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ABSTRACT

The proposed toxicity mechanism of the Bacillus thuringiensis Cry insecticidal
proteins involves the penetration of a-helices 4 and 5 to form a lytic pore in the target
epithelial cell membrane. In this study, alanine substitutions of selected polar
residues (Tyr'™, GIn'*’, Asn'®’, Asn'® and Asn'®) in the hydrophobic helix a5 of
the Cry4Ba mosquito-larvicidal protein were initially conducted via PCR-based
directed mutagenesis. Upon IPTG induction, all mutant proteins were highly
expressed in Escherichia coli as cytoplasmic inclusions, with yields similar to the
wild-type protoxin. When E. coli cells expressing each mutant toxin were tested
against Stegomyia aegypti mosquito larvae, the larvicidal activity was almost
completely abolished for the N183A mutation, whereas the four other mutant toxins
showed only a small reduction in toxicity. Additionally, replacements of this critical
residue with various amino acids revealed that the uncharged polar residue at
position 183 in a5 is crucial for larvicidal activity. The N183K bio-inactive mutant,
which was relatively stable upon inclusion solubilisation and trypsin activation, was
purified by size exclusion chromatography and further examined for secondary and
tertiary structural elements using far-UV CD and fluorescence spectroscopy in
comparison with the wild-type protein. It was found that both of the purified toxins
exhibited similar spectra. A membrane perturbation assay on calcein entrapped
liposomes revealed that the activity of N183K was significantly lower than that of
the wild type. In addition, SDS-PAGE analysis revealed that the N183K mutant was
unable to form oligomers in lipid vesicles, unlike the wild-type toxin or the a4 bio-
inactive mutant (R158A). These results suggest that the highly conserved Asn'®’
located in the middle of the transmembrane a5 plays a crucial role in toxicity as well
as in the oligomerisation of the Cry4Ba toxin.

KEY WORDS: Bacillus thuringiensis/ / DIRECTED- MUTAGENESIS/
LARVICIDAL ACTIVITY/ MEMBRANE PERTURBATION/
OLIGOMERISATION / POLARITY
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CHAPTER 1

INTRODUCTION

As a member of a-helical channel forming toxins, Bacillus thuringiensis Cry 6-
endotoxins are present in the form of inactive protoxins as crystalline inclusion bodies
(1). Upon ingestion by susceptible larvae, these insecticidal inclusions are solubilised
and subsequent proteolytic activation to transform the initially soluble protoxins into a
structure that is able to insert into the membrane. By analogy with proposals for the
pore-forming domain of colicins (2), the conformational change of the Cry toxins was
envisaged to expose a relatively non-polar helix hairpin from pore-forming domain to
initiate membrane penetration (3). Currently, the umbrella model best explains the Cry
mechanism of toxicity. It was proposed that a4 and a5 of the pore-forming domain
(see more details in Chapter II) 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 (4). Concrete with evidence of the 130-kDa Cry4Ba toxin that
substitutions with proline in the middle of five helices (i.e., a3, a4, a5, a6, a7)
revealed only a4 and a5 being important for toxicity and likely to be involved in
membrane pore formation (5, 6). A number of studies suggested that a4 which lines
the pore lumen is essential for toxicity and passage of ions through the channel (7, 8).
Compared to the co-inserting a5 which is relatively hydrophobic and having more
conserved amino acid sequence. It has been shown that a5 of CrylAb and CrylAc
seems to be very important for membrane insertion as well as oligomerisation (9, 10).
Although, it has been postulated that all Cry toxins should adopt a similar folding
pattern and they are likely to share the same pore-forming mechanism (11, 12), there is
limited information for the pore-forming process, especially the identity of an
oligomeric complex in the membrane.

In the study of helix-helix interactions contributing to protein oligomerisation,
the force within lipid membranes which is considered to be one of the major

contributors is an interhelical polar interaction (13). A number of evidence suggested
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that polar residues in a transmembrane helix could provide a strong driving force for
oligomer formation (14, 15). Moreover, the mutation of these polar residues
essentially eliminated oligomerisation of the membrane-soluble peptide (16).

In this thesis, this attempts were made to study a possible role of polar residues
in the transmembrane a5 of Cry4Ba. This would provide detailed information leading
to molecular understanding of the interactions between transmembrane helices via
centain polar side chains which are critical for toxicity. Therefore, the objectives of

this study were:

(1) To identify a critical residue in a5 of the Cry4Ba toxin for larvicidal activity by
replacing polar amino acids with alanine via site-directed mutagenesis.

(2) To investigate the structural significance of the identified critical residues by
functional group substitutions.

(3) To structural and functional characterise the 65-kDa activated Cry4Ba toxin and
its inactive mutant by using far-UV circular dichrosim (CD) and fluorescence

spectroscopy, membrane perturbation assays and SDS-PAGE analysis.
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CHAPTER 2

LITERATURE REVIEW

1.1 Bacillus thuringiensis é-endotoxins

Bacillus thuringiensis (Bt) is a rod shaped, acrobic, spore-forming bacterium. It
is related to other Bacillus species such as B. cereus, the causative agent of some types
of food poisoning, and B. anthracis, the causative agent of anthrax. During
sporulation, Bt produces protein crystals known as d-endotoxins which are toxic to
insect larvae. The Bt species comprises of diverse strains with different toxin profiles,

and the range of toxins can affect several different types of insect larvae.

Bt was first isolated in 1901 by a Japanese biologist, S. Ishiwata. He identified
the bacterium as the causal agent of a disease of silkworms. Subsequently in 1915 a
German scientist, named Ernst Berliner, isolated this toxin from a dead Moth in
Thuringen region of Germany. And thus the name Bacillus thuringiensis. (17). In
1938, commercial production of Bt as a spray for insect control began in France, and
the first commercial Bt formulations were made available for field testing in the USA
in 1958 (18). Until the 1970s, it was generally accepted that lepidopteran insects
(moths and butterflies) were the only targets of Bt. New Bt markets were opened by
the discovery in 1976 of israelensis subspecies, which is toxic to larvae of mosquitoes
and black flies (known as sand flies in New Zealand), and the tenebrionis subspecies
which is toxic to several beetle species. In the 1980s, commercial interest in Bt grew
as alternatives to synthetic pesticides were sought. The use of Bt toxin genes in
genetically modified plants for pest control became an established field of research in
the mid-1980s. From the mid-1990s, a number of plants that were genetically modified
to express the Bt toxin have become increasingly common, and are now grown widely

in the USA and other countries, though their use remains controversial (19).
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1.2 The Bt Cry gene family

Strains of Bt producing different larvicidal proteins are variously toxic to insect
larvae in the orders Diptera (mosquitoes and files), Lepidoptera (moths and
butterflies), Coleoptera (beetles and weevils) and Hymenoptera (wasps and bees) (20-
22). For example, the 8-endotoxins produced by Bt subsp. israelensis are highly active
against the larvae of mosquito and blackfly which are vectors of several tropical

diseases (22).

Bt 9-endotoxins belong to two distinct gene families named Cry (crystal) and
Cyt (cytolytic) toxins. Cry proteins were originally classified on the basis of the insect
order to which the species they affect belong (1). However, as the number and variety
of Cry proteins grew, this classification was abandoned for the current system based
on amino acid sequence similarity. Proteins with less than 45% sequence homology
are separated in the primary rank, while further separation at the secondary and tertiary
ranks is based on 78% and 95% homology respectively. Recentlly, De Maadge et al.
provided a useful summary of the putative evolutionary relationships between the
different Cry genes and their phylogenetic interactions (36). Additionally, Roman
numerals have been exchanged for Arabic numerals in the primary rank (e.g., CrylAa
to CrylAa) to better accommodate the large number of expected new sequences. In
this new nomenclature, 133 crystal proteins comprising 24 primary ranks are
systematically arranged.

The common characteristic of the cry genes is their expression during the
sporulation stage. Their gene products generally accumulate in the mother cell
compartment to form a crystal inclusion that can account for 20-30% of the dry weight
of the sporulated cells. The high level of synthesis and coordination with the stationary
phase are controlled by a variety of mechanisms occurring at the transcriptional,
posttranscriptional and posttranslational levels (22, 29). At the transcriptional level,
the development of sporulation is controlled by successive activation of sigma factors.
At the posttranscriptional level, the stability of the mRNA is enhanced by the
formation of a stemloop structure during termination of transcription. This protects the
mRNA from the activity of exonucleases present in the cell from degrading the

mRNA. The 5° end of the mRNA is protected due to the presence of the perfect Shine-
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Dalgarno sequence designated as STAB-SD. The interaction with the 16s rRNA of the
30s subunit of the ribosome confers stability to the mRNA. At the posttranslational
level, these proteins form crystalline inclusions in the mother cell compartment.
Depending on the protoxin composition, the crystals have various forms. This ability
to crystallise helps in protecting the protein itself from premature proteolytic

degradation (29, 30).

The 130-kDa CryIVB toxin, which is produced by Bt subsp. israelensis and
specifically toxic to the Stegomyia and Anopheles mosquito-larvae was reclassified as
Cry4Ba (31). The complete cry4Ba gene sequence has been cloned and identified
(Genbank accession number of X07423 (32)).
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Diomain | Domain 11 Dormain I

|

100 amino acids
—

Figure 1: Positions of conserved blocks among Cry proteins.

The schematic shows the five conserved blocks of Cry toxins (22).
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1.3 Structure-function relationships of the Cry proteins

To date, tertiary structures of five different Cry toxins, CrylAa, Cry2Aa,
Cry3Aa, Cry3Bb and, recently, Cry4Ba, have been determined by X-ray
crystallography (26, 32, 3, 34, 35). Despite the differences in their insect specificity
and the comparatively low amino-acid sequence identity between these proteins,
alignment of the Cry toxins reveals the five conserved sequence blocks which are
common to a large majority of the Cry proteins. The presence of these conserved
blocks indicates that the topology of all Cry toxins would be similar (36, 37) (Fig. 1-
3). The Cry toxin structures consist of three distinct domains.

The N-terminal domain (domain I) is a bundle of seven o—helices in which the
central helix (a5) is relatively hydrophobic and is encircled by six other amplipathic
helices. This domain is likely to be transmembrane pore-forming apparatus in which
five of the helices (a3-a7) are more than 30A long and could span the hydrophobic
region of lipid bilayers. Atomic Force Microscopy (AFM) imaging suggests that the
pores are composed of four subunits surrounding a 1.5 nm diameter central depression
(38). Domain II appears as a triangular column of three anti-parallel B-sheets. Domain
IIT contains anti-parallel B-strands in the form of a beta sandwich. Though the structure

of domain III has been elucidated, its function remains obscure.

From amino acid sequence alignments (Fig. 1), five conserved blocks can be
described as; block 1 corresponds to a5 of domain I and block 2 consists of a7 of
domain I and the first B-strand of domain II. The middle part of the toxin does not
contain any conserved regions and shows hypervariable sequences. Block 3 contains
the last B-strand of domain II. A conserved alternative arginine sequence tract in
domain III lies in block 4. Block 5 is located at the end of domain III. The presence of
five conserved blocks in all Cry toxins indicates that the topology of all these toxins
could be based upon the resolved CrylAa, Cry2Aa, Cry3Aa, Cry3Bb and Cry4Ba
consensus fold. Consequently, aligning this sequence with those of known 3D
structures would make a plausible prediction of the secondary structure for the other

Cry toxins.
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~,

Domain II1 Domain TIT
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Figure 2: The ribbon illustrations of crystallographic resolved Cry toxins.

The figure illustrates top view of 3D structures which were resolved by X-ray
crystallography. All four structures, CrylAa (26), Cry2Aa (33), Cry3Aa (3) and
Cry3Bb (34), show high similarity of their overall structures with the three-domain
organizations.
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1.4 Mechanism of action of the Bt Cry toxins

Although several Bt-Cry crystal structures have been known for more than 10
years, the mode of action which involves insertion into the membrane and pore
formation is still unclear. Generally, Bt toxins are present in the form of inactive
protoxins as inclusion bodies (1). Upon ingestion by susceptible larvae, the inclusions
are solubilised in the alkaline pH of larval midgut. The solubilised protoxins are
cleaved in vivo by gut proteases to release active toxins. The activated toxin then binds
to a specific receptor on the epithelial cells lining in the midgut before insertion into
the membrane and creating pores (39). The resulting lytic pores allows ions, such as
K", and small molecules (40) to pass through the membrane, thus disrupting the insect
ability to regulate osmotic balance (Fig. 4). Histologically, the toxin-induced pores
cause swelling and disruption of the epithelial cells (41). Due to massive water uptake,
the epithelial cells eventually lyse and/or slough off into the midgut lumen. The
midgut becomes paralysed and the insect larvae ultimately stop feeding and

subsequently starve to death with concomitant septicemia (42, 43).

1.4.1 Inclusion solubilisation and proteolytic activation
Unlike the mammalian gastrointestinal tract, dipteran and lepidopteran insect larvae
have an alkaline midgut with an approximate pH of 9.5 or above. This pH range
fosters the solubilisation of the protoxin crystals. The solubilised protoxins are
subsequently cleaved in vivo by gut proteases to release active toxins. The toxin
activation can be simulated in vitro by incubating the protoxins with larval gut extracts
or trypsin (44). Upon ingestion by a susceptible insect larvae, the protoxin is activated
through the proteolytic removal of some residues at N-terminal and approximately half
of the remaining protein from the C-terminus. The role of the C-terminal extension to
the active toxin is believed to be in the formation of crystalline inclusion bodies within

the bacterium and is dispensable for toxicity (45).
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Figure 3: Ribbon representation of the Cry4Ba structure.

The figure illustrates side view of 3D structure of Cry4Ba toxin with three
domin organisation. In domain I the helix bundle contains only the helices a3-a7. The
N-terminal helices al-a2b, absent due to protelysis during crystallization, appear non-
essential to toxicity (35).
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Figure 4: The proposed mechanism of Cry toxins.

The figure shows the process of solubilisation, proteolysis and receptor binding
of Domain II and III, followed by insertion and pore formation of Domain I of Bt
toxin. Adapted from de Maagd et al (36).
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The Cry toxins can be divided into 2 groups based on the size of protoxins and
their proteolysis processing. In the large Cry protoxins of ca. 130 kDa, e.g. CrylAa,
Cry4Aa or Cry4Ba, approximately half of the molecule is removed from C-terminus
during proteolytic activation (ca. 600 amino acids). Activation of these large toxins is
also accompanied by removing about 30 residues from the N-terminus (46). However,
the interhelical cleavage site is also required for toxin activation of the dipteran-
specific Cry4 toxins. In vitro proteolytic activation of the 130-kDa Cry4 toxin with
mosquito larval gut extracts or trypsin showed that the protoxins were processed to
two major stable fragments of 46-48 kDa and 18-20 kDa, in addition to the removal of
the C-terminal half of the protoxins. These two fragments were produced by the
cleavage at Arg203 of Cry4Ba and Arg235 of Cry4Aa locating in the solvent exposed
loop linking helices 5 and 6 within the pore forming domain I (48).

For the small Cry toxins (ca. 70 kDa) e.g. Cry2Aa, Cry3Aa or CryllAa,
activation occurs by cleaving mostly at the N-terminus where approximately 50
residues are removed. The activation occurs with little or no proteolysis at their C-
terminal. The resistance in cleavage is thought to be due to the location of the C-
terminus in the middle strand ($23) of a buried B-sheet in Domain III. Some studies
showed that the in vitro activation of the 70-kDa Cry3Aa toxin from Bt subsp.
tenebrionis 1911 yielded a ca. 65-kDa trypsin-resistant protein (44, 49).

