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ABSTRACT 

 The cytolytic toxin, Cyt2Aa2, is produced from Bacillus thuringiensis supsp. 

darmstadiensis during the sporulation stage. It is toxic to dipteran larvae in vivo, 

whilst it has a broad-range cytolytic activity in vitro. The N89K and T148K mutant 

toxins were constructed by sited-directed mutagenesis, introducing positively charged 

residue into position 89 after αB and position 148 between αD and β4. The results 

show that mutagenesis at residue Asn 89 does not affect the structural and functional 

activities of the toxin. Although mutagenesis on Thr 148 does not change the tertiary 

structure and larvicidal activity of Cyt2Aa2 toxin, it has an effect on structural 

stability. The T148K mutant shows a decrease in both solubility of the toxin in 

carbonate buffer and in vitro activities, i.e., oligomerization and hemolytic activity. 

The data suggest that Asn 89 is not a key residue involved in the structure and 

function of the toxin molecule. On the other hand, Thr 148 may take part in the 

membrane recognition of Cyt2Aa2. Moreover, the Lys substitution at residue 148 

may interrupt the dimer formation of protoxin. These results demonstrate that the 

substitution of Thr with Lys at position 148 can help increase specificity of Cyt2Aa2, 

by maintaining in vivo activity and reducing in vitro toxicity. It provides improved 

knowledge of the cytolytic toxin with possible benefits for biotechnological 

applications. 

 

KEY WORDS: Bacillus thuringiensis / LOOP αD AND β4 / CYTOLYTIC 

PROTEIN / CYT2Aa2/ LYSINE SUBSTITUTION /  

  /MOSQUITOCIDAL TOXIN  
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ผลกระทบของการเปล่ียนแปลงกรดอะมิโนท่ีตําแหนงของ Asn 89 และ Thr 148 ของ โปรตีน 
Cyt2Aa2 จาก Bacillus thuringiensis 
(EFFECT OF AMINO ACID SUBSTITUTIONS AT Asn 89 AND Thr 148 OF 
CYT2Aa2 TOXIN FROM Bacillus thuringiensis) 
 
บุญสรรค ประเสริฐกุลชัย   4837269   MBMG/M 
 
วท.ม. (อณูพนัธุศาสตรและพันธุวิศวกรรมศาสตร) 
 
คณะกรรมการควบคุมวิทยานิพนธ : ชาติชาย กฤตนัย, Ph.D.  บุญเฮียง พรมดอนกอย, Ph.D., 
ปนัดดา บุญเสริม, Ph.D. 
 

บทคัดยอ 
Cyt2Aa2 เปนโปรตีนที่มีฤทธ์ิฆาลูกน้ํายุงซ่ึงผลิตมาจาก Bacillus thuringiensis สาย

พันธุ darmstadiensis โปรตีนชนิดนีมี้จําเพาะตอลูกน้ํายุงลายและทําใหเยื่อหุมของเซลลหลาย
ชนิดแตกไดในหลอดทดลอง งานวิจัยนี้ไดทําการศึกษาการแทนท่ีของกรดอะมิโนAsn 89 และ
กรดอะมิโนThr 148 ดวยกรดอะมิโนLys โดยวิธีกอกลายพนัธุท่ีตําแหนงจําเพาะ ผลจากการ
วิเคราะหคุณสมบัติตางๆของโปรตีนกลายพันธุท้ังสองพบวาโปรตีนกลายพันธุN89K และ T148K 
ยังคงมีความสามารถในการฆาลูกน้ํายุงเทากับโปรตีนตนแบบ ในการทดสอบความสามารถในการ
รวมตัวกันของโปรตีนในเยื่อหุมเซลสังเคราะห และการทําใหเม็ดเลือดแดงแตกในหลอดทดลอง
พบวาโปรตีนกลายพันธุN89K ไมมีความแตกตางจากโปรตีนดั้งเดิม สวนโปรตีนกลายพันธุ 
T148K มีความสามารถเหลานี้ลดลงมาก และเม่ือทดสอบกับเซลลเพาะเล้ียงชนิดตางๆพบวา 
โปรตีนกลายพันธุนี้ไดสูญเสียความเปนพษิตอเซลลเหลานั้นดวย ขอมูลดังกลาวแสดงใหเห็นวา
กรดอะมิโนAsn 89 มิไดมีบทบาทสําคัญในการรักษาโครงสรางและเกี่ยวของกับการทําหนาท่ีของ
โปรตีนCyt2Aa2 ในทางตรงกันขามกรดอะมิโนThr 148 นาจะมีบทบาทท่ีเกี่ยวของในการยึดเกาะ
ของโปรตีนกับเยื่อหุมเซลลของส่ิงมีชีวิตอยางจําเพาะ โดยความรูท่ีไดนี้จะนําไปสูการพัฒนาและ
ปรับปรุงโปรตีนCyt2Aa2 ใหมีความจําเพาะตอเซลลของลูกน้ํายุงมากข้ึนและเปนพิษตอเซลลอ่ืนๆ
นอยลง อันจะเปนประโยชนตอการประยกุตเพื่อใชในการควบคุมยุงพาหะของโรคตอไปในอนาคต 
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CHAPTER I 

INTRODUCTION 
 

 

1.1 Bacillus thurigiensis 

Bacillus thurigiensis is a Gram-positive, spore-forming soil bacterium. During 

the sporulaiton, Bacillus thurigiensis produces parasporal crystal proteins (1), as 

shown in figure 1, which are toxic to many species of insect larvae. These crystalline 

proteins are toxic against larvae belonging to the order of Lepidoptera (moths and 

butterflies), Blattodea (cockroaches), Coleoptera (beetles), Diptera (flies and 

mosquitoes) and Hymenoptera (bees and wasps) (2-5). In addition, the parasporal 

proteins have also been reported to be lethal to nematodes and protozoa (6). Based on 

their properties, these toxins were applied for a control of the serious disease vector 

(7-9), such as mosquitoes and black flies, and for agricultural pest, i.e., beetles and 

moths (10).  

 The previous reports revealed that a B. thuringiensis produces many kinds of 

crystal protoxins depending on the strains which are different in shape, size, 

biological property and activity (11-13). For example, B. thuringiensis var. israelensis 

is used in the field for a control of mosquito and blackflies (7-9), which are a vector of 

serious diseases, like dengue fever and river blindness diseases. B. thringiensis subsp. 

berliner is a commercially available bacterial product for pest insect controlling of 

field crops (10).  The mechanism of action of crystalline toxins are composed of 1) 

the solubilization of crystalline protoxin in the larval midgut, 2) the processing of 

toxin by midgut proteases, and 3) binding to the midgut-epithelium cell membrane 

and forming of the lytic pore. Firstly, the protoxin has to be ingested by the 

susceptible insect larvae. The protoxin is solubilized under the alkaline condition of 

the insect midgut, and then the protoxin is processed by many midgut proteases to be 

converted into active form (6, 14-16). Next, the active toxin recognizes to specific 

receptor or epithelial cell surface. After that the activated toxins insert into the  
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Figure 1: Electron micrograph of Bacillus thuringiensis subsp. israelensis. 

The transmission electron micrograph shows the parasporal inclusion proteins 

of Bacillus thuringiensis subsp. israelensis during sporulation stage. The black arrow 

heads point the parasporal inclusion bodies (18). 
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membrane and form the lytic pore causing imbalance osmotic pressure, cell swelling 

and leading to cell lysis (6, 17). 

 

1.2 Cytolytic toxins 

Cytolytic toxins are δ-endotoxins produced by Bacillus thuringiensis. Among 

the δ-endotoxins were categorized as crystalline toxin (Cry toxins) and cytolytic toxin 

(Cyt toxins) (19). There are many differences between Cyt toxins and Cry toxins, for 

example, size, structure and host specificity. In general the molecular weight of 

cytolytic toxins (25-28 kDa) are smaller than that of crystalline toxins (20). The 

molecule of crystalline toxins could be determined to have three domains 

corresponding to different function, such as receptor binding domain and pore-

forming domain (6). Cyt toxins are single domain composed of six α-helices and 

seven β-sheets (19). Cry toxins are toxic to Lepidopteran, Dipteran and Coleopteran 

larvae whereas Cyt toxins have toxicity against Dipteran larvae (20). Moreover, Cyt 

toxins are cytolytic to a broad range of cells in vitro, such as mosquito cells, 

mammalian cells and erythrocytes (21, 22). 

 

1.2.1 Genetics of cytolytic toxins 

In 1984, Ward, et al. could clone and transform the cytA gene of B. 

thuringiensis subsp. israelensis into Escherichia coli JM 101. The cytA gene (1,408 

base-pairs) was analyzed and demonstrated all along the open reading frame encoding 

27.34 kDa δ-endotoxin protein (23-25). The transcription start point is at 44 

nucleotides upstream of initiation codon and a Shine-Dalgarno sequence located on 

10 base-pair upstream of the start codon. At 3’ end of this gene, an inverted repeat 

(IR) element forming stem-and-loop structure was found immediately after stop 

codon. The IR element has been proposed to act as a translational terminator (23, 24). 

In 1993, DNA fragment of the cytB gene (1,244 base-pairs) from B. thuringiensis 

subsp. kyushuensis was cloned into E. coli and the nucleotide sequence and protein 

expression levels were characterized (20). It is found to encode for the 29.2 kDa of 

CytB δ-endotoxin.  A Shine-Delgarno sequence is eight base-pair upstream of start 

codon. The cytB gene also has terminator secondary structure, which is nine base-pair 

hairpin loop and six base-pair stem loop, at position 1048-1086 downstream of 
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structural gene. The entire sequence has very low GC content of 27.1%. However the 

GC content of the structural itself is 28.5% (20). Nowadays, the novel cytolytic toxin 

genes have been cloned and isolated from many strains of B. thuringiensis. To 

organize the pool of data, a nomenclatural standard has been developed by genomic 

sequencing efforts.  The closely related toxins, according to evolutionary divergence, 

have been ranked together (26). CytA becomes Cyt1A and CytB becomes Cyt2A. The 

list of cytolytic toxins and their strain of B. thuringiensis are shown in table 1. The 

phylogenic tree of cytolytic toxins is shown in figure 2 (27). 

 

1.2.2 Toxin structure and function 

Two well-known δ-endotoxins, Cyt1A and Cyt2A, are produced by B. 

thuringiensis subsp. israelensis and kyushuensis, respectively. In the early period of 

cytolytic toxins study, Bacillus thuringiensis subsp. israelensis has been reported to 

produce at least three δ-endotoxins, at molecular weight of 28, 68 and 130 kDa (28). 

These components were recognized by the immunological difference among each 

other but only the 28-kDa Cyt1A protein can demonstrated the haemolytic activity 

(28). Although, Cyt1A encoding gene is cloned and expressed as inclusion bodies in 

E. coli cells, it must require a 20 kDa helper-protein for co-expression (29). Some 

recent report has been proposed that the helper-protein improves cyt gene expression 

in E. coli cells through post-transcriptional regulation of the cytA gene (30). In 

contrast other publications suggested that the helper-protein affect neither post-

transcription nor translational initiation (29). The function of this protein may bind on 

and prevent degradation of the nascent CytA polypeptide (31). On the other hand, 29 

kDa Cyt2A δ-endotoxin could be cloned and expressed very well in the E. coli system 

without 20 kDa helper-protein (20). 

