil _Crickmore/Bt/index.html). For example, the 130-kDa Cry4B
toxin which 1s produced by Bt subsp. israelensis and specifically toxic to the dipteran
Aedes sp. and Anopheles sp. mosquito-larvae (2) is classified as Cry4Bal. The

complete cry4B gene sequence has been cloned (6) and referred as the genebank
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Fig. 1 : Phylogram demonstrating amino acid sequence identity among Cry and
Cyt proteins.

This phylogenetic tree is modified from a TREEVIEW visualization of
NEIGHBOR treatment of a CLUSTAL W multiple alignment and distance matrix of
the full-length toxin sequences. The Phylogram was updated on 23/4/98. Last updated
version can be accessed online at http://www.biols.susx.ac.uk/Home/Neil Crickmore
/Bt/index.html.
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accession number of X07423 (7).

| 2.  Protein Structure of Cry Toxins
Over 50 cry genes have been cloned and their sequences have been obtained (8).
Based on the presence of five highly conserved regions in the deduced amino acid
sequences of the Cry proteins, it was proposed that all Cry toxins will adopt a more or
less similar tertiary structure (2). This postulate has been supported by the recently
published crystal structures of the lepidopteran-specific CrylAa toxin (9) and the
coleopteran-specific Cry3A toxin (10). Despite the differences in insect specificity and
the comparatively low amino acid sequence identity (36%) between these two
proteins, their structures display a high degree of overall similarity. Both molecules
are composed of three distinct domains. Domain I is a seven-helix bundle in which the
central helix (o-5) is relatively hydrophobic and surrounded by six amphipathic
helices. This domain has been shown to be responsible for membrane insertion and
pore formation (11, 12, 13, 14, 15). Domain II consists of three anti-parallel beta-
sheets containing three surface-exposed loops. Reciﬁrocal hybrid genes between
CrylAa and CrylAc resulted in chimeric toxins with altered specificity (16, 17). Some
mutagenesis data also confirmed that the loop region in domain II is involved in
receptor binding (18, 19, 20, 21, 22, 23, 24, 25). Moreover, this domain is the most
divergent part in the two toxin structures (9). It hasbeen suggested to be involved in
receptor recognition and hence determines insect specificity. Domain III is a tightly
packed beta-sandwich of two anti-parallel sheets. The physiological function of this
domain is still in debate although it has been suggested to be involved either in pore

formation (26, 27) or in insect specificity through their involvement in specific
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binding to insect gut epithelial receptors (18, 28, 29, 30, 31, 32). It has been
demonstrated that domain III substitutions direct the binding of these toxins to
different gypsy moth midgut receptors. Some reports have also suggested that the beta
sandwich domain is critical for the structural integrity of the active Cry toxin by
preventing the toxin from proteolytic degradation by gut proteases (10).

Based on amino acid sequence alignment of CrylAa, Cry3A and Cry4B (Fig. 2)
it can be predicted that Cry4B would fold in the same manner as the two other toxins,
especially at the N-terminal region of the molecule which is important for membrane

insertion and pore formation (Fig. 3, 4).

3 Mechanism of Action of Cry Toxins
3.1 Solubilization and Proteolytic Activation

The mode of action of the insecticidal proteins is still a matter of investigation.
Generally, the Cry toxins are present in the form of inactive protoxins as insoluble
parasporal crystalline inclusions (2). Upon ingestion by susceptible larvae, the
inclusions are solubilized in the alkaline pH in larval midgut. The solubilized
protoxins are then cleaved in vivo by gut proteases to release active toxins. The toxin
activation can be done in vitro by incubating the protoxins with larval gut extract or
trypsin (3, 4). For example, some studies showed that the in vitro activation of the
Cry3A toxin obtained from Bt subsp. tenebrionis 1911 yielded the ca. 65-kDa trypsin

resistant protein (33).
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Fig. 3 : Ribbon models show the x-ray crystal structure of CrylAa and Cry3a
The figure show side and top view of two models which constructed from X-ray
crystal structure data of CrylAa (9) and Cry3a (10).
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Fig 2 : Amino acid sequence alignments of Cry4-class toxins and its neighbors.

The figure shows aligned sequences of Cry4-class toxins and two known structures, CrylAa
and Cry3A. The shaded letters represent conserved residues. Consensus sequence was lied below
the aligned sequences. All alpha helices in domain I were marked by boxes.
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Fig 4 : Diagrams show seven-helix bundles of CrylAa, Cry3A and Cry4B
The structures of CrylAa and Cry3A are based on x-ray crystal structure and the
structure of predicted Cry4B is based on sequence similarity.
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3.2 Toxin-Receptor Binding

It is believed that the activated toxins first bind to a specific receptor in the
luminal plasma membrane of midgut epithelial cells, leading to cell lysis and
subsequent insect death by starvation or septicemia (1). In several studies for the
binding ability of the Cry toxins have been carried out on brush border membrane
vesicles (BBMV) (23, 24, 25, 30, 31, 32, 34, 35, 36). Two proteins were identified as
delta-endotoxin specific receptors i.e. aminopeptidase-N and cadherin-like
glycoprotein. The 100-kDa Lymantria dispar aminopeptidase-N has been identified as
the unique CrylAc biﬁding protein. The aminopeptidase-N clearly displayed strong
binding to CrylAc but little or no binding to CrylAa or Cryl Ab. This protein also
showed no binding for the coleopteran-specific toxin, Cry3A (37). The 170-kDa
Heliothis virescens aminopeptidase-N is recognized by CrylAa, CrylAb and CrylAc,
but not by CrylC and CrylE (38). The cadherin-like glycoprotein is a 210-kDa

membrane glycoprotein that specifically binds the CrylAb toxin which is specific

toxic for hornworm (39).

3.3 Toxin-Membrane Interaction and Oligomerization

After binding to specific receptors, the toxins insert into the membrane to form
leakage pores. The loss of membrane integrity may cause the swelling and lysis via
colloidal osmotic lysis (40) of insect gut cells.

The toxins, which are considered as cytolytic proteins, can disrupt cell
membrane by several mechanisms: degrading the membrane component (41),
disrupting the membrane by acting like surfactants (42) or forming a pore in the

membrane (43, 44, 45). The formation of an ion channel or a pore was proposed to be
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a lysis model for the Cry toxins. This proposal was postulated with colloidal osmotic
lysis which resulted ﬁoﬁ jon flux through holes in lipid bilayers (11, 46, 47). There
are two suggested models (1) suggested for the membrane inserting step. The first one
is a the penknife model, which involves the flip out of helix-5 and helix-6 into the
membrane like a penknife opening (see Fig. 5), and the second model is the umbrella
model, which involves the insertion of helix-4 and helix-5 and the spanning of the
other helices on membrane surface (see Fig. 6).

Villalon et al. (48) found that the pores formed by Cry1C allowed the diffusion
of sucrose, but were impermeable to the trisaccharide raffinose. On the basis of the
radii of these substances, the diameter of the pores was estimated to be 1.0-1.2 nm.
The permiability of the pores observed in another experiment using raffinose (1.14 nm
diameter) and non-electrolytes of increasing size were estimated to have a limiting
diameter of approximately 2.4-2.6 nm under alkaline pH conditions (49).

Feng et al. (50) have studied Cry3A, CrylAa and CrylAc by means of size-
exclusion and was found that the relative amounts of monomer and oligomer depended
upon temperature, pH, and buffer composition. Guereca et al. (51) have reported that
CrylAa, CrylAc, CrylC, Cry’lD and Cry3A toxins formed an oligomer consisting of
more than ten units in both neutral and alkaline solution. It also 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. (52) examined the steps required for toxin insertion into the
membrane and possible oligomerization to form a channel. When the CrylAb or
CrylAc toxins wefe analyzed by immunoblotting, it was found that most of the toxins

formed a large aggregate of ca. 200 kDa after incubation of the toxins with vesicles.
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Lipid Bilayers

Fig. 5 : The penknife model

The figure shows the penknife model reproduced from Knowles (1). Helices 5
and 6 flip into the membrane as a helical hairpin.
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Lipid Bilayers

Fig. 6 : The umbrella model

The figure shows the umbrella model reproduced from Knowles (1). Helices 4
and 5 flip into the membrane as a helical hairpin.
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No oligomerization occurred when mutant toxins with mutations in o 5 were tested.
There was one exception; a very active helix 5 mutant toxin bound very well to
membranes, but no oligomers were detected. Toxins with mutations in the loop
connecting helices alpha 2 and alpha 3, 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 various techniques.
The channel formation was first proposed by Knowles and Ellar (40) who reported the
effect of Cry toxin on CF-1 cells and proposed the colloidal osmotic lysis model that
caused by influx of water and ions resulting in cell swelling and lysis. Another
proposal was presented by Harvey et al. (53) who found that Ba™*, the K* channel
blocking agent, could completely reverse Bt inhibition of the K*-carried short circuit
current in the isolated midgut of Manduca sexta. The suggestion of the cation selective
channels was supported by demonstration of the effect of CrylC, Cry3A CrylAa,
CrylAb and CrylAc on the monovalent cation contents and intracellular pH of
individual Sf9 cells (47). It was found that the toxins appeared to act specifically by
increasing the permeability of the cytoplasmic membrane of susceptible cells to at
least H', K" and Na' in time- and concentration-dependent manner. Peyronnet et al.
(54) measured the effects of different toxins on the electrical potential of the apical
membrane of freshly isolated midguts from Lymantria dispar and 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. They also

suggested that the ability of Cry toxins to form pores in the midgut epithelial cell
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membrane correlated with their in vivo toxicity. When the intracellular Ca?*
concentration was measured in single Cfl cells loaded with a Ca’*-sensitive
fluorescent probe (55), Cfl cells displayed Ca®* surges in response to CrylAc and
CrylC proteins. They suggested that the toxins triggered intracellular Ca®* surges
which were mainly due to the influx of extracellular Ca’" through toxin-made pores, as
confirmed by planar lipid bilayer experiments.