Little is known about the role of the N-terminal peptide and whether its
removal is important in the mechanism of action of the toxin. However, indirect
evidence for a possible role of the N-terminal fragment in modulating binding of the
toxin has come from the solution of the structure of the Cry2Aa toxin (34). The
structure revealed that the N-terminal region masks a region of the toxin believed to be
involved in the interaction between the toxin and the brush border membrane of the
target insects. Bravo et al. showed that the mutant toxin CrylAc, which is not cleaved
at the N terminus during proteolytic activation with trypsin, was found to be incapable
of forming pores in Manduca sexta brush border membrane vesicles in vitro and had
reduced insecticidal activity in vivo (50). These results suggest that proteolytic

removal of the N-terminal peptide of CrylAc is an important step in toxin activation.
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1.4.2 Receptor recognitions and the removal of a-helix 1 region

It is believed that the activated toxins would diffuse through the peritrophic
membrane and then bind to specific receptors located on the apical membrane of the
midgut epithelial cells of the target insect larvae (51-54). It has been reported that
midgut brush-border membranes (BBMVs) of Cry-resistant insect larvae were shown
to have reduced binding affinity to their specific Cry proteins. So far, loss or
mutational changes of Cry receptors in midgut epithelial cells were thought to be
involved in Cry-resistance development (55-57).

Nowadays, at least two proteins have been identified as specific receptors i.e.
aminopeptidase-N (APN) and cadherin-like proteins, which both are glycoproteins. In
Manduca sexta, CrylAa, CrylAb and CrylAc proteins have been shown to bind to a
120-kDa APN (58, 59) and to a 210-kDa cadherin-like protein (Bt-R;) (60, 61). In
Bombyx mori, CrylAa binds to a 175-kDa cadherin-like protein (Bt-R,7s) (62, 63) and
to a 120-kDa APN (64). In Heliothis virescens, CrylAc binds to two proteins of 120
and 170 kDa, both identified as APN (65, 66). In Plutella xylostella and Lymantria
dispar APNs were identified as CrylAc receptors (67, 68). It seemed that the
interaction between toxin and its receptor can be complex. There is evidence indicated
that binding affinities between APN (100 nM) and Bt-R; (1 nM) to the CrylAb toxin
are different, suggesting that binding to Bt-R; might be the first event in toxin
recognition (58, 59). Recently, it has been confirmed that both receptor proteins were
sequentially involved in CrylA toxicity. Binding to cadherin-like proteins probably be
the initial line in the interaction with the microvilli membrane. Then, APNs might be
another target of the toxin before insertion into the membrane (69).

In mosquitoes, the nature and identity of the Cry toxin-receptor protein is
unknown. Using RT-PCR, the result showed that two isoforms of the APN transcripts
in the S. aegypti mosquito larval midgut were identified (70). Krieger et al. (71)
isolated proteins with molecular mass of 65 and 62 kDa from brush border membranes
of S. aegypti larvae. Using a ligand blotting technique, they showed that the binding of
these proteins to the biotinylated toxins is reversible and that the two toxins (Cry4Ba
and Cryl1Aa) compete with each other for binding to the two binding proteins. These
proteins are likely to be Cry4Ba and Cry11Aa toxin receptors in gut epithelial cells of

S. aegypti larvae. However the function of these proteins is not clear.
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Following binding, the evidence of further proteolytical cleavages of the N-
terminal region were observed. For instances, Aronson et al. (9) showed that about 60
amino acids were removed from the Cryl Ac amino terminus including primarily helix
1 after binding to vesicles from the midguts of M. sexta larvae. Similar results were
obtained for CrylAc protoxins activated with midgut juice from Pieris brassica (72)
and for CrylAb protoxins (73, 74) and the highest in vitro pore formation activity was
observed after a-helix 1 was removed, suggesting that this helix 1 is dispensable for
CrylA activity (73). In addition, the N-terminal region of the oligomeric form of the
CrylAb was found to correspond to the removing of helix 1, whereas of the
monomeric form corresponds to the beginning of helix 1 (74), suggesting that further
proteolytic processing may serve to remove regions that sterically hinder assembly
process of the CrylA toxins. As in Cry4Ba toxin, the N-terminal helices al-a2b,
which is absented due to proteolysis during crystallisation, appear non-essential to
toxicity (35). Recently, it has been shown that cleavage of helix 1 of Cryl Ab might
occurred after first binding to cadherin-like proteins. The result of removal of this
helix could promote the formation of an oligomeric structure before providing

insertion through the membrane (69) (Fig. 5).
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Figure 5 The proposed mechanism of CrylA toxins (69).

The figure shows toxicity mechanism of CrylA proteins. (1) Crystal
solubilisation; (2) protoxin proteolytic activation; (3) monomer binding to cadherin-
like protein and cleavage of helix1; (4) pre-pore oligomeric structure formation; (5)
oligomer binding to aminopeptidase N and mobilisation to lipid raft domain; (6) pore
formation.



Supaporn Likitvivatanavong Introduction / 16

1.4.3 Toxin oligomerisation

Following binding, it is proposed that at least part of the Cry toxins inserts into
the membrane resulting in pore formation. So far, the intermolecular interaction of
toxin monomers is a necessary step for toxicity. However, it is controversial and less
well understood whether how and when the oligomeric complex might be occurred.
Recently, it has been performed a structural study of the Cry4Ba toxin within lipid
membranes Vvia electron microscopy, and found that the monomer toxins were mixed
together with the oligomeric forms (Puey Ounjai: personal communication). This
could suggest that toxin oligomerisation and pore formation might occur after or
simultaneously with membrane insertion.

1.4.3.1 Pre-pore oligomerisation

However, to date, there are some evidence to support the toxin oligomerisation
formed after receptor binding and prior to membrane insertion. Gomez et al. (74)
showed that the CrylAb toxin, which was activated to a 250-kDa oligomer, had the
capability of membrane insertion as judged by 8-anilino-1-napthalenesulfonate
binding (ANS) comparing with the CrylAb monomers. The ANS specifically reacts
with solvent-accessible clusters of nonpolar residues, suggesting that CrylAb is
accompanied by the exposure of hydrophobic surfaces, forming a pre-pore structure
that is insertion competent. They also provided the supported evidence that K+
permeability in BBMV isolated from M. sexta was rather high for the oligomeric
structure of the CrylAb toxin, suggesting that there was a better interaction of
oligomeric structures with the membrane.

Rausell et al. (75) had analysed the structural changes presented by the CrylAb
toxin upon membrane insertion at which the location and environment of tryptophans
(Trp) in the solution and membrane-bound forms of pure monomeric and oligomeric
structures were monitored using intrinsic Trp fluorescence. Fluorescence quenching of
the toxin monomer in solution revealed the varying degrees of Trp burial within the
protein interior, whereas the membrane-bound form resulted in a conformational
change leading to further concealing of the Trp residues at which principally located
close to the membrane-water interface. In addition, studies of ionic currents in planar

lipid bilayers revealed that the oligomeric structure could form channels with kinetics
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different from those of the monomer. The oligomers could produce stable channels
with a high probability of being open in contrast to the monomer that exhibited
unstable opening patterns. These data show that the oligomer, in contrast to the
monomer, is the membrane-insertion intermediate, which has the capability to interact
efficiently with phospholipids membranes forming stable pores. The supported
evidence via Atomic Force Microscopy (AFM) showed that the 65-kDa Cry4Ba toxin,
which spontaneously inserts into receptor-free lipid bilayers, preferentially in an
aggregated form, rather than as a single monomeric toxin, suggesting that aggregated
might be a possible form of insertion molecules (76). Moreover, the pore-like
structures of these toxin molecules were provided, which are likely to be tetrameric
association in high magnification AFM images (Fig. 6). Similarily, the CrylAa toxin
was also shown to spontaneously insert into lipid monolayer and bilayer membranes
forming pores that are composed of four subunits surrounding a 1.5 nm diameter
central depression (38). Non-electrolyte exclusion technique using polyethylene
glycols of various molecular weights were employed to estimate the size of the
channels formed by CrylCa. The result shows that CrylCa forms clusters composed
of a variable number of channels having a similar pore radius of between 1.0 and 1.3
nm (77).

Recently, it has been shown as a model that monomeric toxins of CrylAb could
be formed into oligomeric structure before membrane insertion (69). After binding to
the Bt-R1 protein, the changed conformation of monomeric toxins would expose
regions consequently to oligomerisation. The pre-pore oligomeric structure of Cryl Ab
would then bind to another receptor before insertion into lipid membranes.

1.4.3.2 Intermolecular interactions

Due to an importance of intermolecular interaction, evidence of toxin
oligomerisation has been reported. Recently, it has been shown that only domain I of
the CrylAb toxin is involved in monomer-monomer interactions of the pre-pore
oligomer (78). Partial unfolding and limited proteolysis studies demonstrated that
domain II and III could be excised from the pre-pore complex without provoking
complete disassembly of the complex, suggesting that these domains are not involved

in the oligomerisation. Wu and Aronson (9) had analysed the wild-type CrylAb and
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CrylAc toxins by using immunoblotting, it was found that most of the toxins formed a
large aggregate of ca. 200 kDa after incubation with vesicles, suggesting possible
oligomerisation occurring to form channel. Soberon et al. (79) revealed that the pore
could be formed by an oligomer containing four to six Cry toxin monomers. They also
provided that two kinds of monomers mutated in different steps of their mode of
action (F371A in receptor binding and H168F in pore formation) can form functional
hetero-oligomers indicating that intermolecular interaction between toxin monomers is
a necessary step for pore formation and toxicity. It has been suggested via mutagenesis

studies of conserved residues in a5 of CrylAb that His'®®

is important for pore
formation, possibly involved in toxin oligomerisation since the H168F mutant was
found to has a severe loss in K+ permeability across the brush border membrane
vesicles (10). However, there is still no experimental evidence to support a function
for this residue in a5 in oligomerisation of the CrylAb toxin. Aronson et al., (9) and
Tigue et al. (80) had performed mutagenesis experiments in Cryl Ab and CrylAc, and
found that mutations in 04, a5 and in the loop connecting a2 and a3 adversely affected
the irreversible binding, toxicity, and toxin oligomerisation. They also showed that
after binding to membrane about 90% of the toxin molecule of CrylAb is protected
from proteases.

Gazit et al. (81) have studied the binding of synthetic peptides and showed that
only 04 and a5 insert into the membrane, while the kinetics of binding for a5 indicated
a cooperative interaction, suggesting oligomerisation.

Feng and Becktel (82) have studied Cry3Aa, CrylAa and CrylAc by means of
size exclusion and found that the relative amounts of oligomer depended upon pH;
specifically Cry3Aa exist as a monomer at neutral pH, suggesting that alkaline pH
promoted toxin oligomerisation. Besides, they found that temperature and buffer
composition also affect the amounts of monomers to oligomers. Guereca and Bravo
(83) have reported that CrylAa, CrylAc, CrylCa, CrylDa and Cry3Aa toxins formed
an oligomer consisting of more than ten units in both neutral and alkaline solutions. It
was also suggested that oligomer formation might be a time-dependent process that
would possibly occur after the toxin binds to the receptor and inserts into the

membrane.
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Figure 6: AFM images of lipid bilayers containing the activated Cry4Ba toxin
prepared from Langmuir-Blodgett transfer.

The small-scale image exhibits a structure of about 25 nm in diameter,
protruding about 3 nm from the lipid membrane. The inset displays the four subunits
and the central depression visible in the cross-section indicates the cavity of a Cry4Ba
toxin-induced pore.
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1.4.4 Toxin-induced pore formation

Currently, the umbrella model (Fig. 7) would best explains the Cry mechanism
of toxicity. Gazit et al. (81) have used resonance energy transfer measurements of all
possible combinatorial pairs of membrane-bound helices of Cry3Aa to map the
network of interactions between helices in their membrane-bound state. It was
proposed that a4 and a5 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. Recently, Rausell et al (75) have shown that domain I in the
Cryl Ab pre-pore complex is more resistant to urea and heat denaturation than domain
IT and III. Furthermore, in the presence of lipids, domain I of the membrane-inserted
pore complex would be prevented from heat unfolding. These results supported the
umbrella model that only domain I is lipid-protected by its insertion into the
membrane whereas domain II and III are very sensitive to heat or urea denaturation as
lipids do not protect these domains. In addition, Gerber et al. (84) showed that the
CrylAc 04-loop-a5 segment is much more active in membrane permeation than either
of the two helices (a4 or a5). This provides strong evidence that both helices and the
loop connecting them are needed for insertion into the membrane.

The channel formation was first proposed by Knowles and Ellar (54) who
reported the effect of the Cry toxin on CF-1 cells. They proposed the colloidal osmotic
lysis model that involves influx of water and ion resulting in cell swelling and lysis.
BBMYV permeability assay was also used for examining membrane insertion and pore
formation via an osmotic swelling shrinkage in hyperosmotic solute (85). It has been
shown that CrylC and CrylD could induce an increase in cation-membrane
permeability involving ion channels formation in S. frugiperda BBMV-containing

functional receptors (86).

Slatin et al. (87) showed that CrylAc and Cry3Aa 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 exhibited several
conductance states, ranging from 200 pS to about 4,000 pS. Recently, Puntheeranurak
et al (88) have also demonstrated that the Cry4Ba toxin could penetrate into planar
lipid bilayers and form cation-selective channels. Schwartz et al. (89) have also

demonstrated that the CrylCa toxin could penetrate into planar lipid bilayers and form
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ion-selective channels with a large range of conductances. These channels displayed
complex activity patterns with subconducting states and were selective to either anions
or cations. These properties appeared to be pH dependent. The effect of pH on the
pore-forming ability of CrylAc and CrylCa, was examined (90). These results
indicate that the pores formed by CrylAc are significantly smaller at pH 6.5 than
under alkaline conditions, whereas the pore-forming ability of CrylCa decreases
sharply above pH 8.5. The reduced activity of Cry1Ca at high pH correlates well with
the fact that its toxicity for M. sexta is considerably weaker than that of CrylAa,
CrylAb and CrylAc. These results strongly suggest that although pH can influence

toxin activity, additional factors also modulate toxin potency in the insect midgut.
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Figure 7: An umbrella model for Cry toxins.

This figure shows an umbrella model proposed for organisation of the pore-
forming domain. A pair of 04- a5 helices on the side of domain I drop down into the
membrane while the remaining helices are rearranged on the membrane surface like
the ribs of an umbrella. The phospholipid membrane is simplified as gray lines.
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1.5 Alkalisation of larval midgut and the role of midgut proteases

The mosquito larval midgut (Fig. 8) is divided into three main regions: gastric
caeca, anterior, and posterior stomach. Recently, the pH in the gastric caeca and
posterior midgut of all mosquito species has been reported to be close to 7.4. The pH
would increase towards the anterior portion of the midgut where the pH would be
close to 9.0 or higher (91). Similar observations have been reported; the increased pH
in the anterior midgut, depending on species but being maintained within the 10.5-11.0
range (92). This high pH in the anterior midgut has been shown to associate with a
high concentration of bicarbonate/carbonate ions and hence a presence of carbonic
anhydrase (93). This carbonic anhydrase plays an important role in the alkalisation
mechanism in the midgut of S. aegypti.