 In comparison the Cyt1A and Cyt2A endotoxin are composed of 249 (27.4 

kDa) and 259 (29.2 kDa) amino acids, respectively (20, 23). The secondary structure 

of Cyt1A δ-endotoxin is similar to that of Cyt2A toxin. The alignment of amino acid 

sequences of these two proteins (figure 3) demonstrated a 39% identity and 70% 

similarity. The proteases cleavage sites of Cyt1A and Cyt2A are found at matching 

positions on the sequence alignment (32). In 1996, Jade Li et al. have determined the 

crystal structure of unprocessed Cyt2A by  multiple  isomorphous  replacement (MIR) 
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Table 1: List of cyt genes from several Bacillus thuringiensis strains (33). 

Gene Subspecies 
Access No. 

[Reference] 

cyt1Aa1 israelensis X03182 (23) 

cyt1Aa2 israelensis X04338 (24) 

cyt1Aa3 morrisoni PG14 Y00135 (34) 

cyt1Aa4 morrisoni PG14 M35968 (35) 

cyt1Ab1 medellin X98793 (36) 

cyt1Ba1 neoleonensis U37196 (37) 

cyt2Aa1 kyushuensis Z14147 (20) 

cyt2Aa2 darmstadiensis AF472606 (38) 

cyt2Ba1 israelensis U52043 (39) 

cyt2Ba2 morrisoni PG14 AF020789(19)  

cyt2Ba3 fukuokaensis AF022884(19)  

cyt2Ba4 morrisoni HD12 AF022885(19) 

cyt2Ba5 morrisoni HD518 AF022886(19) 

cyt2Ba6 morrisoni serovar tenebrionis AF034926(19) 

cyt2Ba7 strain T301 AF215645 (40) 

cyt2Bb1 jegathesan U82519 (41) 

cyt2Bc1 medellin AJ251979 (42) 

 

 

 

 

 



Boonsan Prasertkulchai  Introduction / 6 
 

 

 

 

 

 

Figure 2: Phylogenic tree of Cyt toxin family. 

The figure illustrates the relationship between each cytolytic toxin gene. The  

dendrogram was constructed using National Center for Biotechnology Information’s 

(NCBI) BLAST WWW server and  the MegAlign program (27). 
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Figure 3: The amino acid sequence alignment of Cyt1A and Cyt2A toxin 

corresponding to their biochemical and mutagenesis data (19). 
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and X-ray data(19). Their work revealed that the structure of Cyt2A contains a single 

domain of α/β architecture, comprising of six α-helices and seven β-sheets (19) as 

shown in figure 4. 

The toxin molecule has three layers, which are two outer layers of α-helix 

hairpins wrapped around a mixed β-sheet in the middle as shown in figure 5. The 55 

residues or 24% of the toxin are six α-helices and the 75 residues or 33% of the 

polypeptide involving the β-sheet structure. There are three 310 helices at N- and C-

termini of α-helices A and in the loop connecting between α-helices D and β-strands 

4. The α-helices have the amphipathic property, the hydrophobic residues face against 

the β-sheet while the polar and charge residues point out to the environment. The β-

strands have shown strongly left-handed twist and amphipathic character in some of 

the β-sheets. The N-terminal part of protoxin Cyt2A is involved with dimerization 

between two molecules by intertwining with another N-terminal end from a further 

molecule (19). The protoxin dimers (figure 6) have been produced to stabilize 

secondary structure of the protoxin molecules. Moreover, the dimerazation of Cyt2A 

toxin is involved with the other interactions presenting in five regions on the surface 

of each monomeric toxin (19). Firstly, the hydrogen bonds form β1’ monomer 

(residue F28 to P36) to β1and β2 of another monomer (residue N44 to Y48), in the 

opposite way, β1 also forms the hydrogen bonds with β1’ and β2’. Secondly, the 

extended N-terminal part can form salt bridge and van der Waals interaction of with 

loopαD,β4, loopβ1,β2, loopαA,αB of other monomer. Third area is between loopβ7,αF and α 

helix F, Asn230 in loopβ7,αF and Val234 in helix F form the hydrogen bonds with each 

other similar to Ala231 in loopβ7,αF and Ile233 in helix F. The forth part is between 

helix D and loopαD,β4 which are salt bridged between Lys140 and Asp147. The last 

region is loopαE,β7 that form the salt bridge to each other (19). In addition, Cyt2A toxin 

has an extra 15 residue at C-terminal sequence that make a difference from Cyt1A 

(20). The additional amino acids of Cyt2A have been suggested to be proteolysis 

preventing residues. 

 

1.2.3 The proposed mechanism of cytolytic toxins 

In vivo, the cytolytic toxins have been identified to have a very specific toxicity 

against Dipteran larvae, i.e., mosquitoes and black flies(20). However, in vitro, the  
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A)  

 

 

 
B) 

 

Figure 4: Secondary structure of the monomeric Cyt2A δ-endotoxin (19). 

A) the ribbon model of a Cyt2A toxin, the side view of the toxin molecule 

shows the three layers of left-handed twisted β-sheets and two wrapped α-helices (as 

shown on the left) and the front view is showed on the right. B) the stereogram of the 

Cyt2A shows the face view of Cα trace of a toxin molecule. 
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Figure 5: Scheme of the Cyt2A conformation (top view) (19). 

 toxin. The circles 

 

 

 

 

 The topology scheme shows conformation of the Cyt2A

with English alphabet are corresponded to the α-helices. The β-sheets are represented 

by the triangles. The direction of triangles is depended on the direction of the β-

sheets, i.e., pointed down triangle represented pointed down β-strands.  
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igure 6: Ribbon representation of dimer of Cyt2A toxin. 
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The figure show dimeric form of Cyt2A protoxins. Tw

ted together by intertwining their N-terminal end and interaction between five 

points as previously described (19). 
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toxins show a broad-range spectrum of cytolytic activity (21, 22). For hemolytic 

estion of the toxin 

 is still unknown. But the 

process

from  the  molecule.  After  proteolysis,  toxin  molecule  will   separate  to   monomer 

activity assay Cyt1A toxin can lyse red blood cells, although it is not activated by any  

proteases. Unlike Cyt1A, Cyt2A endotoxin has to be activated by proteases, before its 

hemolytic activity is active (20). The different properties between Cyt1A and Cyt2A 

can be related to the additional 15 residue C-terminal sequence of Cyt2A toxin. In 

addition, the hemolytic activity of Cyt1A toxin may be due to the total charge on the 

surface of toxin molecule (20). A comparison of hydropathy plot of Cyt1A and Cyt2A 

illustrates a close property in high hydrophobicity especially in the C-terminus region. 

Their hydrophobicity are relatively increased after proteolysis (20).  When Cyt1A 

protoxin is in the neutral pH, the net charge is about -7. After digested with trypsin, 

net charge of Cyt1A does not change significantly. The net charge removal the N-

terminal or both termini of Cyt1A by proteinase K, give the negative net charge 

similar to that of processed Cyt1A (about -5 or -7, respectively). Whereas 

unprocessed Cyt2A has no net charge at the neutral condition (20). 

 The cytolytic mechanism of the toxin is occurred from ing

inclusion by insect larvae. Then, Cyt toxins are moved through digestive track and 

solubilized under alkaline condition of the larval midgut. The solubilized toxins are 

processed by gut proteases and become an active form. 

In vivo, the processing of protease cleavage

ing sites of proteinase K and trypsin in vitro have been determined. Proteinase 

K digests the Cyt2A toxin into 23 kDa fragments from Thr34 to Phe237. Furthermore 

overdigestion can also yield the 20 kDa fragment (Ser38 to Ser228). Both products 

are cytolytically active (32). Because the intertwined N-terminal fragment and β1 

sheet involved with dimerization were removed, the toxin will be released as 

monomer (19). The C-terminal arm and αF of the toxin were removed as well to show 

β layers core. Trypsin also digests the Cyt toxin but the resulting product is not active. 

Because trypsin just cleaves at His30 that is very close to the N-terminus of β1 of 

Cyt2A. Hence, trypsin has failed to express the β-core of this toxin since it cannot 

eliminate the β1 involving the dimerisation, thus the trypsin digested Cyt2A toxin will 

be in the dimer and inactive form. On the other hand, Cyt1A requires both of 

proteinase K and trypsin to dissociate the toxin to monomer by removal β1 fragment 
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molecule and elucidate some hydrophobic residues. The conformational change does 

not occur during this stage. Next, the activated toxin will attach to the membrane (32). 

There are some reports proposed that the cytolytic toxin does not require specific 

receptors for binding but they could bind to all regions of larval midgut membrane. 

However, a similar case of receptor mediation has been reported in Cry toxin. It binds 

to specific receptors on the apical brush boarder of the midgut microvillae of 

susceptible insects with two-stage process of reversible and irreversible steps (6). 

While in vivo Cyt2A toxin apparently undergoes self-association after binding to the 

membrane. 

 In the step of toxin insertion, the two proposed mechanisms for cytolytic toxin 

are lytic pore forming model (19) and detergent-like model (43, 44) (figure 7). For 

the pore forming model, after binding to the membrane the conformation of this toxin 

starts to change by spreading the α-helices C and D out. Then the β-sheet 5, 6, and 7 

are inserted into the membrane. The α-helices A and B are then inserted into 

membrane as well. After that, the membrane-bound toxins will aggregate with 

adjacent molecules and form the oligomeric lytic pore. The channel opening of 

cytolytic pore is reduced in the presence of divalent cations and the effect is reversed 

when these ions are removed. These data support a colloid-osmotic lysis mechanism. 

The study of Knowles et al (45) shows that Cyt1A can form the cation-selective 

channels in plannar lipid bilayers. The experiment of Szabo et al (46) has 

demonstrated that synthetic peptide corresponding to helix C involves in toxic 

activity. In addition, Gazit & Shai (47) have synthesized and characterized two helices 

corresponding to helix A and C. The results have supported a role of two helices in 

the self-assembly and pore-formation. When the structure of Cyt2A was determined 

by Li J. et al, 1996 (19), the trans-membrane pore is proposed to be created by an 

aggregation of β-sheet 5, 6, and 7 (figure 8) similar to the β-barrel pore as the porin 

(48) and aerolysin toxin (49). These β-sheets are long enough to span the hydrophobic 

region of the bilayers-lipid membrane. Whereas α-helices A and B are expected to 

open out as the umbrella and lay on the membrane surface. The β-sheets are coiled 

with the α-helices A and B to demonstrate as the interior face of a β-barrel. Up to 

present, there are no direct evident that identify the number of toxin molecules that 

form the trans-membrane pore. Knowles & Ellar (1987) have proposed that if the lytic  
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igure 7: Proposed cytolytic mechanisms of Cyt toxin (43). 