Slatin et al. (42) showed that delta-endotoxins CrylAc and Cry3A could interact
with receptor-free planar lipid bilayers and form ion-conducting channels. They
suggested that channels formed by both toxins were cation-selective and that the
toxicity of this toxin family may be caused by a common mechanism. In addition,
Schwartz et al. (56) have reported that CrylAa, CrylAc and CrylC could form
channels in the receptor reconstituting planar lipid bilayers at much lower doses than
in receptor-free membranes.

Schwartz et al. (57) have also demonstrated that the Cry1C toxin could penetrate
into planar lipid bilayers and form jon-selective channels with a large range of
conductances. These channels displayed complex activity pa&ems with subconducting
states and were selective to either anions or cations. These properties appeared to be
pH dependent. It was proposed that the effects of pH on the ion channel activity could
be correlated with pH-dependent changes in secondary structure of these proteins. The
secondary structure changes of the protoxin and toxin molecules at different pH values
were previously observed by circular dichroism spectroscopy (58). The results showed
that significant conformational differences were observed between the secondary
structures of the protoxin and toxin molecules at different pH values. Moreover, Feng

et al. (50) also studied Cry3A, CrylAa and CrylAc by means of circular dichroism
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spectroscopy and reported that there was a significant increase in helical contents as
the pH was changed from neutral to alkaline values, but no decrease at low pH.

It is believed that N-terminal fragment, especially domain I, being responsible
for ion channel properties of the full length activated delta-endotoxin. The ion channel
activity of this fragment has been observed with various Cry toxins.(44) showed that
the proteolytically-derived amino-terminal fragments of CrylAc demonstrated ion
channel activity in planar lipid bilayers and phosphatidylcholine vesicles. Von Tersch
et al. (15) also showed that a cloned 7-alpha-helical bundle domain of Cry3b2 toxin
was sufficient for ion channel formation and promoted ion efflux on phospholipid
vesicles and black lipid membranes.

The role of the most conserved domain which located near the N-terminus has
been investigated by site directed mutagenesis at several positions. Ahmad and Ellar
(46) substituted two Asp residues located adjacent to each other in «-5 of this
conserved segment of CrylAb with Phe and Val and suggested that regions close to
the N-terminus of this helix could play an important role in the membrane insertion.
Wu and Aronson, (47) also performed Ala-92 and Arg-93 mutations in a-5 of CrylAc
and suggested that this 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. (14) also reported reduction of pore function
observed for A92E and Y153D mutants of CrylAb as being tested by voltage
clamping and irreversible binding to Manduca sexta brush border membrane vesicles.
Hussain et al. (59) confirmed that substitution of a positively charged residue (R93F)

or addition of a negatively charged residue (A92D) at the N-terminal of o 3 belix of
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the CrylAc delta-endotoxin resulted in a substantial reduction in toxicity against
Manduca sexta. However, replacing A119 in a loop on the distal side of the helices
with negatively charged residues (A119D or A119E) did not affect toxicity or
irreversible binding. The results support the model that domain I is involved in
membrane integration and pore formation.

Disulfide bridge mutation in the domain I of CrylAa demonstrated that this
helical domain was involved in membrane integration and permeation (11). They
showed that unfolding of the protein around a hinge region linking domain I and II
was a necessary step for pore formation. They also suggested that membrane insertion
of alpha-helices 4 and 5 played a critical role in the formation of a functional ion
channel. The proposal was supported by proline substitution mutagenesis on o-3 and
a-4 (60). It was revealed that helix 4 of the Cry4B toxin could possibly involved in the
membrane insertion and pore formation rather than in receptor recognition.

Roles of arginine in the conserved region in third domain were also determined
via mutagenesis by Chen et al. (27). They converted residues 525-535 of CrylAa to
other residues and reported that the toxins, which were mutated to replace lysine for
the first and fourth arginines, were unaltered in expression and structure but were
substantially reduced in their insecticidal properties and inhibition of short circuit
current across Bombyx mori midguts. It was proposed that this region played a role in
toxin function as an ion channel. The proposai- was supported with two other
mutagenesis experiments. Wolfersberger et al. (61) replaced the first, second, and last
arginine residues of the conserved third-domain sequence, R-521 YRVRIR-527, with
other amino acids. The stable mutant proteins were bioassayed against Bombyx mori

larvae and were found to be approximately half as active as wild-type CrylAa. The
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toxins were also tested by means of a light-scattering assay for their ability to increase
permeability of larval B. mori midgut brush border membrane vesicles. The study
performed by Schwartz et al. (26) has provided the first direct evidence of a functional
role for domain III in membrane permeabilization. They have studied on five CrylAa
mutants which were constructed by replacing Arg-521 by Lys (R521K), GIn (R521Q),
His (R521H), or Glu (R521E) and Arg-527 by Lys (R527K). It was suggested that
residues of the positive arginine face of block 4 interact with domain I, the putative
pore-forming region of Cryl Aa.

Some of amphipathic helices were studies by using synthetic peptides as the
model. Cummings et al. (45) studied on a synthetic 31-mer peptide corresponding to
the sequence of the central helix (o 5) of CrylAc on structural and functional
properties. It was 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 at
pH 4.7 and formed channels in planar lipid bilayers.

Gazit and Shai (62) synthesized the peptide corresponding to the o 5 segment,
amino acid residues 193-215 of Cry3A and its proline incorporated analogue (P-a 5),
and selectively labeled at their N-terminal amino acids with fluorescent probes. It was
reported that oo 5 was much more active than P-a 5. The same approach was used in
characterization of the ability to self-assemble and to co-assemble within lipid
membranes of o 5 and a 7 (63). It was revealed that, in their membrane-bound state, a
5 could self-associate but o 7 could not, and that o 5 could coassembles with a 7 but
not with an unrelated membrane bound a-helical peptide.

Gazit et al. (64) also investigated the role of a-5 with respect to its interaction

with Sf-9 cell membranes and its propensity to form ion channels in planar lipid
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membranes. Functional characterization of a-5 has revealed that it was cytotoxic to
Sf-9 insect cells, and could form ion channels in planar lipid membranes. Moreover a
proline-substituted analogue of -5 was less cytolytic and slightly more exposed to
enzymic digestion. These findings would support a role for a-5 in the mechanism of
the delta-endotoxins, as one of the transmembrane helices to form the toxic pore.
Recently, Gazit et al. (12) 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 o-4
and o-5 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 a-7 may serve as a binding sensor to

initiate the structural rearrangement of the pore-forming domain.
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CHAPTER II

OBJECTIVES

Although the structures of the Cry toxins have provided some insights into the
possible steps leading to cell death, the identity of the membrane-inserting components
in ion channel formation is still not clearly elucidated. Several studies with the isolated
domain I of CrylAc (44) and Cry3B2 (15) and with synthetic peptides of helix-5 from
CrylAa (9), CrylAc (45) demonstrated pore forming activity of in phospholipid
bilayers.

A number of experiments including site-directed mutagenesis, synthetic peptides
and computer simulation (12, 45, 46, 47, 62, 63, 64, 65) suggested that helix-5 -is
involved in pore formation. In addition to this central helix, four other amphipathic
helices (helix-3, helix-4, helix-6 and helix-7) are longer than 30 A thus capable of
spanning the membrane and therefore could putatively be part of the transmembrane
pore forming apparatus. Experiments using disulfide bond engineered mutants of
CrylAa (11) indicated that membrane insertion of helices 4 and 5 in domain I plays a
critical role in the formation of a functional pore. Recent studies of helix-3 and helix-4
of the Cry4B toxin also shown that helix-4 plays a role in membrane insertion and
pore formation whereas helix-3 apparently did not participate in this function (60).

In this study, it was aimed to analyze further the possible involvement of helix-5,
helix-6 and helix-7 in the pore forming process by constructing a number of proline

substitution mutants for the Cry4B toxin. Proline substitution mutagenesis would lead
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to structural and functional distortion of trans-membrane helix (60, 62) without

significantly influencing the other helices or the overall topology (66).
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CHAPTER 111

MATERIALS

1.  Chemicals
All chemicals used were analytical grade purchased from various suppliers (BIO-

RAD, Fluka, Merck and Sigma) except for those specifically indicated.

2.  Enzymes and Accessory Buffers

Dpnl Promega
Hhal Biolabs
Hinfl Biolabs
Hpall Boehringer
Pfu (Native) Promega
Sau961 Biolabs
Xbal Gibco BRL

All other enzymes used were purchased from Boehringer Mannheim, Gibco BRL,
New England Biolabs, Promega, and Stratagene. The accessory buffers were supplied

by the enzyme manufacturer.

3.  Bacterial Strains
E. coli strain IM109 [recAl supEA4 endA1 hsdR17 gyrA96 rclA1 thiA(lac-pro

AB) F' (traD36 proAB" lacI* lacZ AM15)] was purchased from Promega.
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4.  Vectors and Recombinant Plasmids

pMU388 (6) : a recombinant plasmid containing the 130 kDa Cry4B toxin gene
| (GenBank accession number : X07423 (7)) was used as DNA template for site directed
substitution on putative pore forming region.

pUC12 : a cloning vector providing selection with Amp. (GenBank accession

number : L09129) was used as vector-alone control.