As mentioned earlier, the alkaline pH range would foster the solubilisation of the
protoxin crystals and the solubilised protoxins are cleaved by gut proteases to release
active toxins. In fact, trypsin-like protein found in the midgut is not stored in the
epithelial cells as an inactive enzyme, but is synthesised, activated and released into
the gut lumen after the blood meal (94). The full-length CrylAb protoxin has been
reported to be solubilised in gut juice of Lepidoptera Crambidae within 30 minutes
(95). Further incubation up to 24 hrs would complete the proteolytic activation of
protoxin to yield a band corresponding to that of the bovine trypsin activated toxin.
However, there is still no evidence of solubilisation of the Cry toxins using gut
extraction juice from mosquito larvae. Only proteolytic processing was determined

using the solubilised Cry4 protoxins as substrates (96, 97).
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Figure 8: Larval midgut ¢

Larval midgut of S. aegypti which is divided into three parts, gastric caeca,
anterior midgut, and posterior midgut.

Copyright by Mahidol University
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials
3.1.1 Chemicals

Ampicillin Sigma

Cetyl trimethyl ammonium bromide (CTAB) Sigma

RNaseA Sigma
I[sopropyl-pB-D-thiogalactopyranoside (IPTG) Sigma
1,4-Dithiothreitol (DTT) Sigma

Coomassie brilliant blue R-250 Sigma

Protease K Sigma

Mannitol Sigma

Chloroform Merck

Calcein Molecular Probes
L-a-Phosphatidylcholine (egg) Avanti Polar Lipids, Inc
L-a-Phosphatidylethanolamine (egg) Avanti Polar Lipids, Inc
Cholesterol (purity>98%, wool grease) Avanti Polar Lipids, Inc
Hepes Gibco

Other chemicals and reagents used were analytical grade purchased from

various suppliers.

3.1.2 Enzymes
Pfu DNA polymerase (cloned) Promega
Trypsin (Bovine pancreas, TPCK treated) Sigma

Restriction endonucleases Biolabs / Promega
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3.1.3 Bacterial strain
E. coli strain JM109 [endAl, recAl, gyrA96, thi, hsdR17, (rx, mg'),
relAl, supE44, A, A(lac-proAB), (F’, traD36, proAB’, lacl% lacZAMI15)] was

purchased from Promega.

3.1.4 Recombinant plasmid
pMU388 (see Fig. 9): the recombinant plasmid containing the 130-kDa Cry4Ba
toxin gene (Genbank accession number: X07423) was used as DNA template for site-

directed mutagenesis.
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Figure 9: Physical map of the plasmid pMU388.

This figure shows the diagram of plasmid-pMU388, containing the gene for the 130-
kDa Cry4B toxin, multiple cloning sites, LacZ gene and bla gene encoding B-lactamase
(Amp"). For clarity, not all of the restriction endonucleases sites are shown.
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3.1.5 Synthetic oligonucleotide primers

All synthetic oligonucleotides served as primers were purchased from
PROLIGO, Singapore. The sequences of all oligonucleotides are shown below.
Mutated nucleotides or amino acid residues are indicated with bold letters. Introduced
restriction enzyme recognition sites are underlined. Single code amino acid letters are

placed above their corresponding nucleotide sequences.

L P I A A Q V A
Y178A-f: 5'-TACCAATAGCCGCCCAAGTGGCAAATTTCAATT-3' Bgll
Y178A-r: 5-AAATTTGCCACTTGGGCGGCTATTGGTAATAAC-3'
Y A A V A N
QI180A-f: 5'-ATACGCAGCTGTAGCAAATTTC-3' Pwvull
QI80A-r: 5'-TGCTACAGCTGCGTATATTGG-3'
Y A Q V. A A F N
N183A-f: 5'-ATATACGCCCAAGTGGCAGCTTTCAATTTACTT-3' Bgll
N183A-r: 5'-AAATTGAAAGCTGCCACTTGGGCGTATATTG -3'
N F A L L I3
NI185A-f: 5'-CAAATTTCGCGCTACTTTTAATAAGA-3' Hhal
NI85A-r: 5'-ATTAAAAGTAGCGCGAAATTTGCTAC -3'
b, A A Q E W
NI195A-f: 5'-CCTCATAGCTGCGCAAGAATGGTC-3' Hhal
NI95A-1: 5-ATTCTTGCGCAGCTATGAGGCCAT-3'
QFF Vg T O S e T
N183Q-f: 5'-CAAGTAGCGCAGTTCAATTTACTTT-3' Hhal
NI183Q-r: 5'-GTAAATTGAACTGCGCTACTTGTG-3'
Qe V 7 A" R NgiFT.
N183T-f: 5'-ATATACGCCCAAGTGGCAACCTTCAATTTACTTT-3' Bgll
N183T-r: 5'-TAAATTGAAGGTTGCCACTTGGGCGTATATTGG-3'
Q VvV A T F N
N183R-f: 5'-CAAGTAGCGCGATTCAATTTACTTT-3' Hhal
N183R-r: 5'-TAAATTGAATCGCGCTACTTGTG-3'
Q V A H F N
N183H-f: 5-ATATACGCCCAAGTGGCAACCTTCAATTTACTTT-3' Bgll
N183H-r: 5'-TAAATTGAAGGTTGCCACTTGGGCGTATATTGG-3'
Q V A D F N
N183D-f: 5'-CAAGTAGCGCGATTCAATTTACTTT-3' Hhal

N183D-r: 5-TAAATTGAATCGCGCTACTTGTG-3'
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Q V A K F N

NI183K-f: 5-TATACGCCCAAGTGGCAAAGTTCAATTTACTTT-3'
NI183K-r: 5-TAAATTGAACTTTGCCACTTGGGCGTATATTGG-3'
Q VvV A F F N
NI183F-f: 5-TATACGCCCAAGTGGCATTTTTCAATTTACTTT-3'
NI183F-r: 5'-TAAATTGAAAAATGCCACTTGGGCGTATATTGG-3'
F A S — —
Y267A-f: S-TTTTGCCTCTGCAGATCCACGTC-3'
Y267A-r: 5-GTGGATCTGCAGAGGCAAAAAGAG-3'
An Qb WS === ¥
VI181S-f: 5’- CGCACAAAGCGCAAATTTCAATT-3’
VI181S-1: 5’- GAAATTTGCGCTTTGTGCGTATAT-3’
Y A Q Vv S N F
A182S-f: 5’- AATATACGCTCAGGTATCAAATTTCAATTTA-3’
A182S-1: 5’- TGAAATTTGATACCTGAGCGTATATTGGT-3’

A Q S S N F
V181S/A182S-f: 5>~ ATATACGCGCAGAGCTCAAATTTCAATTTAC-3’
V181S/A182S-r: 5’-TGAAATTTGAGCTCTGCGCGTATATTGG-3’

3.1.6 Culture media
3.1.6.1 Luria-Bertani (LB) medium (98)

Bgll

Bgll

PstI

Hhal

Ddel

Hhal

One litre of LB broth contains 10 g of casein hydrolysate, 5 g of yeast extract

and 5 g of NaCl. LB agar was prepared by adding 15 g of bacto-agar in one liter of

LB broth. The medium was sterilised by autoclaving at 15 p.s.i. for 30 min. For

selective medium, ampicillin was added to 100 pg/ml final concentration.

3.1.6.2 SOC medium

One liter of SOC medium contains 20 g of tryptone, 5 g of yeast extract, 0.58 g
of NaCl and 0.19 g of KCI. The pH of medium was adjusted with NaOH to 7.0 and

then autoclaved. After being autoclaved, 1 ml of 2 M MgSOy stock and 1 ml of 2 M

glucose were added in 98 ml of medium.

3.1.7 Miscellaneous

Deoxyribonucleotide triphosphates (ANTPs) Promega

Standard DNA markers Gibco BRL, Biolabs
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SDS-PAGE molecular mass standards (broad range) BIO-RAD

Bradford protein assay reagent BIO-RAD

Centrifugal filter tube (MWCO 30 kDa) Eppendorf

Capillary pasteur pipette (9") Corning
3.2 Methods

3.2.1 Plasmid DNA extraction

Plasmid extraction was performed using cetyl ammonium bromide (CTAB)
method (98). A single colony 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 hr. The pellet was
collected in a microcentrifuge tube by centrifugation at 12,000 rcf for 10 sec, and
resuspended in 200 pl of STET buffer (8% sucrose, 0.1% Triton X-100, 50 mM
EDTA, 50 mM Tris-HCL, pH 8.0). A 10-ul freshly prepared lysozyme solution (10
mg/ml) was added and incubated for 10 min at room temperature. The mixture was
boiled for exactly 45 sec and centrifuged at 12,000 rcf for 15 min at room temperature.
The pellet (cell debris and chromosomal DNA) was removed by using toothpick.
Plasmid was recovered by adding 20 ul of 5% CTAB into supernatant. The contents
were mixed by inversion and centrifuged at 12,000 rcf for 10 min at room temperature.
The pellet was resuspended in 300 pl of 1.2 M NaCl by vortex. In order to remove
RNA, 5 pl of RNaseA (10 mg/ml) was added and incubated at 37°C for 30 min.
Protein was removed by adding 300 pl of chloroform, vigorous inversion and
centrifugation at 12,000 rcf for 5 min at room temperature. The aqueous phase was
transferred to new microcentrifuge tube. The plasmid DNAs were precipitated with
500 pl of isopropanol at room temperature or absolute ethanol at —20°C for 10 min and
centrifuged at 12,000 rcf for 15 min at room temperature. The final DNA pellets were
washed in 70% ethanol. After removal of the supernatant following with air dry, the

DNA pellet was resuspended in 20 pl of distilled water.

3.2.2 Agarose gel electrophoresis of DNA (98)
An appropriate amount of agarose powder was dissolved in 1X TBE buffer (89
mM Tris-HCI, 89 mM boric acid, 2.5 mM EDTA, pH 8.0) or TAE buffer (40 mM
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Tris-HCI, 40 mM acetic acid, 2.5 mM EDTA, pH 8.0) under boiling temperature to
ensure the homogeneity of the 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 was mixed with gel-loading dye (15% (w/v) Ficoll
400, 0.1% Bromophenol blue, 5 mM EDTA) at ratio 1:5 and loaded in to a well of the
gel submerged in TBE buffer. After electrophoresis was completed, the gel was
stained in ethidium bromide solution for 5 min and destained in water for 10 min. The
DNA patterns were visualised under UV light.

The amount of DNA were estimated by comparing the stained DNA bands with
the standard DNA markers (ADNA digested with HindIIl) of known concentrations
under UV light. The total DNA in solution was performed using 260 nm-absorbance
(A260). One optical density of DNA at 260 nm is about 50 pg/ml of double stranded
DNA.

3.2.3 Site-directed mutagenesis

The method used in this project was based on Stratagene’s QuickChange ™ Site-
Directed Mutagenesis Kit (Fig. 10). The recombinant plasmid-pMU388 containing the
full length of cry4Ba gene which has been cloned from Bt subsp. israelensis into
pUCI12 vector, was used as a template. The method would make use of Pfu DNA
polymerase which replicates both strands of DNA plasmid with high fidelity without
displacing the mutant oligonucleotide primers.

A GeneAmp®PCR System 2400 (Perkin Elmer Cetus) was used to perform
polymerase chain reactions (PCR) for all samples. The PCR reaction mixture (50 pl) is

composed of

DNA template 100 ng
dNTPs 50 uM each
Forward primer 20 pmole
Reverse primer 20 pmole
10x Pfu buffer S5ul

Pfu DNA polymerase 25U

Sterile distilled water making total volume to 50 ul
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Gene in plasmid with target site @ for
mutation
©,
©
©

Y

Temperature cycle to extend and incorporate
mutation primers resulting in nicked circular
strands

<

©
Q Digest methylated nonmutated parental DNA

Denature plasmid and anneal primers
containing the desired mutation

template

Transform the resulting annealed double-
@ stranded nicked DNA molecules

After transformation the E. coli IM109 cell
repairs the nicks in the plasmid

Figure 10: Overview of QuickChange Site-Directed Mutagenesis method.

The figure shows site-directed mutagenesis method redrawn from Stratagene’s
QuickChange instruction mannual.
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The reaction mixture was carried out with the following conditions as shown in

Table 1 and 2:

Table 1: Temperature cycling parameters for site-directed mutagenesis

Temperature (celsius) Time ( min:sec) Cycles
95 0:30 1
95 0:30
*T, 1:00 18
68 13:00
68 7:00 1

*The annealing temperature (T,) are shown in Table 2
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Table 2: Annealing temperature (T,) for each mutants

Mutants Annealing Temperature (°C)
Y178A 50
QI80A 50
N183A 50
N185A 45
N195A 50
N183R 50
N183T 50
N183K 50
N183F 50
N183Q 50
N183H 50
N183D 50
Y267A 52
V181S 48
A182S 48

VI181SA182S 50

The amino acid change was performed. After the amplification reaction was

finished, the PCR products were examined on 0.8% agarose gel electrophoresis.
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3.2.4 Digestion of PCR products

Each amplified reaction was added with 1 pl of Dpnl restriction endonuclease
and incubated at 37°C for 1 hr. The Dpnl will digest the parental DNA template and
leave only mutated nicked plasmid. Dpnl restriction endonuclease is specific for
methylated and hemimethylated DNA (5'-G™AJTC-3'). DNA isolated from almost all
E. coli strains is dam methylated and it would be therefore susceptible to Dpnl
digestion. The Dpnl-digested PCR products were analysed on 0.8% agarose gel

electrophoresis before being subsequently transformed into E. coli competent cells.

3.2.5 Preparation of competent cells (98)

A single colony of E. coli was picked from a plate freshly grown for 16-20 hr at
37°C and transferred into 100 ml of LB broth in a 1-liter flask. The culture was
incubated at 37°C with 250 rpm shaking until ODgg reached 0.3-0.5. The culture was
cooled down by storing the tube on ice for 15 min. Cells were packed by
centrifugation at 2,000 rcf, 4°C for 15 min. The supernatant was discarded and the
pellet resuspended in one-third of the origin volume with ice-cold TFB I solution (30
mM potassium acetate, 100 mM RbCl, 10 mM CaCl,, 50 mM MnCl,, 15% V/V
glycerol) and stored on ice for 30 min. Cells were recovered by centrifugation at 2,000
rcf for 15 min at 4°C and the pellet was resuspended in 2 ml of ice-cold TFB II (10
mM MOPS, 75 mM CaCl,, 10 mM RbCl, 15% V/V glycerol) for each 50 ml of origin
culture. A 200 pul of each suspension of competent cells was transferred using a sterile
pipette tip into a sterile microcentrifuge tube and stored at —80°C until required. The
efficiency of the competent cell was determined by transforming 10 ng of pUCI12 into
200 pl of the competent cell suspension.

3.2.6 Transformation of plasmid DNA into competent cells (137)

The Dpnl-digested PCR product was mixed with 200 pl of competent cells. The
mixture was immediately chilled on ice for 30 min, following by incubation at 42°C
for 90 sec, and then immediately placed on ice for 5 min. A 800 pl of LB broth was
added into the transformed cells, gently mixed and incubated at 37°C for 1 hr.
Transformed cells were collected by centrifugation at 3,000 rcf for 2 min. Medium
was decanted and the cell pellets were gently resuspended in 200 ul of LB broth. The

transformed cell was spread gently over the surface of the LB agar plate containing
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100 pg/pl ampicillin by a sterile glass rod. The agar plate was incubated at 37°C for

16-20 hr until E. coli colonies were clearly seen on agar plate.

