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ABSTRACT

Cyt2Aa2 is a 29 kDa cytolytic protein produced by Bacillus thuringiensis supsp.
darmstadiensis during the sporulation stage. This protein exerts lethal activity against
mosquito larvae in vivo and broad-range activity in vitro. To become a 25 kDa active toxin, a
proteolytic processing of N-and C-termini is required. This study aims to investigate a
functional role of amino acids on the N-terminus (position 1-40) and the C-terminus (position
229-259) of Cyt2Aa2. A number of mutant toxins with destabilizing interactions between
these two terminal fragments or two monomers were generated and analyzed in comparison
with the wild-type Cyt2Aa2. Results show that substitution by alanine at positions R25, P27,
and 131, and by leucine at position D39 and the deletion of 22 amino acids at the C-terminus
(N238-N259) did not affect the structure and function of the toxin. On the other hand, alanine
substitution at L33, N230, and 1233 affected protein conformation and toxicity. C-terminal
truncation from S229 and 1233 dramatically reduced protein production and toxicity and
affected the tertiary structure of Cyt2Aa2. Results suggest that amino acids located at 1 on
the N-terminus and oF on the C-terminus play important roles during structural folding,
dimerization, and inclusion formation. Amino acid replacement and deletion of these regions
could lead to protein misfolding which causes an inability in the protein to maintain its

biological activities.
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Cyt2Aa2/ MOSQUITO LARVICIDAL TOXICITY
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CHAPTER |
INTRODUCTION

1.1 Bacillus thuringiensis

Bacillus thuringiensis (Bt) is a rod-shaped, catalase-positive, gram-
positive bacterium. It can be found in many habitats including soil [1] and plant
leaves [2]. The genome size of Bacillus thuringiensis strains is approximately at 2.4 to
5.7 million bp [3] and contains a large variety of transposable elements [4]. During the
stationary phase of its growth cycle, Bacillus thuringiensis produces parasporal crystal
proteins [4], as shown in figure 1.1. The crystalline proteins can be classified into 2
major classes which are Cry and Cyt proteins [5]. Surprisingly, both of them were
found to be toxic to insect larvae. Its insecticidal activities are highly offensive to the
order of Lepidoptera (moths and butterflies), Blattodea (cockroaches), Coleoptera
(beetles), Diptera (flies and mosquitoes), Hymenoptera (bees and wasps), Homoptera,
Orthoptera, and Mallophaga [6-10]. However, they are harmless to humans,
vertebrates and plants [11]. They are very friendly to the environment because they
are easily and completely biodegradable [11]. Currently, Bt toxin is a good choice to
develop to be bio-pesticides for commercial in agriculture and forestry fields [4, 11-
13]. For example, it was studied to control of sheep blowfly species (Lucilia cuprina,
L. sericata, and Calliphora stygia) instead of chemical insecticides [12, 14]. In
medical field, it can be used to control mosquitoes and blackflies which are vectors of
serious human diseases, such as dengue fever and river blindness [11]. Moreover, it
was applied in the development of transgenic insect-resistant plants [11]. In the
present, several strains of B. thuringiensis have been classified into 55 serotypes
based on their H flagellar antigens [15]. Individual subspecies produce a range of
different toxins with differing insect specificities and can also be grouped into

different pathotypes on the basis of their insect targets [16].
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Figure 1.1: Electron micrograph of Bacillus thuringiensis subsp. israelensis
(Bar, 0.1 um; x 138, 600)

Bacillus thuringiensis subsp. israelensis produces parasporal inclusion (S)

during sporulation stage [17].
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1.2 Bt toxin

The crystal proteins are produced from Bacillus thuringiensis during
sporulation phase of life cycle known as d-endotoxins [4]. Based on amino acid
sequences, crystal proteins have been distinguished to two major families which are
Crystal (Cry) and Cytolytic (Cyt) toxins [5, 15]. Cry and Cyt toxins are expected to
have similar mode of action but they also have differences in many aspects. Firstly,
Cyt toxin is highly toxic to Dipteran larvae, whereas Cry toxin is specifically toxic to
various insect orders, Lepidoptera, Coleoptera, Hymenoptera, Diptera [18, 19].
Secondly, Cyt toxin shows broad-range activity to a variety of eukaryotic cells and
erythrocytes in vitro [20-23] but Cry toxin requires specific-receptors for protein
binding [18, 20-23]. Finally, Cyt toxin (25-28 kDa) is smaller than Cry toxin [24]. Cyt
toxin is a single domain protein that is entirely different protein structure from Cry
toxin [25]. In contrast, Cry toxin is large and composed of three domains. Cyt toxins
have been found in a variety of mosquitocidal B. thuringiensis strains [20] which are
Bacillus thuringiensis (Bt) subspecies israelensis [26], kyushuensis [24], fukuokaensis
[27], jegathesan [28], darmstadiensis [29] and meddellin [30]. In addition, some
strains of B. thuringiensis produce pesticidal proteins during vegetative growth called
Vegetative Insecticidal Proteins (VIPs) [31]. The VIPs are not parasporal crystal
proteins but they are secreted from the cell. The VIPs exhibit their toxicity against

lepidopteran insect pest [31].

1.3 Cytolytic toxin

Cyt proteins can be devided into 2 subtypes which are Cytl (CytA) and
Cyt2 (CytB) proteins. The entomocidal delta-endotoxins Cytl and Cyt2 are produced
in many strains of Bacillus thuringiensis as shown in table 1.1. The phylogenetic tree
of phylogenetic is shown in figure 1.2 [32]. The alignment of amino acid sequences
of Cytl and Cyt2 proteins demonstrated a 39% identity and 70% similarity [24]. The
proteases cleavage sites of Cytl and Cyt2 are found at matching positions on the
sequence alignment and were equally haemolytic in vitro [33]. They are also similar

in amino acid sequence, predicted secondary structure, and alpha-helical content. The
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Table 1.1: List of cyt genes from several Bacillus thuringiensis strains [34]

Access No.
Gene Subspecies

[Reference]
cytlAal israelensis X03182 [26]
cytlAa2 israelensis X04338 [35]
cytlAa3 morrisoni PG14 Y00135 [36]
cytlAad morrisoni PG14 M35968 [37]
cytlAbl medellin X98793 [38]
cytlBal neoleonensis U37196 [39]
cyt2Aal kyushuensis Z14147 [24]
cyt2Aa2 darmstadiensis AF472606 [40]
cyt2Bal israelensis U52043 [41]
cyt2Ba2 morrisoni PG14 AF020789[25]
cyt2Ba3 fukuokaensis AF022884[25]
cyt2Ba4 morrisoni HD12 AF022885[25]
cyt2Ba5 morrisoni HD518 AF022886[25]
cyt2Ba6 morrisoni serovar tenebrionis AF034926[25]
cyt2Ba7 strain T301 AF215645 [42]
cyt2Bbl jegathesan U82519 [20]
cyt2Bcl medellin AJ251979 [43]
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Primary Rank Secondary Rank Tertiary Rank

Cyt1Aa

Cyt1Ab

Cyt1Ba
Cyt2Ba1
Cyt2Ba2
Cyt2Ba3
Cyt2Ba4
Cyt2Ba5
Cyt2Ba6
Cyt2B--
Cyt2Bb
Cyt2Aa

45 78 95
Percent Amino Acid Sequence ldentity

Figure 1.2: Phylogram of Cyt toxin family
The figure illustrates the relationship between Cyt toxins. Thicker vertical

lines divide the four levels of nomenclature ranks. Protein names in boldface indicate

that the central region of the genes has been used for comparison [32].



Siriya Thammachat Introduction /6

only obvious difference is an additional fifteen residue at C-terminus of Cyt2 that may
facilitate high expression and inclusions formation in an acrystalliferous without a 20
kDa helper protein which is essential for Cytl inclusion formation [33]. The 20 kDa
helper protein was proposed to improve expression of Cytl protein in E. coli cells
through post-transcriptional regulation of cytl gene [44]. Some studies suggested that
the helper protein does not affect on post-transcription and translational initiation
[45]. It may bind to nascent Cyt1 polypeptide to prevent from degradation [46].

After Li et al. [25] obtained X-ray crystallographic structure of Cyt2Aal
shown in figure 1.3 (in absence of lipid), Cyt1Aal structure as figure 1.4 was created
using the Swiss-Pdb Viewer 3.1 software and expected to be similar to Cyt2Aal.
CytlAal was predicted to have two outer a-helix hairpins (helices A-B and C-D)
flanking a core of mixed B-sheet (strands 1 to 7). In addition, the study revealed that
activated Cyt2Ba toxin is composed of a six B-sheets surrounded by two outer a-helix
layers (helices 1-5) as shown in figure 1.5 [47]. From figure 1.6, an alignment result
of amino acid sequences of six Cyt proteins from various subspecies of B.
thuringiensis showed four blocks with high similarity scores and high statistical
significance. Comparison of figures 1.3-1.6 indicates that the four blocks are (i) helix
A (consensus sequence YILQAIQLANAFQGALDP), (ii) the loop after helix D plus
beta strand 4 (TFTNLNTQKDEAWIFW), (iii) beta strand 5 and beta strand 6
(TNYYYNVLFAIQNEDTGGVMACVPIGFE), and (iv) strand 6a and the following
loop (LFFTIKDSARY) [48].

