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ABSTRACT 
The long loop connecting transmembrane helices 4 and 5 of the Bacillus 

thuringiensis Cry4Aa toxin possesses unique structural features including a proline-
rich sequence (Pro193Pro194_Pro196) which was previously shown to be crucial for 
mosquito-larvicidal activity. In this study, the structural importance of the proline-rich 
region was further clarified. Initially, the three proline residues (Pro193, Pro194 and 
Pro196) were substituted individually with valine, a hydrophobic residue with size 
similar to proline, and the resulting mutants were expressed in Escherichia coli cells at 
levels similar to that of the wild-type toxin. Bioassays demonstrated that E. coli cells 
expressing each mutant toxin exhibited a reduction in toxicity against Aedes aegypti 
mosquito larvae, suggesting an important role in toxin function of unique cyclic 
structure, not hydrophobic feature, of the loop proline residues. Molecular dynamics 
(MD) simulations of the 65-kDa Cry4Aa structure in 150 mM KCl solution revealed 
that the α4-α5 loop is substantially stable as it showed a low structural fluctuation with 
RMSF value of 1.2 Å. When the α4-α5 loop flexibility was increased through P193G, 
P194G and P196G mutations, a decrease in larvicidal activity was also observed for all 
mutants, suggesting that loop rigidity provided by cyclic side chain of proline residues 
is functionally important. Further structural analysis via MD simulations revealed that 
only the most critical proline residue, Pro193, at which mutations adversely affect toxin 
solubility is in close contact with several surrounding residues, thus playing an 
additional role in structural arrangement of the Cry4Aa toxin molecule. Altogether, 
present data suggest that structural stability of the Cry4Aa α4-α5 loop comprising the 
proline-rich sequence plays an essential role in the toxin function. 
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ของโปรตีนสารพิษ Cry4Aa จากแบคทีเรีย Bacillus thuringiensis 
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บทคดัยอ่ 

ส่วนเช่ือมต่อเกลียวอลัฟาท่ี 4 และ 5 ของโปรตีนสารพิษ Cry4Aa มีลกัษณะเฉพาะอนั

ประกอบดว้ย proline-rich sequence ท่ีพบวา่มีความสาํคญัต่อการฆ่าลกูนํ้ ายงุของโปรตีนน้ี งานวจิยัน้ี

ไดศึ้กษาต่อยอดถึงความสาํคญัเชิงโครงสร้างของ proline-rich region ซ่ึงเร่ิมตน้ดว้ยการสร้างโปรตีน

กลายพนัธุ์ P193V, P194V และ P196V ท่ียงัคงลกัษณะความไม่ชอบนํ้ าของกรดอะมิโนทั้งสาม

ตาํแหน่งไวแ้ละพบวา่ปริมาณการสร้างโปรตีนขนาด 130 กิโลดาลตนัของโปรตีนกลายพนัธุท์ ั้งสาม

ชนิดในเช้ือ Eschericia coli นั้นเท่ากับของโปรตีนต้นแบบ (wild type) ซ่ึงเม่ือนําไปทดสอบ

ความสามารถในการฆ่าลกูนํ้ ายงุลาย Aedes aegypti พบว่า E. coli ที่สร้างโปรตีนกลายพนัธุ์ท้ังสาม

ชนิดสูญเสียความเป็นพิษต่อลกูนํ้ ายุงลายอย่างมีนัยสาํคญั  ช้ีให้เห็นว่าความไม่ชอบนํ้ าของ proline 

เพียงอย่างเดียวไม่เพียงพอต่อความเป็นพิษของโปรตีน  การจาํลองการเคลือ่นไหวของโปรตีน 

Cry4Aa ในสารละลาย KCl แสดงใหเ้ห็นว่าส่วนเช่ือมต่อเกลียวอลัฟาท่ี 4 และ 5 มีความเสถียรอย่าง

มาก และเม่ือศึกษาเพ่ิมเติมโดยการเพ่ิมความยืดหยุ่นของส่วนเช่ือมต่อเกลียวอลัฟาท่ี 4 และ 5 โดย

การแทนท่ี Pro193, Pro194 หรือ Pro196 ดว้ย glycine พบว่าโปรตีนกลายพนัธุ์ทั้งสามชนิดน้ีมีความเป็น

พิษต่อลูกนํ้ ายุงลดลง ซ่ึงบ่งช้ีว่าความเสถียรของส่วนเชื่อมต่อเกลียวอลัฟาที่เกิดจาก proline มี

ความสาํคญัต่อความเป็นพิษของโปรตีน  นอกจากน้ีการจาํลองการเคล่ือนไหวของโปรตีน Cry4Aa 

ในสารละลายแสดงให้เห็นว่า Pro193 ยงัมีบทบาทในการจดัเรียงโครงสร้างของโมเลกุลโปรตีนให้