5.  Synthetic Oligonucleotides (Primers)

Synthetic oligonucleotides served as primers in PCR were synthesized by
Bio-synthesis, U.S.A. for L186PF, L186PR, Y220PF, Y220PR, T254PF and T254PR
and by oligonucleotide synthesis division of Central Equipment Laboratory, Mahidol
university for A182PF, A182PR, I221PF, I221PR, V257PF and V257PR. The
oligonucleotide sequences are shown as followed. The boldface letters indicate
mutated nucleotide or amino acid residues. Introduced restriction endonuclease
recognition sites are shown as underlined letters. Deduced amino acid sequences are
shown above all forward primer sequences. Sequencing oligonucleotide, Q149PF was

kindly supplied by Mr. Panapat Uawithya (60).

p I Y A Q V P N F N L
Al82PF 5’ CCAATATACGCACAGGTCCCAAATT"TCAATTTAC 3’
Al182PR 5’ GTAAATTGAAATTTGGGACCTGTGCGTATATTGG 3’

Sau96]
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L186PF

L1B6PR

Y220PF

Y220PR

I221PF

I221PR

T254PF

T254PR

V257PF

V257PR

5/

5/

5/

5[

5/

5/

5/

5/

5[

5/

AN F N P L L I R D G L

Materials / 22

GCAAATTTCAATCCACTTTTAATCCGGGATGGCCTC 3’

GAGGCCATCCCGGATTAAAAGTGGATTGAAATTTGC 3’

Hpall

Yy T K B P I A H S I T

W

GTACACTAAAGAACCTATTGCGCATAGCATTACATGG 3’

CCATGTAATGCTATGCGCAATAGGTTCTTTAGTGTAC 37

Hhal

T K E Y P A H S I T W
CACTAAAGAATATCCTGCGCATAGCATTACATGG

CCATGTAATGCTATGCGCAGGATATTCTTTAGTG

Hhal

b T K R EM P I Q V L
GATTATAAAAGAGAGATGCCGATTCAAGTATTAG
CTAATACTTGAATCGGCATCTCTCTTTTATAATC

Hinfl

E M T I ¢ P L D I L A
GAGATGACTATTCAACCTCTAGATATACTCGCTC
GAGCGAGTATATCTAGAGGTTGAATAGTCATCTC

Xbal

3[

3’

3’

3'

3'

3'
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6. Miscellaneous
BIO-RAD Protein Assay BIO-RAD
Standard DNA marker Gibco BRL, Biolabs

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

METHODS

1.  Construction of Cry4B Mutants
1.1 Extraction of Plasmid DNA Template Using the CTAB Method

A single colony of bacteria was inoculated in 3 ml LB broth [1%(w/v) casein
hydrolysate, 0.5%(w/v) bacto-yeast extract, 0.5%(w/v) NaCl] containing 100 pg/ml
ampicillin and incubated at 37°C with 200 rpm shaking for 16-20 hrs. Cell pellets were
harvested in 1.5 ml microfuge tubes by centrifugation at 10,000 rpm for 30 sec and
then resuspended in 200 pl of STET buffer (8%sucrose, 5% Triton X-100, 50 mM
EDTA, 50 mM Tris-HCL, pH 8.0). To the cell mixture was added 10 pl of freshly
prepared lysozyme solution (10 mg/ml) and incubated at room temperature for 20 min.
Then, the mixture was boiled for exactly 30 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 5% CTAB. The contents
were inverted 5-6 times and centrifuged at 12,000 rpm for 10 min at room temperature.
The pellet was resuspended in 300 pl of 1.2 M NaCl by vigorous vortexing and 10 pl
of RNase was added, inverted and incubated at 37°C for 30 min. The protein was
removed by adding equal volume of chloroform, inverted vigorously and centrifuged at

12,000 rpm for 5 min at room temperature. The clear aqueous phase was transferred
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to new tube. The DNA pellets were precipitated with 2 volumes of absolute ethanol at
-80°C for 5 min and centrifuged at 12,000 rpm for 2 min at room temperature. The
final DNA pellets were washed in 70% ethanol, dried and resuspended in 10 pl

distilled water.

1.2 In vitro Proline Substitution Site Directed Mutagenesis

The recombinant plasmid pMU388 contains the full length of the cry4B gene
which was cloned from Bacillus thuringeinsis subsp. israelensis into pUC12 vector. In
order to substitute alanine-182, luecine-186, tyrosine-220 isoleucine-221, threonine-
254 and valine-257 by proline. Six pairs of complementary oligonucleotide were
designed and synthesized. Mutagenesis protocol was modified from the Quickchange
mutagenesis kit ‘s instruction (Stratagene).

The target DNA fragments were amplified by polymerase chain reaction by
using pMU388, the plasmid which carries the complete cry4B gene as PCR template.
Pfu DNA polymerase (Stratagene) was employed to achieve the highest fidelity. All
primer sequences are shown in CHAPTER III.

A182PF and A182PR mutagenesis primers were used for construction of
pA182P, a plasmid DNA which codes for a proline substitution in a5. L186PF and
L186PR mutagenesis primers were used for construction of pL.186P, a plasmid DNA
which codes for a proline substitution in aS5. Y220PF and Y220PR mutagenesis
primers are used for construction of pY220P, a plasmid DNA which codes for a
proline substitution in a6. [221PF and I221PR mutagenesis primers are used for

construction of pI221P, a plasmid DNA which codes for a proline substitution in a.6.
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T254PF and T254PR mutagenesis primers are used for construction of pT254P, a
plasmid DNA which codes for proline substitution in a7. V257PF and V257PR
mutagenesis primers are used for construction of pV257P, a plasmid DNA which

codes for proline substitution in o7.

1.3 Setting Up and Cycling the PCR Reactions

A GeneAmpePCR System 2400 (Perkin Elmer Cetus) was used for controlled
incubation of PCR-samples. The PCR reactions of the mutants were performed by
using material informed in Stratagene ‘s Quick Change™ Site-directed Mutagenesis
Kit.

The PCR reaction mixture (50 ul) composition is as follows:

pMU388 100 ng

dNTP 50 uM each
Forward and Reverse primers 10 pmole each
10x Native Pfu buifer Sul

Native Pfu DNA polymerase 25U

Following the temperature cycle, the PCR products were examined on 0.8% agarose

gels.

1.4 Agarose Gel Electrophoresis of DNA
To analyze the size or restriction pattern of DNA sample, the sample was
subjected to agarose gel electrophoresis as described by Sambrook et al. (67). The

appropriate amount of agarose powder (Prona) was dissolved in 1xTBE buffer [90 mM
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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%(w/v) Ficoll
400, 0.01%(w/v) Bromophenol blue] at ratio 1:5 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 pg/ml ethidium bromide solution for 5-10 min and then

destained in single distilled water for 10-15 min. The DNA band was visualized under

Uv.

1.5 Preparation of Competent E. coli

The method for preparation of competent Escherichia coli was described by
Sambrook et al. (67). A single colony of E. coli strain JM109 was cultured in 3 ml of
LB broth at 37°C with 250 rpm shaking for 16-20 hrs. The overnight culture was
transferred into fresh LB broth at 1:100 dilution and incubated at 37°C with 250 rpm
shaking until AUggp is 0.25-0.5. After the culture was chilled on ice for 15 min the E.
coli was centrifuged at 2500 rpm for 15 min at 4°C. The pellet was gently resuspended
in one-third the original volume in cold 0.1 M CaCl,, incubated on ice for 1 hr and
then centrifuged at 3,000 rpm for 15 min at 4°C. The E. coli pellet was gently
resuspended in cold 0.1 M CaCl, and incubated on ice for 15 min. The competent E.
coli mixture was aliquoted into microcentrifuge tubes and stored at -80°C until

required. The efficiency of the prepared competent cell was determined by
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transforming of 10 ng of pUC12 into 100 ul of the prepared competent E. coli cell

suspension.

1.6 Digesting the PCR products

To each amplified reaction was added 1 pl of Dpnl restriction endonuclease,
gently and throughout mixed and incubated at 37°C for 1 hour. The Dpnl will digest
the parental i.e. nonmutated methylated or hemimethylated dsDNA. Then, 15 pl of the

Dpnl digested PCR products were analyzed on a 0.8% agarose gel.

1.7 Transformation of E. coli

The transformation of E. coli was based on the protocol described in the U.S.E.
Mutagenesis Kit Instructions (XY-042-00-04, Rev.2) from Pharmacia Biotech with
some modification.

An aliquot of 100 pul 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 42°C for 45 sec, and then immediately chilled on ice for 2 min. 900 pl of 37°C LB
broth were added to the transformed cells, and incubated at 37°C for 1 hr. The
transformed cells were pelleted by centrifugation at 6,000 rpm for 1 min. The cellé
were spread on a LB agar plate containing 100 pg/ml ampicillin and incubated at 37°C

for 16 hrs or until E. coli colonies were observed on the plate.
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1.8 Plasmid Extraction

Plasmid extraction was performed with some modification of the Modified Mini
Alkaline-Lysis described in Taq DyeDeoxy™ Terminator Cycle Sequencing Kit
Manual (Part Number 901497) from Applied Biosystems.

E. coli culture was incubated overnight at 37°C in LB broth [1%(w/v) casein
hydrolysate, 0.5%(w/v) bacto-yeast extract, 0.5%(w/v) NaCl], instead of Terrific
Broth, with 100 ug/ml of ampicillin (67). 1.5-4.5 ml of cell culture was centrifuged at
10,000 rpm for 1 min in a microcentrifuge tube. The supernatant was removed and the
bacterial pellet was resuspend in 200 pl of GTE buffer [SO mM glucose, 25 mM Tris-
HCI (pH 8), 10 mM EDTA (pH 8)]. 300 pl of freshly prepared 0.2 M NaOH / 1%(w/v)
SDS was added and the content was mixed by inversion, and incubated on ice for 5
min. 300 pl of 3.0 M potassium acetate pH 4.8 was added mix by inverting the tube,
and incubate on ice for 5 min. Cellular debris was removed by centrifuging for 10 min
at room temperature, and then transfer the supernatant to a clean tube. Unless other
specified, the centrifugation in this study are preformed with Centrifuge 5415C
(Eppendorf) in rotor F-45-18-11 (Eppendorf)

In order to remove RNA , RNase A (DNase free) was added at a final
concentration of 20 ug/ml and the tube was incubated at 37°C for 20 min. The
supernatant was extracted once with 400 pl chloroform. The solution was mixed by
hand for 30 sec after each extraction. The tube was centrifuged for 1 min to separate
the phases and remove the aqueous phase to a clean tube.