1.4 Cyt2Aa?2 toxin

Cytl1Aa toxin isolated from Bacillus thuringiensis subsp. israelensis is the
first cytolytic toxin that was discovered and thoroughly characterized [32, 49].
Cyt2Aal produced from Bacillus thuringiensis subsp. kyushuensis is another cytolytic
toxin [20, 24, 26] that can exhibit toxicity against mosquito larvae and show broad-
range activity in vitro [50]. A cytolytic protein isolated from B. thuringiensis subsp.
darmstadiensis (Btd 73E10-2) showed an immunological cross-reactivity with anti-
Cyt2Aal antibody but did not react with anti-Cyt1Aal antibody [50, 51]. It can imply
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Figure 1.3: The structure of Cyt2Aal monomer from Bacillus thuringiensis
subsp. kyushuensis prepared by MOLSCRIPT [25]
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Figure 1.4: Predicted secondary structure of CytlAal protein created with
Swiss-PdbViewer 3.1

The structure was predicted based on the X-ray crystallographic structure
of Cyt2Aal protein [25]. The a-helices are marked by letters, and PB-strands are
numbered [48].
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Figure 1.5: Crystal structure of activated Cyt2Ba monomer created with
PyMOL [47]
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CytlAb FAQPLVSASEYPIADLTSAINGTL-—--————————————————— 250
CytlBa FAQPLIDSRALSINDLSEALRSSKYLY-————-——-————————- 265
Cyt2Aa LVQALHSSD-APIVDIFNVNNYNLYHS---NHKIIQNLNLSN--- 259

Cyt2Ba VVQALDSYN-APIIDVEFNVRNYSLHR---PNHNILONLNVNPIKS 263
Cyt2Bb VVQLLDSYN-APIIDVENVHNYGLYQSNHPNHHILONLNLNKIKG 263

Figure 1.6: Alignment of amino acid sequences of six Cyt proteins from different
subspecies of B. thuringiensis generated by BioEdit program: Highly conserved

blocks are in blue letter.
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that B. thuringiensis subsp. darmstadiensis contains a cyt2A-like gene. The gene was
cloned into E. coli cell and then verified DNA sequences. DNA sequence analysis
showed that the gene is 854 bp containing an open reading frame translating to 259
amino acids shown in figure 1.7 [40]. The cloned gene was designated cyt2Aa2.
cyt2Aa2 can be expressed in Escherichia coli system as inclusion bodies which could
be solubilized in alkaline buffer. The 28 k-Da protoxin was processed by proteinase K
resulting in 25-kDa (T34-F237) and 23-kDa (S38-S228) activated fragments that is
similar to Cyt2Ba toxin. The structure of the endogenously cleaved Cyt2Ba monomer
is from T41 to S228. Cyt2Aa2 toxin is highly toxic to Culex quinquefasciatus and
Aedes aegypti larvae and it can lyse sheep erythrocytes [40].

From X-ray crystallographic experiment of unprocessed Cyt2A protein, it
showed that Cyt2A is a single domain protein of o/f3 architecture that is composed of
six a-helices and seven [-sheets as shown in figure 1.3 [25]. The two a-helices are in
outer layer and a mixed [-sheet is in the middle of the protein structure (figure 1.8)
[25]. Cyt2A toxin structure is similar to volvatoxin A2 (VVAZ2), a cardiotoxin
produced by a straw mushroom Volvariella volvacea [52]. The a-helices have the
amphipathic property, the hydrophobic residues face against the B-sheet while the
polar and charge residues point out to the environment. The B-strands have shown

strongly left-handed twist and amphipathic character in some of the B-sheets.

Cyt2A protoxin is generally in a dimer form by interwining their N-
terminal arms after proteolysis processing of N- and C-terminal parts, and it will be
released to monomeric molecule [24]. The N-terminal part of protoxin Cyt2A is
involved with dimerization between two molecules by intertwining with another N-
terminal end from another molecule [25]. The protoxin dimers have been produced to
stabilize secondary structure of the protoxin molecules. Five areas of the monomeric
surface are possible to provide the interaction between each other as shown in figure
1.9 [25]. Firstly, hydrogen bonds between F28 to P36 of B’1 and N44 toY48 of g1
and B2 in another molecule. Secondly, the salt bridge and van der Waals interactions
of loopupps, 100Pgi g2, 100pua«s With the region before B1 of another monomer.

Thirdly, the interactions between loopg;.r and oF, Asn230 in loopg .+ and Val234 in
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TAATTTAAAAGGAGGATCATAATATGTATACTARAARATTTTAGTAATTCCAGAATGGAAG 60
M Y T K N F §$ N S R M E VvV 13

TABRAAGGTAATAACGGGTGTTCTGCACCTATTATTAGRAARACCATTTARACATATTGTAT 120
K G N N G ¢ S8 A P I I R K P F K H I VvV L 33

TAACGGTTCCATCCAGTGATTTAGATAATTTTAATACAGTCTTITATGTACAACCACAAT 180
T vV P § $S D L D N F N T V F Y V Q P Q Y 53

ACATTAATCAGGCTCTTCATTTAGCAAATGCTTTTCAAGGGGCTATAGACCCACTTAATT 240
I N Q9 AL H L A NAUPF OGS A I D P L N L 73

TAAATTTCAATTTTGAAAAGGCACTCCAAATTGCAAATGGTATTCCTAATTCTGCAATTG 300
N FP N F E KA L Q I A NG I P N S35 A I VvV 93

TAAAAACTCTTAATCARAGTGTTATACAGCAAACAGTTGAAATTTCAGTTATGGTTGAGC 360
XK T L N © 8§ V I ¢ g T VvV E I 5 Vv M Vv E Q 113

AACTTABRAAAGATTATTCAAGAGGTTTTAGGACTTGTTATTAACAGTACTAGTTTTTGGA 420
L K XK I I Q E VvV L 6 L ¥ I N s T 5 F W N 133

ATTCGGTAGAAGCTACAAT TARAGGCACATTTACAAATT TAGACACTCAAATAGATGAAG 480
s vV E A T I K G T F T N L D T ¢ I D E A 153

CATGGATTTTTTGGCATAGTTTATCCGCCCACAATACAAGTTATTATTATAATATTTTAT 540
W I F W H $ L $S A H N T S Y Y Y N I L F 173

TTTCTATTCAABATGAAGATACAGGTGCAGT TATGGCAGTATTACCTTTAGCATTTGAGG 600
S I Q N E D T G A V M AV L P L A F E V 193

TTTCTGTGGATGT TGAARAACAAAAAGTATTATTCTTTACAATAARAGATAGTGCACGAT 660
S vV D V E K ¢ K Vv L F F T I K D S8 A R Y 213

ATGAAGTTAAAATGARAGCTTTGACTTI TAGTTCAAGCTCTACATTCCTCTAATGCCCCAA 720
E VvV KM K A L T L V Q A L H S 8 N A P I 233

TTGTAGATATATTTAATGTTAATAACTATAATTTATACCATTCTAATCATAAGATTATTIC 780
vy DI F N V N N Y N L Y H S N H K I I @ 253

AAAATTTAAATTTATCGAATTGATGTTTGATTCTTARATATCTATTTTTCAAATARAAAT 840
N L N L S8 N * 259

CCTTAATTTTATTC 854

Figure 1.7: Nucleotide and deduced amino acid sequences of Cyt2Aa2 toxin
(GenBank accession no. AF472606) [40]


http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=genbank&_cdi=6713&_issn=0006291X&_originPage=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.ncbi.nlm.nih.gov%252Fentrez%252Fquery.fcgi%253Fcmd%253Dsearch%2526db%253Dnucleotide%2526doptcmdl%253Dgenbank%2526term%253DAF472606%5baccn%5d
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OOH

Figure 1.8: Topology diagram of Cyt2A protein [25]
The figure shows conformation of the Cyt2A toxin. Helix hairpins A-B
and C-D are in the outer layer and a mixed B-sheet is in the middle of protein

structure. a-helices are represented by circle and B-sheets are represented by the

triangles.
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Figure 1.9: The structure of Cyt2A protoxin (dimer) created by PyMOL

The figure shows dimeric structure of Cyt2A protoxins. Two monomers
interact to each other between five areas as previously described [25]. The five areas

are colored in red, green, pink, blue, and orange.
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oF form hydrogen bonds with each other similar to Ala231 in loopg;r and 11e233 in
oF. The next is between aD and loop.p g4 Which are salt bridged between Lys140 and
Aspl47. The last area is between loop,gg; that form the salt bridge of each molecule
[25]. In addition, Cyt2A toxin has an extra 15 residue at C-terminal sequence that
make a difference from Cyt1A [24]. The additional amino acids of Cyt2A have been
suggested to be proteolysis preventing residues.

Toxin mechanism

Cry and Cyt toxins are in a class of bacterial toxins known as pore-
forming toxins (PFT). There are two main groups of PFT: (i) the a-helical toxins, in
which a-helix regions form the trans-membrane pore, such as the colicins, exotoxin
A, diptheria toxin and also the Cry three-domain toxins [53]. (ii) the g-barrel toxins,
that insert into the membrane by forming a f-barrel composed of S-sheet hairpins
from each monomer [53]. For instance; aerolysin, a-hemolysin, anthrax protective

antigen, cholesterol-dependent toxins as the perfringolysin O and the Cyt toxins [53].

The proposed mechanism of action of crystalline Cry and Cyt toxins are
composed of 1) the solubilization of crystalline protoxin in the larval mid-gut, 2) the
processing of toxin by mid-gut proteases, and 3) binding to the mid-gut epithelium
cell membrane and forming of the lytic pore. Firstly, Bacillus thuringiensis crystalline
inclusions are ingested by the susceptible insect larvae. Insecticidal &-endotoxins
produced as protoxins could be solubilized in the insect mid-gut lumen due to its
characteristic high pH and reducing conditions [54]. The soluble protoxins are then
processed by many mid-gut protease enzymes to be converted into active form [55-
57]. Next, the active toxin recognizes specific receptor or epithelial cell surface. After
that the activated toxins insert into the membrane and form the lytic pore causing

imbalance osmotic pressure, cell swelling and leading to cell lysis [4, 54, 58].

The previous studies with multilamellar liposomes [51] and planar lipid
bilayers [21] have demonstrated that CytA interacts with phospholipids as previous
suggested by Thomas and Ellar [59]. The cytolytic action of the protein is thus largely
caused by a nonspecific protein-lipid interaction, with a very limited role of specific

surface receptors. This is in clear contrast to the postulated receptor-mediated
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insecticidal action of species-specific Cry 5-endotoxins [60]. Until now, the molecular

mechanism is still unclear.

Generally, Cyt toxins are synthesized as protoxins and small parts of the
N-terminus and C-terminus are removed to activate the toxin [25, 56, 61]. In the case
of Cyt2Aa, 33 to 37 amino acid residues and 22 to 30 amino acid residues from the N-
terminal and the C-terminal ends are removed by protease enzymes in the mid-gut
tract of mosquito larvae producing a monomeric protein as 25 and 23 kDa active
toxins [11, 33, 40]. The active toxin will bind to mid-gut receptor on brush border of
susceptible membrane and form the oligomeric complexes. The ion channels or pores
are then generated by insertion of the toxin into apical membrane resulting to osmotic
balance disruption, swelling and lying of the cells - so called colloidal osmtic lysis.
Eventually, the vulnerable larvae die because of stopping ingestion [1, 11, 12].

At the toxin binding step, two possible hypotheses that are relevant to
mode of action of toxin (figure 1.10) were hypothesized which are detergent-like
model [37] and pore forming model [62]. The detergent-like model proposed that Cyt
toxins aggregate on the membrane surface and cause large non-specific defects in
lipid packing. Intracellular molecules can release to the outside-a mechanism similar
to the so-called carpet model formulated for antimicrobial peptides by Shai [63]. The
aggregates may even completely destroy the membrane in a detergent-like manner,
resulting in the complete absence of a vesicle. Importantly, the detergent-like action
requires neither stoichiometric toxin assemblies nor stable penetration of the toxin

across the lipid bilayer [48].