3.2.7 Screening for mutant plasmids (98)

Restriction endonuclease analysis was used to screen for each mutant plasmid
based on a recognition site which is silently introduced into each pair of mutagenic
oligonucleotide primers. The 20 ul digestion reaction was composed of 0.5-1 pg of
DNA sample, 1x restriction enzyme digestion buffer, and approximatedly 5 U of
restriction endonuclease and sterilised distilled water to make up to the 20 ul total
volume. The digestion reaction was incubated at 37°C for 2 hr with appropriate
enzymes. The recommended restriction enzyme digestion buffers were supplied by
enzyme manufacturers. To visualise the restriction patterns, electrophoresis of the
digested DNA was carried out in the horizontal 0.8% agarose gel in TBE buffer at 100
V for 1 hr.

3.2.8 DNA sequencing analysis
To confirm the resulting mutation, a BigDye ™ Terminator Cycle Sequencing
Kit (Perkin-Elmer, Norwalk, USA) was used to prepare samples for sequence analysis

based on fluorescent-labeled terminator cycle sequencing.

3.2.9 Expression of toxins (98)

Each clone of E. coli expressing either wild-type Cry4Ba or each mutant toxin
was inoculated into 3 ml of LB broth containing 100 pg/ml ampicillin and grown at
37°C with 250 rpm shaking for 16-20 hr. The overnight culture was transferred into
fresh LB broth containing ampicillin to make up 1% of the final concentration and
incubated further until ODggo reached 0.3-0.5. Then, the expression was induced with
IPTG at a final concentration of 0.1 mM at 37°C for 4 hr. The cell cultures were
collected by centrifugation at 10,000 rpm for 10 min. The 0.1 OD of E. coli cells
were subjected to analyse the protein profiles on 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE).
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3.2.10 Sample preparations

Protein sample was prepared by mixing the sample with 4X loading buffer (60
mM Tris-HCI pH 7.5, 2% of SDS, 10% glycerol, 0.025% bromophenol blue, 100 mM
DTT) in the ratio of 3:1 and boiled at 100°C for 5 min. The heated samples were
vigorously mixed using vortex and centrifuged at 12,000 rcf for 10 min. Supernatant

equivalent to 0.15 OD. of cell culture was loaded into each well of SDS-PAGE.

3.2.11 SDS-polyacrylamode gel electrophoresis

SDS-PAGE was performed using the Bio-Rad Mini-Protein II system. The
separating gel is consisted of 3% crosslinker, 10% or 13% gel, 0.375 M Tris-HCI (pH
8.8) and 0.1% SDS. The stacking gel contains 3% crosslinker, 5% gel, 0.125 M Tris-
HCI (pH 6.8) and 0.1% SDS. Tris-glycine buffer (25mM Tris, 192 mM glycine, 0.1%
SDS) was used as buffer. Electrophoresis was performed with constant voltage 100 V
at room temperature. After electrophoresis, the protein band on the gel was visualised
by 1 hr-soaking in staining solution containing 50% methanol, 10% glacial acetic acid
and 0.1% Coomassie Brilliant Blue R-250 in water. The gels were then soaked in
destaining solution (10% methanol and 10% glacial acetic acid) overnight or until the

background was clear.

3.2.12 Partial purification of protein inclusions (99)

After expression of the target protein, E. coli cell pellet was resuspended in a 30
ml of distilled water. French Press machine was employed to disrupt the cells at 900
psi. The inclusion bodies were collected by centrifugation at 12,000 rcf for 20 min at
4°C. The supernatant was removed. The pellet was resuspended in distilled water and
washed three times by sonication. The suspension was sedimented by centrifugation at
12,000 rcf for 10 min at 4°C. The cell debris on the top of inclusion bodies was
removed with a micropipette. The cleaned inclusion bodies were resuspended in
distilled water and collected about 15 pl for analysis the protein profile. The inclusion
bodies were then solubilised with an appropriate buffer or transferred to a small

aliquot and kept at — 20°C.
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3.2.13 Protein concentration assays

Protein concentrations were determined by using BIO-RAD protein assay
reagent based on the method described by Bradford (100). The calibration curve was
constructed using bovine serum albumin (BSA) as a protein standard. BSA standards
were prepared by making dilution ranging from 1, 2, 3, 4 and 5 pg/ 50 ul of BSA in
distilled water. Each standard protein and sample solution were mixed with 200 ul of
dye reagent (Bradford reagent) in a 96-well flat bottom Sero-Wel microtitre plate
(Bibby Sterilin, England). The solution was mixed and incubated at room temperature
for 10 min. The absorbance of samples and standards were measured at 595 nm using
the SpectraMAX 250 ELISA plate reader (Molecular Device). The protein

concentrations of samples were calculated from the standard curve.

3.2.14 Solubilisation of toxin inclusions and proteolytic processing of protoxins

1 mg of protoxin inclusions was solubilised in 1 ml of 50 mM Na,COs, pH 9.0 at
37°C for 1 hr. For solubility test, the incubated toxins were subjected to centrifugation
at 12,000 rcf for 10 min. Pre- and post-centrifugation toxin samples were quantitated.
The samples were then analysed on SDS-PAGE.

The soluble protoxin was digested with trypsin (N-Tosyl-L-phenylalanine
chloromethyl ketone treated, Sigma) at a 1:20 (w/w) ratio of enzyme: protoxin. The
protoxin-trypsin mixture was incubated at 37°C for 16 hr. The trypsin digested products
were analysed on SDS-PAGE (12% gel).

3.2.15 Gut juice extraction

The gut juice extracts were obtained from the fourth instar Stegomyia aegypti
larvae. The guts were excised and collected in buffer (Mannitol 300 mM, Tris pH 8.0).
Sample was spinned at 15,000 rcf for 3 min, and the supernatants containing alkaline
condition of soluble gut proteinases were determined in protein content by Bradford

microassay. The samples were incubate at 37°C for 16 hr.

3.2.16 Mosquito-larvicidal activity assays (101)
The 2-day old of S. aegypti mosquito larvae were used for toxicity test of toxins.

The larvae were obtained from the mosquito-rearing facility, the Institute of Molecular
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Biology and Genetics, Mahidol University. E. coli cells expressing Cry4Ba or mutant
toxins were grown in LB broth with 100 pg/ml ampicilin at 37°C. Protein expression
was induced with 0.1 mM IPTG at 37°C for 4 hr. Cell pellet (10 ODgg ~ 10° cells)
was harvested by centrifugation at 12,000 rcf for 10 min at room temperature and
resuspended in 2 ml of distilled water (10® cells/200 pl). Each assay was carried out
in a 48-well microtitre plate (11.3-mm well diameter, Costar, USA), with 10 larvae
per well in 800 ul of distilled water. Then, 200 ul of induced E. coli cells (10° cells)
or 3 ug inclusion proteins were added into each well. 100 larvae were used for each
sample in one experiment. Three independent experiments were performed. E. coli
cells containing the pMEx8 vector were used as a negative control. Mortality was

recorded after 24-hr incubation period.

3.2.17 Purification of Cry4Ba and its mutant

The 65-kDa activated Cry4Ba toxin and its mutants were first passed through a
0.45 um filter and injected into AKTApurifier liquid chromatography system
equipped with a Superose 12 HR 10/30 column (Amersham Pharmacia Biotech Inc.,
NJ, USA). The column was equilibrated with eluent at flow rate 0.4 ml/min before
operation. Protein fractions were monitored by UV absorption at 280 nm and the 400
ul fractions were collected and then analysed by SDS-PAGE (15% gel). The fractions
containing a 65-kDa activated toxin were pooled together and concentrated with a 30-
kDa cutoff centrifugal filter tube (Eppendorf, Germany). Protein concentration was

determined by Bradford assays.

3.2.18 Circular dichrosim (CD) measurement

CD spectroscopy was used to gain information about the secondary structure of
Cry4Ba toxin and its mutants. CD spectra were measured in 50 mM carbonate buffer
with a Jasco J-715 spectropolarimeter (Jasco Inc., Japan) and were scanned between
190 and 280 nm at room temperature in a rectangular quartz cuvette with a 0.2 mm
optical path length. Spectra were recorded using a 2 nm spectral bandwidth at 50
nm/min scan speed and 2 ms response time. Spectra were corrected for the solvent
baseline obtained under the same condition. The molar circular dichroism Ag¢ at a

given wavelength was calculated by the following formula:
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Ag = (0) x 10%(c x d x mdegcsaz90)
where

0 is the measured ellipticity (millidegrees)
¢ is the sample concentration (M)
mdegcsazoo 1s milidegrees of standard camphorsulfonic acid
(CSA) at 290 nm (= 42.34)
d is the optical path length of the sample cell (cm)

The helical contents of the protein and its fragment were derived from their Ag

determined at 222 nm.

3.2.19 Intrinsic fluorescence measurement

The fluorescence spectra were obtained by emission scanning of protein using
RF-5301PC spectrofluorophotometer at the excitation wavelength 280 nm. The
emission wavelengths were observed from 300 to 500 nm. The scanning rate was 50
nm/min, excitation and emission slit 5.0 nm. One spectrum was averaged from 2 scans

and all spectrum were subtracted with baseline.

3.2.20 Membrane perturbation assays
3.2.20.1 Preparation of entrapped-calcein liposomes (102)

A lipid mixture (2 mg) composed of L-a-phosphatidylethanolamine (PE), L-a-
phosphatidylcholine (PC) and cholesterol (Ch) at a ratio of 10:10:1 (w/w). 95.2 ul of
PE (10 mg/ml), 47.6 ul of PC (20 mg/ml) and 9.52 pul of Ch (10 mg/ml) were placed in
a bottle and were dried under a gentle stream of oxygen-free nitrogen gas. The
resulting lipid film was resuspended with 60 mM calcein solution, pH 10.0. Large
unilamellar vesicles (LUVs) were prepared by squeezing the suspension through the
extruder membrane (0.1 mm in diameter, Avanti Polar Lipid, USA) for 13-20 passes.
Unentrapped calcein was removed from the LUV by using three serial connected
Hitrap columns (Pharmacia, Uppsala, Sweden) equilibrated with 150 mM NaCl and 10
mM Tris, pH 10.0). The collected fractions were tested for their liposome

concentrations by measuring absorbance at 600 nm. The entrapped-calcein liposomes
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were then diluted to a lipid concentration of 2.5 pM with 10 mM Tris, pH 10.0 for the

membrane perturbation assays.

3.2.20.2 Calcein release assays

Membrane-damaging activity was evaluated by the release of the liposome-
entrapped  self-quenching  fluorescent dye (2°, 7’bis (carboxymethyl)
aminomethylfluorescein, Calcein, Molecular Probe C-481, Molecular weight 622.54).
The loss of liposome membrane-integrity results in dilution of the fluorophore with a
consequent increase in the fluorescence signal. Thus, membrane perturbation can be
detected by an increase in fluorescence as toxins are added and immediately assayed
for calcein fluorescence (Aex, 485 nm, Aem, 520 nm) with a LS50 luminescence
spectrofluorometer (Perkin-Elmer). Each experiment was conducted by measuring a
fluorescence intensity of 400 pl of entrapped-calcein liposome until the fluorescence
intensity was stable. Then 3 pg of purified toxin was added and fluorescence from the
leaked calcein was monitored until fluorescence intensity was stable. Finally, 10 pl of
0.1% Triton X-100 was added to determine 100% calcein leakage from the vesicles.

The percentage of fluorescence recovery, F;, was defined as

Fi= I — I)/(Imax = Io) % 100
where I = initial fluorescence
I¢= fluorescence observed after adding the toxin at time t

Imax = the total fluorescence observed after the adding triton-X

3.2.21 Oligomerisation study
3.2.21.1 Liposome preparation
PE, PC, Ch dissolved in chloroform (ratio 10:10:1) was dried under N, gas.
Lipid mixtures were resuspended in 10 mM Tris pH 8.0. Large unilamellar vesicles
were prepared by extrusion through 100-nm polycarbonate filter as previously

describe in section Method 3.2.20.1.
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3.2.21.2 Liposome concentration assays

Liposome concentration was estimated by measuring the phospholipid contents
(103). The calibration curve was ploted from a standard phosphate solution. Phosphate
standards were prepared by making dilution ranging from 0, 30, 50, 70, and 90 pul of 1
mM Na,HPO,. Each standard solution was dried on heating box and 150 ul of 70%
percloric acid were added and allowed to heat at 180°C for 1 hr. After the mixtures
were cooled down, 2.7 ml of phosphate assay solution (0.33 g of ascorbic acid, 2 ml of
ammonium molybdate solution, and 21 ml of distilled water) was added then
incubated at 80°C for 10 minutes before measuring an absorbance at 820 nm. 50 pl of
liposome solution were used and the phospholipid concentrations were calculated from

the standard curve.

3.2.21.3 Incorporation of toxin to liposome and protease treatment

5 to 10 pg of purified toxin was incubated with liposome suspension (200 pg/ml
of total lipids) in 20 pl of 50 mM HEPES-100 mM NaCl, pH 8.0, at 37 °C for 30-90
min. For protease digestion, liposome plus toxin was incubated as described and
protease K (Sigma) at 0.2-0.5 pug/ml was added and the suspension were incubated at
37°C for 45 min. Controls were 5 to 10 ug of toxin plus protease K with no liposome
and the liposome-toxin mixture incubated without protease K. These samples were
heated in loading buffer (with and without DTT) at 60°C for 10 min and fractionated
by SDS-8% PAGE.

3.2.21.3 Western blotting

For western blot analysis, transfer of proteins from gel onto a PVDF membrane
can be achieved by semi-dry blotting. Briefly, the protein gel was equilibrated in
transfer buffer (39 mM glycine, 48 mM Tris-HCl pH 9.2, 0.0375% SDS, 10%
methanol), four sheets of absorbent paper and one of PVDF membrane were also
prepared by wetting in the transfer buffer. Finally all of sheets and protein gel were
transferred onto electrophoresis transfer cell in appropriate layering. The
electroblotting was carried out at constant current of 3 x mA percm” of the gel for 1 hr.