1) represents an active toxin, 2) the active toxin binds to phospholipid bilayer, 

embrane and form the 

ansme

 

 

 

F

 

3) for pore forming model, the toxin molecules insert into the m

tr mbrane pore. The detergent-like model, 3) the unsystematic aggregation of the 

toxins on the lipid membrane leads to the membrane crack. 
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Figure 8: Proposed lytic pore architecture (50). 

 A) The top view of the lyitc pore of Cyt2Aa1 endotoxin that have been 

predicted that the transmembrane pore was formed by arrangement of the β5, β6 and 

β7 to form the β-barrel structure, B) the monomeric Cyt2Aa1 toxin and the membrane 

inserted residues predicted by site-directed mutagenesis. 
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pore is 5-10 nm in diameter (51), the number of monomer in the lytic pore should be 

about 4 or 6 monomers based on the prediction from the pore size of similar β-barrel 

toxin. 

In contrast, Butko (43) has proposed another model, based on the detergent-

liked behavior of toxin. He did not agree with the cation-selective channels model 

because the lacking of  direct evident to confirm (i) the number of the toxin molecule 

that used to form a lytic-pore, (ii) the limitation of size of the leakage from vesicle 

that lysed by Cyt1A, (iii) significant part of Cyt1A inserting in the lipid bilayer core. 

Thus, he proposed that the cytolytic toxin does not form the lytic pore but it break the 

membrane by aggregation between toxin molecules in the detergent-like manner (as 

shown in a figure 7). He suggested the experiments to prove the model i.e., ability for 

releasing large molecule (>100 kDa) from bilayers-lipid vesicle. If lytic pore (1-2 nm 

in diameter) were formed on the lipid membrane, the very large molecules should not 

be released from the vesicle. Moreover if the toxin forms the cation-selective channels 

on the membrane, size of the vesicle after releasing should not be changed. In 2005, 

Manceva reported the evidence that supports the detergent-like manner of Cyt toxin 

(44). His work included: (i) the analysis of lipid-toxin complex on SDS-PAGE, (ii) 

Fluorescence photobleaching recovery, and (iii) epifluorescence microscopy. These 

approaches provided information that the Cyt toxins aggregate into a broad-range of 

molecular weight and break the lipid vesicle into small particle (44). SDS-PAGE has 

shown a laddering pattern of various molecular weights rather than the band of 

hexamer of Cyt1A (~ 144 kDa). These results suggest that the Cyt1A toxins act in a 

detergent-like manner rather than forming the lytic pore on the cell membrane. 

 

1.3 The benefits of Cytolytic toxins 

 The toxins produced from Bacillus thurigiensis have been applied for pest-

controlling for many years instead of chemical insecticides, because the chemical 

insecticides have broad toxicity for organisms and can persist in the environment. The 

δ-endotoxin encoding gene from Bacillus thurigiensis has been transformed into the 

genome of many crops by DNA technology to construct the insect-resistance 

transgenic plants such as transgenic corns, tobaccos, tomatoes and, potatoes (52-54). 

Moreover, the δ-endotoxins from Bacillus thurigiensis and Bacillus sphaericus have 
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been used to control the serious disease vectors in the order Diptera, such as 

mosquitoes and blackfies or Lepidoptera order i.e., moths, and butterflies (55). 

Despite these transgenic organism and toxins give the promised result, they have been 

resulted in the production of resistance insect in moderate and high level, such as the 

culex mosquitoes resistant to Cry4A, Cry4B, Cry11Aa, and Bin toxins from Bacillus 

sphaericus (56). In the past few years, the problems of resistant mosquitoes have been 

solved by using synergism between two toxins or more (57). For example, Cry4Ba, in 

general, is not toxic to C. quinquefasciatus larvae (58). But the lethal activity of 

Cry4Ba δ-endotoxin against to culex larvae can be promoted by combination with 

Cyt2Aa2. Furthermore, cytolytic toxins, for example; Cyt1A and Cyt2Aa2, can also 

synergize with Cry11Aa, Cry4Aa, or Cry4Ba. 

 Nowadays, as the cytolytic toxins have a potential activity in cytopathogenic 

toxicity, there are attempts to use these toxins for killing cancer cells. However, for 

the medical applications, the toxins need to be improved for their specificity to the 

cancer cells by conjugation with antibodies or small protein fragment. Al-Yahyaee 

and co-workers, (1996) (59) have investigated the conjugation of CytA toxins with 

two monoclonal antibodies (mAb) against rat and mouse Thy 1 antigen. The 

conjugates bind to the target cells specifically, but they did not lyse the target cells. 

They explained that the attachment of CytA to mAb molecule obstructed the pore-

formation of cytolytic toxin leading to failure of cell lysis. Another conjugate was 

constructed by linking CytA toxin to insulin. However, the result showed that the 

cytolytic activity of CytA toxin is reduced when bound to the target cells (59). 

 

 

                

 

http://en.wikipedia.org/wiki/Moth
http://en.wikipedia.org/wiki/Butterfly
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CHAPTER II 

OBJECTIVES 
 

 

Many recent publications have reported that amino acid residue on the loop 

structure between α and β domain of Cyt2Aa2 involving the biological activity of the 

toxin. This thesis work aimed to investigate the effect of positively charge amino acid 

substitution, lysine, at the polar amino acid, asparagines and threonine, on the loop 

between α-helices domain and β-sheets domain of Cyt2Aa2 protoxin by using a site-

directed mutagenesis. The mutant toxins, N89K and T148K, were designed and 

constructed by PCR based method. The resulting mutants were subjected to 

biochemical and biological assays. The results obtained from this study would provide 

the data for a better understanding of toxin structure and function as well as the 

mechanism of the toxin.  
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CHAPTER III 

MATERIALS 
 

 

3.1 Chemicals 

Acrylamide    Sigma 

Ammonium Persulfate     Sigma 

Ampicillin Disodium Salt Bio Basic 

Coomassie Brilliant Blue G 250              USB 

IPTG (Isopropyl β-D-1-thiogalactopyranoside)            USB 

Sodium Dodecyl Sulfate (SDS) Bio Basic 

TEMED (N, N, N’, N’-tetramethylethylenediamine)  Bio Basic 

 

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

RAD, Merck and Sigma). 

 

3.2 Bacteria strain 

Eschericia coli strain JM109 [recA1 supE44 endA1 hsdR17 gyrA96 rclA1 

thiΔ(lac-proAB) F’ (traD36 proAB+ laclq lacZΔM15] containing pGEM-Cyt2Aa2 

plasmid (60) (figure 9). 

 

3.3 Bacteria Culture Media 

A liter of culture media are undefined medium of Luria-Bertani medium (LB) 

containing 1% (W/V) of Bacto-tryptone, 0.5% (W/V) of Bacto-yeast extract and 1% 

(W/V) of NaCl. In addition, 1.5% (W/V) of Bacto-agar was used into these 

components for preparing the culture plates (61). The media were sterile by 

autoclaving at 121oC, 15 psi. for 30 min. They were cool down to approximately 50-

60oC and then added with ampicillin to the final concentration of 100 μg/ml. 
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Figure 9: Map of the Plasmid pGEM-Teasy containing cyt2Aa2 gene. 

 The figure shows the physical map of the recombinant plasmid pGEM-

Cyt2Aa2 containing the full length of 29.2 kDa cyt2Aa2 gene (850 bp). 
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3.4 Enzymes and Proteases 

Restriction endonucleases and other enzymes were purchased from the 

following companies: 

Pfu DNA polymerase Promega 

Hen egg Lysozyme Sigma 

RNase A Sigma 

 

3.4.1 Proteases 

Proteinase K Sigma 

Trypsin (Bovine pancreas, TPCK treated) USB 

Chymotrypsin (Sigma) was supported by Dr. Boonhiang Promdonkoy, 

BIOTEC, National Science and Technology Development Agency, Thailand. 

 

 3.4.2 Restriction endonucleases 

Table 2: List of restriction endonucleases and their recognition sites 

Enzyme name 
Recognition 

Sites 
Buffers Companies 

ClaI 
AT▼CG AT 

TA GC▲TA Buffer C Promega 

DdeI 
C▼TNA G 

G ANT▲C Buffer D Promega 

DpnI 
GmeA  TG 

CTme
▲AG Buffer B Promega 

HhaI 
G CG▼C 

C▲GC G Buffer C Promega 

Note: The cleavage site is specified by “   “ . 

Buffer B: 6 mM Tris-HCl, 6 mM MgCl2, 50 mM NaCl, 1 mM DTT, pH 7.5 

Buffer C: 10 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, 1 mM DTT, pH 7.9 

Buffer D: 6 mM Tris-HCl, 6 mM MgCl2, 150 mM NaCl, 1 mM DTT, pH 7.9 
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3.5 Oligonucleotide primers 

The oligonucleotide primers were obtained from Proligo (Singapore). The 

sequences of the primers are shown below. Single code-amino acid letters were 

placed above their corresponding nucleotide sequences. Introduced restriction 

endonuclease recognition sites are underlined. The bold letters indicate the mutated 

nucleotides or amino acid residues. 

Primer set 1: for sited-direct mutagenesis of pGEM-Cyt2Aa2, these 

oligonucleotide fragments were design to substitute Asparagine (N) at position 89 

with Lysine (K). 

            I   P   K   S   A   I   V   K   T 
N89K-F: 5’-ATT CCT AAG TCT GCA ATT GTA AAA ACT C-3’ 
                 DdeI 

N89K-R: 5’-C AAT TGC AGA CTT AGG AAT ACC ATT TG-3’ 
                         DdeI 

Primer set 2: for sited-direct mutagenesis of pGEM-Cyt2Aa2, these 

oligonucleotide fragments were design to substitute Threonine (T) at position 148 

with Lysine (K). 

               L   D   K   Q   I   D   E   A   W  
T148K-F: 5’-AT TTA GAC AAA CAA ATC GAT GAA GCA TGG-3’ 

 ClaI 

T148K-R: 5’-GC TTC ATC GAT TTG TTT GTC TAA ATT TG-3’ 
ClaI 

 

3.6 Miscellaneous 

5-Bromo-4-chloro-3-indolyl phosphate (BCIP) Sigma 

Alkaline phosphatase-conjugated anti-rabbit IgG Sigma 

Amicon® Ultra-4 centrifugal Filter Devices Millipore 

Bovine serum albumin, Bovine Albumin, BSA  Promega 

Bradford protein assay reagent BIORAD 

Lambda DNA/HinD III Markers  Promega 

Nitro blue tetrazolium cholride (NBT) Bio Basic 

Precision Plus ProteinTM Standards (unstained) BIORAD 

SDS-PAGE molecular mass standards (board range) BIORAD 

Set of dATP, dCTP, dGTP, and dTTP  Promega 
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Liposome (50) and Polyclonal antibody against Cyt2Aa2 were supported from 

Dr. Boonhiang Prodonkoy, BIOTEC, National Science and Technology Development 

Agency (NSTDA), Thailand. 
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CHAPTER IV 

METHODS 

 

 

4.1 DNA preparation using alkaline lysis (62) 

The alkaline lysis has been a common method to isolate the plasmid DNA 

from E. coli cells for more than 30 years. The alkaline lysis method was performed 

according to Sambrook and Russell (61). A single colony of E. coli containing 

pGEM-Cyt2Aa2 plasmid was inoculated into 3 ml of LB broth with 100 µg/ml of 

ampicillin and incubated at 37°C for 16-18 hours. After overnight incubation, the 

culture was centrifuged at 12,000 rpm for 30 seconds in 1.5 ml microcentrifuge tube. 