Another model is pore-forming model. Cyt activated toxins insert into cell
membrane and form oligomer to generate a pore in lipid bilayers. Diameter of the
pore was expected to be 1-2 nm. The pore-forming mechanism for Cyt 3-endotoxins
is thought to involve a hinge movement of helices, followed by insertion of the
underlying long amphiphilic -strands (B5, p6 and B7) into the lipid bilayers, leaving

the helices exposed and span on the membrane surface (figure 1.11) [25, 64, 65].
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THE PORE-FORMING MODEL THE DETERGENT MODEL

Figure 1.10: The two proposed mechanisms of Cyt toxin [48]

1) An active toxin diffuses in the extracellular phase, 2) The active toxin
changes conformation and binds to phospholipid bilayers, 3) Toxin molecules insert
into the membrane and form the transmembrane pore or aggregate on the lipid
membrane leading to the membrane fragmentation and releasing of toxin-lipid

complexes.
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Membrane lipids

Membrane Membrane
lipids lipids
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Figure 1.11: Proposed oligomeric pore structure of Cyt2Aal protein [65]
A) The top view of oligomeric pore structure that formed by B5, f6 and
B7, B) The side view of the pore and locations amino acid residues that expected to

involve in pore formation.
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In aqueous buffer Cyt toxins are resistant to proteolytic processing [24]. By contrast,
after incubation with liposomes they developed new cleavage sites for 11 different
proteases, and these sites are confined to the helices and the proposed hinge regions
[25, 66]. This study supports pore-forming model that showed a major conformational
change in the presence of a lipid bilayer and indicated protection of B5-p7 fragments
from proteolytic processing [64].

Synergism

Cyt 4-endotoxins produced by some strains of Bacillus thuringiensis
exhibit a broad spectrum activity against a variety of eukaryotic cells in vitro but
highly specific towards dipteran insects in vivo. The resistance in lepidopteran insect
could be found, when using Bt toxin [67]. Cyt1Aa suppresses the resistance of Culex
quinquefasciatus Cry-resistant population [68] and CytlAa protein synergizes
CryllAa toxicity by functioning as a receptor molecule [69]. Moreover, co-
expression of Cyt2Aa2 and Cry4Ba toxins increased toxicities against Culex
quinquefasciatus and Aedes aegypti larvae. This result suggested that these two toxins

have synergistic activity toward two species of mosquito larvae [70].
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CHAPTER I
OBJECTIVE

Cyt toxins are cytolytic proteins produced by some species of B.
thurigiensis. The toxin is active against mosquito larvae such as Aedes aegypti; a
vector for a dengue virus caused a dengue fever. Many people died from this disease
so, it is a serious problem in tropical countries, such as Thailand. According to the
benefit of Cyt toxins, they have been widely studied in all aspects including a toxin
mechanism. Cyt protein is produced as “protoxin” and formed crystalline inclusion
inside the cell. Upon ingestion by susceptible larvae, the inclusion is solubilized in the
alkaline condition of the insect gut. To activate the protein function, amino acids at N-
and C-termini of the protoxin will be removed by the gut proteases. This thesis aims
to investigate the functional significances of amino acids located around 1 at N-
terminus and around aoF at C-terminus of Cyt2Aa2. Amino acids in these regions are
removed during proteolytic processing to yield the active toxin. Therefore, they
should not involve with toxin activity. However, they might play important role to
stabilize the protoxin conformation. Without these regions, the toxin structure may

collapse and unable to exhibit any activity.
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CHAPTER 111
MATERIALS
3.1 Chemicals

Ampicillin Sigma
Cetyl Trimethyl Ammonium Bromide (CTAB) Sigma
Colloidal Coomasie Brilliant Blue R-250 Sigma
1,4-Dithiothreitol (DTT) Sigma
Isopropyl-B-D-Thiogalactopyranoside (IPTG) Sigma

Other chemicals and reagents were purchased from a variety of companies
(BIO-RAD, Merck and Sigma).

3.2 Enzymes and Accessory Buffers

Restriction endonuclases and other enzymes were purchased from the

following companies:

Pfu DNA polymerase Promega
Dpnl Promega
Proteinase K Sigma
RNase A Sigma
PMSF Sigma

Restriction enzymes used in this experiment are listed in table 3.1.
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Table 3.1: List of restriction enzymes and their recognition sites

Restriction Recognition Incubation Reaction ]
Enzymes site (5°-3%) temperature buffer* Suppliers
Xho | CITCGAG 37°C Buffer D Promega
Dde | CITNAG 37°C Buffer D Promega
Sca | AGTIACT 37°C Buffer K Promega
Pvu Il CAGICTG 37°C Buffer B Promega
Sau96l GIGNCC 37°C Buffer C Promega
Hind 11 AIAGCTT 37°C Buffer E Promega

NlalV GGNINCC 37°C Buffer 4 NEB

The enzyme-buffers were supplied by the enzyme manufacturers.
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3.3 Bacterial Strain

Escherichia coli strain JM109 [recAl supE44 endAl hsdR17 gyrA96
rclAl thiA (lac-proAB) F’ (traD36 proAB" lacl® lacZAM15] containing pGEM-
Cyt2Aa2 plasmid [40] was obtained from Dr. Boonhiang Promdonkoy (National
Center for Genetic Engineering and Biotechnology). The plasmid was used as a
template for site-directed mutagenesis and protein expression.

3.4 Culture Media

Luria-Bertani medium (LB)

LB broth for the culture of Escherichia coli contains 1% (w/v) tryptone,
0.5% (w/v) yeast extract and 1% (w/v) NaCl. LB agar was prepared by adding 1.5%
(w/v) of Bacto-agar (GIBCO BRL) into LB broth. The media were sterilized by
autoclaving at 121 °C, 15 psi. for 30 min. Ampicillin was added into the selected
media to a final concentration of 100 pg/ml when media were cool down to

approximately 50 °C.

3.5 Oligonucleotide primers

In this study, the synthetic oligonucleotides were designed from the
recombinant plasmid pGEM-Cyt2Aa2 containing cyt2Aa2 gene (850 bp) by Vector
NTI8 program and purchased from Proligo Singapore Pty Ltd. The sequences of all

oligonucleotide primers were shown in table 3.2 with the restriction enzymes.
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Table 3.2: Primer sequences for site-directed mutagenesis

) Restriction
Mutants Primer Sequences (5°-3°)
enzymes
D39L 5-CATCCAGTCTCTTAGATAATTTTAATACAG-3’ Ddel

5’-CTGTATTAAAATTATCTAAGAGACTGGATG-3’ Appear

S229stop 5-AAGCTCTACATTCCTGAGATGCCCC-3’ Ddel
5’-GGGGCATCICAGGAATGTAGAGCTT-3’ Appear

R25A 5-GGGTGCYCAGCACCTATTATTGCAAAACC-3’ Ddel
5-GGTTTTGCAATAATAGGTGCTGAGCACCC-3” Appear

P27A 5 -CTATTATTAGAAAAGCTTTTAAACATATTG-3’ Hindlll

5-CAATATGTTTAAAAGCTTTTCTAATAATAG-3’ Appear
131A 5-CATTTAAACATGCAGTACTAACGGTTCCAT-3’ Scal

5’-GAACCGTTAGTACTGCATGTTTAAATGGTT-3’ Appear

Nlalv
L33A 5 -TAAACATATTGTAGCAACCGTTCCATCCAG-3’
Disappear
5’-CTGGATGGAACGGTIGCTACAATATGTTTA-3’

“v” = Specific cleavage site

XXXX = Recognition sequence
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Table 3.2: (Cont.) Primer sequences for site-directed mutagenesis

: Restriction
Mutants Primer Sequences (5’-3°)
enzymes
Sau96l
N230A 5*-AAGCTCTACATTCCTCTGCGGCCCCAATTG-3’
Appear
5’-CAATTGGGGCCGCAGAGGAATGTAGAGCTT-3’
Pvull
1233A 5*-TCCTCTAATGCCCCAGCTGTAGATATATTT-3
Appear
5’-AAATATATCTACAGQTGGGGCATTAGAGGA-3’
Ddel
1233stop 5’-CCTCTAATGCCCCTTAGGTAGATATATTTA-3’
Appear
5’-TAAATATATCTACCJAAGGGGCATTAGAGG-3’
Xhol
N238stop TAATTAAAAGGAGGATCATAATATG
Appear
GTCGAGTCAAAATATATCTACAATTGGGG

“v” = Specific cleavage site

XXXX = Recognition sequence
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3.6 Miscellaneous
Alkaline phosphatase-conjugated anti-rabbit 1gG Sigma
Bio-Rad Protein assay (Bradford’s reagent) Bio-Rad

Deoxyribonucleotide triphosphate (ANTPs) Amersham Pharmacia Biotech

Standard DNA markers Biolabs
SDS-PAGE molecular weight standards, Broad range Bio-Rad
Membrane filter tube Eppendorf
Superdex 200 (HR 10/30) column Amercham Pharmacia Biotech
QIAgen Spin Miniprep Kit QIAGEN
Skimmed milk Carnation

Sheep blood National Laboratory Animal Center, Mahidol University

Aedes aegypti Institute of Molecular Biosciences, Mahidol University
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CHAPTER IV
METHODS

4.1 Plasmid extraction
QIAgen kit

E. coli strain JM109 cells haboring pGEM-Cyt2Aa2 plasmids were
collected by centrifugation at 10,600 g for 1 minute and resupended in 250 pl Buffer
P1 before transferred to a microcentrifuge tube. The 250 pl Buffer P2 was added and
mixed thoroughly by inverting the tube 4-6 times. The 350 ul Buffer N3 was mixed
immediately and thoroughly and then it was centrifuged at 17,900 g for 10 minutes.
The supernatant was applied to the QIAprep spin column and centrifuged for 1
minute. The QIAprep spin column was washed by adding 0.5 ml Buffer PB and
centrifuged for 1 minute. The 0.75 ml Buffer PE was added to the column and
centrifuged and discarded the flow-through. To remove residual wash buffer, it was
centrifuged again and discarded the flow-through. The 50 pl of sterile distilled water
was added into the QlAprep spin column and left for 1 minute at room temperature.