After the eletratransfer process was completed, the PVDF membrane was soaked

in distilled water for 5 min and soaked in Ponceau S staining solution (2% Ponceau S,
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30% Tricholroacetic acid) at room temperature for 5 min and then washed several
times with distilled water. Then the membrane was rinsed twice with TBS (10 mM
Tris-HCI pH 7.5, 150 mM NaCl) following by soaking in blocking solution (5% BSA
in TBS buffer) for 1 hr at room temperature or overnight at 4°C. The membrane was
washed 3 times with TBS-Tween buffer (20 mM Tris-HCI pH 7.5, 500 mM NaCl,
0.05%Tween 20). The antibody against Cry4Ba domain III, diluted to 1:50 in the
blocking solution, was incubated with the membrane. Then the membrane was washed
with TBS-Tween buffer 5 min for 3 times before adding 1:20,000 diluted alkaline
phosphatase conjugated with goat anti-mouse Ig. The blotted membrane was washed
with TBS-Tween buffer. The membrane was soaked in 10 ml of developing buffer
(100 mM Tris-HCI1 pH 9.5, 100 mM NaCl, 5 mM MgCl,) containing 66 pl of 5% NBT
(nitroblue tetrazolium) and 33 pul of 5% BCIP (5-bromo-4-chloro-3-indolyl phosphate)
until reactive bands were visible. To stop the reaction, the membrane was rinsed twice
with distilled water and then soaked in 3% trichloroacetic acid (TCA) for 5 minutes to
fix the colour. The membrane was washed with distilled water again to remove TCA

and kept dried in dark.
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CHAPTER 4

RESULT I: MUTAGENESIS OF Cry4Ba

Several studies have demonstrated that o5 in domain I of Cry toxins is an
essential determinant of toxicity, likely to be involved in structural integrity and
oligomerisation (9, 10). As determined from the crystal structure of Cry4Ba (35), a5 is
composed of 22 amino acids with the majority being nonpolar residues (Fig. 11A). In
this study, site-directed mutagenesis was employed to identify a critical residue in a5

for larvicidal activity of the Cry4Ba toxin.

4.1 Constructions of the alanine-substituted Cry4Ba mutant plasmids

Substitutions of the polar amino acids (Tyr178, GlnlSO, Asn183, Asn'® , and
Asn'?) in a5 with alanine (gray circled in Fig. 11B) were performed via PCR-based
directed mutagenesis. The pMU388 plasmid (Fig. 9) containing the gene sequence
encoding the 130-kDa Cry4Ba toxin was used as a template together with
oligonucleotide primers containing mutated nucleotides and an introduced restriction
enzyme recognition site for screening the mutant plasmids. Following the thermal
cycle, the amplified products were digested with Dpnl endonuclease and analysed on
agarose gel electrophoresis as shown in Fig. 12. It was found that all PCR products
showed a 6.3-kb major DNA band, corresponding to the size of pMU388.

The Dpnl-treated digested PCR products (Fig. 13) were transformed into E. coli
JM109 competent cells. 10 transformants from each mutation were screened for the
presence of the mutant plasmids by restriction endonuclease analysis. After being
treated with an appropriate restriction endonuclease, the digested DNA fragments of
the mutant plasmids could be distinguished from that of the wild-type plasmid as
shown in Fig. 14A-18A. Each mutant plasmid was verified in the mutated region by
DNA sequencing as shown in the sequencing chromatograms (Fig. 14B-18B). The
results showed that all mutant plasmids contain nucleotide changes at the desired

positions.
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4.2 Expression of the alanine-substituted Cry4Ba mutant toxins

E. coli cells harboring the wild-type and its mutant plasmids (Y178A, Q180A,
N183A, N185A and N195A) were expressed upon IPTG induction as described in
Methods: 3.2.9. The crude extracts were analysed by SDS-PAGE in which the
expression levels among the wild-type and the mutants were found to be comparable

to that of the wild-type Cry4Ba protoxin (Fig. 19).

4.3 Solubilisation and proteolytic processing of the alanine-substituted mutants

When the partially purified inclusions of each mutant toxin were solubilised in
carbonate buffer (pH 9.0) at 37°C for 1 hr, the amounts of 130-kDa soluble proteins in
the supernatant were compared with that of total proteins initially used in order to
determine the percentages of solubility. It was found that the solubility of all the
alanine-substituted Cry4Ba mutants, Y178A, Q180A, N185A and N195A, except for
N183A is relatively similar to that of the wild-type Cry4Ba toxin (Fig. 20).

The solubilised mutant protoxins were also assessed for their proteolytic stability
by digestion with TPCK-treated trypsin at 37°C for 16 hr and the proteolytic patterns
were analysed on SDS-PAGE. Similar to the wild-type protoxin, all trypsin digestions
of the solubilised mutant protoxins yielded proteolytic resistant products of ca. 47 kDa

and ca. 20 kDa (Fig. 21).

4.4 Mosquito-larvicidal activity of the alanine-substituted Cry4Ba mutant toxins

Mosquito bioassays were performed to determine the effect of alanine substitutions on
toxicity. E. coli whole cells expressing either wild-type Cry4Ba or each mutant toxin
were tested for their biological activity towards S. aegypti larvae. Percentage mortality
of the larvae after 24-hour incubation is shown in Fig. 22. Almost complete loss of
larvicidal activity was observed for only the substitution at Asn'®’, while replacements
at the other positions (Y178A, Q180A, N185A and N195A) did not affect the toxicity.
The results suggested that Asn'® is important for larvicidal activity of the Cry4Ba

toxin.
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Figure 11: Sequence alignment and ribbon representation of Cry4Ba-aS5.
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(A) Multiple sequence alignment of the transmembrane helices 4 and 5 of Cry4Ba
with those of four different crystal structures, CrylAa, Cry2Aa, Cry3Aa and
Cry3Bb. The degree of conservation among the five sequences is represented by
background shading of the residues with black, dark gray and gray shading for
100%, 80% and 60% sequence homology, respectively. Mutated residues in this
study are indicated by *. The sequences were aligned using the program Clustal X
v.1.83.

(B) Side and top views of the N-terminal helical domain of the Cry4Ba toxin in which
a5 is encircled by other helices. The structures were generated by WebLab
ViewerPro (Accelrys Inc.). The five mutated residues as indicated by * in A are
shown in ball-and-stick model.
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Figure 12: PCR amplification of Cry4Ba mutant plasmids: pY178A, pQ180A, pN183A,
pN185A and pN195A.

The figure shows 1.0 % agarose gel electrophoresis (ethidium bromide-stained) of
PCR products of Cry4Ba mutant plasmids, amplified at 50°C. The expected 6.3-kb
DNA band is indicated with the bold label.

Lane 1: A/HindIII digested DNA markers

Lane 2: A negative control

Lane 3: The PCR product of the pY178A plasmid
Lane 4: The PCR product of the pQ180A plasmid
Lane 5: The PCR product of the pN183A plasmid
Lane 6: The PCR product of the pN185A plasmid
Lane 7: The PCR product of the pN195A plasmid
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6.3 kb

Figure 13: Dpnl digested PCR amplification products of Cry4Ba wild-type and its
mutant plasmids: pY178A, pQ180A, pN183A, pN185A and pN195A.

The figure shows 1.0 % agarose gel electrophoresis (ethidium bromide-stained) of
PCR products of Cry4Ba wild-type and its mutant plasmids digested with Dpnl. The
expected 6.3-kb DNA band is indicated with the bold label.

(A) Lane 1: A/HindIII digested DNA markers
Lane 2: The PCR product of the Cry4Ba wild-type plasmid digested with Dpnl

(B) Lane 1: A/HindIII digested DNA markers
Lane 2: The PCR product of the pY178A plasmid digested with Dpnl
Lane 3: The PCR product of the pQ180A plasmid digested with Dpnl
Lane 4: The PCR product of the pN183A plasmid digested with Dpnl
Lane 5: The PCR product of the pN185A plasmid digested with Dpnl
Lane 6: The PCR product of the pN195A plasmid digested with Dpnl
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Figure 14: Restriction digestion and DNA sequence analysis of pY178A.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Bgll digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The BglI digested mutant plasmid, pY178A
Lane 3: The BglI digested wild-type plasmid, pMU388

(B) The DNA sequencing chromatogram of pY178A, using N155A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.



Supaporn Likitvivatanavong Result: Mutagenesis / 50

(A) (B)

176 177 178 179 180 181 182 183 184
R I Y A A \% A N F

S AL TATACGCAGCTGTAGC AL ATTT
— 1.9kb

direction of gene

0.4 kb

Figure 15: Restriction digestion and DNA sequence analysis of pQ180A.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Pvull digestion
patterns of the wild-type and mutant plasmids. The 1.9- and 0.4-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The Pvull digested wild-type plasmid, pMU388
Lane 3: The Pvull digested mutant plasmid, pQ180A

(B) The DNA sequencing chromatogram of pQ180A, using N155A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 16: Restriction digestion and DNA sequence analysis of pN183A.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of BgIl digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers

Lane 2: The BglI digested wild-type plasmid, pMU388

Lane 3: The Bgll digested mutant plasmid, pN183A clone no.1
Lane 4: The BglI digested mutant plasmid, pN183A clone no.2
Lane 5: The Bgll digested mutant plasmid, pN183A clone no.3

(B) The DNA sequencing chromatogram of pN183A clone no.2, using N155A-f as a
sequencing primer. Part of the sense strand sequence is shown. The bold letter
represents the substituted amino acid residue.



Supaporn Likitvivatanavong Result: Mutagenesis / 52

(A) (B)

12345

kb

23.1
9.4
6.5
43

23
2.0

182 183 184 185 186 187 188
A N F A L L L

24Kb AGCAAATT TCGCQC TACT TTT
-

direction of gene

Figure 17: Restriction digestion and DNA sequence analysis of pN185A.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Hhal digestion
patterns of the wild-type and mutant plasmids. The 2.4-kb mutant specific band is
indicated.

Lane 1: A/HindIII digested DNA markers

Lane 2: The Hhal digested wild-type plasmid, pMU388

Lane 3: The Hhal digested mutant plasmid, pN185A clone no.1
Lane 4: The Hhal digested mutant plasmid, pN185A clone no.2
Lane 5: The Hhal digested mutant plasmid, pN185A clone no.3

(B) The DNA sequencing chromatogram of pN185A clone no.2, using N155A-f as a
sequencing primer. Part of the sense strand sequence is shown. The bold letter
represents the substituted amino acid residue.
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Figure 18: Restriction digestion and DNA sequence analysis of pN195A.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Hhal digestion
patterns of the wild-type and mutant plasmids. The 2.4-kb mutant specific band is
indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The Hhall digested mutant plasmid, pN195A
Lane 3: The Hhal digested wild-type plasmid, pMU388

(B) The DNA sequencing chromatogram of pN195A, using N155A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 19: Expression of the Cry4Ba wild-type toxin and Y178A, Q180A, N183A,
N185A, N195A mutant toxins.

The figure shows SDS-PAGE protein profiled (Coomassie blue-stained 10% gel)
of crude extracts from IPTG induced E. coli recombinant cells containing different
plasmids. The expected 130-kDa protoxin bands are indicated.

Lane 1: Molecular mass protein standards

Lane 2: Crude extracted proteins of E. coli containing pUC12
Lane 3: Crude extracted proteins of E. coli containing pMU388
Lane 4: Crude extracted proteins of E. coli containing pY 178A
Lane 5: Crude extracted proteins of E. coli containing pQ180A
Lane 6: Crude extracted proteins of E. coli containing pN183A
Lane 7: Crude extracted proteins of E. coli containing pN185A
Lane 8: Crude extracted proteins of E. coli containing pN195A
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Figure 20: Solubility of Cry4Ba wild-type and its mutant inclusions.

The figure shows Coomassie blue-stained SDS-PAGE (10% gel) comparing the
solubility of the mutant inclusions in 50 mM carbonate buffer, pH 9.0. The expected

130-kDa protoxin bands are indicated.

Lane 1: Molecular mass protein standards

Lane 2: Total inclusion suspension of Cry4Ba wild-type

Lane 3: Soluble fraction of Cry4Ba wild-type
Lane 4: Total inclusion suspension of Y178A
Lane 5: Soluble fraction of Y178A
Lane 6: Total inclusion suspension of Q180A
Lane 7: Soluble fraction of Q180A
Lane 8: Total inclusion suspension of N183A
Lane 9: Soluble fraction of N1§83A

Lane 10: Total inclusion suspension of N185A

Lane 11: Soluble fraction of N185A

Lane 12: Total inclusion suspension of N195A

Lane 13: Soluble fraction of N195A
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Figure 21: Trypsinised products of the Cry4Ba wild-type toxin and Y178A, Q180A,
N185A, N195A mutant toxins.

The figure shows SDS-PAGE (Coomassie blue-stained 15% gel) of the trypsin
treated products of Cry4Ba and its mutants. The expected bands of ca. 47 and ca. 20
kDa are indicated.

Lane 1: Molecular mass protein standards

Lane 2: Trypsin untreated products of Cry4Ba wild-type
Lane 3: Trypsin treated products of Cry4Ba wild-type
Lane 4: Trypsin treated products of Y178A

Lane 5: Trypsin treated products of Q180A

Lane 6: Trypsin treated products of N185A

Lane 7: Trypsin treated products of N195A
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Figure 22: Larvicidal activity of the Cry4Ba and its alanine-substituted mutants.

The figure shows larvicidal activity of E. coli cells expressing the Cry4Ba or its
mutant toxins (Y178A, Q180A, N183A, N185A and N195A) against S. aegypti larvae.
The control sample was E. coli cells carrying pUC12 vector. Error bars represent
standard errors of the mean (SEM) from three independent experiments. Inserted table
shows each value in details.
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4.5 Constructions of Cry4Ba mutant plasmids substituted at Asn'™

Previous studies suggested that polarity of only Asn'® located in o5 is important
for biological activity of the Cry4Ba toxin. The loss of biological activity of Cry4Ba-
N183A may be caused by lack of an important functional group at position 183.
Attempts were made to test this hypothesis by replacing asparagine with charged
amino acid (lysine, arginine, aspartate), polar amino acid (glutamine, theronine,
histidine), or nonpolar amino acid (phenylalanine). Structural analysis of the Cry4Ba
crystal structure indicated this Asn'® points toward a7 and forms hydrogen bond with

*%7 (Fig. 54). To assume the importance of this interaction between Asn'® and
8 p

Tyr*®’, the alanine substitution at Tyr*®’

Tyr
was also generated. The pMU388 plasmid
containing the gene sequence encoding the 130-kDa Cry4Ba toxin was used as a
template. Resulting plasmids of PCR amplifications were analysed on agarose gel
electrophoresis as shown in Fig. 23. The results showed that the size of all the PCR
products corresponds to the length of the pMU388 DNA template. The transformants
from each mutation were screened for the presence of the mutant plasmids via
restriction endonuclease analysis as shown in Fig. 24A-31A. The mutated region in
each mutant plasmid was further confirmed by DNA sequencing (Fig. 24A-31A)
which revealed that all mutant plasmids contain nucleotide changes at the desired

positions.

4.6 Expression of Cry4Ba mutant toxins substituted at Asn'®

E. coli cells harboring each type of mutant plasmids were expressed upon IPTG
induction and the crude extracts were subjected to SDS-PAGE. It was found that the

expression levels of all Asn'® and Tyr*®’

mutant protoxins were comparable to that of
the wild-type Cry4Ba protoxin (Fig. 32) except for the Asn'®> mutant substituted
with His and Asp (Fig. 33) which the expression levels were lower than that of the

wild-type Cry4Ba and the other mutant toxins.
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4.7 Solubilisation of the Cry4Ba mutant inclusions substituted at the
position 183
After solubilising the protoxin inclusions of each mutant in carbonate buffer,
pH 9.0, the amounts of the 130-kDa soluble proteins in the supernatant were
compared with those of the proteins in the total fraction. Substitutions of Asn'*?
with Gln or Lys did not affect the solubility of toxins while conversions to Arg, Thr
or Phe adversely affected the solubilisation of toxin inclusions (Fig. 34). Due to an

. . 183 - o)
interaction between Asn'® in a5 and Tyr*”’

267

in a7, an attempt was also made to assess
the solubility of Tyr™’ to Ala mutation. It was found that this mutant inclusion could
not be solubilised in carbonate buffer. The solubilised mutant protoxins (N183Q and
N183K) were also assessed for their proteolytic stability by digestion with TPCK-
treated trypsin at 37°C for 16 hr and the proteolytic patterns were analysed on SDS-
PAGE. Similar to the wild-type protoxin, the trypsin digestions of the solubilised
mutant protoxins yielded proteolytic resistant products of ca. 47 kDa and ca. 20 kDa
(Fig. 35).