Only cell pellet was resuspended in 100 µl of alkaline lysis solution I [50 mM 

glucose, 25 mM Tris-Cl (pH 8.0) and 10 mM EDTA (pH 8.0)] by vortex. A 200 µl of 

freshly prepared alkaline lysis solution II [0.2 N NaOH and SDS 1% (w/v)] was 

added into the mixture then the tube was inversed gently for 3-5 times. Subsequently, 

150 µl of alkaline lysis solution III, which is the mixture of 60 ml of 5 M potassium 

acetate, 11.5 ml of glacial acetic acid and sterile distilled water 28.5 ml, was added to 

neutralize the pH value of the suspension. The mixture was mixed several times by 

inversion until the solution become viscous then keep the mixture at room 

temperature for 3-5 minutes. When incubation was complete, liquid phase was 

isolated from the mixture by centrifugation at maximum speed of 14,000 rpm for 5 

minutes and transferred to a fresh tube. 2 µl of 10 mg/ml RNase was added into the 

supernatant for a removal of the contaminated RNA with incubation at 37°C for 1 

hour. The protein contamination in liquid phase was eliminated by phenol: chloroform 

solution (phenol: chloroform: isoamyl alcohol, 25:24:1 v/v). An equal volume of 

phenol: chloroform solution was added into the mixture and vortex. The supernatant 

was separated by centrifugation at 14,000 rpm for 2 minutes and transferred to a new 

tube. This step was repeated one more time. To precipitate the plasmid DNA, two 

volumes of absolute ethyl alcohol was added into the solution, vortex and strand the 
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mixture at room temperature for 2 minutes. Then, centrifuged the mixture at the 

14,000 rpm for 5 minutes and discarded the supernatant. Add 1 ml of 70% ethyl 

alcohol to the DNA pellet and inverse the tube several times. To recover the DNA 

plasmid, the mixture was centrifuged at 14,000 rpm for 2 minutes and discarded the 

supernatant. To remove the rest of ethyl alcohol, the microcentrifuge tube was placed 

upside-down on the paper towel until the pellet was dry. Finally, the DNA pellet was 

dissolved in 50 µl of sterile distilled water and store at -20°C before use. 

 

4.2 Agarose gel electrophoresis 

Agarose gel electrophoresis is the basic method used for DNA analysis. DNA 

is analyzed on different percent of agarose upon the DNA size. Agarose powder was 

dissolved in 1X TBE buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA pH 8.0) 

and then boiled until the solution was in homogeneity using microwave oven. The gel 

solution was poured into electrophoretic tray when it is warm and allowed to solidify. 

DNA samples were mixed with DNA-loading dye [15% (w/v) Ficoll 400, 0.01% 

(w/v) Bromophenol blue] at ratio 1:5 (v/v) and then loaded into the well of submerged 

agarose gel in 1X TBE buffer. The electrophoresis was performed at a constant 

voltage of 100. After electrophoresis completed, the gel was stained in ethidium 

bromide solution for 5 min and destained in distilled water for 20 min or until the 

background was clear. The stained DNA patterns were visualized under UV light (Gel 

Doc model 1000, Bio-Rad, USA) and a photograph is taken.  

 

4.3 Site-directed mutagenesis 

Site-directed mutagenesis is the mutagenic method based on the Quick 

ChangeTM Site-directed Mutagenesis Kit (Stratagene) (figure 10). The pGEM-T  

vector (promega) containing full length cyt2Aa2 gene from B. thuringiensis subsp. 

darmstadiensis (a gift from Dr. Boonhiang Promdonkoy) was a subject to be mutated 

in this eperiment. Two sets of oligonucleotide were used as the primer to substitute 

asparagine at position 89 or threonine residue 148 with lysine (figure 11). The first 

primer set to substitute asparagine residue 89 with lysine was designed to have 

nucletide on the DNA sequence of cyt2Aa2 changed from AAT to AAG. It also has an 

additonal recognition  site of DdeI.  Another pair of  primer that  mutate  threonine  
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 Gene in plasmid with target site (   ) 
for mutation 

 

 

 

 Denature the plasmid and anneal the 
olignucleotide primers (    ) containing  
the desired mutatio n

 

 
Using the nonstrand-displacing action 
of Pfu DNA polymerase, extend and 
incorporate the mutagenic primers 
resulting in nicked circular strands 

 

 

 

 

 Digest the methylated, nonmutated 
parental DNA template with DpnI 

Transform the circular, nicked dsDNA 
into E. coli cells 

After transformation, the cells repair 
the nicks in the mutated plasmid 

 

 

 

 

 

 

 

Figure 10: Overview of QuikChange™ site-directed mutagenesis method 

(Stratagene). 
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Figure 11: Position of Asn 89 and Thr 148 on the three dimensional structure of 

Cyt2Aa2 toxin. (constructed by WebLab Viewer program) 
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position 148 to lysine was designed to have codon change from ACT to AAA. Since 

this primer set did not create or remove the restriction site that can be use to identified 

the mutant, thus and adenine was replaced with cytosine to produce a ClaI recognition 

site. The whole sequence of these primers and their complementary were shown in 

part of materials. 

An automated GeneAmp PCR System 2400 thermal cycler (Perkin-Elmer, 

CA, USA) was used to perform PCR reactions for all samples. The reactions were 

done in 200-μl thin wall PCR tubes. PCR reaction mixture (50 μl) was consisted of : 

DNA template      50 - 100 ng 

10 mM dNTP mix (2.5 mM each)   1 μl 

Forward and reverse primers    10 pmole each 

10x Pfu buffer      5 μl 

Pfu DNA polymerase     1 μl 

Sterile distilled water making final volume to 50 μl 

After PCR reaction was performed (depending on the primer sets as shown in 

Table 3). The DNA-template was digestedt by DpnI. 20 µl of each PCR product was 

analyzed on 0.8% (w/v) agarose gel. 

 

4.4 The template elimination by DpnI digestion 

For a removal of DNA-plasmid template, 1 µl of DpnI restriction enzyme (10 

units/µl) was added into the PCR product and incubate the mixture at 37°C for 2 

hours. The DpnI restriction endonuclease is ‘four cutters’ enzyme that target the 

methylated and hemimethylated nucleotide strand isolated from almost all E. coli 

strain. Therefore only the parental DNA template will be digested and yield the 

nicked mutant DNA plasmid. A 20 µl of each digested product was analyzed on 0.8% 

agarose gel before a transformation into competent E. coli cells. 

 

4.5 Introduction of DNA plasmid into E. coli using heat-shock method (61) 

 A 200 μl of frozen Mgcl2-CaCl2 treated competent cells was thawed and 

gently mixed with 5-10 µl of the PCR product. The contents were left on ice for 30 

minutes and dip in 42°C for 90 seconds immediately. Then the mixture was left on ice 

for 5 minutes. 800 µl of non-antibiotic LB media was added into the mixture and  
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Table 3: Temperature cycling parameters for site-directed mutagenesis. 

Primer set Template Segment Cycle Temperature Time 

N89K-F,R 

or 

T148K-F,R 

pGEM-Cyt2Aa 

1 1 95°C 1 seconds 

2 20 

95°C 

45°C 

72°C 

30 seconds 

1 minute 

8 minutes 

3 1 72°C 8 minutes 
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culture at 37°C for 1 hour. After that, the transformed cells were separated by 

centrifugation at 7,000 rpm for 5 minutes and resuspended in 200 µl of LB broth. 

Finally, the suspension was spread on antibiotic LB agar plate and incubated at 37°C 

for overnight. 

 

4.6 Preparation of competent cells by Mgcl2-CaCl2 (61) 

A single E. coli colony was inoculated in 100 ml of LB broth with 100 µg/ml 

ampicillin at 37°C until the OD600 is 0.4. Then 50 ml of cell culture was transferred 

into centrifugal tubes and packed at 2,700g for 10 min at 4°C. The cell pellet was 

gently resuspended in 30 ml of ice-cold Mgcl2-CaCl2 solution (80 mM Mgcl2, 20 mM 

Cacl2) while the supernatant was removed. The cells were recovered by centrifugation 

again and resuspended softly in 2 ml of ice-cold 0.1 M CaCl2 solution. The competent 

cells were stored in 30% Glycerol and aliquot of 200 µl of competent cells was stored 

at -70°C until use. 

 

4.7 Screening for the mutated clones 

4.7.1 Mutant screening by restriction enzyme analysis 

To screen for the N89K mutant clone, 200 ng of the plasmids from each 

transformed clone was extracted by alkaline lysis method (method 4.1) and digested 

with 1 µl of DdeI restriction endonuclease. The ClaI and HhaI double digestion was 

also performed to screen for T148K mutant clone. Both reactions were incubated at 

37°C for 1 hour and analyzed on 1.2% agarose gel electrophoresis as previously 

described. 

 

4.7.2 Automated DNA sequencing analysis 

To confirm the DNA sequence of the mutant clones, the DNA plasmids were 

extracted by alkaline lysis method (method 4.1) and their polynulcleotide sequence of 

cyt2Aa2 gene were analyzed by MegaBACETM 500 Automated DNA sequencer 

(Amersham Pharmacia Biotech, USA) using M13 universal forward and reverse 

primers. The sequencing results of DNA plasmid were compared with DNA sequence 

of wild-type cyt2Aa2 using AlignX software in Vecter NTI Suite 8. 
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4.8 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

4.8.1 SDS-PAGE analysis using coomassie blue staining 

SDS-PAGE is a method to analyse the proteins according to their 

electrophoretic mobility. The SDS-PAGE was composed of separating and stacking 

gel. The stacking layer composes of 2.6% C, 4% T, 0.125 M Tris-HCl pH 6.8 and 

0.1% SDS. The separating layer contains 2.6% C, 10% or 13% T, 0.375 M Tris-HCl 

pH 8.8 and 0.1% SDS. Running buffer is Tris-glycine buffer (25 mM Tris, 192 mM 

glycine, 0.1% SDS).  

For protein sample preparation, the protein samples were mixed with 4X 

sample buffer and heated at 95°C for 5 minutes. Then the samples were spun down 

and loaded on SDS-PAGE. Electrophoresis was performed by constant voltage 150 V 

at room temperature until the dye from 4X sample buffer reached bottom of the gel. 

The protein bands were visualized by staining the gel in colloidal Coomassie blue 

(100g of Ammonium Sulfate, 20 ml of H3PO4, 1 g of Coomassie Blue G-250, and 

added H2O to 1,000 ml) for overnight with tender shaking. After that, the gel was 

destained in distilled water overnight or until the background was clears. 