The total DNA was precipitated by adding an equal volume of 100% isopropanol

and immediately centrifuge for 10 min at room temperature. The pellet was washed
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with 500 pl of 70% cold ethanol and then dry under vacuum. The DNA pellet was

dissolve in 50 pl of sterilized distilled water.

1.9 Restriction Analysis

Each mutant was screened by restriction analysis. The restriction enzyme
recognition sites, silently introduced into the oligonucleotide primers, are Sau96l in
pA182P, Hpall in pL186P, Hhal in Y220P and pI221P, Hinfl in pT254P.and Xbal in
pV257P. The 20 pl digestion reaction was composed of 0.5-1 pg of DNA sample, 1x
restiction enzyme digestion buffer, and approximately 5 U of restriction endonuclease
and sterilized distilled water to make up the 20 pl total volume. The digestion reaction
was incubated at 37°C for 2 hours with appropriate enzymes. The recommended
restriction enzyme digestion buffers were supplied by enzyme manufacturers. To
visualize the restriction patterns, electrophoresis of the digested DNA was carried out

in a horizontal 0.8% agarose gel in TB buffer at 100 V for an hour.

1.10 DNA Sequence Analysis
The DNA sequencing reactions were performed with ABI PRISM™ Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer) and performed on

ABI PRISM™ 377 DNA Sequencer (Perkin Elmer) and using Q149PF as sequencing

primer.
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2.  Expression and Purification of Toxins
2.1 Expression of Toxins

Each clone of the E. coli IM109 that carried the recombinant plasmid coding for
the mutated toxin was picked from LB agar and grown in LB broth with 100 pg/ml
ampicillin at 37°C and 250 rpm agitation. When the liquid culture reached 0.6-0.8
AUgog, IPTG was added to the final concentration of 0.2 mM and incubation continued
at 37°C, 250 rpm for 4 hrs. Then, the culture was harvested by centrifugation at 3,000
rcf, 4°C for 10 min. The total E. coli protein was analysed on 10% SDS polyacrylamid

gel.

2.2 Electrophoresis of Protein
2.2.1 Sample Preparation

Samples were mixed with 4x sample buffer [60 mM Tris-HCI (pH 7.5), 2%(w/v)
SDS, 0.1% glycerol, 0.025%(w/v) Bromophenol blue, 100 mM DTT] in the ratio of
3:1, and boiled at 100°C for 5 min. The mixed samples were vigorously vortex mixed
and centrifuged at 10,000 rpm for 10 min. When the sample was highly viscous MgCl,
was added at the final concentration of 100 mM prior to boiling with 4x sample buffer

(68).

2.2.2 SDS-PAGE
Electrophoresis of protein samples was performed by the method, described by
Laemmli (69). SDS-PAGE was carried out using the Bio-Rad Mini-Protein II system.

The separating gel contained 2.6%C, 10% or 12.5%T, 0.375 M Tris-HCI (pH 8.8), and
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0.1% SDS. The stacking gel consisted of 2.6%C, 4%T, 0.125 M Tris-HCI (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 current of 20 mA per
one gel of 0.75 mm thickness at room temperature.

After electrophoresis, the protein band on the gel was visualized by 1 hour
soaking in staining solution containing 50% methanol, 10% glacial acetic acid and
0.1% Coomassie Brilliant Blue R-250 in water. The destaining was performed by
soaking in destaining solution containing 10% methanol and 10% glacial acetic acid

for 4 hours or until the background was clear.

2.3 Partial Purification of Inclusions

E. coli cells expressing the recombinant protein were harvested by centrifugation
at 3,000 rcf. The harvested cells were resuspended in ice-cold distilled water at the
ratio of 1 g cell (wet weight) per 2.5 ml water. The cell suspension was pressed
through a French Pressure Cell at cell pressure 18,000 psi. The cell lysate was
centrifuged at 8,000 rcf, 4°C for 15 min. The pellet was then washed twice in cold
distilled water followed by sonication and centrifugation at 10,000 rpm, 4°C for 15

min. Both cell lysate and purified inclusions were analysed on 10% SDS

polyacrylamide gel.

2.4 Protein Assays

Protein concentrations of partial-purified inclusions were determined by using

Bio-Rad Protein microassay reagent and bovine serum albumin fraction V as



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Mol. Genet. Genet. Eng.) / 33

standards. The employed assay procedures are described in Bio-Rad Protein Assay
Manual provided from Bio-Rad. To prepare the concentration standard protein
samples, bovine serum albumin was diluted into 5 concentrations containing 2, 4, 6, 8
and 10 pg in 800 pl of distilled water. The sample solution in 800 ul was mixed with
200 pl of dye reagent. After 10 min. incubation at room temperature, the 595 nm
absorbance of samples and standards were measured using Hitachi U-2000
spectrophotometer. The protein concentrations of samples were calculated from the

standard curve.

3 Biochemical Characterization of Toxins

D AN
[/ ul

3.1 Solubilization of Toxins “HiDgy g

One mg of each protoxin inclusion was centrifuged at 10,000 rpm for 10 min.
The inclusion pellets were resuspended.in 1 ml of 50 mM Na,COs, pH 9.0 and then
incubated at 37°C for 1 hour. For solubility determination, the incubated toxins were
subjected to centrifugation at 10,000 rpm for 10 min. Prior- and post-centrifugation
toxin samples were quantitated as described in METHOD 2.4. Furthermore, the

samples were mixed with loading buffer and then applied to 12.5% SDS

polyacrylamide gel.

3.2 Protease Cleavage of Toxins
One mg of each protoxin inclusion was centrifuged at 10,000 rpm for 10 min.
and then resuspended in 1 ml of 50 mM NayCO;, pH 9.0, supplemented with trypsin

(N-Tosyl-L-Phenylalanine Chloromethyl Ketone treated, Sigma) at a trypsin : protoxin

311348 1 Aajdesidqg
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ratio of 1:20 (w/w). The suspension was incubated at 37°C for about 16 hours. To
obtain soluble digested products, the incubated toxins were subjected to centrifugation
at 10,000 rpm for 10 min. Both prior- and post-digested samples were mixed with
loading buffer and then applied to 12.5% SDS polyacrylamide gel to determine the

proteolytic susceptibility of the toxins.

4 Invivo Toxicity Assay

Mosquito bioassays were performed by using 2-day-old Adedes aegypti larvae,
obtained from the mosquito-rearing facility of the Institute of Molecular Biology and
Genetics, Mahidol university. Each recombinant E. coli sample was grown in LB broth
with 100 pg/ml ampicillin. Protein expression was induced as described in Method
2.1. Cell pellet was harvested by centrifugation at 3,000 rcf for 15 min, resuspended in
1/10 of original volume distilled water and diluted to 5.0 AUgq (5x10° cells/ml). Each
assay was performed in a 48-well titration plate (11.3 mm well diameter, Costar, MA,
USA), containing 10 larvae in 800 ul of distilled water. Then, 200 i of induced E,
coli sample (10° cells) was added into each well. A total 100 larvae were used for each
sample in one experiment. Two independent experiments were performed. The

mortality was recorded and analyzed after 24-hour incubation at room temperature.
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- CHAPTER V

RESULTS

1. Construction of Cry4B Mutant Plasmids

Site-directed mutagenesis was performed in order to make single proline
substitutions in the middle regions of selected helices of the 130 kDa Cry4B toxin,
including Ala-182 and Leu-186 of helix 5, Tyr-220 and Ile-221 of helix 6 and Thr-254
and Val-257 of helix 7 (See Fig. 7). Five selected amino acid residues i.e. Ala-182,
Leu-186, Tyr-220, Thr-254 and Val-257 ére highly conserved in the delta-endotoxin
family whereas Ile-221 and not. (See Fig. 2)

Each mutant plasmid was generated via PCR amplification using the recombinant
plasmid pMU388 containing the gene sequence encoding the 130-kDa Cry4B toxin as a
template. Each pair of mutagenesis primers was designed to introduce the a mutated
nucleotide and a new restriction enzyme recognition sequence to identify PCR products
by using an appropriate restriction enzyme.

The PCR conditions were optimized for the conditions to yield only one major
product for each reaction (Fig. 8-12). The Pfu DNA polymerase containing
proofreading activity was chosen to achieve high fidelity of the reaction. However, a
high amount of PCR template and more PCR cycles (up to 25) were needed in order to

increase the yield of product in certain PCR reactions. By employing high
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Val-257

)

Th-254

Tye-220
lle-221

Ala-182

Figure 7 : Selected Residues for Proline Replacement in Cry4B

The figure shows the positions of six amino acid residues which are replaced

with proline in three selected helices of the seven-helix bundle domain of the Cry4B
toxin.
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Figure 8 : Amplification of the mutant plasmid pL186P

The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)
of PCR product, using L186PF and L186PR as primers, pMU388 (100 ng) as PCR
template and 45°C as annealing temperature.

Lane 1 : HindIlI digested lambda DNA marker
Lane 2 : The PCR product of the tentative mutant plasmid pL.186P
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Figure 9 : Amplification of the mutant plasmid pY220P
The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of PCR product, using Y220PF and Y220PR as primers, pMU388 (100 ng) as PCR
template and 40°C as annealing temperature

Lane 1 : HindIll digested lambda DNA marker
Lane 2 : The PCR product of the tentative mutant plasmid pY220P
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kb

23.1-
94 -
6.5 -
43 -

Figure 10 : Amplification of the mutant plasmid pT254P, using different amount
of PCR template.
The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)
of PCR product, using T254PF and T254PR as primers, pMU388 as PCR
template.and 45°C as annealing temperature

Lane 1 : HindIll digested lambda DNA marker
Lane 2 : The PCR product of the tentative mutant plasmid pT254P, using 100 ng of
pMU388 as PCR template

Lane 3 : The PCR product of the tentative mutant plasmid pT254P, using 300 ng of
pMU?388 as PCR template
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Figure 11 : Amplification of the mutant plasmid pA182P, using different
annealing temperature
The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)
of PCR product, using A182PF and A182PR as primers and PCR (300 ng) template.