Because of the insolubility in carbonate buffer, pH 9.0, the N183T was also
assessed for its solubilisation in gut juices comparing to the wild-type Cry4Ba
protoxin inclusion. Gut extracts were obtained from the fourth instar S. aegypti
larvae. The result showed that both of wild-type and N183T mutant protoxin
inclusions could be solubilised in gut juice extraction, however in a low amount,
revealing bands of ca 130 kDa and 47 kDa (Fig. 36). The observation of ca 47-kDa
band in wild-type implied that the gut juices contain some of trypsin-like enzyme

which could digest inclusion of protoxins.

4.8 Larvicidal activity of Cry4Ba-N183 mutant toxins

Protoxin inclusions and E. coli whole cells expressing the mutant toxins or the
wild-type Cry4Ba toxin were tested for their biological activity against S. aegypti
larvae. As can be seen that both E. coli whole cells and protoxin inclusions gave
similar results for the observed activity (see Fig. 37 and 38). The results also revealed
that complete loss of larvicidal activity was observed for substitutions with arginine,
lysine or phenylalanine. The substitutions with strong polar residue such as glutamine

still retained high larvicidal activity compared to the wild-type Cry4Ba. Substitution
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with weak polar residue such as theronine showed ~70% activity. However, the level
of larvicidal activity of histidine and aspartate-substituted mutant was found to be ~20
and 30% compared to the wild-type toxin. It should be noted in here that the
expression of these two mutants was lower than that of the wild-type and other
mutants. Furthermore, the substitution at Tyr*®” with Ala revealed a completely loss of

larvicidal activity.
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Figure 23: PCR amplification of Cry4Ba mutant plasmids: pN183Q, pN183R, pN183T,
pN183H, pN183D, pN183K, pN183F and Y267A.

The figure shows 1.0% agarose gel electrophoresis (ethidium bromide-stained) of
PCR products of Cry4Ba mutant plasmids, which amplified at 50°C. The expected 6.3-kb
DNA band is indicated with the bold label.

(A) Lane 1: A/HindIII digested DNA markers
Lane 2: The PCR product of the pN183Q plasmid digested with DpnI
Lane 3: The PCR product of the pN183R plasmid digested with Dpnl
Lane 4: The PCR product of the pN183T plasmid digested with Dpnl
Lane 5: The PCR product of the pN183H plasmid digested with DpnI

(B) Lane 1: A/HindIII digested DNA markers
Lane 2: The PCR product of the pN183D plasmid digested with DpnI

(C) Lane 1: A/HindlIII digested DNA markers
Lane 2: The PCR product of the pN183K plasmid digested with Dpnl
Lane 3: The PCR product of the pN183F plasmid digested with Dpnl
Lane 4: The PCR product of the pY267A plasmid digested with Dpnl
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Figure 24: Restriction digestion and DNA sequence analysis of pN183Q.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Hhall digestion
patterns of the wild-type and mutant plasmids. The 2.4-kb mutant specific band is
indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The Hhall digested wild-type plasmid, pMU388
Lane 3: The Hhal digested mutant plasmid, pN183Q

(B) The DNA sequencing chromatogram of pN183Q, using N151A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 25: Restriction digestion and DNA sequence analysis of pN183R.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Hhall digestion
patterns of the wild-type and mutant plasmids. The 2.4-kb mutant specific band is
indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The Hhall digested wild-type plasmid, pMU388
Lane 3: The Hhal digested mutant plasmid, pN183R

(B) The DNA sequencing chromatogram of pN183R, using N151A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 26: Restriction digestion and DNA sequence analysis of pN183T.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Bgll digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The Bgll digested wild-type plasmid, pMU388
Lane 3: The BglI digested mutant plasmid, pN183T

(B) The DNA sequencing chromatogram of pN183T, using N151A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 27: Restriction digestion and DNA sequence analysis of pN183H.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of BgIl digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers

Lane 2: The BglI digested wild-type plasmid, pMU388

Lane 3: The Bgll digested mutant plasmid, pN183H clone no.1 (negative screening)
Lane 4: The Bgll digested mutant plasmid, pN183H clone no.2 (positive screening)

(B) The DNA sequencing chromatogram of pN183H clone no.2, using N151A-f as a
sequencing primer. Part of the sense strand sequence is shown. The bold letter
represents the substituted amino acid residue.
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Figure 28: Restriction digestion and DNA sequence analysis of pN183D.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of BgIl digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The BglI digested wild-type plasmid, pMU388
Lane 3: The BgllI digested mutant plasmid, pN183D

(B) The DNA sequencing chromatogram of pN183D, using N151A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 29: Restriction digestion and DNA sequence analysis of pN183K.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of BgIl digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers

Lane 2: The BglI digested wild-type plasmid, pMU388

Lane 3: The Bgll digested mutant plasmid, pN183K clone no.1 (negative screening)
Lane 4: The BglI digested mutant plasmid, pN183K clone no.2 (positive screening)

(B) The DNA sequencing chromatogram of pN183K clone no.2, using N151A-f as a
sequencing primer. Part of the sense strand sequence is shown. The bold letter
represents the substituted amino acid residue.
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Figure 30: Restriction digestion and DNA sequence analysis of pN183F.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Bgll digestion
patterns of the wild-type and mutant plasmids. The 3.0- and 2.1-kb mutant specific
bands are indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The BgllI digested mutant plasmid, pN183F clone no.1 (positive screening)
Lane 3: The BglI digested mutant plasmid, pN183F clone no.2 (positive screening)

(B) The DNA sequencing chromatogram of pN183F clone no.1, using N151A-f as a
sequencing primer. Part of the sense strand sequence is shown. The bold letter
represents the substituted amino acid residue.
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Figure 31: Restriction digestion and DNA sequence analysis of pY267A.

(A) 1% agarose gel electrophoresis (ethidium bromide-stained) of Pstl digestion
patterns of the wild-type and mutant plasmids. The 2.4-kb mutant specific band is

indicated.

Lane 1: A/HindIII digested DNA markers
Lane 2: The PstI digested mutant plasmid, pN183F
Lane 3: The Pstl digested wild-type plasmid, pMU388

(B) The DNA sequencing chromatogram of pY267A, using N195A-f as a sequencing
primer. Part of the sense strand sequence is shown. The bold letter represents the
substituted amino acid residue.
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Figure 32: Expression of the Cry4Ba wild-type toxin and N183Q, N183R, N183T,
N183F, N183K and Y267A mutant toxins.

The figure shows SDS-PAGE protein profiled (Coomassie blue-stained 10% gel)
of crude extracts from IPTG induced E. coli recombinant cells containing different
plasmids. The expected 130-kDa protoxin bands are indicated.

(A) Lane 1:

(B)

Lane 2:
Lane 3:
Lane 4:
Lane 5:
Lane 6:
Lane 7:

Lane 1:
Lane 2:
Lane 3:
Lane 4:

Molecular mass protein standards

Crude extracted proteins of E. coli containing pUC12
Crude extracted proteins of E. coli containing pMU388
Crude extracted proteins of E. coli containing pN183Q
Crude extracted proteins of E. coli containing pN183R
Crude extracted proteins of E. coli containing pN183T
Crude extracted proteins of E. coli containing pN185F

Molecular mass protein standards

Crude extracted proteins of E. coli containing pMU388
Crude extracted proteins of E. coli containing pN183K
Crude extracted proteins of E. coli containing pY267A
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130 kDa

Figure 33: Expression of the Cry4Ba wild-type toxin and N183H, N183D mutant
toxins.

The figure shows SDS-PAGE protein profiled (Coomassie blue-stained 10% gel)
of crude extracts from IPTG induced E. coli recombinant cells containing different
plasmids. The expected 130-kDa protoxin bands are indicated.

Lane 1: Molecular mass protein standards

Lane 2: Crude extracted proteins of E. coli containing pUC12
Lane 3: Crude extracted proteins of E. coli containing pMU388
Lane 4: Crude extracted proteins of E. coli containing pN183H
Lane 5: Crude extracted proteins of E. coli containing pN183D
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Figure 34: Solubility of Cry4Ba wild-type and its Asn'® mutant inclusions in
vitro.

The figure shows Coomassie blue-stained SDS-PAGE comparing the solubility of
the mutant inclusions in 50 mM carbonate buffer, pH 9.0.

(A) Lane 1: Molecular mass protein standards

Lane 2: Total inclusion suspension of Cry4Ba wild-type
Lane 3: Soluble fraction of Cry4Ba wild-type

Lane 4: Total inclusion suspension of N183R

Lane 5: Soluble fraction of N183R

Lane 6: Total inclusion suspension of N183Q

Lane 7: Soluble fraction of N183Q

Lane 8: Total inclusion suspension of N183T

Lane 9: Soluble fraction of N183T

(B) Lane 1: Molecular mass protein standards
Lane 2: Total inclusion suspension of N183F
Lane 3: Soluble fraction of N183F
Lane 4: Total inclusion suspension of N183K
Lane 5: Soluble fraction of N183K
Lane 6: Total inclusion suspension of Y267A
Lane 7: Soluble fraction of Y267A
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Figure 35: Trypsinised products of the Cry4Ba toxin and N183K, N183(Q mutant
toxins.

The figure shows SDS-PAGE (Coomassie blue-stained 15% gel) of the trypsin
treated products of Cry4Ba and its mutants. The expected bands of ca. 47 and ca. 20-kDa

are indicated.

Lane 1: Molecular mass protein standards

Lane 2: Trypsin treated products of active mutant N183K
Lane 3: Trypsin treated products of Cry4Ba wild-type
Lane 4: Trypsin treated products of inactive mutant N183Q
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Figure 36: Solubility of Cry4Ba and its mutant inclusions using gut juice extracts.

The figure shows western blot analysis of the solubility of the wild-type and
N183T protoxin inclusions after 16-hr incubation in gut juice extracts using antibody
against Cry4Ba domain III.

Lane 1: Soluble fraction of Cry4Ba in 50 mM Na,COs, pH 9.0

Lane 2: Trypsin treated products of Cry4Ba in 50 mM Na,COs;, pH 9.0
Lane 3: Soluble fraction of Cry4Ba in gut juice extracts

Lane 4: Soluble fraction of N183T in gut juice extracts
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% Mortality using E. coli whole cells
Toxin pUCI12 Cry4Ba N183Q | NI83R | NI8T | NI8F | NI83K | Y267A | NI8H | N183D
Mean 2.3 93.7 90.1 0.7 63.5 0.3 0.6 1.0 20.7 31.1
SEM 0.4 1.5 0.2 0.2 1.2 0.1 0.2 0.3 1.9 4.1
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Figure 37: Larvicidal activity of the wild-type Cry4Ba and its mutants substituted at
the position 183.

The figure shows comparison of larvicidal activity of E. coli cells expressing the
wild-type Cry4Ba and its mutants substituted at the position 183 against S. aegypti
larvae. The control sample was E. coli cells carrying pUC12 vector. Error bars
represent standard errors of the mean (SEM) from four independent experiments.
Inserted table shows each value in details.
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% Mortality using toxin inclusions
Toxi
X1 cvaBa | NIS3Q | NISST | NIS3K
Mean 90.1 88.9 61.5 0
SEM 0.6 33 0.7 0
% Mortality
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Figure 38: Larvicidal activity using toxin inclusions of Asn'® mutants.

The figure shows comparison of larvicidal activity between the wild-type Cry4Ba
and its mutant toxins against S. aegypti larvae using 6 pg protoxin inclusions. Error
bars represent standard errors of the mean (SEM) from three independent experiments.
Inserted table shows each value in details.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mol. Genet. Genet. Eng.) / 77

4.9 Mutagenesis of hydrophobic residues in a5 of the Cry4Ba toxin

Substitutions with serine of selected hydrophobic amino acids (Val'® and Ala'®)

in a5 were performed via PCR-based directed mutagenesis. Results of PCR
amplification, DNA sequencing and toxin expression are shown in Fig. 39-42. The
expression level of both toxins was similar to that of the wild-type Cry4Ba toxin. In
addition, larvicidal assays revealed that the substitutions of both Val'®' and Ala'® with

alanine as single or double mutations had a small effect on toxicity. All three mutants
(V181S, A182S and V181S/A182S) still retained about 70% mortality (Fig. 43)

compared to the wild-type toxin.

kb) 1 2 3

23.1

6.3 kb

Figure 39: PCR amplification of Cry4Ba mutant plasmids: pV181S and pA182S.

The figure shows 1.0 % agarose gel electrophoresis (ethidium bromide-stained) of
PCR products of Cry4Ba mutant plasmids, which amplified at 48°C. The expected 6.3-
kb DNA band is indicated with the bold label.

Lane 1: A/HindIII digested DNA markers
Lane 2: The PCR product of the pV181S plasmid digested with Dpnl
Lane 3: The PCR product of the pA182S plasmid digested with Dpnl
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direction of gene

Figure 40: DNA sequence analysis of pV181S and pA182S.

The DNA sequencing chromatogram of pV181S (A) and pA182S (B), using
N151A-f as a sequencing primer. Parts of these sense strand sequence are shown. The
bold letter represents the substituted amino acid residue.
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direction of gene

Figure 41: DNA sequence analysis of pV181S/A182S.

The DNA sequencing chromatogram of pV181S/A182S using NISIR-f as a
sequencing primer. Part of the sense strand sequence is shown. The bold letter
represents the substituted amino acid residue.
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Figure 42: Expression of the Cry4Ba toxin and V181S, A182S and V181S/A182S
mutant toxins.

The figure shows SDS-PAGE protein profiled (Coomassie blue-stained 10% gel)
of crude extracts from IPTG induced E. coli recombinant cells containing different
plasmids. The expected 130-kDa protoxin bands are indicated.

Lanes 1 and 6: Molecular mass protein standards

Lane 2: Crude extracted proteins of E. coli containing pUC12

Lane 3: Crude extracted proteins of E. coli containing pMU388

Lane 4: Crude extracted proteins of E. coli containing pV181S

Lane 5: Crude extracted proteins of E. coli containing pA182S

Lane 7: Crude extracted proteins of E. coli containing pV181S/A182S clone no.1
Lane 8: Crude extracted proteins of E. coli containing pV181S/A182S clone no.2
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% Mortality using E. coli whole cells
Toxin ™ e Cry4Ba V18IS AI82S | VISIS/AIS2S
Mean 1.5 88.3 67.4 62.1 73.6
SEM 0.4 1.4 3.1 0.6 48
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Figure 43: Larvicidal activity of the wild-type Cry4Ba and its mutants substituted at
the position 181 and 182.

The figure shows comparison of larvicidal activity of E. coli cells expressing the
wild-type Cry4Ba and its mutants substituted at the positions 181 and 182 against S.
aegypti larvae. The control sample was E. coli cells carrying pUC12 vector. Error bars
represent standard errors of the mean (SEM) from three independent experiments.
Inserted table shows each value in details.