 

4.8.2 Silver staining of SDS-PAGE gel 

After performing the SDS-PAGE, the protein samples were fixed on the gel by 

submerging in fixed solution [methanol alcohol50% (v/v), acetic acid12% (v/v)] for 1 

or 2 hours at room temperature. If the gel was already stained with coomassie dye, the 

gel would be submerged in fixed solution until the gel was clear. The gel was washed 

twice with washing solution [ethanol alcohol 35% (v/v)] for 20 minutes each. The gel 

was then washed with Milli-Q water for 10 minutes and sunk in fresh sensitizing 

solution [Na2S2O3 0.02% (w/v)] for 2 minutes. And the gel was washed twice with 

Milli-Q water for 5 minutes each. The gel was stained in silver nitrate solution 

[AgNO3 0.2% (w/v), formaldehyde 0.076% (v/v)] for 20 minutes. After staining, the 

gel was washed again with Milli-Q water for 1 minute. Then the gel was colorized in 

developer [Na2CO3 6% (w/v), formaldehyde 0.05% (v/v), Na2S2O3 0.0004% (v/v)]. 

Until the protein bands were appeared well, the gel was sunk in stopping solution 

[methanol alcohol 50% (v/v), acetic acid 12% (v/v)] for 5 minutes to terminate the 
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reaction. The stained SDS-PAGE was stored in 4% acetic acid or packed in plastic 

bag at 4°C. 

 

4.9 Protein concentration assay using Bradford reagent 

 The concentration of soluble protein was determined by using Bio-Rad protein 

assay based on the method described by Bradford (63). The standard curve was 

constructed by using Bovine Serum Albumin (BSA) as a protein standard. BSA was 

diluted into 6 concentrations ranging from 0, 0.1, 0.2, 0.4, 0.6, 0.8 mg/ml. A 10 μl of 

the proteins was mixed with 300 μl of dye solution in 96-well microtiter plate. The 

mixtures of protein-dye were incubated at room temperature for 5 min. The 

absorbance was analyzed by wavelength at 595 nm, using ELISA plate reader 

(SpectraMAX190, Molecular Devices). The concentration and quantity of proteins 

were calculated from standard curve. 

 

4.10 Western blot analysis 

After the protein samples was separated by SDS-PAGE, the separating gel 

containing resolved protein bands was equilibrated in the transfer buffer (39 mM 

glycine, SDS 0.04% (w/v), methanol 10% (v/v) and 48 mM Tris-HCl, pH 9.2) for 10 

minutes. For one gel, a piece of nitrocellulose membrane and 6 pieces of Whatman® 

paper were cut to the same size as the gel and equilibrated in the transfer buffer for 10 

minutes. Protein samples were electrophoretically transferred from the gel to a 

nitrocellulose membrane using a semi-dry blot apparatus (Multiphor II electrophoresis 

system, Pharmacia Biotech). The 3 pieces of Whatman® paper were placed on the 

graphite electrode and the stack of nitrocellulose membrane, the gel and another 4 

pieces of Whatman® paper was placed on top of that respectively. The electroblotting 

was carried out at current constant at 3 mA per cm2 of gel for one and a half hours. 

The nitrocellulose was then washed in 1x PBS buffer (120 mM NaCl, 16 mM 

Na2HPO4.2H2O, 4 mM KH2PO4, pH 7.4). In order to block non-specific binding of 

antiserum, the membrane was submerged in blocking solution [5% (w/v) skim milk in 

1x PBS buffer, pH 7.4] for overnight with rocking at 4°C. To detect the Cyt2Aa2 

fragment, the rabbit anti-Cyt2Aa2 polyclonal antibody was added into the fresh 

blocking solution at the dilution 1:10,000 and incubated at room temperature for 1 



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

hour with rocking. Then the membrane was washed three times with 1x PBS 

containing 0.1% tween-20 for 5 minutes each time. After that the membrane was 

incubated with the secondary antibody (alkaline phosphatase-conjugated anti-rabbit 

IgG) in 1x PBS and 5% skim milk with the dilution 1:10,000 at room temperature for 

30 minutes. The membrane was washed once with 1x PBS containing 0.1% tween-20 

for 5 minutes and washed three times with 1x PBS for 5 minutes each time. The 

immuno-reactive bands on the membrane were detected by incubating in carbonate 

buffer (1 mM MgCl2.6H2O and 100 mM Na2CO3, pH 9.8) containing the developer 

solution [5-bromo-4-chloro-3-indolyl phosphate/ nitroblue tetrazolium (BCIP/NBT)] 

until a band was seen. After the color reaction was complete, the membrane was 

rinsed with tap water and kept dry in a dark envelope. 

 

4.11 Cytolytic protoxins preparation 

A single colony of the mutant was inoculated in 15 ml of LB broth containing 

100 µg/ml of ampicillin at 37°C for overnight. The overnight culture was transferred 

into 700 ml of fresh LB media with ampicillin and incubated at 37°C until the OD600 

is 0.4-0.5. Then, the protein expression was induced by IPTG at final concentration of 

0.1 mM and continued incubation for 5 hours at 37°C. Next, the cells were harvested 

using centrifugation at 6,000 rpm, 4oC for 20min. The cell pellet was suspended with 

30 ml of sterile distilled water. To find out the protein expression level of E. coli, the 

1 OD600 of E. coli cells were collected by centrifugation 14,000 rpm for 30 sec. The 

cell pellet was resuspended with 50 μl of sterile distilled water and 20 μl of 4X 

sample buffer. The sample mixture was boiled at 95°C for 5 minutes and analyzed 8 

μl of the mixture on 12.5% SDS-PAGE (method 4.8.1). 

The cell resuspension was incubated with 20 µl of 100 mg/ml lysozyme and 

incubated at room temperature for 2 hours or at 37°C for 5-10 minutes. After that, the 

cells were lysed using the French Pressure Cell (64) at 10,000 psi for three times. 

Then, the insoluble was isolated from the cell lysate by centrifugation at 8,000 rpm, 4 

°C for 15 minutes. The inclusion bodies were partially purified by washing with 30 ml 

of ice-cold sterile distilled water for three times (65). Lastly, the partially purified 

inclusions were suspended in 3 ml of sterile distilled water and aliquots of 1 ml of 

inclusion were stored at -20°C until use. 
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4.12 Protoxin solubilization and proteolytic processing 

 Before proteins were solubilized in 50 mM carbonate buffer at pH 10.8, they 

were centrifuged at 12,000 rpm, 4°C for 10 minutes and discarded the supernatant. 

The inclusion pellet was incubated with the 50 mM carbonate buffer at 37°C for 1 

hour. The solubilized protein was isolated from the solution by centrifugation at 4°C, 

12,000 rpm for 10 minutes. Then the proteins were analyzed on SDS-PAGE. 

The solubilized protein was digested with proteinase K at a 1:100 (w/w) ratio 

of protease: total protein (60). A mixture of protein and protease was incubated at 

37°C for 1 hour. for other preparations, the solubilized protein was also activated by 

chymotrypsin at a 1:50 (w/w) for 2 hours at 37°C. The enzyme activity was then 

inhibited by adding phenylmethane sulfonyl fluoride (PMSF) at a final concentration 

of 4 mM. The digested products were analysed on 15% SDS-PAGE. Furthermore, 

some solubilized protein was subject to digested with the 5% (w/w) TPCK treated 

trypsin at 37°C for 3 hours. 

 

4.13 Protein purification using Superdex™ 200 

The Superdex™ 200 HR 10/30 column is the size exclusion column which 

separates proteins or peptides in the molecular weight range of 10-600 kDa. Before 

using the column, the column had to be connected to ÄKTA Purifier System under 

Unicorn 3.0 computer controlling software (Amersham Pharmacia Biotech, USA). 

column equilibration was performed with filtered sterile Milli-Q water and 50 mM of 

carbonate buffer at pH 10.8. The protein sample was centrifuged at 12,000 rpm, 4°C 

for 10 minutes to prepare the sample for injection. After injection of 0.4 ml of the 

protein sample, the purification was performed at flow rate 0.4 ml/min. the purified 

profile was observed by UV absorption at 280 nm. The protein from each peak was 

collected and analysed on SDS-PAGE. After using the column, the column was 

equilibrated with Milli-Q water and store in 20% ethanol alcohol. 

 

4.14 Protein concentration assay using UV-absorption spectroscopy 

UV-absorption of peptide bonds at far-UV region can be used to determine a 

concentration of purified protein as described by Waddell (66). The protein solution 

was applied in a quartz cuvette (JASCO). UV absorption was scanned from 190-350 
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nm using Cary300 Bio UV-Visible spectrophotometer (Varian, Australia) under 

controlled of Cary Win-UV software. The absorption of 50 mM Na2CO3/NaHCO3 

buffer pH 10.8 was subtracted from the protein spectrum. Absorption baseline was 

corrected. The following equation was employed to calculate the protein 

concentration in the unit of mg/ml. 

 

Protein concentration = 0.144 x (OD215-OD225) x dilution factor  (4.14.1) 

 

The OD215 and OD225 are the optical density at the wavelength of 215 nm and 

225 nm, respectively. The cuvette path length was 1 cm. 

 

4.15 Tertiary structure analysis using intrinsic fluorescence spectroscopy 

The fluorescence spectroscopy was used to analyze for structural changes of 

the purified proteins. The fluorescence spectra were obtained by emission scanning of 

approximately 0.04 mg/ml toxin in quartz cell with 0.5 cm path length using the 

JASCO FP-6300. All measurements were performed at room temperature with 

excitation wavelength at 280 nm. The emission spectra were recorded from 300-500 

nm and the background spectrum was subtracted from the protein spectrum.   

 

4.16 Larvicidal activity assay 

 2-days old A. aegypti larvae were used for toxicity assay (60). The larvae were 

obtained from the mosquito-rearing facility (Institute of Molecular Biology and 

Genetics, Mahidol University). The inclusions proteins were prepared as the 2-fold 

serial dilution and fed to the larvae in 24-wells titer plate. Each dilution of inclusions 

was adjusted the volume to 1 ml with distilled water, then added to 1 ml of distilled 

water containing 10 mosquitoes larvae. In this experiment, one hundred mosquito 

larvae were used for one experiment and each experiment was repeated at least 3 

times. The mortality was recorded and analyzed after 24 h of incubation at room 

temperature. 

 

4.17 Hemolytic activity assay 

Hemolytic activity assay were performed in 96-well microtiter plate using Sheep Red 
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Blood Cells (60). The sheep RBCs were purchased from National Laboratory Animal 

Centre, Mahidol University, Salaya Campus. Before performing the assay, the sheep 

blood was washed with 1X PBS buffer (8 mM Na2HPO4, 1.5 mM KH2PO4, 140 mM 

NaCl, 2.7 mM KCl, pH 7.4) (Sambrook) until the supernatant was clear. Then the 

blood cells were collected by centrifugation at 3,000 rpm, 4°C for 5 minutes and 

diluted in PBS buffer to prepare 2% (v/v) sheep RBCs. Hemolytic activity assay was 

performed by 2-folds serial dilution of active toxin by PBS buffer. After performing 

the dilution series in microtiter plate, 100 µl of 2% sheep RBCs were mixed with 100 

µl of active toxin dilution then keep at room temperature. The end point of hemolytic 

activity was recorded after overnight incubation. 