Centrifugation for 1 minute to elute DNA is the last step.
CTAB method

A single colony of E. coli strain JM109 containing pGEM-Cyt2Aa2
plasmid was inoculated in 3 ml of LB broth and shaked at 37 °C with 250 rpm for 16-
18 hrs. The cell pellet was collected at 10,600 g for 1 min in microcentrifuge tube
before resuspended in 200 ul of STET buffer (8% sucrose, 5% Triton-X 100, 50 mM
EDTA, 50 mM Tris-HCI, pH 8.0). Lysozyme was added at 0.1 mg/ml final

concentration and then the mixture was incubated at room temperature for 10 min. It
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was boiled for 30-45 sec. and centrifuged at 15,300 g for 15 min. The white pellet was
removed by sterile toothpick and then added 5 pl of ribonuclease A (10 mg/ml) to the
supernatant. After incubated at 37 °C for 15-30 min, plasmid DNA was recovered by
adding a 20 pul of 5% CTAB solution (Cetyl Trimethyl Ammonium Bromide) and left
at room temperature for 15-30 min. The mixture was centrifuged at 15,300 g to collect
the pellet and then it was resuspended with 300 pl of 1.2 M NaCl by vigorously
vortex. A 300 ul of chloroform was added with vigorously inverted for 30 sec and
centrifuged at 15,300 g for 5 min to remove protein. Clear aqueous phase was
transferred into a new microcentrifuge tube. DNA was precipitated after adding 2
volume of absolute ethanol and incubated at room temperature for 5 min and
centrifuged at 15,300 g for 15 min. The DNA pellet was washed twice with 500 pl of
70% ethanol. A dried DNA pellet was dissolved in 20 pl of sterile distilled water.

4.2 Agarose gel electrophoresis

The percentage of an agarose gel was prepared depending on size of
DNA. Agarose powder was added in 1XTBE and boiled to obtain the clear solution.
When the temperature of this solution cooled down to 60 °C, it was poured into an
electrophoretic tray to solidity at room temperature. The DNA sample was mixed with
6XDNA loading dye before loaded into the well of the agarose gel that containing
1XTBE buffer in the tank. The constant volt was applied at 80-90 Volts to perform the
agarose gel electrophoresis. After the electrophoresis was completed, the gel was
stained with ethidium bromide for 3 min and destained in distilled water for 5-10 min.
The DNA band on this agarose gel was visualized under UV light and then taken a
photograph.

4.3 Site-directed mutagenesis

Cyt2Aa2 toxin gene from Bacillus thuringiensis subsp. darmstadiensis cloned

and expressed in Escherichia coli was obtained from Dr. B. Promdonkoy [40]. In
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vitro site-directed mutagenesis using PCR based method (QuikChange™) as shown in
figure 4.1 were carried out to generate Cyt2Aa2 mutants. Mutagenic primers were
designed using Vector NTI8 program. The pGEM®-T EASY containing the wild type
gene was used as a template for mutagenesis. The high fidelity polymerase, Pfu DNA
polymerase was employed in PCR reaction. The template was eliminated by adding 1
pl of Dpnl enzyme directly to PCR products and then incubated at 37 °C for 3 hours.
The 5 pl of digested PCR product was analyzed in 1 % agarose gel electrophoresis.
The mutagenic plasmids were transformed into E. coli JM109 competent cells to
produce mutant colonies. The restriction enzyme analysis was performed for
screening mutants based on their recognition site incorporated in the mutagenic
primers and automated DNA sequencing was used to confirm the mutagenic DNA
sequence.

PCR reactions were prepared in 200 pl PCR tubes and performed as

shown in table 4.1. PCR reaction mixture (50 pl) was consisted of :

DNA template 20-50 ng
10 mM dNTP mix (2.5 mM each) 1ul
Forward and reverse primers 10 pmole each
10x Pfu buffer 5ul
Pfu DNA polymerase 0.5 ul

Sterile distilled water added to final volume 50 pl
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Figure 4.1: Overview of the QuikChange® site-directed mutagenesis method

(Stratagene)
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Table 4.1: Temperature cycling parameters for site-directed mutagenesis.

Primer set Template Segment | Cycle | Temperature Time
1 1 95°C 1 minute
Mutagenic
forward
And 95°C 30 seconds
Mutagenic PGEM-CytzAa 2 25 Ta°C 30 seconds
reverse 68°C 8 minutes
3 1 68°C 8 minutes

Ta is annealing temperature depending on each mutagenic primer sets.
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4.4 Competent cells preparation by CaCl,

A single colony of E. coli strain JM109 was picked into LB broth and
cultured at 37 °C with 250 rpm shaking overnight. The 1 % inoculation was
performed in LB broth and then incubated at 37 °C for 2.5 hours until ODgq reached
0.3-0.4. The supernatant was removed after centrifugation at 1,700 g, 4 °C for 10 min.
A 10 ml of 0.1 M CaCl, was slightly added into the cell pellet and kept on ice for 10
min before spinning at 1,700 g, 4 °C for 10 min. The cell pellet was resuspended with
2 ml of CaCl, and then added glycerol 30% (v/v) before aliquot 200 pl into the new
tube and stored at -80 °C.

4.5 Transformation of plasmid DNA into competent cells

The 10-30 ng of Dpnl-digested PCR product was added in 200 pl of
competent cells. The mixture was chilled on ice for 30 min before placed in 42 °C for
90 sec and immediately chilled on ice 2-5 min. A 800 ul of LB broth was added and
incubated at 37 °C with 250 rpm shaking for 1 hour. The transformed cell was
collected at 2,700 g, 4 °C for 2 min. The 800 ul of supernatant was removed before
200 pl of resuspended cell was spreaded on LB agar plate containing 100 pg/ml of

ampicillin. The transformed cell plate was incubated at 37 °C for 16-20 hours.

4.6 Restriction enzyme analysis

Restriction enzyme analysis was used to screen the correct clones. After
obtaining DNA plasmids from CTAB method, the specific enzyme that designed in
the mutagenic primer was added into the microcentrifuge tube containing the
appropriate buffer and DNA plasmids. The final reaction volume was adjusted by
adding sterile distilled water and then incubated at 37 °C for 3 hours or depending on

the best condition of each enzyme.
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4.7 Automated DNA sequencing

The extracted DNA from QIAGEN kit was submitted to perform DNA
sequencing by MegaBACE™1030 Automated DNA sequencer (Amersham
Pharmacia Biotech, USA). The results were aligned in Vector NTI8 program to
compare with their wild type and confirm a right mutation position (nucleotides).

4.8 Expression level of proteins

Both wild type and mutagenic colonies were incubated in LB broth
containing 0.1 mg/ml ampicillin and grown at 37°C with 250 rpm shaking for 16-20
hrs. The overnight culture was transferred into fresh LB broth containing 0.1mg/ml
ampicillin to make up 1% innoculum and further incubated at 37°C with 250 rpm
shaking. When ODgq of the cell culture was 0.3-0.5, the expression would be induced
by IPTG at final concentration of 0.1 mM. The 1 OD of E.coli cells were collected by
centrifugation at 10,600 g, 4 °C for 1 min. The cell pellet was resuspended with 50 pl
of distilled water and 20 ul of 4X sample buffer. The sample was sonicated for 10 min
and heated at 95 °C for 5 min. The 0.1 OD was subjected to analyze on
polyacrylamide gel.

4.9 Expression and partial purification of protein

The E. coli haboring wild type and mutant plasmids was grown at 37 °C
until ODggo of culture reached 0.3-0.4. Protein was expressed by adding 0.1 mM
IPTG and incubated at 37 °C for 5 hours. The E. coli cell expressing mutant protein
was collected by centrifugation with Sorvall F-16/250 rotor at 6,000 rpm, 4 °C for 20
minutes and then resuspended in distilled water. Lysozyme (100 mg/ml) 20 pl was
added into the resuspended cells and left for 5-10 min at room temperature. To obtain
inclusions, the E. coli cells were lysed by French Pressure Cell at 18,000 psi.

Inclusions were collected by centrifugation at 6,654 g, 4 °C for 15 min and washed



Siriya Thammachat Methods /34

with sterile distilled water 2 times. The inclusion was dissolved in 3 ml of sterile
distilled water and aligout into 1.5 ml microcentrifuge tube.

4.10 Protein quantification by Bradford’s assay

Concentrations of proteins were determined by the method of Bradford
(Bradford, 1976) using the Bio-Rad protein assay kit and BSA as a standard. The 300
pl of Bradford reagent was mixed with 10 pl of protein sample in the well of 96-well
titer plate. The concentration of protein was measured by Bradford assay in SoftMax

program.

4.11 SDS-PAGE analysis

SDS-PAGE analysis is the method to investigate a protein profile

depending on molecular weight.
Sample preparation

The protein was mixed with 4x sample buffer (0.5 M Tris-HCI pH 7.5,
10% SDS, glycerol, 0.5% w/v bromophenol blue, and distilled water) and heated at 95
°C for 5 min before loaded into the well of SDS-PAGE gel.

SDS-PAGE preparation

SDS-PAGE is composed of two layers which are a stacking gel and a
separating gel. The list of SDS-PAGE composition was shown in table 4.2. The
separating gel was firstly prepared. All compositions of separating gel were added
into a beaker and then were rinsed into the space between the two mirrors. After
complete polymerization, the stacking solution was then prepared in the same mixture
of separating solution, excepting 1.5 M Tris-HCI pH 6.8 solution. A comb was put in

the stacking gel to create the well.
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Table 4.2: Composition of SDS-polyacrylamide gel

Separating gel Stacking gel
Contents
12.5% 15% 4% 6%
Distilled water (ml) 3.2 2.3 1.8 1.6
1.5 M Tris-HCI pH 8.8 (ml) 2.5 2.5 - -
0.5 M Tris-HCI pH 6.8 (ml) - - 0.75 0.75
30% Acrylamide (ml) 4.17 5 0.4 0.6
10% SDS (pl) 100 100 30 30
10% APS (ul) 100 100 30 30
TEMED (pl) 5 5 2 2
Total Volume (ml) 10 10 3 3
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4.12 Western blot analysis

Semi-dry blot analysis

Protein samples were separated on 15% SDS-PAGE. A polyvinylidene
difluoride (PVDF) transfer membrane (Amersham Biosciences) and 6 whatman paper
were cut in the same size of SDS-PAGE gel. The PVDF membrane was rinsed with
methanol and washed with sterile distilled water for 3 times. The PVDF membrane
and whatman paper were soaked in transfer buffer for 10 min. The 3 whatman paper,
PVDF membrane, SDS-PAGE gel and the rest of 3 whatman paper were placed at
Mini Trans-Blot® electrophoresis transfer cell (BIO-RAD). To transfer the protein to
the membrane, the constant current at 300 amp was applied for 1 hour after that the
membrane was soaked in Paunceau S and then washed with milliQ for 2-3 times. A
10 ml of 5% (w/v) skim milk in 1x PBS buffer, pH 7.4 was added to the membrane
and shaked for 2 times before the membrane was blocked overnight with 10 ml of 5%
skim milk at 4 °C. In the next step, A 1 ul of Cyt primary antibody mixed in 10 ml of
5% skim milk was added to the membrane incubated at 4 °C for 1 hour. The
membrane was washed three times with 10 ml of 1x PBS containing 0.1% tween-20
for 5 minutes each time. The membrane was shaked in 10 ml of 5% skim milk for 30
minutes with 1 ul of a-rabbit secondary antibody linked with horseradish peroxidase
or alkaline phosphatase and then washed with 10 ml of 5% TBST for 5 minutes 5
times. Protein-antibody complexes were visualized by ECL Plus Detection Reagent
(Amersham Bioscience) or the combination of BCIP (5-Bromo-4-Chloro-3'-
Indolyphosphate p-Toluidine Salt) and NBT (Nitro-Blue Tetrazolium Chloride).