183

Supaporn Likitvivatanavong Result: Characterisation of Asn'°” mutant toxins / 82

CHAPTERS
RESULT II:

CHARACTERISATION OF Cry4Ba-N183 MUTANT TOXINS

5.1 Purification of Cry4Ba and Asn'® mutant toxins

After solubilisation and trypsin activation in 50 mM Na,COs, pH 9.0, the 65-
kDa activated Cry4Ba wild-type and the N183K mutant toxin were subjected to size-
exclusion FPLC (Superose-12 column), which was equilibrated with carbonate buffer,
pH 9.0. It was found that purified toxin fractions (as indicated by arrow in
chromatogram in Fig. 44A-44B) were eluted as a peak corresponding to 65-kDa
bovine serum albumin. These peak fractions were then analysed on SDS-PAGE (Fig.

44A-44B) and used for further characterisation.

5.2 Structural determination of Cry4Ba and N183K mutant toxins

5.2.1 Secondary structure of Cry4Ba and N183K mutant toxins

CD spectroscopy was employed to compare secondary structure contents of
wild-type and its mutant toxins. Fig. 45 shows the CD spectra of the 65-kDa FPLC-
purified toxins of Cry4Ba and its mutant in the 190-260 nm far UV regions. The CD
spectrum of the larvicidal inactive N183K mutant was similar to that of the wild-type
Cry4Ba toxin, suggesting that their overall secondary structure contents are likely the

same.

5.2.2 Tertiary structure of Cry4Ba and N183K mutant toxin

Intrinsic fluorescence of tryptophan residues of Cry4Ba and its mutant was
measured by spectrofluorometer. Fig. 46 shows the fluorescence spectra of the 65-kDa
FPLC-purified Cry4Ba and its mutant toxin at 340 nm. The fluorescence spectrum of
the inactive N183K mutant was also found to be similar to that of the wild-type

Cry4Ba toxin, suggesting that their overall tertiary structures are likely the same.
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Figure 44: Chromatogram and SDS-PAGE analysis of purified Cry4Ba and N183K

mutant toxins.

The figure shows FPLC-chromatogram from size-exclusion chromatography
(Superose 12) and Coomasie blue-stained (15% gel) SDS-PAGE of purified fraction
of; (A) the wild-type Cry4Ba toxin. (B) the N183K mutant toxin.

Lane 1: Molecular mass protein standards
Lane 2: The purified fraction of 65-kDa toxins after size exclusion chromatography
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Figure 45: CD spectra of wild-type Cry4Ba and N183K mutant.

The figure shows CD spectra of the 65-kDa purified Cry4Ba toxin (O0) in
comparison with that of the N183K mutant (A) in 50 mM Na,COs3 pH9.0.
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Figure 46: Intrinsic fluorescence spectra of the wild-type Cry4Ba toxin and the
N183K mutant toxin.

The figure shows fluorescence spectra of the 65-kDa purified Cry4Ba toxin (O)
in comparison with that of the N183K mutant (A) in 50 mM Na,COs pH 9.0.
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53 Membrane perturbing activity of Cry4Ba and N183K mutant toxins

Membrane perturbation of the 65-kDa purified proteins of Cry4Ba wild-type
and its mutant was investigated by using fluorescence spectroscopy as described in
Method: 3.2.20.2. Calcein fluorescence dye was used as an internal marker to monitor
liposome permeability changes after adding toxin. Fig. 47-48 shows the fluorescence
intensity after addition of the activated Cry4Ba and its mutant toxins into 2.5 uM
liposome vesicles. The ability of the N183K mutant (7.5 pg/ml) to exert membrane
perturbing activity towards lipid vesicles was much weaker than the wild-type toxin,

indicating that Asn'® is involved in membrane perturbation of the Cry4Ba toxin

5.4  Oligomerisation study of Cry4Ba and its mutant toxins

A gel electrophoresis system was employed to examine effects on toxin
oligomerisation of the Cry4Ba toxin under various conditions. As shown in Fig. 49A,
the 65-kDa activated wild-type toxin could form a mixture of monomers, dimers (ca.
110 kDa), and trimers (ca. 180 kDa) on liposome vesicles, with the predominant trimer
species after 2-hr incubation. However, the 180-kDa trimeric band seemed to
disappear after heating at 95°C and 70°C, but not at 60 °C for 10 min (Fig. 49B). In
addition, the trimeric species could be detected on immunoblots probed with anti-
Cry4Ba domain III monoclonal antibodies (Fig. 50), indicating that this 180-kDa
trimeric band is an assembly of the monomeric Cry4Ba toxin. Fig. 51 shows the
Cry4Ba protein migrated as oligomeric bands on the gel regardless of whether it was
cross-linked or not. However, the oligomerisation state of the Cry4Ba toxin seemed to
be strengthen with the presence of liposome vesicles.

Unlike the Cry4Ba wild-type toxin, the N183K bio-inactive mutant toxin
existed as monomeric species under the conditions used. In contrast, the Cry4Ba-
R158A protein, the bioinactive mutant toxin with the alanine substitution at Arg'*® in
a4 (109), was still found to be able to form oligomers (Fig. 52). However, the N183K
mutant toxin could migrate as oligomeric bands on the gel when it was cross-linked

with glutaraldehyde agent (Fig. 53).
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Figure 47: Effects of the Cry4Ba toxin on calcein release from liposomes.

The figure shows the overall of fluorescence intensity after addition of the
activated Cry4Ba and its mutant toxin into 2.5 pM liposome suspension in the
liposome-entrapped calcein release assay, with excitation set at 485 nm and emission
monitored at 520 nm. 100% calcein release was obtained by adding 0.1% Triton X-
100 after a 10-min incubation with protein samples. Arrows indicate the time events
when toxin (*) or Triton X-100 (**) was added into the suspension. The figure below
is an expanded view.
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Figure 48: The relative release activities of the wild-type Cry4Ba and the N183K
mutant, with varying concentrations.

The relative release activity of each protein sample, the wild-type (@) and the
Asn'® mutant (A) with different concentrations that are indicated as fraction of 100%
release induced by Triton X-100. Error bars represent standard error of the mean from
at least three independent experiments. The release in the control sample incubated
with carbonate buffer rarely exceeded 1% and this value has been subtracted in the
figure.
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Figure 49: Oligomerisation state of the Cry4Ba wild-type in varying incubation
time and temperature.

SDS-PAGE analysis of the oligomeric state of Cry4Ba wild-type in varying; (A)
lengths of incubation time (a half hour to more than 2 hours). Black arrow shows the
trimeric species of protein. Gray arrow shows the processed 47-kDa Cry4Ba fragment
that remains non-covalently attached to the 20-kDa fragment under non-denaturing
conditions. (B) temperature (60°C to 95°C) and in the presence of 25 mM DTT.

Copyright by Mahidol University
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Figure 50: Western blot analysis of the oligomeric of the Cry4Ba toxin.

Western blot analysis of the oligomerisation state of the Cry4Ba toxin after 2-hr
incubation using antibody against Cry4Ba domain III.
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Figure 51: Oligomerisation state of the Cry4Ba wild-type in the presence of
liposome and glutaraldehyde cross-linking agent.

SDS-PAGE analysis of the oligomeric state of Cry4Ba wild-type in the

presence and in varying amounts of liposomes and glutaraldehyde cross-linking agent
(GTA).
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Figure 52: Oligomerisation state of the N183K and R158A mutant toxins.

SDS-PAGE analysis of the oligomeric state of Cry4Ba wild-type and its
mutants at 1 hr of incubation time.
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Figure 53: Oligomerisation state of the N183K mutant in the presence of liposome
and DTT with varying glutaraldehyde concentrations.

SDS-polyacrylamide gel analysis of the oligomeric state of the N183K mutant
in the presence of liposome and 25 mM DTT with varying glutaraldehyde
concentrations.
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CHAPTER 6

DISCUSSION

According to the umbrella model (4), part of the pore-forming domain of the
activated Cry toxin is thought to insert into the membrane as a hairpin structure
consisting of a-helices 4 and 5 with the remaining helices lying on the surface in an
umbrella-like conformation. Mutation studies of specific residues within o4 indicated
that this helix is oriented facing the lumen of the pore and is involved in ion-channel
conduction as being evident by a dramatic loss in ion-channel activity for the specific
mutation in a4 (7). Conversely, a5 is thought to be in contact with the lipid milieu of
the membrane (81, 104). There are reports revealed for the Cryl A toxins that helix 5
may play a role in the oligomerisation of the a4-a5 hairpin monomers (9, 10).
However, the features required for the association of these inserted helices are less
well understood nowadays.

A number of studies have indicated about the role of polar residues in driving
and stabilising the association of the transmembrane helices within lipid bilayers (13-
16). It has been suggested that the polar residues, which provide interhelical
interactions (mainly hydrogen bonding), may be involved in the assembly process.
Moreover, based on free energy estimation, the high cost of breaking these H-bonds
inside lipid membrane implies that hydrogen bonding between a-helices could provide
a strong stabilising force for helix association (13, 105). Hence, this thesis study was
aimed to investigate the possible role for toxicity of polar amino acids in the
transmembrane a5 of Cry4Ba in stabilising or driving helix association.

Alanine-scanning mutagenesis of polar residues (Tyr'”®, GIn'®, Asn'®’, Asn'®

and Asn'”’

) was initially performed. The expressed mutant toxins of Y178A, Q180A,
N185A, and N195A were found to preserve the same biochemical characteristics as
that of the wild type. However, a nearly complete loss of solubility was observed for
the inclusions of the N183A mutants. When E. coli cells expressing each mutant toxin
were bioassayed against S. aegypti, a completely loss of toxin activity was observed

for N183A mutant whereas the other four mutant toxins exhibited only a negligible
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reduction in larvicidal activity compared to the wild-type. These data suggested that
Asn'® is critically involved in biological activity of the Cry4Ba toxin.

More substitutions were generated at position 183 (N183R, N183T, N183Q,
N183K, N183F, N183H and N183D) in order to elucidate and characterise the role of
this critical residue. The resultant Cry4Ba mutant toxins were also found to be highly
produced in E. coli as inclusion bodies upon IPTG induction. When equal amounts of
cell lysates were analysed using SDS—PAGE, the N183R, N183T, N183Q, N183K and
N183F mutants also yielded a 130-kDa protoxin band at the levels comparable to that
of the wild-type toxin. However, the 130-kDa proteins were observed in a very low
yield for the N183H and N183D mutants. Normally, the production yield of
heterologous proteins in E. coli host may depend on many factors including the
features of the gene sequence, compatibility of the codon usage, degradation of the
protein by host cell proteases, and the nature of protein folding. Here, the case of the
lower yields observed for the N183H and N183D mutants might be due to the
introduction of mutations which could not permit the proper folding of the expressed
proteins and consequently resulted in low yield productions.

The solubility of mutant protein inclusions (N183Q, N183T, N183R, N183K and
N183F) in comparison with the wild-type inclusion was also assessed. It was found
that all with exception of the N183Q and N183K mutants were insoluble in carbonate
buffer, pH 9.0. Structural analysis of Cry4Ba revealed that Asn'® of o5 points toward
o7 and forms hydrogen bonding with Tyr*’ at the end of a7 (Fig. 53A). This
interaction is retained in the N183Q and N183K mutants as well as that of the wild-
type. However, the four other mutants (N183A, N183T, N183R and N183F), which
were found to be insoluble in carbonate buffer, provide no hydrogen bonding to Tyr*®’

(Fig. 53B). It seems that the dissolvability of the N183 mutant inclusions in vitro and

3 7

hydrogen bond formation observed between Asn'® in o5 and Tyr*® in o7 are
correlated. At this stage, it may be that the loss of hydrogen bonding to a7 could
disturb the structural characteristics that consequently affect toxin-inclusion
solubilisation in vitro. This possibility was later confirmed when the replacement of
Tyr*®’ with Ala also drastically perturbed dissolvability of the toxin inclusion.

When protoxin inclusions of Cry4Ba wild-type and NI183T mutant were

assessed for its solubilisation in gut juices. After 16-hr incubation, it was found that
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Figure 54: Hydrogen bonding between Asn'™ and Tyr267 in Cry4Ba.

(A) Ribbon representations of part of the Cry4Ba crystal structure, illustrating the

interaction via hydrogen bonding (encircled) between Asn

the C-terminus of a7 (shown

(B)
N183Q and N183K mutant

183 267

ina 5 and Tyr™' at

in ball-and-stick form).

Between mutated residues at positions 183 and 267 could be observed only in the

toxins, but not in the five other mutant toxins. The

structures were generated by WebLab ViewerPro (Accelrys Inc.)
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both of inclusions could be solubilised in gut juice extracts, albeit very low amount,
revealing a protoxin band of ca 130 kDa detected by western blot analysis against the
Cry4Ba-domain III monoclonal antibody. The observation of a ca 47-kDa band of the
wild-type implied that the gut juices might contain some kind of trypsin-like enzymes
which could digest protoxin inclusion into a 47-kDa protease-resistant fragment.

Further mutagenic analysis at Asn'® revealed that substitutions with residues, i.e.
Gln, Thr, Asp and His still retained toxicity although a drastic reduction in toxicity was
observed for N183D and N183H mutants as possibly to be due to the lower level of
toxin expression. However, substitutions with residues, i.e. Arg, Lys and Phe were
shown to completely abolish larvicidal activity. Further characterisation revealed that the
total loss of larvicidal activity of the N183K mutant is unlikely due to misfolding or
distortion of structure resulting from the single mutation at this position. Upon
solubilisation and trypsin activation in the carbonate buffer, pH 9.0, the 130-kDa mutant
protoxin was cleaved into 47-kDa and 20-kDa fragments, indicating that the N183K
mutation had no apparent effect on proteolytic processing. Similar to the wild-type, these
two trypsin-resistant fragments were also found associated to each other forming a 65-
kDa protein complex under non-denaturing conditions via size-exclusion FPLC
purification. Furthermore, secondary and tertiary structure determinations via circular
dichoism and fluorescence spectroscopy revealed that both of wild-type Cry4Ba and
N183K mutant exhibited similar spectra, suggesting the structure of the mutant toxin is
not different from that of the wild-type toxin.

A gel electrophoresis system was used to directly examine both of Cry4Ba and its
mutant for the distribution of the oligomeric forms. Here, preliminary conditions were
tested in order to observe oligomer formation of the Cry4Ba wild-type toxin. Under
conditions used, the 65-kDa activated Cry4Ba toxin was found to form a mixture of
monomers, dimers, and trimers on liposome vesicles, with the trimer representing the
predominant species after 2-hr incubation (see Fig. 49A). Of these, the results imply that
the order of oligomeric forms could be extended with the longer time of incubation. The
trimeric presenting here could also be detected on immunoblots probed with anti-
Cry4Ba domain III monoclonal antibodies, indicating that this ca. 180-kDa trimeric band
is an assembly of the 65-kDa monomeric Cry4Ba toxin. The presence of oligomers

comprising dimer and trimer species was agree with results of CrylAc, Cryl Ab wild-
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type toxins with no observation of species comprising four or more toxin molecules (9,
80). However, it has been suggested via atomic force microscopy that a toxin pore
formed by the 65-kDa activated Cry4Ba toxin in a lipid environment consists of four
subunits (76). Therefore, there is still an open question whether such higher-order
oligomeric structures are present but they might not be stable under the conditions used
in the experiments. In addition, it should be noted that the Cry4Ba protein migrated as
oligomeric bands on the gel regardless of whether it was cross-linked or not, indicating
the non-necessarity of glutaraldehyde cross-linked agent in the formation of oligomeric
forms of the Cry4Ba protein. The ability to persist to SDS and heat of the Cry4Ba
oligomers was also examined. Under these conditions, the highest order of oligomeric
band was found to disappear somehow after heating at 95°C and 70°C, but not for 60°C
for 10 min, indicating that the Cry4Ba oligomer is resistant to dissociation by SDS and
partially resistant to dissociation by combination of SDS and heat. These characteristics
are quite similar to those previously described for the small, heptameric oligomers of
aerolysin (106) and the large, 40-50 oligomers of perfringolysin O (107), which display
a resistance to SDS-dissociation and to relatively high temperature at 65°C. This could
indicate that the forces facilitating the Cry4Ba monomer-monomer interactions may be
similar to those that stabilise the oligomers of other pore-forming toxins. Furthermore,
the data also showed that the subunit association is not mediated by disulfide bridges as
they are also present in samples incubated with DTT (see Fig. 49B).