 

4.18 Hemoglobin release assay 

Hemoglobin release assay is a method that directly measures the hemoglobin released 

from the red blood cells by measuring the absorbance at 540 nm (65). The red blood 

cells were prepared similar to the hemolytic activity assay but the RBCs used was 1% 

(v/v). The 500 µl of sheep blood was incubated with 500 µl of the dilution of active 

toxin and incubated at room temperature for 1 hour. After incubation, the hemoglobin 

released from the RBCs was isolated by centrifugation at 12,000 rpm, 4°C for 30 

seconds and then the supernatant was analyzed at wavelength of 540 nm, using 

ELISA plate reader (SpectraMAX190, Molecular Devices). 

 

4.19 Oligomerization assay 

The oligomerization of Cyt2Aa2 protein and the mutants were assayed by 

incubation with lipid vesicle or liposome (supported by Dr. Boonhiang Promdonkoy 

BIOTEC, National Science and Technology Development Agency, Thailand). 5 µg of 

active toxin was mixed with 200 µg of liposome in 1X PBS at pH 7.4 and incubated 

at room temperature for 2 hours. Then the mixture was centrifuged at 20,000 xg, 4°C 

for 20 minutes. Only the pellet was prepared to analyze on 12.5% SDS-PAGE by 

mixing with 20 µl of 2X sample buffer without sample boiling. The SDS-PAGE gel 

was stained with colloidal coomassie blue and silver nitrate reagent. 
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4.20 MTT cytotoxicity assay 

 The MTT assay is an indirect cell viability assay using tetrazolium-dye based 

colorimetric reaction (67). The yellow tetrazolium dye is reduced to blue formazan by 

mitochondria reductase. The metabolically deficient cells will assume to be not 

survived. The color change is measured by spectrometrically with a plate reader. The 

mutant toxins were test with four cell lines, 1) BHK(21)C13; a baby hamster kidney 

fibroblast, 2) IEC6; a rat small intestine epithelial, 3) HepG2; a human 

hepatocarcinoma, and 4) C6/36; a whole mosquito larvae of Aedes albopictus. The 

culture of BHK(21)C13 was Glasgow Modified Eagle’s Medium (GMEM). The IEC 

was grown in Dulbecco’s Modified Eagle’s Medium (DMEM). The HepG2 and 

C6/36 were grown in Minimum Essential Medium (MEM). Before the toxins adding, 

cell lines were seeded in a 96-wells plate, and incubated at 37°C, for 48 hrs in a fully 

humidified, 5% CO2:air atmosphere. The serial dilutions of the toxins were added to 

the cells and continue incubation for 24 hrs, then the cells were reincubated for 

another 24 hrs. in fresh medium and test with MTT assay. The absorbance at 570 nm 

was measured by microplate reader (Molecular Devices). Then the data were analyzed 

with the SoftMax Program (Molecular Devices) to determine the 50% inhibitory 

concentration (IC50) for each sample. 
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CHAPTER V 

RESULTS 

 

 
5.1 The construction of mutant toxins 

The DpnI-digested products were analyzed on 1.2% agarose gel 

electrophoresis. The PCR products of N89K and T148K showed a single band at 3.8 

kb on the agarose gel (figure 12). Then the DpnI-digested products were transformed 

into E. coli JM109 competent cells. 

To screen for mutant colony, the transformed colonies were extracted for 

DNA and analyzed by the restriction enzyme analysis. The pattern of DNA fragments 

was visualized on 1.2% agarose (figures 13 and 14). The DdeI-digested wild-type 

plasmid showed 4 fragments which are 2.6 kb, 540 bp, 409 bp and 166 bp. While the 

DdeI-digested N89K mutant gave 5 fragments at 1.4 kb, 1.2 kb, 540 bp, 409 bp and 

166 bp. When the wild-type plasmid was analyzed with ClaI and HhaI double 

digestion provided 20 bands, whereas T148K mutant showed two more extra bands at 

about the 1.2 kb fragment of wild-type (figure 14). The pattern of restriction analysis 

predicted by computer program was found in good agreement with the obtained 

patterns. After restriction enzyme analysis, the plasmids extracted from the same 

clone were subjected to DNA sequence verification using automated DNA sequencing 

(figures 13 and 14). The universal M13 forward and reverse primers were used in the 

reactions. The chromatogram showed that the DNA sequence of each mutant clone 

was changed corresponding to the designed primers.  

 

5.2 Protein production and solubility 

The E.coli cells contained mutant plasmids were expressed upon induction 

with IPTG. After mutant protein harvesting, the cell lysates were loaded on 12.5% 

SDS-PAGE gel (figure 15). The inclusion bodies of protoxin of Cyt2Aa2 showed a 

molecular mass of 25 kDa. In addition, minor variation of protein expression was also  
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Figure 12: Amplification of N89K and T148K mutant plasmids 

 The PCR products of N89K and T148K mutants were constructed by site-

directed mutagenesis with specific primers. Then PCR products of both mutant were 

digested with DpnI and analyzed on 1.2% agarose gel electrophoresis. M is λ/HindIII 

DNA marker. N89K is PCR product amplified by N89K primers. T148K is PCR 

product amplified by T148K primers. Both of them show a single band at 3.8 kb as 

expected. 
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Figure 13: Restriction enzyme analysis and DNA sequencing of N89K mutant 

The 1.2% agarose gel (A) shows the restrictoin map of N89K after digestion 

with DdeI (N89K/DdeI). λ/HindIII DNA marker and non-digested wild type plasmid 

were run in M and Uncut.  DdeI-digested wild type plasmids are WT/DdeI. (B) is the 

chromatogram of N89K, using M13 as a sequencing primer. Part of the sense strand 

sequence is shown. The bold letter represents the substituted nucleotide and the 

underline corresponds to a amino acid codon of lysine. 
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Figure 14: Restriction enzyme analysis and DNA sequencing of T148K mutant 

 The 1.2% agarose gel (A) shows the restrictoin map of T148K after digestion 

with ClaI and HhaI (T148K/ClaI,HhaI). λ/HindIII DNA marker and non-digested 

wild type were run in M and Uncut.  The wild type plasmids digested with ClaI and 

HhaI are WT/DdeI. (B) is the chromatogram of T148K, using M13 as a sequencing 

primer. Part of the sense strand sequence is shown. The bold letter represents the 

substituted nucleotide and underline correspond to a  amino acid codon of lysine. 
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Figure 15: The protein expression of N89K and T148K mutant 

 The figures show SDS-PAGE profiles (Coomassie Blue G staining 12.5% gel) 

of the whole cell lysates of 0.1 OD of IPTG-induced E. coli cells harboring from 

mutant N89K (A) and T148K(B). Lane MB represents the broad-range protein marker 

and lane 1 to 6 are referred to clone number 1 to 6, respectively. WT and pGEM-T are 

the expression of wild type toxin and pGEM-T vector. 
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found between each clone. Only the E.coli clones expressing high level of product 

were selected for further experiments (clone number 4 for N89K mutant and clone 

number 3 for T148K muatant). Solubility of the mutant proteins in carbonate buffer, 

pH 10.8 was analyzed on 12.5% SDS-PAGE gel. The solubility of N89K is 

comparable to that of wild type while T148K is poorer than wild type about 2 or 3 

times. Furthermore, the supernatant of inclusion washing was also analysed on 12.5% 

SDS-PAGE gel comparing with the whole cell lysate and inclusion (figure 16). Then 

the inclusion was transferred from SDS-PAGE gel to nitrocellulose membrane and 

probed with anti-Cyt2Aa2 IgG (figure 17). The result revealed that the anti-Cyt 

antibody could recognize the major band at about 25 kDa, and other faint bands at 10 

and 50 kDa. 

 

5.3 Proteolytic processing of mutant toxins 

The inclusion bodies of wild-type, N89K, and T148K were solubilized in 

carbonate buffer, pH 10.8 and analyzed on 12.5% SDS-PAGE gel (figure 18). The 

equal amount of solubilized proteins of wild-type and mutants were subjected to 

digestion with proteinase K or chymotrypsin (figure 19). The digested products were 

analyzed on 12.5% SDS-PAGE gel. The results show that each digestion gave the 

product about 23 kDa. The amount of digested band were decreased after digestion 

with proteinase K, while the chymotrypsin digestion did not reduce the amount of 

digested protein. 

 

5.4 Protein purification by size exclusion chromatography 

The proteinase K activated toxin were purified by size exclusion 

chromatography. The chromatographic profile (figure 20) of purification was 

monitored from the absorbance at 280 nm as shown in Figure 8. Each peak from the 

profile was analysed on 12.5% SDS-PAGE gel as shown in figure 21. From the 

result, it is found that the actived Cyt2Aa2 protein (23 kDa) was eluted in peak 

number 3. For the N89K and T148K mutant, the actived protein were also eluted from 

the column at the same column volune as Cyt2Aa2 wild-type. 
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Figure 16: 12.5% SDS-PAGE gel of Cyt2Aa2, N89K, and T148K mutants 

compared with their washing solution. (M: precision protein marker, C: whole cell 

lysate, Lane 1-3: inclusion washing supernatant, and I: partially purified inclusion.) 
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Figure 17: Western blot analysis of Cyt2Aa2, N89K and T148K protoxin.  

The protein samples were run on 12.5% SDS-PAGE and trasferred to 

nitrocellulose membrane. Then the Cyt2Aa2 protoxins were detected by polyclonal 

anti-Cyt2Aa2 antiodies. M is precision protein marker. 
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 Figure 18: The protein expression and solubility of the mutant toxins. 

 The figure shows the whole cell lysate, partially inclusion and solubilized 

toxin are run in lane 1, 2 and 3. The precision protein marker was loaded in lane M. 
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Figure 19: Proteolysis profile of proteinase K and chymotrypsin digestion.  

M: precision protein marker. U: carbonate buffer solubilbized Cyt2Aa2, N89K 

and T148K. P: proteinase K activation of WT, N89K and T148K. and C: 

chymotrypsin activation of WT, N89K and T148K, respectivelly. 
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Figure 20: Chromatographic profile for the purification of activated Cyt2Aa2 

(A), N89K (B) and T148K mutant (C). (number 1 to 4 are represented the peak’s 

number. The circled number is the peak presenting toxin band.) 
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Figure 21: 12.5% SDS-PAGE of the elution fraction from size-exclusion 

chromatography 

 Lane M : broad-range protein marker 

Lane 1-4 : purified toxin, peak 1 to peak 4 
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5.5 Intrinsic fluorescence spectroscopy 

The 0.05 mg/ml purified protein sample was analyzed by instrinsic fluorescent 

spectrometry. The fluorescent spectra were scanned from 300 nm to 550 nm. The 

emission spectra gave two peaks for each sample, containing a major peak at about 

330 nm and a minor is 340 nm (figure 22). 

 

5.6 Trypsin digestion 

After the proteinase K activated proteins were purified by Superdex 200™ 

column. The purified proteins were digested with trypsin (TPCK-treated) to check if 

the introduction of lysine residue could generate the cleavage site (figure 23). 

However, the result of silver staining and western blotting analysis did not show any 

difference of digestion pattern between the wild-type protein and the mutant protein. 

It was found that the trypsin-digested and non-digested products showed a molecular 

mass of 23 kDa. 