4.13 Protein solubilization

The inclusion was solubilized in 1 ml of 50 mM Na,CO3/NaHCO3; pH 9.8
and incubated at 37 °C for 1 hour. To obtain the solubilized protein, the sample was
centrifuged at 15,300 g for 10 min and the supernatant was taken to the new

microcentrifuge tube.
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4.14 Proteolytic processing by proteinase K

The proteolytic processing is required to activate Cyt2Aa2, 1% (w/w)
proteinase K was added into solubilized protoxin and incubated at 37 °C for 1 hour.
To stop the activity of proteinase K enzyme, phenylmethanesulphonylfluoride
(PMSF) was added into the mixture to final concncentration 4 mM.

4.15 Mosquito larvicidal activity assay

The inclusion was diluted with distilled water as two-fold serial dilutions
from 500 to 0.25 ug/ml and each concentration was prepared in duplication. To test
the acitivity, the 2" instar Aedes aegypti larvae (10 larvae/well) were fed with diluted
inclusion. A mortality of larvae was recorded after 24 hours and then LCs, was
calculated (50% lethal concentration) by using Probit program. Each experiment was

repeated at least 3 times.

4.16 Haemolytic activity assay

Preparation of sheep red blood cells

Normal sheep blood in Alsevers solution was purchased from National
Laboratory Animal Center, Mahidol University, Salaya Campus. In washing step, 7
ml of PBS buffer (8 mM Na,HPQO,4, 1.5 mM KH,PO,4, 140 mM NaCl, 2.7 mM KClI,
pH 7.4) was slowly added into 3 ml of sheep blood kept on ice and centrifuged at
3,000 rpm, 4 °C for 5 minutes using AR-500 rotor (TOMY MX-301). The supernatant
was removed and if the supernatant is pink or red, this step should be performed again

until it is clear.
Haemolytic assay

Toxin samples (500ug/ml) 100 pl were diluted in two-fold serial dilutions
with PBS buffer 100 ul and were mixed with 2% of sheep red blood cells 100 ul and
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left at room temperature. The end-point of haemolysis was monitored after 24 hours.
The end-point is the lowest concentration that can lyse the red blood cells.

4.17 Toxin oligomerization assay
Liposome preparation

The 100 mg/ml egg yolk phosphatidyl choline: 50 mg/ml cholesterol: 10
mg/ml stearyl amine = 4:3:1 in molar ratio were mixed in a small glass bottle. The
mixture was purged with nitrogen gas until it dried before solubilized with PBS buffer
pH 7.4 and aliquoted 100 pl to each microcentrifuge tube. 900 ul of PBS buffer pH
7.4 was added into microcentrifuge tube containing 100 pl of multilamellar liposome
vesicles. The mixture was sonicated for 30 minutes at 20-25 °C.

Oligomerization assay

Protoxin or activated toxin (2-10 pg) was incubated with liposome
suspension in PBS buffer pH 7.4 at room temperature for 2 hours. After centrifugation
at 15,300 g for 20 min, samples were then loaded on 10% SDS-PAGE to examine the

pattern of toxin.

4.18 Protein purification

Toxin purification was performed by size exclusion chromatography
(superdex200) using AKTA purifier system (Amersham Biosciences). The collected
purified protein was separated by their sizes. The column was equilibrated with 50
mM of carbonate buffer pH 9.5 at the flow rate 0.4 ml/min. The protein sample was

centrifuged at 10,000 rpm for 1 min before applied to the column.
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4.19 Intrinsic fluorescence spectroscopy

Changes in intrinsic fluorescence can be used to monitored structural
changes. The 400 ul of purified toxin was added into a quartz cuvette and then placed
the sample in Jasco FP-6300 machine. The protein sample was excited at 280 nm and
the emission spectra were scanned from 300-550 nm. The protein emission spectra
were corrected with a buffer spectrum. Excitation and emission slit width are 2.5 nm.

Each experiment was repeated at least 2 times.

4.20 Dynamic Light Scattering (DLS)

Dynamic Light Scattering technique used to determine the size
distribution profile of particles in solution. The particles move randomly in solution
and the moving particles of various sizes shows the different frequency of the
scattered light when the light passes through the solution. The 1 ml of 0.1-0.4 pg/ml
purified protoxin in carbonate buffer pH 9.5 was added into cuvette and then analyzed

by Zetasizer machine (National Metal and Materials Technology Center, Thailand).
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CHAPTER V
RESULTS

5.1 Site-directed mutagenesis

The PCR products of all mutants could be observed about 3.85 kb after
analyzed on agarose gel (figure 5.1). Extracted DNA plasmids were digested with
restriction enzymes as shown in table 3.1 and were analyzed on 1.2% agarose gel
before being visualized under UV light. The digested DNA fragments of mutants by
endonuclease restriction enzyme were similar to the digested DNA pattern that was
predicted from Vector NTI program. Then the full-length of cyt2Aa2 gene of selected
recombinant clones were confirmed by automated DNA sequencing and the results

showed the mutation as expected.

5.2 Protein expression and identification

Cyt2Aa2 and mutant proteins were expressed upon 5 hours by induction
with 0.1 mM IPTG and 0.1 OD of cell lysates were used to determine the protein
expression level after analyzing on 12.5% SDS-PAGE gel. Expression levels of
R25A, P27A, 131A, D39L, and 1233A mutants were similar to those of wild type and
protein bands could be observed at 29 kDa, whereas L33A, N230A, truncated
S229stop and 1233stop gave lower expression level than wild type (figure 5.2).
Truncated mutants were found to give lower expression level than Cyt2Aa2. After
cell collection and centrifugation, inclusion bodies were separated from the whole
cells. The result showed that all mutants could produce proteins as inclusions in E.
coli system (figure 5.3). The inclusions were resuspended with distilled water before
analyzing on 12.5% polyacrylamide gel. Inclusions of R25A, P27A, 131A, L33A,
D39L, N230A, and 1233A mutants showed similar molecular weight as Cyt2Aa2
(figure 5.4 and 5.5).Truncated S229stop, 1233stop and N238stop proteins were
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(kb) M R25A (kb)) M P27A  (kb) M Neg D39L

23.1 2313 3.13
9.41—
6.55 9.41 9.41
4.36 6.5 6.5
43 4.36
2.32 2.32 2.32
2.0 2.0 2.0

(kb) M _S229stop (kb) M I31A L33A N230A 1233A 1233stop

23.13
9.41
6.55
4.36
2.32
2.0

Figure 5.1: PCR products of all mutants

The PCR reaction was performed under optimum temperature using
specific primer, dNTPs, and high fiedelity enzyme (pfu DNA polymerase). An arrow
indicates PCR product that was observed at 3.85 kb as expected on 1.2% agarose gel.
M is MHindlll DNA marker and Neg is negative control that perform without the

specific primer.
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Figure 5.2: Expression level of mutants and Cyt2Aa2

Recombinant E. coli cells carrying pGEM®-T Easy were analyzed on 15%
polyacrylamide gel. The arrows indicate the band of protoxin. M is broad-range
protein marker. pPGEM-T lane is loaded with total lysate from cell carrying pGEM®-T
Easy vector.
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Figure 5.2: (Cont.) Expression level of mutants and Cyt2Aa2

rotoxin

Recombinant E. coli cells carrying pGEM®-T Easy were analyzed on 15%

polyacrylamide gel. The arrows indicate the band of protoxin. M is precision protein
marker. pGEM-T lane is loaded with total lysate from cells carrying pGEM®-T Easy

vector.
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(kDa)rM

Protoxin

Figure 5.3: Protein profile of all mutants and Cyt2Aa2 on 15% polyacrylamide
gel

M is broad-range protein marker lane. E. coli cell lysate was loaded in
lane “ T ”. Total cell lysate was centrifuged to separate inclusions and soluble
proteins. Insoluble fracton was resuspended in water and loaded in lane “ I ” while

soluble fraction was loaded in lane “ S ”. The arrows indicate the band of protoxin.
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Figure 5.3: (Cont.) Protein profile of mutant and Cyt2Aa2 proteins on 12.5%
polyacrylamide gel

M is broad-range protein marker lane. E. coli cell lysate was loaded in
lane “ T . Total cell lysate was centrifuged to separate inclusions and soluble

proteins. Insoluble fracton was resuspended in water and loaded in lane “ I ” while

soluble fraction was loaded in lane “ S . The arrows indicate the band of protoxin.
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Figure 5.4: Partially purified inclusion of D39L mutant and Cyt2Aa2

Inclusions of D39L and Cyt2Aa2 on 15% polyacrylamide gel were

observed at 29 kDa. M is broad-range protein marker lane.
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Figure 5.5: Partially purified inclusion of mutants and Cyt2Aa2

Inclusions of Cyt2Aa2 and each mutant were analyzed on 12.5%

polyacrylamide gel. Inclusion of mutants and Cyt2Aa2 were observed at about 25
kDa. M is precision protein marker lane.
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observed at lower molecular weight than that of Cyt2Aa2 protein that was shown at
25 kDa (figure 5.6). Western blot analysis technique was used to identify Cyt2Aa2
and mutant proteins. The proteins on polyacrylamide gel were transfered to the
nitrocellulose membrane and then probed with anti-Cyt2A. The result revealed that
inclusion of all mutants could react to anti-Cyt2A as shown in figure 5.7. S229stop
protein was detected by chemiluminescent method because it was shown very faint
band by colorimetric method.