Lane 1 : HindIll digested lambda DNA marker

Lane 2 : The PCR product of the tentative mutant plasmid pA182P, using 45 °C as
annealing temperature.

Lane 3 : The PCR product of the tentative mutant plasmid pA182P, using 48 °C as
annealing temperature.

Lane 4 : The PCR product of the tentative mutant plasmid pA182P, using 50 °C as
annealing temperature.
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Figure 12 : Amplification of the mutant plasmid pI221P and pV257P

The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)
of two different PCR products, pI221P and pV257P which were obtained by using
300 ng of pMU388 as PCR template and 48°C as annealing temperature

Lane 1 : HindIII digested lambda DNA marker
Lane 2 : The PCR product of the tentative mutant plasmid pI221P
Lane 3 : The PCR product of the tentative mutant plasmid pV257P
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amount of PCR template as described in Fig. 10, the large amount of the pT254P PCR
product was achieved, but there were a number of nonspecific products.

As annealing temperature could also be another factor that would affect the
specificity of PCR product, the highest annealing temperature that could generate the
optimal PCR product was chosen. As can be seen in Fig. 11 (lane 4) at annealing
temperature of 50°C, the PCR product obtained for the pA182P mutant plasmid was
specific and the yield was considerably high.

After digesting the methylated and hemimethylated plasmid DNA with Dpnl
(target sequence 5 -GpgATC-3"), the digested PCR products were transformed into E.
coli IM109. About 50 transformants were obtained for each mutant. Ten transformants
of each mutant were picked for restriction analysis. The plasmid from each colony was
extracted and cut with an appropriate restriction enzyme and the predicted restriction
patterns for each mutant were shown in Table 1. And the examples of them were
shown in Fig. 13-18. It was found that at least two to three mutant plasmid clones were
obtained for each mutation.

The plasmid of of Ala-182 mutants can be distinguished from the wild type
plasmid, pMU388, by inspecting the Sau961 digested products for ca 2.4-kb band of
the wild type plasmid (Fig. 13, lane 2) and the ca 2.0-kb band of the mutant plasmid
(Fig 13, lane 3). The plasmid of Leu-186 mutants could be distinguished from the wild
type by inspecting the Hpall digested products for ca 1.6-kb band of the wild type
plasmid (Fig. 14, lane 1) and the ca 0.9- and 0.7-kb bands of the mutant plasmid (Fig.
14, lane 2). Also, the plasmids of Tyr-220 or Ile-221 mutants were be able to be

distinguished from the wild type plasmid by inspecting the Hhal digested products for
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Table 1 : Predicted patterns for restriction analysis of mutant plasmids
Table shows the restriction enzymes and DNA fragments which could be used

in restriction analysis of mutant plasmids.

Plasmid Restriction Wild-type plasmid | Mutant plasmid
Enzyme fragment (kb) fragment (kb)

pA182P Sau96l 2.4 20+0.4
pL186P Hpall 1.6 0.9+0.7
pY220P Hhal 2.8 24+0.4
pl221P Hhal 2.8 2.4+ .04
pT254P Hinfl 0.6 ND
pV257P Xbal ND 0.9
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1

Figure 13 : Restriction endonuclease analysis of pA182P mutant plasmid
The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of Sau96l1 digestion patterns of mutant plasmid in comparison with that of wild type
plasmid.

Lane 1 : HindIlI digested lambda DNA marker
Lane 2 : pMU388 digested with Sau961
Lane 3 : pA182P digested with Sau96]
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Figure 14 : Restriction endonuclease analysis of pL186P mutant plasmid
The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of Hpall digestion patterns of mutant plasmid in comparison with that of wild type
plasmid.

Lane 1 : pMU388 digested with Hpall
Lane 2 : pL186P digested with Hpall
Lane 3 : HindIII digested lambda DNA marker
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Figure 15 : Restriction endonuclease analysis of pY220P mutant plasmid

The figure shows 1.0% agarose gel electrophoresis (ethidium bromide stained)
of Hhal digestion patterns of mutant plasmid in comparison with that of wild type
plasmid.

Lane 1 : pMU388 digested with Hhal
Lane 2 : pY220P digested with Hhal
Lane 3 : Mspl digested pBR322 DNA marker
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Figure 16 : Restriction endonuclease analysis of pI221P mutant plasmid
The figure shows 1.2% agarose gel electrophoresis (ethidium bromide stained)

of Hhal digestion patterns of mutant plasmid in comparison with that of wild type
plasmid.

Lane 1 : HindIlII digested lambda DNA marker
Lane 2 : pMU388 digested with Hhall
Lane 3 : pI221P digested with Hhall
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kb

2.0-

Figure 17 : Restriction endonuclease analysis of pT254P mutant plasmid

The figure shows 1.0% agarose gel electrophoresis (ethidium bromide stained)
of Hinfl digestion patterns of mutant plasmid in comparison with that of wild type
plasmid.

Lane 1 : HindIlI digested lambda DNA marker
Lane 2 : pMU388 digested with Hinfl
Lane 3 : pT254P digested with Hinfl
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Figure 18 : Restriction endonuclease analysis of pV257P mutant plasmid
The figure shows 0.8% agarose gel electrophoresis (ethidium bromide stained)

of Xbal digestion patterns of mutant plasmid in comparison with that of wild type
plasmid.

Lane 1 : HindIII digested lambda DNA marker
Lane 2 : pMU388 digested with Xball
Lane 3 : pV257P digested with Xball
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ca 2.8-kb band of the wild type plasmid (Fig 15, lane 1; Fig 16, lane 2) and the ca 2.4-

‘and 0.4-kb bands of both mutant plasmids (Fig. 15, lane 2; Fig. 16, lane 3). Similarly,
the plasmid of Thr-254 mutants could be distinguished from the wild type by
inspecting the Hinfl digested products for ca 0.6 kb-band of the wild type plasmid
(Fig. 17, lane 2) and for disappearing of the 0.6-kb band of the mutant plasmid (Fig
17, lane 3). By the similar way, the plasmid of Val-257 mutants was distinguished
from the wild type pMU388 by inspecting the Xbal digested products for ca 0.9-kb
band of the mutant plasmids (Fig. 18, lane 3).

After the mutant plasmid were expressed in E. coli cells and analyzed on SDS-
PAGE, only mutant plasmids that yielded 130-kDa protoxin in the comparable levels
to wild type, were analyzed by DNA sequencing. As shown in Appendix 3, the
verified sequences do not accommodate any undesired mutation located in the

sequenced regions.
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2. Expression of the Mutant Toxins

All restriction analyzed mutants were cultured in LB broth and induced with
IPTG as described in CHAPTER IV. The crude extracts, the supernatant and the
sedimented protein fractions were analyzed on SDS-PAGE. It was found that some
mutant clones expressed the 130-kDa protein at very low levels. Clones displaying
highest level of expression were picked for further analysis.

Similar to the wild-type Cry4B toxin, the chosen mutant toxins were over-
expressed as cytoplasmic inclusions by IPTG induction for 4 hours. It was found that
expression levels of some induced mutants were lower than that of the wild type. The
problem could be overcome by extending the induction duration from 4 hours to 6
hours. As can be seen in Fig. 19, the protein expression levels of the A182P, L186P,

Y220P, I221P, T254P and V257P mutants are apparently the same as for the wild type.

3. Partial Purification of Mutant Toxin Inclusions

All mutant toxin cytoplasmic inclusions were partially purified as described in
CHAPTER 1IV. Protein concentrations of partially purified inclusions were
determined by using Bio-Rad Protein microassay reagent and bovine serum albumin
fraction V as a standard. IPTG induced E. coli cells containing pMU388, pA182P,
pL186P, pY220P, pI221P, pT254P and pV257P yielded the purified inclusions at 19,

18,17, 16,21, 17 and 19 pg/ml of 1 AUg cell suspensions, respectively.
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200 -
116 -

Figure 19 : Expression level of the Cry4B toxin and its mutants
The figure shows SDS-PAGE (Coomassie blue stained 10% gel) of the crude

extracts of 6-hour IPTG induced recombinant E. coli cells containing different
plasmids.

Lane 1 : molecular mass protein standards

Lane 2 : crude extracted protein of E. coli containing pUC12
Lane 3 : crude extracted protein of E. coli containing pMU388
Lane 4 : crude extracted protein of E. coli containing pA182P
Lane 5 : crude extracted protein of E. coli containing pL.186P
Lane 6 : crude extracted protein of E. coli containing pY220P
Lane 7 : crude extracted protein of E. coli containing pI221P
Lane 8 : crude extracted protein of E. coli containing pT254P
Lane 9 : crude extracted protein of E. coli containing pV257P
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4. Biochemical Characterization of Mutant Toxins
4.1 Solubility of Mutant Toxins

The partially purified inclusions of each mutant toxin were subjected to 1 hour
solubilization in carbonate buffer pH 9.0, in comparison with the wild type inclusions
which exhibit more than 50% solubility. When the mutant toxin inclusions were
accessed for their solubility, it was found that all six mutant inclusions could hardly
dissolve in this buffer (Fig. 20-21 and Table 2). Although an incubation time was

extended to 24 hours it still yielded aggregated insoluble products.