 

5.7 Larvicidal activity 

The larvicidal activity assay was performed by using the freshly prepared 

protoxins of Cyt2Aa2 wild-type, N89K and T148K for each individual experiments. 

The mortality of mosquitoes larvae after feeding with protoxin of wild-type, N89K or 

T148K was reported as the LC50 value with their range after overnight incubation. 

The data was shown in table 4. The result showed that the toxicity against mosquitoes 

larvae of N89K and T148K mutant were somehow comparable to that of wild-type 

protoxin. 

 

5.8 Hemolytic activity 

A hemolytic activity was performed as a preliminary test for in vitro activity. 

The proteinase K activated protein, Cyt2Aa wild-type, N89K mutant, and T148K 

mutant, were incubated with sheep red blood cells for overnight. The results show that 

the wild-type and mutants could lyse the sheep RBCs (figure 24). While, the 

hemolytic activity of activated N89K was comparable to that of wild-type protein, the 

acitvity of T148K mutant was lower than that of the wild-type. The end point of  
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Figure 22: Intrinsic fluorescence spectra of the toxins. 

 The figure showed selective intrinsic fluorescence spectra of the activated 

toxin which was excited at 280 nm. The solid line represents wild type toxin. The 

dash line is N89K mutant and the dot line is T148K mutant. 
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Figure 23: Trypsin digestion profile of N89K and T148K on the 15% SDS-PAGE 

gel (A) and Western blotting (B). (M: precision marker, Uncut: non-digested protein 

and Cut: digested product.) 

 

 

. 
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Exp. No. 

LC50 (μg/ml) 

Wild-type N89K T148K 

1 0.044 
(0.026 < LC50 < 0.057) 

0.049 
(0.035 < LC50 < 0.059) 

0.037 
(0.030 < LC50 < 0.044) 

2 0.044 
(0.026 < LC50 < 0.057) 

0.025 
(0.001 < LC50 < 0.037) 

0.139 
(0.083 < LC50 < 0.234) 

3 0.044 
(0.026 < LC50 < 0.057) 

0.041 
(0.023 < LC50 < 0.055) 

0.069 
(0.057 < LC50 < 0.082) 

4 0.057 
(0.046 < LC50 < 0.071) 

0.125 
(0.102< LC50 < 0.153) 

0.043 
(0.024 < LC50 < 0.078) 

5 0.020 
(0.015 < LC50 < 0.025) 

0.020 
(0.014 < LC50 < 0.026) 

0.098 
(0.039 < LC50 < 0.246) 

6 0.067 
(0.028 < LC50 < 0.159) 

0.079 
(0.067 < LC50 < 0.093) 

0.099 
(0.084 < LC50 < 0.115) 

average 0.046 ± 0.007 0.057 ± 0.016 0.081 ± 0.016 

 

 

Table 4: The mosquitocidal activity of N89K and T148K mutant. 

The 2-folds serial dilution of each toxin (wild type, N89K and T148K) was fed 

to 2-days old larvae for overnight at room tenperature. The larval mortality was 

reported as means ± S.E.M. (S.E.M. = SD/√n, n=6). 
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Toxin 
Hemolytic end point 

(μg/ml) 

Cyt2Aa2 0.059 

N89K 0.151 

T148K 0.516 

( - ) 

 

Figure 24: Hemolytic activity.  

All of samples were done as duplicate. The starting concentration of WT, 

N89K and T148K were 60, 133 and 33 μg/ml. Lane (-): PBS buffer as the negative 

control 
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Cyt2Aa2, N89K and T148K were 0.059 μg/ml , 0.151 μg/ml, and 0.516 μg/ml, 

respectively. 

 

5.9 The hemoglobin release activity 

The hemolytic activity of each toxin sample was reported as the percentage of 

RBCs lysis measured from the releasing of hemoglobin at 540 nm. The results, figure 

25, showed that the hemolytic activity of N89K mutant is two –folds lower than that 

of the wild-type toxin. For the T148K mutant, the hemoglobin release activity was 

completely lost although dose of the protein was up to 4 μg/ml. This behavior was 

found similar for protein digested with proteinase K and chymotrypsin. 

 

5.10 Oligomerization of the mutants 

The 5 μg of the protein sample was incubated with the liposome and analyzed 

on SDS-PAGE gels. Both coomassie blue G and silver stanining gels gave the same 

result showing that only N89K mutant toxin could oligomerise on the lipid membrane 

as same as the wild-type (The result showed the ladder pattern of the protein sample 

that incubated with liposome). T148K mutant could oligomerize in present of 

liposomes but not as good as wild type and N89K mutant (figures 26 and 27) 

 

5.11 MTT cytotoxicity assay 

 The cytolytic activity of the mutants against mammalian cell lines 

(BHK(21)C13, IEC6 and HepG2) and mosquito cell line (C6/36) were reported as 

IC50 (table 5). The 50% lethal concentration of wild type against BHK(21)C13 is 0.56 

μg/ml, against IEC6 is 5.83 μg/ml and against HepG2 is 25.30 μg/ml. while T148K 

mutant is not cytolytic to the mammalian cell lines. The LC50 of wild type toxin 

against the C6/36 cell line is 1.93 μg/ml while the LC50 of T148K is 21.00 μg/ml.  
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Figure 25: Hemoglobin release activity of Cyt2Aa2, N89K and T148K. 

 The activated Cyt2Aa2, N89K and T148K were mixed with 2% sheep red 

blood cells in PBS buffer for 1 hour at room temperature. The hemoglobin releasing 

was measured using the absorbtion at 540 nm and reported as the means ± S.E.M. 

(n=4). The gray lines represent the chymotrypsin-activated proteins while the black 

lines are the proteinase K-activated toxin. The solid, dot and dash line are wild type, 

N89K mutant and T148K mutant, respectively. 
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 (A) 

(B) 

 

 

Figure 26: Oligomerization analysis with coomassie blue staining. 

(A) proteinase K activated, (B) chymotrypsin activated. 

M: precision protein marker 

lipid: liposome only 

- : activated toxins without liposome 

+: activated toxins with liposome 
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(A)

(B) 

 

 

Figure 27: Oligomerization detected with silver staining. 

(A) proteinase K activated, (B) chymotrypsin activated. 

M: precision protein marker 

lipid: liposome only 

- : activated toxins without liposome 

+: activated toxins with liposome 
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Table 5: Cytotoxicity against four different cell lines (Sukitaya Veeranondha, MSc. 
Animal Cell Cytotoxicity Testing Service Bioassay Laboratory, BIOTEC) 

 

1. BHK(21)C13 cell line 

Samples %Survival at each concentration (ug/ml) compared to control IC50 
(ug/ml) 60 30 15 7.5 3.75 1.875 0.93 0.46 

1 91 96 91 103 93 94 92 96 - 
2 0 0.95 0 0.47 3 9 29 56 0.56 
3 100 100 100 100 100 100 100 100 - 

 

2. IEC6 cell line 

Samples %Survival at each concentration (ug/ml) compared to control IC50 
(ug/ml) 60 30 15 7.5 3.75 1.875 0.93 0.46 

1 85 87 86 86 88 88 94 98 - 
2 0.29 0.88 6.76 29 78 86 88 90 5.83 
3 96 94 85 88 84 90 89 86 - 

 

3. HepG2 cell line 

Samples %Survival at each concentration (ug/ml) compared to control IC50 
(ug/ml) 60 30 15 7.5 3.75 1.875 0.93 0.46 

1 103 103 105 95 104 94 92 98 - 
2 15 38 83 86 98 90 94 91 25.30 
3 97 104 100 104 92 97 101 94 - 

 

4. C6/36 cell line 

Samples %Survival at each concentration (ug/ml) compared to control IC50 
(ug/ml) 60 30 15 7.5 3.75 1.875 0.93 0.46 

1 97 90 104 102 100 100 100 100 - 
2 0.08 0.61 1.15 0.8 13 53 88 102 1.93 
3 18 44 58 94 100 100 100 100 21.00 

The mean of each sample was equal to the mean of the control +10% errors. 
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CHAPTER VI 

DISCUSSION 
 

 

 The substitution of positively charged lysine in place of polar residue on the 

loop region between αB-β3 and αD-β4 has resulted in mutant toxins N89K and 

T148K, respectively. These mutants could be constructed by PCR-based site-directed 

mutagenesis. The PCR reactions were successful performed at annealing temperature 

of 45°C which is a low temperature for primers binding compared to the expected 

annealing temperature. In general the optimized temperature should not be lower than 

5°c from the calculated melting temperature and should be between 50 -60°C. Lower 

annealing temperature can sometimes make the non-specific binding of the 

oligonucletide primers to DNA template. However, the result from 1.2% agarose gel 

shows a strong band at 3.8 kb, considered to be the band of Cyt2Aa2. It means that 

the mutagenic primer sets can successfully bind to the expected site and produce the 

PCR product. 

 The obtained PCR products were confirmed for their nucleotide sequence by 

using restriction enzyme analysis and automated DNA sequencing. The results from 

restriction enzyme analysis gives the digestion profile of mutants different from the 

wild type plasmid as expected from prediction program. The result from automated 

nucleotide sequencing also confirms that the designed nucleotides substitution 

occurred at the expected site by mutagenesis and the rest of the whole sequence of 

Cyt2Aa2 gene is maintained. 

 The wild type and two mutant clones (N89K and T148K) were well expressed 

in the Escherichia coli system in the form of inclusion bodies. The cell culture of 

mutant T148K spends longer time than wild type and N89K to grow to an OD of 0.5 

at 600 nm. This result suggests that E. coli cells containing T148K plasmids may 

produce product that toxic to the host cells, leading to deceleration of the cell growth 

and disturbing the protein expression. The inclusion toxins of wild type and mutants 

were isolated from the E. coli cells by French Pressure cell at 10,000 psi. In Carbonate 
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buffer pH 10.8, the solubility of N89K mutant was comparable to that of wild type, 

whereas the solubility of T148K was poorer than that of the wild type and N89K 

mutant. The results of toxin solubility assay revealed that the asparagines position 148 

is important to solubilization of the toxin in carbonate buffer. On the other hands, the 

threonine position 89 may not play a crucial role in solubilization of the toxin protein. 

In the carbonate solubilization, both wild type and the mutants also showed some 

extra minor bands. There are two faint bands of molecular mass under 20 kDa and 

another band at molecular mass around 50 kDa. These extra-bands were then 

confirmed by using antibody against Cyt2Aa2 protein. The result from western blot 

analysis demonstrated that the two extra-bands of 15 kDa and 50 kDa are the products 

derived from Cyt2Aa2 protein. This 50 kDa protein fragment may represent the 

molecule of the protein dimer whilst the 15 kDa band may be the digested protein 

fragments by E. coli proteinase. A 15 kDa band was found as a very faint band on the 

SDS-PAGE gel. A threonine residue 148 may be a residue involving dimer formation. 