5.3 Solubilization and proteinase K processing

To characterize the biochemical properties, inclusions of wild type were
soulubilized in 50 mM Na,CO3/NaHCO; buffer from pH 9 to 11 and provided
protoxin as 25 kDa. After proteolytic processing by proteinase K, protoxin was
converted to activated toxin that could be observed at molecular mass of 23 kDa on
12.5% polyacrylamide gel (figure 5.8). All mutants were solubilized in 50 mM
Na,CO3/NaHCO;3 buffer, pH 9.5. The solubilized protoxins of R25A, P27A, 131A,
D39L, and N238stop mutants were processed with 1% proteinase K. The protoxin and
activated products could be observed at 25 kDa and 23 kDa, respectively. L33A,
N230A, 1233A and 1233stop mutants gave less yield of activated toxin (figure 5.9). In
addition, S229stop mutant was hardly solubilized and provided low amount of

proteinase K activated toxin (figure 5.10).

5.4 Mosquito larvicidal toxicity

The mosquito larvicidal activity assay was performed to test toxicity of
mutants and Cyt2Aa2 (wild type) in vivo. The 2™ instar Aedes aegypti mosquito
larvae were fed with various concentrations of inclusions (0.49-250 pg/ml). The LCsg
values with their ranges for mutants and wild type are shown in table 5.1. The
mosquito larvicidal activity result revealed that mosquito larvicidal activity of R25A,
P27A, 131A, D39L, 1233A and N238stop mutants was comparable to that of the wild-
type protein whereas L33A, N230A, and 1233stop showed lower toxicity than that of

the wild type. Larvicidal activity was completely abolished for S229stop mutant.
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Figure 5.6: Partially purified inclusions of truncated mutants and Cyt2Aa2

Inclusions of truncated S229stop, 1233stop, and N238stop proteins were
analyzed on 12.5% polyacrylamide gel. Cyt2Aa2 lane represents a major band at 25
kDa. Truncated S229stop, 1233stop, and N238stop mutants showed a lower band

than wild type that could be observed at 25 kDa. M is precision protein marker lane.
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Figure 5.7: Western blot analysis of Cyt2Aa2 and mutant inclusions
Cyt2Aa2, 131, D39L, and 1233A lanes showed the band at 25 kDa. L33A,

N230A, S229stop, and 1233stop lanes show very faint band at 25 kDa. M is protein
marker lane.
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Figure 5.8: Protoxin and proteinase K activated product of Cyt2Aa2 protein

Cyt2Aa2 protoxin solubilized in 50 mM Na,CO3/NaHCO; buffer from pH
9 to 11 and activated by proteinase K (1% w/w) for 1 h at 37 °C. M, P and A represent

to precision protein marker lane, protoxin and activated toxin, respectively.
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1233stop

Figure 5.9: Solubilization in 50 mM Na,CO3/NaHCO; buffer pH 9.5 and

proteinase K activation of mutants

Inclusions were solubilized in 50 mM Na,CO3/NaHCO; buffer for 1.5 h

at 37 °C. Soluble proteins were separated by centrifugation at 15,300 g for 10 min and
activated by proteinase K (1% w/w) for 1 h at 37 °C. M, I, S and A represent to

precision protein marker, inclusion, soluble protein and activated toxin, respectively.

The red boxes show the expected band size of activated toxin.
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Figure 5.10: Protein solubilization and proteolytic processing of S229stop and
Cyt2Aa2

Inclusions were solubilized in 50 mM Na,COs3/NaHCOj3 buffer for 1.5 h
at 37 °C. Soluble proteins were separated by centrifugation at 15,300 g for 10 min and
activated by proteinase K (1% w/w) for 1 h at 37 °C. P is cell carrying pGEM®-T
Easy. C and S are Cyt2Aa2 and S229stop mutant.
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Table 5.1: Mosquito larvicidal toxicity of Cyt2Aa2 and mutant proteins
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Protein M_os_quito larvicidal Range of LCs
activity; LCso (ug/ml) (ng/ml)
Cyt2Aa2 0.71 0.02-0.87
R25A 0.38 0.20-0.47
P27A 0.94 0.05-1.52
I131A 1.11 0.94-1.30
L33A 32.41 26.58-40.37
D39L 0.56 0.03-1.54
N230A 10.71 8.83-12.98
1233A 0.42 0.32-0.53
1233stop 17.09 12.60-24.69
S229stop Inactive Inactive

In larvicidal activity assay, 2-folds serial dilution of each toxin was fed to

2" instar larvae for overnight at room tenperature. The larval mortality was calculated

and repoted as LCsp value. In Hamolytic activity assay, 2-folds serial dilution of each

toxin was incubated with sheep erythrocytes and left at room temperature for 24

hours. The end-point of haemolysis was monitored as the last well that was still red.
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5.5 Haemolytic activity
In vitro haemolytic activity of protoxin and proteinase K activated toxins

was tested against sheep red blood cells. Results revealed that wild type and mutant
protoxins could lyse sheep red blood cells at high concentration. Activated toxin of
R25A, P27A, 131A, D39L showed similar activity to Cyt2Aa2 whereas L33A,
N230A, 1233A, S229stop and 1233stop showed lower activity than Cyt2Aa2.
Haemolytic end points of Cyt2Aa2 and mutants are shown in figure 5.11 and table
5.2.

5.6 Protoxin dimerization

Normally, solubilized Cyt2Aa2 protoxin showed one major band at 25
kDa on polyacrylamide gel after solubilization in 50 mM Na,CO3/NaHCOj3 buffer pH
9.5 and SDS-PAGE analysis in the presence of reducing agent (10 mM DTT). On the
other hand, two major bands at 25 kDa and 50 kDa were clearly observed when
performing SDS-PAGE analysis without reducing agent. L33A and N230A mutants
showed very faint bands at 25 kDa and 50 kDa (figure 5.12) including trucated S229
stop and 1233stop mutants (figure 5.13).

5.7 Toxin oligomerization

To investigate protein binding to membrane in vitro, proteins were
incubated with multilamellar liposomes for 2 hours and then analyzed on SDS-PAGE.
Results revealed that there was no band in liposome lane. Solubilized Cyt2Aa2
protoxin lane showed a very faint band at 25 kDa and a major band at 50 kDa whereas
Cyt2Aa2 activated toxin provided one band at 23 kDa. Pellet of protoxin incubated
with liposomes collected by centrifugation showed a band at 50 kDa, but pellet of
activated toxin incubated with liposomes provided a laddering pattern of protein
bands. On the other hand, supernatant of protoxin and activated toxin showed one
band at 50 kDa and 23 kDa, respectively (figure 5.14). Pellet of D39L protoxin and
activated toxin incubated with liposomes showed a similar result to the wild type
toxin (figure 5.15).
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Table 5.2: Haemolysis end-point of Cyt2Aa2 and mutant proteins

Protein Haemolysis end-point
(ug/ml)
Cyt2Aa2 0.12-0.39
R25A 0.12-0.39
P27A 0.12-0.39
I31A 0.06-0.48
L33A 2.25-15.63
D39L 0.12-0.48
N230A 0.42-0.56
1233A 1.78-3.25
1233stop 1.31-62.50
S229stop 7.82-15.63

In haemolytic activity assay, 2-folds serial dilution of each toxin was
incubated with sheep erythrocytes and left at room temperature for 24 hours. The end-

point of haemolysis was monitored as the last well that was still red.
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Figure 5.11: Haemolytic activity of mutant and Cyt2Aa2 proteins

The 2-folds serial dilution of each toxin was mixed with sheep
erythrocytes. C, E, T, P, and A represents the well added with COs*" buffer pH 9.5,
COs?* buffer pH 9.5+Proteinase K, Triton-X, protoxin and activated toxin. Starting

concentration from each lane was different.
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Figure 5.11: (Cont.) Haemolytic activity of mutant and Cyt2Aa2 proteins

The 2-folds serial dilution of each toxin was mixed with sheep
erythrocytes. C, E, T, P, and A represents the well added with COs*" buffer pH 9.5,
CO5” buffer pH 9.5+Proteinase K, Triton-X, protoxin and activated toxin. Starting

concentration from each lane was different.
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Figure 5.12: Cyt2Aa2 and mutant protoxins in the presence and absence of

reducing agent on 12.5 % polyacrylamide gel

A) In the absence of DTT and no heating at 95 °C; Cyt2Aa2, P27A, 131A,
and 1233A lanes showed two bands at 25 kDa and 50 kDa, whereas L33A, N230A,
and 1233stop lanes did not show the band at 25 kDa and 50 kDa.

B) In the presence of DTT and heating at 95 °C; Cyt2Aa2, P27A, 131A
and 1233A lanes showed one band at 25 kDa, whereas L33A, N230A, and 1233stop
lanes did not show the band at 25 kDa.
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Figure 5.13: Cyt2Aa2 and truncated protoxins in the presence and absence of
reducing agent on 12.5 % polyacrylamide gel

M is precision marker. + stands for heating semple at 95 °C and in the
presence of DTT. - represent the lanes loaded protein that without heating sample at
95 °C and in the absence of DTT.
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Figure 5.14: Toxin oligomerization test of Cyt2Aa2 toxin
Protein was incubated with liposome for 2 hours at room temperature.
M = precision protein marker.
Lane 1 = liposome alone
Lane 2 = protoxin alone
Lane 3 = activated toxin alone
Lane 4 = pellet of liposome + protoxin
Lane 5 = pellet of liposome + activated toxin
Lane 6 = supernatant of liposome + protoxin
Lane 7 = supernatant of liposome + activated toxin

Lane 8 = toxin inclusion
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Figure 5.15: Toxin oligomerization test of D39L toxin compared with Cyt2Aa2
toxin

M is broad range protein marker. P and A represent the pellet of protoxin
and activated toxin that were collected by centrifugation after incubated with

liposomes for 2 hours at room temperature.
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5.8 Intrinsic fluorescence spectroscopy

Tertiary structure of Cyt2Aa2 and mutants were investigated by instrinsic
fluorescence spectroscopy. The purified protein samples were excited at 280 nm using
excitation and emission slit width 2.5 nm. The fluorescent emission spectra were
scanned from 300 nm to 550 nm. The emission spectra of Cyt2Aa2 protoxin showed a
major peak at 330 nm and shoulder peak at 340 nm. R25A, P27A, 131A, and D39L
gave a similar result to wild type, while the two peaks of N230A and 1233A were not
differrent. L33A and truncated S229stop, and 1233stop toxin showed a major peak at
340 nm (figure 5.16).