Table 2 : Solubility of Cry4B and its mutant toxins

The table shows solubility of the Cry4B and its mutant inclusions. The toxins
were incubated for' 1 hr with carbonate buffer (pH 9.0) and centrifuged at 10,000 for
10 min. 5 pl of Prior- and post-centrifugation toxin samples were subjected to protein
quantitative assay as described in METHOD 2.4

Toxin % Solubility

Cry4B (wild type) 61
A182P 12
L186P 0.42
Y200P 0.24
1221P 0.25
T254P 0.02
V257P 0.32
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kDa

200 -
97 -

Figure 20 : Solubility of the Cry4B toxin inclusion and its mutant inclusions

The figure shows SDS-PAGE (Coomassie blue stained 12.5% gel) of the Cry4B
and its mutant inclusions. The toxins were incubated for 1 hr with carbonate buffer
(pH 9.0) and centrifuged at 10,000 for 10 min. 3 pl of Prior- and post-centrifugation
toxin samples were mixed with loading buffer and then applied to the gel.

Lane 1 : molecular mass protein standards

Lane 2 : the partially purified wild-type Cry4B inclusion
Lane 3 : the solubilized wild-type Cry4B toxin

Lane 4 : the partially purified A182P mutant protein inclusion
Lane 5 : the solubilized A182P mutant protein

Lane 6 : the partially purified L186P mutant protein inclusion
Lane 7 : the solubilized L186P mutant protein

Lane 8 : the partially purified Y220P mutant protein inclusion
Lane 9 : the solubilized Y220P mutant protein
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Figure 21 : Solubility of the mutant Cry4B toxin inclusions

The figure shows SDS-PAGE (Coomassie blue stained 12.5% gel) of the Cry4B
mutant inclusions. The toxins were incubated for 1 hr with carbonate buffer (pH 9.0)
and centrifuged at 10,000 for 10 min. 3 pl of Prior- and post-centrifugation toxin
samples were mixed with loading buffer and then applied to the gel.

Lane 1 : molecular mass protein standards

Lane 2 : the partially purified 1221P mutant protein inclusion
Lane 3 : the solubilized 1221P mutant protein

Lane 4 : the partially purified T254P mutant protein inclusion
Lane 5 : the solubilized T254P mutant protein

Lane 6 : the partially purified V257 mutant protein inclusion
Lane 7 : the solubilized V257P mutant protein
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4.2 Proteolytic Cleavage of Mutant Toxins

An attempt was made to solubilise the mutant inclusions in the presence of
trypsin. Similar to the wild-type Cry4B toxin, upon treatment with trypsin, the mutant
toxins would give trypsin resistant degradation products of ca. 47 and 18 kDa. Purified
inclusions were subjected to solubilization in the carbonate buffer pH 9.0
supplemented with 1:20 (w/w) trypsin:toxin. After 16-hr incubation at 37°C, the
proteolytic products were analyzed on SDS-polyacrylamide gel as shown in (Fig. 22-
24). None of the mutant inclusions produced the soluble trypsin resistant products (ca.
47 and 18 kDa). The mutant protoxin inclusions were apparently digested to small

soluble fragments, suggesting that the mutant protoxins may fold incorrectly leading to

proteolytic degradation.



Fac. of Grad. Studies, Mahidol Univ. - M.Sc. (Mol. Genet. Genet. Eng.) / 57

kDa

200 -
97 -

45 -

Figure 22 : Trypsinized products of Cry4B toxin and its mutants

The figure shows SDS-PAGE (Coomassie blue stained 12.5% gel) of the
trypsinized products of Cry4B and its mutant inclusions. The toxins were incubated
for 1 hr with carbonate buffer (pH 9.0) supplemented with trypsin and centrifuged at
10,000 for 10 min. 3 pl of Prior- and post-centrifugation toxin samples were mixed
with loading buffer and then applied to the gel.

Lane 1 : molecular mass protein standards

Lane 2 : the partially purified wild-type Cry4B inclusion

Lane 3 : the total trypsinized product of Cry4B

Lane 4 : the soluble part of trypsinized products of the wild-type Cry4B toxin
Lane 5 : the partially purified A182P mutant inclusion

Lane 6 : the total trypsinized product of A182P mutant

Lane 7 : the soluble part of trypsinized product of A182P mutant

Lane 8 : the partially purified L186P mutant inclusion

Lane 9 : the total trypsinized product of L186P mutant

Lane 10 : the soluble part of trypsinized product of L186P mutant
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Figure 23 : Trypsinized products of mutant Cry4B toxins

The figure shows SDS-PAGE (Coomassie blue stained 12.5% gel) of the
trypsinized products of Cry4B mutant inclusions. The toxins were incubated for 1 hr
with carbonate buffer (pH 9.0) supplemented with trypsin and centrifuged at 10,000
for 10 min. 3 pl of Prior- and post-centrifugation toxin samples were mixed with
loading buffer and then applied to the gel.

Lane 1 : molecular mass protein standards

Lane 2 : the partially purified Y220P mutant inclusion

Lane 3 : the total trypsinized product of Y220P mutant

Lane 4 : the soluble part of trypsinized product of Y220P mutant
Lane 5 : the partially purified 1221P mutant inclusion

Lane 6 : the total trypsinized product of 1221P mutant

Lane 7 : the soluble part of trypsinized product of I221P mutant



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Mol. Genet. Genet. Eng.) / 59

200 -
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Figure 24 : Trypsinized products of mutant Cry4B toxins

The figure shows SDS-PAGE (Coomassic blue stained 12.5% gel) of the
trypsinized products of Cry4B mutant inclusions. The toxins were incubated for 1 hr
with carbonate buffer (pH 9.0) supplemented with trypsin and centrifuged at 10,000
for 10 min. 3 pl of Prior- and post-centrifugation toxin samples were mixed with
loading buffer and then applied to the gel.

Lane 1 : molecular mass protein standards

Lane 2 : the partially purified T254P mutant inclusion

Lane 3 : the total trypsinized product of T254P mutant

Lane 4 : the soluble part of trypsinized product of T254P mutant
Lane 5 : the partially purified V257P mutant inclusion

Lane 6 : the total trypsinized product of V257P mutant

Lane 7 : the soluble part of trypsinized product of V257P mutant
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5. Functional Characterization of Mutant

Bioassay experiments were performed by using Aedes aegypti larvae in order to
assess larvicidal activity of these mutant toxin samples. E. coli cells containing either
pUCI12 vector, pMU388, pA182P, pL186P, pY220P, pI221P, pT254P or pV257P
plasmids were induced with IPTG as the conditions described in METHOD 2.1 and
were used in the assays as described in METHOD 4. For two independent
experiments using 100 larvae for each toxin sample, it was found that the mortality
given by the wild-type toxin containing E. coli cells was 75.5%+10.5. However, the E.
coli cells expressing either A182P, L186P, Y220P, 1221P, T254P or V257P mutant
toxin were not toxic to the larvae, as similar to negative control cells containing vector
alone (see Table 3). The lost of toxicity might be due to low solubility of the mutant
toxins as demonstrated in RESULT 4.1 or distortion of the helices involved in
toxicity.
Table 3 : Larvicidal activity of the E. coli clones containing mutant plasmids

The table shows larvicidal activities of Cry4B and its mutant toxins. The
larvicidal activities were detected from the amount of living larvae after 24 hrs

incubation with toxin expression E. coli cells. The data represent the meantSEM,
which are based on two separated assays.

E. coli containing plasmids %Larvicidal Activity:SEM®
pUC12 3.0+£3.7
Cry4B 75.5£10.5
A182P 2.0+4.1
L186P 2.0+£2.6
Y220P 3.0+2.8
[221P 0.5+1.1
T254P 0.5+1.1
V257P 3.5+4.0

“SEM= SD; [N = Sample size (2)]
VN



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Mol. Genet. Genet. Eng.) / 61

CHAPTER VI

DISCUSSION

Our understanding of how the Bf insecticidal proteins function at the molecular
level has increased substantially over the last decade, but several key questions still
remain about their mechanism of action. Recently, structural data of two different Cry -
toxins, the coleopteran-specific Cry3 A toxin (10) and the lepidopteran-specific CrylA
toxin (9) have been obtained by X-ray crystallography. They have shown that both
toxins possess a similar organization of three-domain tertiary structure. The amino
acid sequences encoded in domain I are highly conserved in the Cry toxin family.This
bundle consisting of long, amphipathic helices is identified as a pore forming
apparatus. Since only o3, a4, o5, a6 and a7 are long enough to be trans-membrane
helices and this helical bundle is proposed as a pore-forming domain (9, 10) it would
be expected a reduction of toxicity for the mutants that have a proline substitution on
the trans-membrane responsive helix. This proposal was supported by the introduction
a proline into o4 at the amino acid position 149 that almost completely eliminated the
toxicity of Cry4B against Aedes aegypti mosquito-larvae (60).

Several studies were performed on a5 (12, 45, 46, 47, 62, 63, 64, 65) but only a
few on a3 (59, 60), a4 (60), a6 or a7 (12, 63, 65). In this study, six proline
substituted mutant proteins were designed based on a homology-based 3D model of
the Cry4B toxin which was previously constructed by using Cry3 A as a template (60).

The designed Cry4B mutants have a single proline substitution in the central region of
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selected helices including helix 5 at residues alanine-182 and leucine-186, helix 6 at
residues tyrosine-220 and isoleucine-221 and helix 7 at residues threonine-254 and
valine-257 in the domain I.

For solubility analysis, prior- and post-solubilized toxins were visualized on
SDS-polyacrylamide gels. Unlike the wild-type Cry4B toxin which gave more than
50% solubility in alkaline environment (carbonate buffer pH 9.0), the A182P, L186P,
Y220P, 1221P, T254P and V257P mutant protoxin inclusions gave no soluble product
that is detectable on Coomassie blue stained polyacrylamide gels. These indicate that
the expressed mutant proteins may have an incorrect overall structure. Since all six
mutated residues are amino acids that buried inside the molecule, proline substitution
may disturb the local helix structure and then would affect overall structure of the
toxin.