Upon the conditions used with the Cry4Ba wild-type toxin, the N183K mutant was
existed only as monomeric species (see Fig. 52-53) although the longer time of
incubation was used, indicating that the lack of toxicity may be caused by a deficiency in
toxin oligomerisation within the target membrane. It should be noted that the N183K
mutant toxin could migrate as oligomeric bands on the gel when it was cross-linked with
glutaraldehyde. However, this cross-linking agent seemed to be unnecessary for
oligomer formation of the wild-type toxin as mentioned earlier. Since glutaraldehyde
could link protein molecules via lysine group creating structure more stable than that
attained by the physical aggregation of protein molecules, the mutant protein that is
replaced with lysine in the critical position 183 might possibly generate anomalous
linking of protein subunits. Thus, by providing cross-linked molecules, oligomeric-forms

of the N183K mutant could be observed on the SDS-gel. However, the bioinactive
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Cry4Ba-R158A mutant with alanine-substitution at Arg'® in a4 [108], which was
previously identified to be important for ion conduction [109], was still found to be able

to form oligomers, suggesting that Arg'*® is not involved in toxin oligomerisation unlike

Asn'® in as5.

For characterisation of the membrane-perturbation activity against large
unilamellar vesicles whose compositions (PC/PE/Ch) are more relevant to the insect cell
membranes (115), it was found that the ability of this mutant (at the equivalent protein
concentration of 7.5 pg/ml to wild-type toxin) to exert membrane perturbing activity
towards lipid vesicles was much weaker than that of the wild-type toxin. This suggested
that Asn'® is likely to be involved in membrane perturbation of the Cry4Ba toxin. The
release of calcein dye into the surrounding solution might be caused by the
destabilisation of membrane vesicles rather than through the toxin-induced pore. The
wild-type toxin could perhaps collide during lateral movement and form oligomers
towards lipid vesicles that would destabilise and finally burst the lipid vesicles more
effectively than the mutant. According to the analysis by SDS-PAGE, the mutant toxin
that was not able to form oligomers within lipid vesicles would consequently provide
weaker ability to perturb the lipid vesicles and cause a negligible leakage of calcein dye
of liposome vesicles.

The distributions of hydrogen bonding between helices and the composition of
amino acid residues that are involved in the interaction were widely studied in several
transmembrane proteins including potassium channel protein (Fig. 55). It has been
shown that almost all transmembrane helices in these proteins have interhelical
hydrogen bonds and every helix in the data set is connected by at least one hydrogen
bonding with its neighbors, and that the helical pairs with interhelical hydrogen bonding
would have a tendency to pack tighter than their counterparts without interhelical
hydrogen bonding (110). Thus, according to the crystal structure of the Cry4Ba toxin
(35), if a4 faces the pore lumen, the Asn'® in a5 may point to the side of closed helices
4 or 5 of nearby subunits in an oligomer. It should be noted that two types of hydrogen
bonds are normally observed in the transmembrane regions of membrane proteins. One
is the hydrogen bond that is formed between side chains of amino acids from

neighboring helices. The other of hydrogen bond is formed between a side chain of an
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amino acid of one helix and a carbonyl oxygen or an amide hydrogen of a polypeptide
backbone from a neighboring helix (110). Perhaps, Asn'® in a5 could provide an
interhelical interaction with a residue or backbone of these closed helices and somehow
stabilise the structure of the oligomeric toxin inside the lipid membrane (Fig. 56).

It has been shown that the interhelical interaction via polar residues €.g. Asn in a
designed hydrophobic transmembrane helix could contribute to the structural stability of
the oligomeric structure within lipid membranes by providing a strong driving force for
dimer or trimer formation [15, 16]. Another study revealed that a buried Asn at the
helical, trimeric interface of the hemagglutinin from the influenza A virus (residue 95)
was found to engage in hydrogen bonding with Asn side chains from neighboring
subunits (111). In addition, extension of the study indicated that two polar atoms of
amino acids such as Asn, Gln, Asp and Glu formed a stable trimer, whereas residues
with a single polar atom such as Thr, Ser or Lys showed a weaker tendency to associate
to each other (112, 113). Thus, if the association of toxin monomers is important for
toxicity, the substitution with Gln at Asn'® in a5 of the Cry4Ba toxin would generate
more stable oligomers than the Thr-substitution that would retain more larvicidal activity
of the toxin (see Fig. 37). However the failure of the N183K mutant to form oligomers
together with the loss of toxicity might be possibly due to the long side chain of
substituted Lys. Due to side chains of amino acids could rotate freely, perhaps, specific
hydrogen bonding that involve in a Lys side chain would require freezing five torsional
angles resulting in an unfavorable entropy of interaction whereas only two and three
torsional angles are required to specify the conformation of Asp and Glu, respectively. It
has been shown that His residue was also found to play a role in stabilising the
oligomeric complex of pore-forming protein of Entamoeba histolytica via its
involvement of hydrogen bond formation (114). It should be noted that the strength of
hydrogen bonding depends on many factors including angle, orientation and distance.
Once the hydrogen bond moves beyond the range, it would lose it hydrogen bond
character and become a weaker electrostatic interaction.

In addition, single or double mutagenic analysis at two highly conserved nonpolar
residue (Val'®' and Ala'®?) in a5 revealed that substitutions with a polar residue i.e. Ser
still retained high toxicity of the mutant toxins comparable to the wild-type. The result

suggested that nonpolarity at these two positions may be unnecessary for larvicidal
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activity of Cry4Ba unlike an identified polar residue at position 183. There was a report

of CrylAc revealed that the mutation at Ala'®

at which situates in the same position in
the helical wheel of nonpolar Val'®' of the Cry4Ba toxin exhibited no toxicity (9). It has
also been reported that the mutation of Asn'*® in a4 of the CrylAb toxin appeared to
affect toxicity, possibly involved in toxin oligomerisation. It was also in contrast to the

"1 that situates in the same position as Asn'>> of the CrylAb

Cry4Ba toxin in which Asn
toxin exhibited no loss of larvicidal activity (80). This could be that differences in the
location of the critical residues may conceivably reflect the diversity in the structure
details for each group of insect-specific Cry toxins. However, because of a5 provides the
most conserved residues along the helix, a number of distinct clusters of conserved
residues were observed when plotting in different pitches of helix (Fig. 57). By and
large, the apparent number of residues per turn in each helical wheel projection would be
altered in the case of helices interacting with a right-handed or left-handed crossing-
angle from 3.6 to 3.9 and 3.5 residues per turn, respectively (116, 117). Some of
conserved residues in a5 lie up on the same faces of the 3.9 amino acids per turn helical
wheel diagram (Fig. 56), implying clue that Cry4Ba might be a right-handed coiled-coil.
Although the conserved residues are face into the same direction, some of these
conserved residues (Y'”, Q'*°, V'®! A2} were not crucial for their insecticidal activity.
This could suggest that some conserved residues in a5 might not be necessary for
determining toxicity of the Cry4Ba protein. Perhaps the clusters of these conserved
residues might be important just in case of maintenance of topology of Cry toxin.
However, it should be noted that mutations at conserved residues Arg'”° and Asp'” in 05
of the Cry4Ba toxin appear to affect toxicity. It was found that this Arg'”® could perform
electrostatic interaction to adjacent Asp'' within the helix. Further characterisation
revealed that these charged residues were critical for maintaining the structural folding
of the Cry4Ba toxin (118, 119).

In conclusion, this study has identified a critical residue at position 183 within the
transmembrane helix 5 of the 130-kDa Cry4Ba toxin. According to the results, the loss
of toxicity of the Asn'® mutant appears to affect monomer-monomer interaction,
supporting its role of a5 to be pivotal in oligomerisation of Cry toxin. Nevertheless,
further investigations of more detailed oligomeric behaviour and molecular organisation

of the Cry4Ba toxin in the lipid membranes, particularly in the native midgut membranes
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prepared from mosquito larvae, are of great interest. In addition, molecular dynamics
simulations are needed to verify definitively on hydrogen bonding as well as the
potential energy of Asn'® on protein-protein interactions of the Cry4Ba toxin within the

lipid membranes.



Fac. of Grad. Studies, Mahidol. Univ. Ph.D. (Mol. Genet. Genet. Eng.) / 103

" [ o
kff R_E» .k_'_f)
1EUL

Figure 55: The topological maps of interhelical hydrogen bonding (top view) of the
transmembrane region of several transmembrane proteins (111).

Two helices are connected by an edge if there is at least one hydrogen bonding between
them. The number of observed interhelical hydrogen bonding is indicated next to the
corresponding edge. The helices are numbered by the order in which they appear in the
primary sequence. The large circle shows the interhelical interactions of potassium
channel protein from Streptomyces lividans.
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Figure 56: Schematic views of trimeric association of Cry4Ba.

(A) Crystal contacts of Cry4Ba around the 3-fold axis in the rhombohedral lattice a5
(yellow) is seen end-on with its N terminus pointing out of the page. a3 (green), o4
(magenta) and a6 (blue) are labeled ear their respective C terminus (35).

(B) A possible model of the trimeric association of a4-a5 hairpin of Cry4Ba in the lipid
membrane. Asn'® is shown providing a possible interhelical interaction with a residue
or backbone of closed helices. The nearby residues (R'*, N, E'*) of a4 facing into
Asn'® are shown in (C).
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Figure 57: Helical wheel projections of helix 5 of Cry4Ba with three different
pitches.

Clusters of conserved residues are shown in red color.
(A) 3.6 amino acids per turn (canonical helix).

(B) 3.9 amino acids per turn (right-handed coiled-coil).
(C) 3.5 amino acids per turn (left-handed coiled-coil).



Supaporn Likitvivatanavong Conclusion / 106

CHAPTER 7

CONCLUSIONS

1.  To investigate the possible role for toxicity of selected polar amino acids in
transmembrane a5 of the Bacillus thuringiensis Cry4Ba mosquito-larvicidal
protein, a PCR-based mutagenesis strategy was employed to obtain substitutions
with polar and non-polar residues. Here, fifteen single mutants (Y178A, Q180A,
NI183A, NI185A, N195A, N183Q, N183R, N183T, N183K, N183F, NI83H,
N183D, Y267A, V181S and A182S) and one double mutant (V181S/A182S)
were successfully constructed. All the mutated sequences were verified by DNA

sequencing.

2. Upon IPTG induction, all of the 130-kDa mutant protoxins were expressed in E.
coli strain JM109 as cytoplasmic inclusions with the expression levels
comparable to the wild-type Cry4Ba toxin. Nine mutant toxins (Y 178A, Q180A,
NI185A, NI195A, NI83Q, NI83K, VI181S, A182S and VI8IS/A182S) were
found to be structurally stable upon solubilisation and trypsin activation in

carbonate buffer, pH 9.0.

3.  Mosquito bioassays showed that N183A, NI183R, NI83K, NI&3F, Y267A
mutant toxins exhibited completely loss of larvicidal activity against S. aegypti
larvae while N183Q and N183T mutant toxin could retain about 90% and 60%
of larvicidal activity, respectively, compared to the Cry4Ba wild-type. The result
suggested that the polar residue at position 183 is essentially involved in

larvicidal activity of Cry4Ba.

4. Mutagenic analysis at two selected nonpolar residues (Val'®' and Ala'®) which
are highly conserved among the Cry toxin family in a5 revealed that
substitutions with a polar residue i.e. Ser, still retained high toxicity of the
mutant toxins comparable to the wild-type, suggesting that nonpolar residue at

these two positions may not be required for larvicidal activity of Cry4Ba.
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5. Upon solubilisation and trypsin activation in carbonate buffer, pH 9.0, the
bioinactive N183K protoxin was cleaved into 47-kDa and 20-kDa fragments.
Similar to the wild-type, these two trypsin-resistant fragments were found
associated to each other forming a 65-kDa protein complex under non-
denaturing conditions via size-exclusion FPLC purification. In addition, CD and
intrinsic fluorescence spectroscopy revealed that overall structural fold of the 65-

kDa larvicidal inactive mutant (N183K) was similar to that of the Cry4Ba wild-

type.

6. The 65-kDa purified bioinactive N183K toxin was characterised for its
membrane-perturbation activity with large unilamellar vesicles consisting of
PC/PE/Ch. Unlike the 65-kDa wild-type toxin, the inactive mutant (N183K) was
found to be less active against liposome vesicles in releasing entrapped calcein-
dye, suggesting that Asn'® is involved in membrane perturbation of the Cry4Ba

toxin.

7. A gel electrophoresis system was used to examine both of Cry4Ba and its mutant
for the distribution of the oligomeric forms. Cry4Ba toxin was found to form a
mixture of monomers, dimers, and trimers on liposome vesicles, with the trimer
representing the predominant species after 2-hr incubation. Upon the conditions
used with the wild-type toxin, the N183K mutant was existed only as monomeric
species although the longer time of incubation was used, indicating the lack of
toxicity may be caused by a deficiency in oligomerisation. Unlike N183K, the
bioinactive R158 A mutant in a4, which was previously identified to be important
for ion conduction, was still found to be able to form oligomers, suggesting that

Arg"® in 4 is not involved in toxin oligomerisation.

8. In conclusions, the loss of toxicity of the N183 mutant appeared to be caused by
a decrease in monomer-monomer interactions via hydrogen bonding through this
critical position, supporting its role of a5 to be pivotal in Cry toxin

oligomerisation in lipid membranes.
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APPENDIX

Appendix 1: Complete nucleotide sequence of the cry4Ba gene

The nucleotide sequence of the cry4dBa gene in pMU388 is shown. The
uppercase letters represent the deduced amino acid sequence. The alpha helices and
beta strands in each domains are marked as box based on structural alignment and

supperpositions of individual domains of CrylAa, Cry3Aa and Cry2Aa (50).
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gaa gaa ggg cca ata gat ggg gaa gca ctg tca cgc gtg aaa cac 2745
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 ggg tat ttg gta caa tcg att cca tat 2925
gtg tac aat gat t%g ttg tca gat gtt cca ggt atg aat tat gat 2970
atc tat gta ggg 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 t%g cat gta act gga aat gca gac gta caa caa ata 3105
gat ggt gtt tct gta ttg gtt cta tct aat t%g 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
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

E T E G S F Y

atc gaa agc att gaa tta att tgc atg aac gag 3408
| E S | E L | c M N E
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