5.9 Dynamic light scattering

Dynamic light scattering tecnique was used to reveal size distribution
profile of mutant and Cyt2Aa2 protoxins in carbonate buffer pH 9.5. Cyt2Aa2
protoxin in carbonate buffer pH 9.5 has three populations and their diameter were
about 4-10 nm, 40-100 nm, and 200-650 nm. I31A protoxin gave three peaks which
were 4-10 nm, 30-100 nm, and 150-800 nm. L33A showed a large peak at 40-800 nm
and N230A showed two populations which are 60-200 nm and 300-1,000 nm. 1233A
protoxin provided size about 150-350 nm (figure 5.17). All of them form large
aggregate (major peak about 100-1,000 nm). Only wild type (Cyt2Aa2) and I131A

protoxins showed monomer or dimer peak about 4-10 nm.
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Figure 5.16: Intrinsic fluorescence spectra of mutant protoxins compared with

Cyt2Aa2 protoxins (Conc. 10-40 pug/ml)
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Figure 5.16: (Cont.) Intrinsic fluorescence spectra of mutant protoxins compared
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Figure 5.17: Size distribution profile of mutant and Cyt2Aa2 protoxins in 50 mM
Na,CO3/NaHCO3 buffer, pH 9.5
A) 50 mM Na,CO3/NaHCOj3 buffer, pH 9.5 B) Cyt2Aa2
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Figure 5.17: (Cont.) Size distribution profile of mutant and Cyt2Aa2 protoxins in
50 mM Na,CO3/NaHCOj; buffer, pH 9.5
C) I31A D) L33A
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Figure 5.17: (Cont.) Size distribution profile of mutant and Cyt2Aa2 protoxins in
50 mM Na,CO3/NaHCO3; buffer, pH 9.5
E) N230A F) 1233A
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CHAPTER VI
DISCUSSION

Cyt2Aa2 protein was found to give high toxicity to mosquito larvae,
especially Aedes aegypti larvae. Gut-protease enzymes in the mid-gut of larvae were
required for protein activation. Protease enzymes will cleave some parts at both N-
and C-termini of Cyt2Aa2 protein out to trigger the protein function. It is interesting
to know that why it needs to be cleaved out of N- and C-termini in order to be an
activated toxin and what is the role of those amino acids at N- and C-termini.

Construction of mutants and truncated proteins

To investigate whether the amino acids located at N- and C-termini of
Cyt2Aa2 protein are important for its structure and function, a number of point
mutations were selected introduced into the molecular structure of Cyt2Aa2 protoxin.
The point mutations, S229stop, S233stop and S238stop were selected to produce
toxins with different length of truncation on the C-terminus. While those point
mutations, R25A, P27A, 131A, L33A, D39L, N230A and 1233A were designed to
replace and test for the critical role of specific amino acids located on the N- and C-
terminal regions. Site-directed mutagenesis was employed to generate the mutants in
E. coli expression system. This expression system is common and well established
with many related procedures for DNA transformation and expression induction. For
Cyt2Aa2 protein, it is routinely expressed in E. coli with high yield and the toxin
product is generally active. After PCR reaction using specific mutagenic primers, all
mutants provided a major product at 3.8 kb on agarose gel, suggesting that the primer
can bind specifically to the parental strand of Cyt2Aa2. The resulting product was the
pGEM®-T Easy vector containing mutagenic Cyt2Aa2 gene. To confirm the mutation,
PCR products were transformed to E. coli cells and the extracted DNA from E. coli
culture were analyzed by restriction enzyme and automated DNA sequencing

respectively. The results showed the mutation at the expected position for all mutants.
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Biochemical properties (Protein production, solubilization and

proteinase K activation)

R25A, P27A, 131A, D39L, 1233A, N238stop mutants showed similar
protein expression levels to that of wild type whereas L33A, N230A, S229stop, and
1233stop mutants provided a lower protein expression level than that of wild type
(figure 5.2). Amino acid substitutions to uncharged and small like alanine at positions
R25, P27, 131, and 1233 does not have any effect to the toxin production. The amino
acids in these positions are proposed to involve with interaction between two toxin
monomers through salt bridge and Van der Waals interaction [25]. A replacement
with leucine residue at the position D39 also showed no effect on the inclusion
formation. In contrast, alanine substitution at the position L33 located in flof the N-
terminal fragment leads to a significant decrease in protein production. In the detailed
structure, L33 can form H-bonding with 131 and located in the van der Waals contact
between the two monomers (figure 6.1-6.2). Based on the result from L33A mutation,
this amino acid residue on 1 of the N-terminus could play a crucial role in molecular
folding and inclusion formation of Cyt2Aa2. This interaction through Van de Waals
contact may also undergo with other dimers to assist in crystal protein formation [25].
N230A is another mutant that leads to low protein production. N230 on the C-
terminus can form H-bond with V234 in oF of another monomer [25]. V234 is also in
contact with Q200 to participate in crystal packing [25]. It is possible that when N230
was changed to alanine, the hydrogen bond with V234 will be missing, leading to an
effect on the interacting network with Q200 and other residues. The result could be
shown as a decreased level in protein production.

For the truncated proteins, S229stop and 1233stop clearly gave a low
expression of toxin. This may be a result from deletion of C-terminal tail. When
compared with N238stop that showed a similar expression level to Cyt2Aa2, the
effect of the truncated length seems to be important when the truncation reaches over
the position 233. From x-ray structure, the residues from position 229 to 233 are
identified as the C-terminal helix aF. Therefore, this result confirms that the C-
terminal aF of Cyt2Aa2 is important for protein folding and inclusion formation [25].

In protein solubilization test in 50 mM Na,CO3/NaHCO3 buffer pH 9.5, the solubility
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A) B)

Figure 6.1: H-bond pattern in B-sheet of two monomers and van der Waals

contacts on dimer interface of Cyt2 protein [25]
A) H-bond pattern in B-sheet. The amino acid residue of Cytl and Cyt2 is

shown in the left and right, respectively.
B) A xenon atom bound in the hydrophobic cavity enclosed by van der

Waals contacts on the dimer interface
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Figure 6.2: The H-bond interaction between 131 and L33 of Cyt2 protoxin
created with PyMOL program
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of R25A, P27A, 131A, L33A, and 1233A proteins was comparable to that of Cyt2Aa2
but L33A, N230A, 1233stop, and S229stop protein presented lower solubility than
Cyt2Aa2. The mutations at these positions may be seen as a disturbance in the dimer
contact as shown in figures 5.12-5.13. According to Li, et al., in an absence of these
contacts, the monomer would have to adopt different conformation and had multiple
conformations of protoxins in solution [25]. Therefore, these mutant proteins (L33A,
N230A, 1233stop, and S229stop) may adopt conformations that are different from
Cyt2Aa2 in solution, affecting molecular stability and increased sensitivity to protease
digestion. After proteolytic processing by proteinase K, a very faint band could be
observed at 23 or 25 kDa on 12.5% SDS polyacrylamide gel (figures 5.9-5.10).
Normally, Cyt2Aa2 yields proteinase K-activated product of about 25 kDa that
contains amino acid residues from T34 to F237, and a minor band at 23 kDa for
residues from S38 to S228. Both forms have a similar haemolytic activity [40]. It is
interesting that disruption of H-bond between 1233 (N atom) and A231 (O atom) by
substitution to alanine did not affect the dimer contact whereas destroying the H-bond
between N230 (O atom) and V234 (N atom) as shown in figure 6.3 by substitution to
alanine residue could not provide dimeric molecule. As shown in figure 5.12, 1233A
protoxin could be observed as a dimer at protein band about 50 kDa on 12.5% SDS-
PAGE without the presence of DTT, but N230A did not show the protein band at 50
kDa. Consequently, it suggests that the hydrogen bond between N230 and V234 in
another monomer is an important interaction for maintaining a dimeric structure and
protoxin stability. For proteinase K digestion, 1233A proteinase K-activated product
showed a faint band at 25 kDa as shown in figure 5.9. It may be a result from its
sensitivity to proteinase K processing. 1233A protoxin still existed in dimeric form but

it may be exposed some region accessible to protease digestion.

Biological properties

From haemolytic activity results of these mutagenic proteins, which are
extracted from L33A, N230A, 1233stop, and S229stop mutants, their protoxins could
not lyse erythrocytes. It implies that although protoxins of these mutants may not be
in the dimeric form, they are not in the right conformations to bind to the membrane

or express their toxicities. The C-terminal truncated proteins which are S229stop and
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1233stop protoxins could not give the haemolytic activity and still requires proteolytic
cleavage to cleave out at both N- and C-terminal fragments to become an active form.
The fungal VVVA2 toxin shares very similar structure to activated form of Cyt2Aa2
toxin. VVA2 monomer alone without proteolytic processing can provide the
haemolytic activity [52]. On the other hand, the proteinase K-treated protoxins of
these mutants which are L33A, N230A, 1233A, 1233stop, and S229stop mutants show
lower haemolytic activity than Cyt2Aa2. It may be a result from various
conformations or aggregation of protoxins in solution. The conformational change of
mutant protein may affect protein stability and make protein more sensitive to
proteinase K digestion. Therefore, they provided low amount of activated toxin.

Lipid binding test was used to investigate the behavior of protein when
binding to the cell membrane. After incubated protein with liposome for 2 hours,
Cyt2Aa2 protoxin showed a major band at 50 kDa that is a dimeric molecule on SDS-
polyacrylamide gel, whereas Cyt2Aa2 activated toxin could form oligomeric
molecules [62] or aggregation that was studied in CytlA [48, 71]. Therefore, a
laddering pattern of protein band could be observed on SDS-polyacrylamide gel.
D39L that has comparable toxicity to Cyt2Aa2 gave a similar result to Cyt2Aa2 when
tested with liposomes (figure 5.15). It suggests that Cyt2 protein that can be
functional or toxic can bind to the cell membrane and undergoes a specific process to
lyse the cell either pore-forming model or detergent-like model [48, 71].

Mutant protoxins which were produced from L33A, N230A, S229stop,
and 1233stop showed more susceptibility to proteinase K digestion (figure 5.9-5.10).
This could be explained why they have lower mosquito larvicidal activity than
Cyt2Aa2 protein (table 5.1). After being solubilized at alkaline condition in mid-gut
tract of mosquito larvae, the mutant proteins may exist in unfolded or unstable form
of protoxin structure that leading to over digestion of gut-proteases. Particulary,
S229stop protein could not kill mosquito larvae that showed a structural change in the
result of intrinsic fluorescence spectroscopy (figure 5.16). It implied that protein had
incorrect folding. S229stop mutant had low protein expression and was highly
sensitive to protease digestion. Another reason is S229stop protein may be digested

by gut-proteases to small inactive fragments that could not bind to the cell membrane
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or undergo through the toxin mechanism which is either pore-forming model or
detergent-like model.