When the solubilized wild type Cry4B toxin was treated with trypsin in vitro, the
proteolytic products contained two major polypeptides of ca. 47- and 18- kDa (60, 70,
71). In this study, the expressed Cry4B inclusion treated with trypsin while being
solubilised in carbonate buffer also yielded two of major products, of ca. 47 kDa and
18 kDa on SDS-polyacrylamide gel but the trypsin digested products of the mutant
Cry4B inclusions yielded no trypsin resistant product on the gel. This difference could
be that the mutant protoxins formed in the inclusions might not adopt the same
conformation as that in the native Cry4B inclusion. The mutant conformation might
allow other trypsin cleavage sites located in the molecule being more exposed to
protease attack.

Results from bioassays (Table 1) were consistent with biochemical properties.

The fact that all the mutant proteins were not toxic to mosquito larvae did not exhibit
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the same solubility as the wild type and gave no stable tryptic digestion products.
Therefore the effect on larvicidal activity seen for these mutants are likely to be due to
misfolding which leads to structural instability.

Bosch et al. (72) have demonstrated the relation of biological activity and
biochemical properties of the engineered Cry toxin. In contrast to the wild-type,
expression of the mutant alleles in E. coli resulted in the formation of biologically
inactive, insoluble aggregates. Although these aggregates could be solubilized in vitro
using urea, the solubilized proteins could not be correctly refolded being shown by
their increasing protease sensitivity and lack of biological activity. Another site-
directed mutagenesis experiment on CrylAb also suggested that the proteolytic
processing could be used in examining for structural differences between native and
mutant proteins (73).

There is no evidence showing that the seven-helix bundle domain is involved in
the protoxin folding. However Ort et al. (74) have performed an experiment on
denaturation of Cry3A and suggested that the domain I part would play a less
important role in the protein folding. |

The results of this study imply that the proline replacements in the three non-
solvent exposed helices could have a direct effect on protein solubility, protease
susceptibility and toxicity of Cry4B toxin (see Table 4). Proline substitution in the
middle region of an alpha helix might not be the most appropriate approach for trans-
membrane helix scanning in oS5, o6 and a7 of Cry4B toxin. The incomparable
biochemical properties of the mutant toxin are obstacles in trans-membrane
investigation. It also is implied that the structure of such helices may play an important

role in native folding of the toxin.

L1 2365029

311348
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Table 4 : Biochemical and biological properties of Cry4B toxin and its mutants.
The inclusions of expressed protoxins were solubilized in carbonate buffer pH
9.0, exposed to proteolytic processing and subjected to larvicidal activity assay.

Protein Solubility Proteolytic %Larvicidal
digestion Activity+SEM®

Cry4B 2l + 75.5+10.5
A182P - - 2.0+4.1
L186P - - 2.0+£2.6
Y220P - - 3.0+2.8
[221P - - 0.5+1.1
T254P - - 0.5+1.1
V257P - - 3.5+4.0

* - The + symbol represents positive result for the experiments which showed (1) over 50% of
soluble product within 1 hr (2) ca 47- and 18-kDa soluble products on SDS-acrylamide gel.
"SEM= SD; [N = Sample size (2)]

N

Three explanations could be made. Firstly, the kink part of thé selected helix
would interfere with helix bundle formation in domain I, and thus deform the whole
molecule. Second, unfavorably exposed regions produced by a new intrahelical
hydrogen network, C--H...O, might dissatisfy the hydrophobic surrounding of selected
residues. Third, it is likely to form a water-filled pocket caused by a kink in the helix
located at the domain interface that would be expected to impair proper organization
among domain I, II and III. The structurally important salt bridges are conserved
across Cry sequences and their possible role in toxin action was postulated 9).
Disruption of the interdomain alpha-helices i.e. a6 and a7 by at least two unsatisfied
hydrogen bonds and a newly formed water-filled protruding into the hydrophobic core,
could possibly reduce the stabilizing contribution of a partially buried interdomain salt
bridge. It was also found that mutations in the salt bridge formed by Asp-242 and Arg-
265 1.e. D242N, D242C, R265C, and D242C/R265C of CrylAb resulted in

structurally unstable mutant proteins as being shown by their increased protease
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sensitivity and lack of biological activity (72). These indicating that the proline
replacements of some amino acids in a5, a6 and o7 mutant toxin would disturb

overall structure of the toxins and yield structural unstable delta-endotoxin inclusions.
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1.

CHAPTER VII

CONCLUSION

Six Cry4B mutant toxin coding plasmids which have proline substitution in the
middle region of o5 that are pA182P and pL186P, a6 that are pY220P and pI221P,
o7 that are pT254P and pV257P‘ were constructed via site-directed mutagenesis
based in PCR technique and using pMU388 as the PCR template. The sequences of
mutant plasmids were confirmed by automated DNA sequencing and found that

there is no other undesired mutation in the sequenced regions.

The PCR products were transformed into E. coli strain JM109. The mutant
plasmid clones were analyzed by using restriction enzymes. The mutant plasmids
were expressed in the E.coli strain JM 109 as cytoplasmic inclusions at wild-type

levels.

The expressed protoxin were purified in the form of insoluble inclusion. The
solubility of all protoxin inclusions were examined by incubation for 1 hr at 37°C in
carbonate buffer, pH 9.0. The wild type inclusion yielded the 130-kDa soluble

product while the mutant protoxin inclusions were found to be insoluble.

When the protoxin inclusions were incubated in carbonate buffer supplemented

with trypsin for 12 hrs, the wild type Cry4B protoxin was clearly processed to ca.
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47- and 18-kDa soluble products while the mutant protoxins were digested to small

soluble fragments which were not detected on SDS-PAGE.

5. The E. coli containing mutant plasmids, pA182P, pL186P, pY220P, pI221P,
pT254P or pV257P was less toxic to Aedes aegypti larvae. Changes in toxicity of
these six mutant clones were in agreement with changes in the solubility and

proteolytic endurance of the mutant protoxin inclusions.
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APPENDIX

Appendix 1 : Complete nucleotide sequence of cry4B gene

The nucleotide sequence shown is the sequence of cry4B gene in pMU388. The
uppercase letters represent the deduced amino acid sequence. The predicted alpha
helices in domain I are marked as box.

atg aat tca ggc tat ccg tta gcg aat gac tta caa ggg tca atg 45
M N S G Y P L A N D L Q G S M

aaa aac acg aac tat aaa gat tgg cta gcc atg tgt gaa aat aac 90
K N T N Y K D w L A M c E N N

caa cag tat ggc gtt aat cca gct gcg att aat|tct tct tca gtt|135
Q Q Y G A% N B A A I N S S S \%
Helix 1

agt acc gct tta aaa gta gct gga gct atc ctt aaa ttt|gta aac 180
S T A L K \Y% A G A I L K ¥ v N

' » Helix 2a

cca cctlgca ggt act gtc tta acc gta ctt agc gcg gtg ctt cct|225
P P{A G T V L T V L S5 A V L P

att|ctt tgg ccg act aat act cca acg cct gaa|aga gtt tgg aat| 270

I L w P T N T B g P E R A% w N

Helix 2b

jgat ttc atg acc aat aca ggg aat ctt att| gat caa act gta aca 315
|D F M ,.®» N T E(8 0L I|lDle-T V .T

Helix 3
gct tat gta cga aca gat gca aat gca aaa atg acg gtt gtg aaa| 360
A Y \% R T D A N A K M T \% A% K

gat tat tta gat caa tat aca act aaa ttt aac act tgg aaa aga| 405
D Y L D Q Y s T K F N T W

gag cct aat aac\cag tcc tat aga aca gca gta ata act caa ttt| 450
E P N N|Q S Y R T A VvV I T Q F
Helix 4

|aac tta acc agt gcc aaa ctt cga gag acc gca gtt tat ttt agc| 495
N L T S A K L R E T A vV Y F S

aac tta gta ggt tat gaa tta ttgltta tta cca ata tac gca caal 540
N L v G Y E L L L L P I Y A Q
Helix 5
;gta gca aat ttc aat tta ctt tta ata aga gat ggc ctc ata aat|585
‘ \% A N F N L L L I R D G L I N

gca caa gaa tgg tct tta gca cgt agt|gct ggt gac caa cta tat]| 630
A Q E w S L A R S A G D Q L p 4
Helix 6
'aac act atg gtg cag tac act aaa gaa tat att gca cat agc att| 675

/N T M VvV 9 Y T K E Y I A H S I

jaca tgg tat aat aaa ggt tta gat gta cttiaga aat aaa tct|aat|720
T wW Y N K G L D V LIR N K S|N
Helix 7
lgga caa tgg att acg ttt aat gat tat aaa aga gag atg act atti765
G @ W I T F N D Y K R E M T 1|