Lysine substitution at this site may disturb the interaction between monomers in the 

dimer molecules. While asparagines residue 89 may not involved with the dimer 

formation of this toxin.  These protein samples were then divided into two groups, 

which were activated by 1% (v/v) proteinase K for 1 hour at 37°c and by 2% (v/v) 

chymotrypsin for 2 hours at 37°c. While the chymotrypsin activation did not decrease 

the amount of protein sample after digestion, the activation using proteinase K can 

significantly decreased the concentration of digested product about 5-folds lower than 

non-digested proteins. The difference in sensitivity of proteolysis of mutant proteins is 

possibly based on specificity of each protease. The chymotrypsin generally recognizes 

only the large hydrophatic residue such as tyrosine, tryptophan, and phenylalanine 

residue. The proteinase K has a broad specificity that cleaves the peptide bond nearby 

carboxyl group of aliphatic or aromatic amino acids (68). These results can provide a 

clue that the mutant T148K may be disrupted in its molecular stability as shown by 

the reduced expression, solubility and the digestion with proteinase K.  

 The purification of the proteinase K-activated proteins was accomplished by 

Superdex 200™ size-exclusion column. In the purification process, the proteins were 

monitored by measuring the UV absorption wavelength at 280 nm and reported as the 

chromatographic profile. The expected proteins were collected from eluted fractions 
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and confirmed by loading on the SDS-PAGE gel. From SDS-PAGE analysis, in the 

lane that are loaded with peak number 1 or void volume fraction we found some 

streak at the high molecular weight. It could be the result from self-aggregation of 

Cyt2Aa2 toxin. The purified proteins were then used for trypsin digestion. The 

digestion results of both wild type and mutants showed the same digestion pattern 

between non-digested and digested proteins (figure 23). Based on our analysis of 

toxin 3D structure by molecule visual program, the introduction of lysine in our 

mutants can interact with the adjacent amino acid. Lysine amino acid has a positive 

charge and a long side chain, consisting of four carbon atoms arrange inline and a 

NH3 at the end of side-chain. The NH3 residue in the long side chain of lysine may 

interact with the –OH group of the neighboring amino acids. In N89K mutant the 

introducing lysine residue may bend down to interact with alanine residue 225 by Van 

der Waals force (figure 28). The lysine position 148 may possibly interact with the 

neighboring residue, aspartic acid residue 147 (figure 29). These interactions can 

block the side-chain of lysine from solvent exposure, leading to an unavailable tryptic 

site for trypsin. 

 The intrinsic fluorescent spectroscopy reveals the folding of mutant proteins 

by measurement the emission spectrum of protein that is excited by 280 nm ultra-

violet light. The results of fluorescent spectra show that both of wild type and mutants 

give a similar major peak at wavelength of 328 nm. From this result, we can conclude 

that the substituted residue did not change the general folding of mutated proteins 

comparing to the wild type. The emission wavelength is based on the position and 

exposure of tryptophan residue on the protein. The tryptophan residue has the special 

properties that show a changing emission spectrum when surrounded with different 

microenvironment. From the emission spectra, the variation of the fluorescent 

intensity may occur from the unstable structure of the toxins or an error from toxin 

dilution. 

The mechanism of Cyt2Aa2 toxin that specific β-sheets are inserted into the 

target cell membrane was proposed by B. Promdonkoy and D.J. Ellar (65). Their 

study focused on the pore formation of Cyt2Aa1 on the membrane of red blood cells. 

Initially, the toxin molecules attach the lipid membrane and insert β-sheet domain into 

membrane, as monomer, then the aggregation between each toxin molecule occur to  
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A)  

B)               

 

Figure 28: Possible conformation of lysine 89 that protect toxins from trypsin 
digestion. 

 Three-dimensional structure of Cyt2Aa2 toxin [A) and B)], constructed by 
WebLab viewer, shows the possible interaction between K89 and A225 by Van der 
Waals force. 
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A)   

B)                    

 

Figure 29: Possible interaction of lysine 148 on the Cyt2Aa2. 

Three-dimensional structure [A) and B)], constructed by WebLab viewer, 
shows the possible interaction between lysine residue 148 and neighboring residue, 
aspartic acid 147 causing the reduction of solubilization and the protection from 
trypsin digestion. 
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form the β-barrel pore. In our study, the membrane recognition and oligomerization of 

the mutated proteins was analyzed by incubation with lipid vesicles. After incubation, 

the protein-lipid mixtures were collected by centrifugation at 12,000 rpm, and 

analyzed on 12.5% SDS-PAGE. From the polyacrylamine gel, the results of wild type 

and N89K samples obviously showed laddering pattern ranging from 75 kDa to 

molecular mass over 200 kDa, whereas the T148K mutant showed the very faint 

laddering pattern on the SDS-PAGE gel. These results suggest that the self-

aggregation of mutant N89K and Cyt2Aa2 toxin could be found on the 

phosphatidylcholine liposome. However, the membrane recognition of T148K mutant 

may be lost when compared to that of the wild type toxin, suggesting that threonine 

residue 148 located on the loop between α-domain and β-domain may involve the 

recognition to phospholipid bilayers. On the opposite side of the toxin molecule, the 

lysine replacement at residue 89 does not disturb the conformation stability, 

specificity, and membrane recognition of the toxin. These results conclude that the 

asparagines residue 89 does not involve in membrane recognition and dimerization. 

 The biological activities of these mutants were analyzed both in vivo and in 

vitro. In vivo activity of the mutants was examined with 2 days old A. aegypti larvae 

which are reported as the susceptible strain of Cyt2Aa2 (60). For in vitro activity, the 

hemolytic activity assay and hemoglobin release assay were performed to analyze the 

cytolytic ability against sheep red blood cells.  

The larvicidal activity assay was performed by adding the serial-dilutions of 

protein sample to Aedes sp. larvae. From the six separated larvicidal experiments, the 

results of the assay reveal that the Cyt2Aa2 protein is toxic to the larvae at LC50 of 

0.046 µg/ml. In our assay, the larvicidal activity of 0.057 µg/ml and 0.081 µg/ml, are 

reported as the average 50% lethal concentration of N89K and T148K, respectively 

(Table 4). The lethal concentration of both mutants is comparable to that of the wild 

type protein. Recent paper that published by B. Promdonkoy, et al., 2003 (69) 

reported the LC50 of the Cyt2Aa2 toxin against Aedes sp. mosquitoes larvae at 0.5-1 

µg/ml. The larvicidal activity reported in this study seems to be better than that of the 

previously reported. This difference of susceptibility of the larvae may be due to the 

variation from age and size as the suggestion of Koni and Ellar, 1994 (32). 
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 The end-points of hemolytic activity assay roughly show that the wild type 

protein is 0.059 μg/ml, while mutant N89K and T148K have the end-point at 0.151 

μg/ml and 0.516 μg/ml, respectively. These results show that the hemolytic activity of 

mutant N89K is comparable to that of wild-type protein whereas T148K mutant has 

the end-point at the toxin concentration 10-folds higher than that of the wild-type 

proteins. The in vitro activity was confirmed by hemoglobin release assay using a 

serial dilution protein from 4 μg/ml to 0.03 μg/ml, incubated with 2% of sheep red 

blood cells. In case of proteinase K activation, the 50% of hemoglobin releasing was 

occurred at the concentration of 0.7 μg/ml for Cyt2Aa2 wild type, and 1.5 μg/ml for 

N89K mutant. On the other hand, the chymotrypsin activated proteins released 

hemoglobin at the concentration of 1.5 μg/ml and 2.5 μg/ml for Cyt2Aa2 and N89K 

mutant. Interestingly, the T148K cannot break the RBCs at the concentration of the 

activated protein is up to 4 μg/ml for proteinase K activation and 2 μg/ml for 

chymotrypsin activation. These results suggest that mutant T148K significantly 

reduces the hemolytic activity while mutant N89K still maintains the activity. It could 

be possible that a disruption is caused by the lysine residue, represent the positive 

charge, and affect the binding domain of the toxin. 

 Form the results of larvicidal activity and hemolytic activity assay, they show 

that the in vivo activity of the toxin can be different from in vitro activity, since there 

are many components and factors involving in the metabolism of living organism 

while in vitro activity was performed in control environment and minimal component.   
In summary, the mutant N89K does not change any properties and biological 

activities from wild type toxin. The asparagine residue 89 should not be involved with 

the protein stabilization and function of Cyt2Aa2 toxin. The amino acid alignment 

also shows that the residue 89 is not a conserved amino acid between Cyt1A and 

Cyt2A (19). Moreover, it was proposed that asparagines 89 is rather involved with the 

β-sheet stabilization using hydrogen bonding interacion (19). 

The results of T148K mutant show the decreasing of oligomerization of toxin 

on the lipid vesicle, in vitro that could be seen as a lack of laddering band (figure 26 

and 27). It can be concluded that the threonine-148 residue may take part in 

membrane recognition of the toxin and the results of lysine substitution suggest that 

the polarity of the amino acid side chain may be important for membrane binding. In 
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addition, threonine 148 is a conserved residue between Cyt1A and Cyt2A toxin and 

expected to play role in the intermolecular interaction by Van der Waals bonding (19). 

The substituted lysine at residue 148 may cause the interruption of dimerization 

leading to unstable protein structure. Moreover, the introducing of lysine residue may 

disturb the protein stabilization by interaction of lysine 148 with aspartic acid residue 

147, which proposed that plays role in dimerization activity of Cyt2Aa2 toxin (19). 

These interactions can cause the reduction of inclusion forming and protein 

solubilization in carbonate buffer, as shown in figure 18.  

 In general Cyt2Aa2 is toxic against Aedes aegypti larvae and sheep red blood 

cells, and also has a broad spectra to mammalian and mosquito cell line. In our 

experiment, the IC50 of the toxin against cell line of mosquito, human, rat and hamster 

are 1.93, 25.30, 5.83 and 0.56 μg/ml, respectively. Interestingly, the T148K mutant 

has a significant loss of the hemolytic activity and toxicity against human and animal 

cell lines in vitro. The reduction of broad cytolytic activity of Cyt2Aa2 toxin may be 

useful and help facilitate the scientists to develop the cytolytic toxin if high specificity 

to be used in the field of vector and pest control. 
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CHAPTER VII 

SUMMARY 

 

 
1. Tryptic digestion of N89K and T148K mutants was not detected because the 

substituted Lys may be not exposed to environment. The structural model 

suggests the interaction between Lys 89 and adjacent Ala 225, Lys 148 and the 

neighboring Asp 147. 

 

2. Based on the native-liked structure and biological activities, in vivo and in 

vitro, of N89K, it is suggested that Asn 89 may not be a crucial residue 

involved in the structural stabilization and biological function. 

 

3.  The results of in vitro assay revealed that lysine substitution at Thr-148 affects 

hemolytic activity and toxin oligomerization in liposome. However structural 

analysis of the mutant toxin shows a similar folding to that of wild type. 

 

4. From in vitro cytotoxicity assay, T148K has lost its cytolytic activity to 

mammalian cell lines. However T148K have a slight cytolyticity against 

Aedes abopictus cell line. 

  

5. Thr-148 may possibly plays role in the membrane recognition and binding of 

the Cyt2Aa2 toxin. 

 

6. A reduction of broad range cytolytic activity of T148K mutant may help 

improve the non-specific activity of cytolytic toxin for the future use in 

medical treatment and vector control.  
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