Protein structure and particle sizes

Tertiary structural analysis of Cyt2Aa2 protein was investigated by
intrinsic fluorescence spectrometer. The result showed that Cyt2Aa2 protoxin and
proteinase-K activated product also showed a major peak at 330 nm and a shoulder
around 340 nm. It suggests that there were more than one population or conformation
of Cyt2Aa2 protoxins. All mutant protoxins were identified their structures to
compare with that of Cyt2Aa2 protoxin. It could be classified into two groups. The
first group is composed of R25A, P27A, 131A, D39L, N230A, and 1233A mutants.
They provided a major peak at 330 nm and a shoulder at 340 nm that were similar to
those of wild type. R25A, P27A, 131A, and D39L mutants had comparable activity to
Cyt2Aa2. This could be confirmed that they had a similar conformation to that of the
wild type. On the other hand, N230A and 1233A mutants showed a low solubility and
over digestion after proteinase K treatment. They may have a partially conformational
change but it did not disturb the environment around three tryptophan residues which
are Trp132 located at aD, Trpl154 and Trpl57 located around 4. Therefore, they can
provide a similar spectrum to that of wild type. The second group of mutants includes
L33A, S229stop, and 1233stop protoxins. The major peak was observed at 340 nm
whereas the shoulder was noticed around 330 nm. According to previous work of
Cyt2Aa2 unfolding experiment, the maximum wavelength of native spectrum was
observed at 327 nm and their structure was gradually unfolded with the red shift of
their maximum wavelength to 347 nm when increasing GUHCL concentration [72].
These results imply that Cyt2Aa2 protoxin has a native structure that provided a
maximum wavelength at 330 nm. Their emission spectra of L33A, S229stop, and
1233stop protoxins were different from Cyt2Aa2 and they moved to red shift from
wavelength at 330 nm to 340 nm. The positions of aromatic residues located in
Cyt2Aa2 protoxin were changed that will alter their emission spectra. Replacing with
alanine at leucine 33 made a conformational change and may result in protein
aggregation. C-teminal truncated protoxin may adopt the incorrect folding of tertiary

structure and tended to aggregate. Their haemolytic and larvicidal activities were
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dramatically decreased and mutant protoxins were more sensitive to proteinase K
digestion that may be the result from the structural change.

A protein size distribution profile was revealed by Dynamic Light
Scattering (DLS) technique. Molecules in solution move as Brownian motion. When
the laser hits a molecule, the intensity fluctuation of scattered light depends on the
size of the molecule. It can determine the presence of aggregates and study oligomeric
formation. Cyt2Aa2 protoxin profile showed three populations existed in 50 mM
Na;CO3/NaHCOg3 buffer, pH 9.5 that showed their diameters around 4-10 nm
(monomer or dimer), 30-100 nm (oligomer), 200-700 nm (oligomer). 131A protein
was selected to test because it provided a similar tertiary structure and comparable
activity to Cyt2Aa2 protein. Its protoxin also showed a similar size distribution profile
to that of wild type. L33A showed a single broad peak between 40-600 nm and
N230A showed two peaks at 60-200 nm and 300-1,100 nm, respectively (figure
5.17). L33A and N230A proteins had different tertiary structure from Cyt2Aa2. They
are very sensitive to proteinase K digestion and showed much lower toxicity than that
of Cyt2Aa2. In addition, size distribution profile of their protoxins was different from
Cyt2Aa2 with diameter around 40-1,000 nm (oligomer) that was a wide range of a
various size of molecules. L33A and N230A may be in the unfolded state and forming
aggregation. Li., et al. reported that if Cyt2Aa2 protoxin is in the absence of dimer
contact between two monomers, it will probably have multiple conformations, and the
low solubility of main-chain results in aggregation [25]. 1233A protoxin also showed
different size distribution profiles from Cyt2Aa2 prtoxin. Its diameter was about 150-
350 nm and 5,000 nm (oligomer). The tertiary strucuture and haemolytic activity were
also different from Cyt2Aa2. It suggests that 1233A protoxin could not exist as a
native form, thus it may provide more susceptibility to proteinase K than Cyt2Aa2
resulting in a reduction of haemolytic activity. Consequently, Cyt2Aa2 and 131A
showed the monomer or dimer peak of protoxin (4-10 nm). They exist in the proper
conformation and can yield the active fragment after proteinase K treatment. On the
other hand, other mutants provided the larger size of protoxin. It could be oligomers

or aggregation of incorrect protein folds.
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Proposed role of N- and C-terminal regions (B1 and aF)

Based on X-ray crystallographic structure analysis of Cyt2Aa2 protoxin in
monomeric form, an interaction between the N-terminal fragment and the end of C-
terminal fragment which is very closed in space is a factor that may keep the toxin in
inactive form. D39 on N-terminal fragment located at proteolytic cleavage site can
form hydrogen network with L40 on the N-terminal fragment and N241 on the C-
terminal fragment (figure 6.4). D39 was mutated to disrupt the hydrogen bond
network while keeping steric hindrance and size of its side chain. Haemolytic activity
result showed that D39L protoxin did not contain haemolytic activity and it still
requires proteolytic activation to become an active toxin. As a result, it can imply in
many aspects, firstly, there is no interaction among D39, L40 on the N-terminal
fragment and N241 on the C-terminal fragment. Secondly, there is the intra-
interaction between three amino acids and breaking only the interaction at this
position is not sufficient to convert inactive protoxin to active form because there are
other interactions between N- and C-terminal fragments. Lastly, the inactive protoxin
could not be active because of dimeric interaction of five regions between two

mononmers, especially on N- and C-terminal tails of each monomer [25].

The truncation of C-terminal fragment at position S229 located at
proteinase-K cleavage site was engineered to delete the interactions between N- and
C-terminal fragments. S229stop mutant is a low expression mutant, low solubility,
and highly sensitive to proteinase K digestion. Low activity of this mutant could be
just because there is no activated toxin to exhibit its activity. The result revealed that
the deletion of 31 amino acids (S229 to N259) at C-terminal fragment gave a huge
impact on protein production. The solubilized truncated C-terminal protoxin may not
exist in a dimeric form after solubilized in 50 mM Na,CO3/NaHCO;3 buffer pH 9.5
(figure 5.13), but it was still inactive. The N-terminal fragment must be removed in

order to turn the protein into the active form.

In addition, solubilized L33A and N230A protoxins did not exist in
dimeric molecules (figure 5.12) and did not have the haemolytic activity.
Consequently, it can be concluded that Cyt2Aa2 protoxin needs to be processed on

both N- and C-termini to adopt the proper conformation that may be required for toxin
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L40

Figure 6.4: H-bond network between D39, L33 and N241 in Cyt2A monomer
generated by WebLab ViewerPro software
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binding to the membrane and toxin oligomerization process or aggregation. From
previous study, the intertwined N-terminal fragments and -1 and B-1’ sheets of
Cyt2A protoxin involved in dimerization were cleaved out to provide the active
monomeric form. The C-terminal tails and oF and oF’ of the protoxin were also
removed to expose the mixed P layers core. Cyt2A showed only one trypsin cleavage
site at His 30 on N-terminal fragment. When Cyt2A toxin was processed by trypsin, it
provided an inactive product because it cannot remove the interaction between -1
and B-1" sheets, therefore it still existed in dimeric form and it could not expose the
mixed P layers core[25]. On the other hand, dimeric structure of Cyt2Aa2 protoxin is
very essential for protein stability and maintaining protoxin in the right conformation
to become the active toxin. Moreover, truncated C-terminal fragment S229 and 1233
showed low efficiency in protein production, incorrect folding and less toxicity as
shown in table 6.1. It suggests that aF is important for protein folding, inclusion
formation, and protein stability. L33A and N230A proteins were not dimeric
molecules and provided the different tertiary structure from Cyt2Aa2 that affects the
solubility and toxicity. Therefore, N- and C-terminal fragments play important role
during protein folding process. If Cyt2Aa2 protein does not have these N- and C-
regions, the protein will become misfolded and denatured structure leading to protein
aggregation, instability, and inactive form. 1 at N-terminal fragment and oF at C-
terminal fragment are important for protein folding and dimerization process to
maintain the protein structure in the right conformation ready to be activated. Amino
acid substitution and deletion at these regions could directly affect inter- and intra-
molecular interactions required to hold the toxin in the right conformation. The

mutated toxin will become mis-folded and inactive.
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Truncated . . . o |Proteinase K | Larvicidal [Haemolytic
toxin Amino acids Solubilization activation | activity activity

[1-259]

o = V \ +H+ |+
[1-237] >

N238stop I(_ e A A +H+ +H+
[1-1232]

1233stop ‘<- - -I ------------- - - + +
[1-228]

$229stop I(- T - - - +
[1-223]

Q224stop I<- e - - - -

- [1-217]

K218stop |<- - I_ """"""" - - - -
[1-213]

E214stop |<- - I- --------- >I - - - -

P represents to ability to be solubilized in 50 mM Na,CO3;/NaHCO;3; buffer, pH 9.5

or active toxin after proteinase K activation.

“-” represents to inability to be solubilized in 50 mM Na,CO3/NaHCO3 buffer, pH 9.5

or active toxin after proteinase K activation.

“+” indicates the level of protein activity
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CHAPTER VII
SUMMARY

1.  Amino acid substitutions of Cyt2Aa2 at positions R25, P27, 131 and D39 did not
affect protein structure and functions suggesting that they are not responsible for
specific function. In contrast, amino acid replacements at positions L33, N230
and 1233 affected protein folding, dimerization and reduced activity. These amino

acids could play an important role to stabilize protein structure.

2. Deletion of 22 amino acids from C-terminal fragment of Cyt2Aa2 yielded
truncated protein with similar toxicity to Cyt2Aa2, whereas deletion of 27 and 31
amino acids showed an effect on protein folding, protein production, and less
toxicity. These amino acids located around oF at C-terminal fragment are
essential for protein production, maintaining protein structure and protein

integrity.

3. The correct protein folding of Cyt2Aa2 tertiary structure is required for protein
production, solubilization, and activation. Constructed mutant toxins that give
different fluorescence emission spectra from that of wild type showed the non-

native properties in toxin solubilization and activation.

4. Dynamic Light Scattering of Cyt2Aa2 protoxins in solution demonstrated mixed
populations of toxin monomer, dimer, and oligomer. Monomer or dimmer forms

of the toxin are suggested as the proper conformation for expression and activity.

5. Both N- and C-terminal regions of Cyt2Aa2 play a vital role in providing of

correct protein folding and molecular stabilization.
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