[ssara Sramala

‘caa

Q

gta

tta

gat

ata

cte

gct

ctt

ttt

gcc

agt

cga

gaa

agt

cat

ata

tca

agt

tct

aat

gcc

acec

cca

gat

cat

aca

aaa

ctt

aaa

ata

gta

acg

tac

Tttt

aaa

tta

tat

tat

tct

aat

cga

tex

aca

act

gtt

aag

caa

gta

aca

aca

cgt

tta

tte

cct

aca

tet

tte

caa

aca

ggt

gtt

gtt

tat

tEE

gta

ata

att

gtt

atc

agc

agt

tat

caa

tca
S

gcg

aga

ata

act

gat

aat

Tttt

tat

aca

aat

et

aat

gat

gtt

ccg

aag

aat

att

gct

gga

aga

gac
gag
gca
tgg
W
it
tct
ggt
aaa
aaa
tca
gga
gat
tat
gac
gcc
gga
ggt
ttt
gca
gtt

cet
P

aaa

att

gca

cta

aga

tct

Eed

act

atg

aat

Bk

tat

aac

cet

gta

cect

act

aat

aat

tet

aat

ata

tat

ctg

aag

ttt

gca

aat

EEE

gat

ata

Eca)

acg

agt

aat

aaa

ggt

cta

gat

agt

aga

aat
N

gat

aca

gag

aga

tta

atg

(Ghes

atc

tte

aca

aca

cat

aac

aat

tct

cat

tca

cot

CcCa

gga

ata

aat

gct

gca

gta

tct

caa

act

aca

tac

cca

aat

att

agg

caa

aac

aca

ggc

aca

att

aca

ata
T

acg
tta
gca
gat
gcc
gaa
cat
gat
aaa
act
gag
tta
gtt
ata
tLte
999
G
aga
aga
gta
acg

cect
P

aaa

gta

ctt

Etc

aat

agt

Caa

act

ati

cect

aac

agc

tca

tac

ttg

999

atg

agt

ttg

att

aca
T

tat

cta

gaa

aca

tgg

aaa

gga

att

agc

gat

gaa

aca

tat

ttE

aca

aat

gat

gag

tac

aat

agt

gat

gat

tca

tet

cga

acc

att

att

caa

tee

ggt

ggt

(ecqum

ata

gct

gat

gca

cta

att

gga

gta

aca

tta

CCa

aaa

cet

gat

aat

999

tat

et

CcccC

act

Eta

aat

aaa

tag

gct

aca

gtt

caa

tta

tea

gaa

aaa

cgt

aca

tek

gtt

act

TEE

gga

aat

tct

crle

agg

Caa

act

aca

atc

gct

gct

tgt

cgc

tat

tct

tat

810

855

900

945

990

1035

1080

K25

1170

1215

1260

1305

1350

1395

1440

1485

1530

1575

1620

1665

1710

1755

Appendix / 80



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Mol. Genet. Genet. Eng.) / 81

gaa gag ttt aga tac aaa gat cct ttt gat gca att gta ccg atg 1800
aga tta tct tct aat caa ctg ata act ata gct att caa cca tta 1845
aac atg act tca aat aat caa gtg att att gac aga atc gaa att 1890
att cca atc act caa tct gta tta gat gag aca gag aac caa aat 1935
tta gaa tca gaa cga gaa gtt gtg aat gca ctg ttt aca aat gac 1980
gcg aaa gat gca tta aac att gga acg aca gat tat gac ata gat 2025
caa gcc gca aat ctt gtg gaa tgt att tct gaa gaa tta tat cca 2070
aaa gaa aéa atg ctg tta tta gat gaa gtt aaa aat gcg aaa caa 2115
ctt agt caa tct cga aat gta ctt caa aac ggg gat ttt gaa tcg 2160
G
gct acg ctt ggt tgg aca aca agt gat aat atc aca att caa gaa 2205
gat gat cct att ttt aaa ggg cat tac ctt cat atg tct ggg gcg 2250
aga gac att gat ggt acg ata ttt ccg acc tat ata ttc caa aaa 2295
att gat gaa tca aaa tta aaa ccg tat aca cgt tac cta gta agg 2340
gga ttt gta gga agt agt aaa gat gta gaa cta gtg gtt tca cgc 2385
tat ggg gaa gaa att gat gcc atc atg aat gtt cca gct gat tta 2430
aac tat ctg tat cct tct acc ttt gat tgt gaa ggg tct aat cgt 2475
tgt gag acg tcc gct gtg ccg gct aac att ggg aac act tct gat 2520
G
atg ttg tat tca tgc caa tat gat aca ggg aaa aag cat gtc gta 2565
tgt cag gat tcc cat caa ttt agt ttc act att gat aca ggg gca 2610
G
tta gat aca aat gaa aat ata ggg gtt tgg gtc atg ttt aaa ata 2655
G
tct tct cca gat gga tac gca tca tta gat aat tta gaa gta att 2700

gaa gaa ggg cca ata gat ggg gaa gca ctg tca cgc gtg aaa cac 2745
E E G P I D G E A L S R v K H
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atg gag aag aaa tgg aac gat caa atg gaa gca aaa cgt tcg gaa 2790
aca caa caa gca tat gat gta gcg aaa caa gcc att gat gct tta 2835
ttc aca aat gta caa gat gag gct tta cag ttt gat acg aca ctc 2880
gct caa att cag tac gct gag tat ttg gta caa tcg att cca tat 2925
gtg tac aat gat tgg ttg tca gat gtt cca ggt atg aat tat gat 2970
atc tat gta gag ttg gat gca cga gtg gca caa gcg cgt tat ttg 3015
tat gat aca aga aat att att aaa aat ggt gat ttt aca caa ggg 3060
gta atg ggg tgg cat gta act gga aat gca gac gta caa caa ata 3105
G
gat ggt gtt tct gta ttg gtt cta tct aat tgg agt gct ggc gta 3150
tct caa aat gtc cat ctc caa cat aat cat ggg tat gtc tta cgt 3195
gtt att gcc aaa aaa gaa gga cct gga aat ggg tat gtc acg ctt 3240
G
atg gat tgt gag gag aat caa gaa aaa ttg acg ttt acg tct tgt 3285
gaa gaa gga tat att acg aag aca gta gat gta ttc cca gat aca 3330
gat cgt gta cga att gag ata ggc gaa acc gaa ggt tcg ttt tat 3375

D R \ R I E I G E T E G S F ¥

atc gaa agc att gaa tta att tgc atg aac gag 3408
I E S I E L I C M N E
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Appendix 2 : Physical maps of pMU388
The pMU388 is a plasmid carries full-length of cry4B gene.

. Xbal
: 3EcoRI

LacZ

crylVB gene

" Xbal
bla

HindIII }
Xbal |
HindITI
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Appendix 3 : Sequences of the mutant plasmids
The CLUSTAL W(1.60) multiple sequence alignment of the sequences of the

wild type pMu388 and its mutant plasmids. The boldface letters represent the mutated
residues.

pMU388 GCAGTTTATTTTAGCAACTTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAA
Al82P GCAGTTTATTTTAGCAACTTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAG
L186P GCNGTTTATNTNANCAACTTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAA
¥220B 20000 2 eescocscsosassaissne TTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAA
I2212¢p  ===== TTATTT-AGCAACTTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAA
T254P GCAGTTTATTTTAGCAACTTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAA
V257P GCAGTTTATTTTAGCAACTTAGTAGGTTATGAATTATTGTTATTACCAATATACGCACAA
pMU388 GTAGCAAATTTCAATTTACTTTTAATAAGAGATGGCCTCATAAATGCACAAGAATGGTCT
Al82P GTCCCAAATTTCAATTTACTTTTAATAAGAGATGGCCTCATAAATGCACAAGAATGGTCT
L186P GTAGCAAATTTCAATCCACTTTTAATCCGGGATGGCCTCATAAATGCACAAGAATGGTCT
Y220P GTAGCAAATTTCAATTTACTTTTAATAAGAGATGGCCTCATAAATGCACAAGAATGGTCT
I1221P GTAGCAAATTTCAATTTACTTTTAATAAGAGATGGCCTCATAAATGCACAAGAATGGTCT
T254P GTAGCAAATTTCAATTTACTTTTAATAAGAGATGGCCTCATAAATGCACAAGAATGGTCT
V257P GTAGCAAATTTCAATTTACTTTTAATAAGAGATGGCCTCATAAATGCACAAGAATGGTCT
pMU388 TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAATAT
Al82P TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAATAT
L186P TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAATAT
Y220P TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAACCT
I221P TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAATAT
T254P TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAATAT
v257P TTAGCACGTAGTGCTGGTGACCAACTATATAACACTATGGTGCAGTACACTAAAGAATAT
pMU388 ATTGCACATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAAATCTAAT
Al82P ATTGCACATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAAATCTAAT
L186P ATTGCACATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAAATCTAAT
Y220P ATTGCGCATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAARATCTAAT
I221P CCTGCGCATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAAATCTAAT
T254P ATTGCACATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAAATCTAAT
vV257P ATTGCACATAGCATTACATGGTATAATAAAGGTTTAGATGTACTTAGAAATAAATCTAAT
pMU388 GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGACTATTCAAGTATTAGATATA
Al182P GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGACTATTCAAGTATTAGATATA
L186P GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGACTATTCAAGTATTAGATATA
Y220P GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGACTATTCAAGTATTAGATATA
I221P GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGACTATTCAAGTATTAGATATA
T254P GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGCCGATTCAAGTATTAGATATA
V257P GGACAATGGATTACGTTTAATGATTATAAAAGAGAGATGACTATTCAACCTCTAGATATA
pMU388 CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACAAAATAGATAATACG
Al82P CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACAAAATAGATAATACG
L186P CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACAARATAGATAATACG
Y220P CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACAAAATAGATAATACG
I221p CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACARRATAGATAATACG
T254P CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACAAAATAGATAATACG
v257P CTCGCTCTTTTTGCCAGTTATGATCCACGTCGATACCCTGCGGACAAAATAGATAATACG
pMU388 AAACTATCAAAAACAGAATTTACAAGAGAGATTTATACAGCTTTAGTAGAATCTCCTTCT
Al82P AAACTATCAAAAACAGAATTTACAAGAGAGATTTATACAGCTTTAGTAGAATCTCCTTCT
L186P AAACTATCAAAAACAGAATTTACAAGAGAGATTTATACAGCTTTAGTAGAATCTCCTTCT
Y220pP AAACTATCAAAAACAGAATTTACAAGAGAGATTTATACAGCTTTAGTAGAATCTCCTTCT
1221P AAACTATCAAAAACAGAATTTACAAGAGAGATTTATACAGCTTTAGTAGAATCTCCTTCT
T254P AAACTATCCAAAACAGAATTTACAAGAGAGATTTATACGGCTTTAGTAGAATCTCCTTCT

V257P AAACTATCCAAAACAGAATTTACAAGAGAGATTTATACGGCTTTAGTAGAATCTCCTTCT
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