เหมาะสม  ผลการทดลองทั้งหมดน้ีแสดงใหเ้ห็นวา่โครงสร้างท่ีเสถียรของส่วนเช่ือมต่อเกลียวอลัฟา

ท่ี 4 และ 5 ท่ีประกอบดว้ย proline-rich sequence มีบทบาทสาํคญัในการแสดงความเป็นพิษต่อลกูนํ้ า

ยงุของโปรตีน Cry4Aa  
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CHAPTER I 

INTRODUCTION 

 

 
Cry4Aa toxin is a mosquito-active protein produced from Bacillus 

thuringiensis subsp. israelensis (Bti) during sporulation as 130-kDa protoxin in the 

form of crystalline inclusion (1). This toxin is highly specific to mosquito larvae of 

genera Aedes, Anopheles and Culex which are vectors of dengue fever, malaria and 

filariasis (2). 

After ingestion by susceptible mosquito larvae, inclusions of the 130-kDa 

Cry protoxins are solubilized under alkaline conditions of larval midgut lumen. The 

resulting soluble protoxins are subsequently processed by larval gut proteases to yield 

65-kDa active toxins (3). The activated toxins then bind to specific receptors located 

on the midgut epithelial cell membrane and thus are able to insert into the membrane 

to form ion-leakage pores, resulting in osmotic cell lysis and eventual death of the 

target insect-larvae (4-5). 

Similar to other known Cry toxins, the 65-kDa Cry4Aa active toxin is 

composed of three distinct domains: α-helical domain (I), β-prism domain (II) and β-

sandwich domain (III) (Figure 1.1A) (6). It was widely agreed that the Cry-domain I 

is responsible for membrane-inserting and pore-forming activities of the toxins while 

the domain II is involved in receptor recognition. Based on the umbrella-like model 

(7), the best description for the membrane-bound state of the Cry toxins, helices 4 and 

5 of the domain I penetrate the membrane as a helical hairpin structure. The 

transmembrane α4-α5 hairpins subsequently combine together to form an oligomeric 

pore (8) in which helix 4 faces the pore lumen and participates in ion conduction (9-

10), whereas helix 5 interacts with the lipid membranes and is involved in toxin 

oligomerization (11-12). 

Loop connecting the transmembrane helices 4 and 5 was shown to be 

structurally required for membrane-perturbing activity of Cry toxins (13). This finding 

was supported by the evidence that one highly conserved tyrosine residue within the 
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α4-α5 loop of two closely related mosquito-larvicidal toxins (Cry4Aa: Tyr202; Cry4Ba: 

Tyr170) plays a crucial role in toxicity, conceivably by stabilizing the oligomeric pore 

structure via an interaction with the phospholipid head groups (14-15). 

Of particular interest among known Cry toxins, the Cry4Aa toxin 

possesses an extraordinarily long α4-α5 loop with unique structural features: a proline-

rich sequence (Pro193Pro194_Pro196), a disulfide bond (Cys192-Cys199) and  a short α-

helical structure (Pro196 to Ile204) (Figure 1.1) (6). The proline-rich sequence as well as 

the disulfide bond was previously displayed to be required for larvicidal activity of the 

Cry4Aa toxin (16). In this study, importance of the Cry4Aa α4-α5 loop structure, 

particularly the proline-rich sequence, was further investigated by mutagenic and 

computational analysis. 
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B) 

 

 

 

 

 

Figure 1.1 Cry4Aa structure, illustrating structural features of the α4-α5 loop 

 

A) Cry4Aa structure with three-domain organization (6). Inset is the close-up view of 

α4-α5  loop  of the Cry4Aa tox in. The critical p rolin e resid u es and  the disulfide 

bond (Cys192-Cys199) are indicated. The red backbone trace represents a short 

helical structure specially found within the loop. 

 

B) Multiple sequence alignments of the α4-loop-α5 hairpin of the Cry4Aa toxin with 

those of other known Cry toxins, Cry1Aa (17), Cry2Aa (18), Cry3Aa (19) and 

Cry4Ba (20). Sequences corresponding to α4 and α5 of all known structures are 

illustrated as rectangular blocks connected by loop sequences. The critical proline 

residues are indicated by *. 
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CHAPTER II 

LITERATURE REVIEW 

 

 

2.1 Bacillus thuringiensis δ-endotoxins 

Bacillus thuringiensis (Bt), a Gram-positive spore-forming bacterium, 

produces crystalline inclusions during sporulation. These inclusions are composed of 

one or more insect-larvicidal proteins known as δ-endotoxins which are specifically 

active to larvae of several important insect crop pets as well as disease vectors (21). 

Due to high specificity and environmental safety, Bt becomes a promising biological 

alternative to traditional chemical pesticides (22). 

Bt δ-endotoxins can be classified into two major groups, Cry (crystal) and 

Cyt (cytolytic) toxins, according to the similarity of their deduced amino acid 

sequences and insect-larvicidal spectra (21). The Cry toxins (70-130 kDa) are specific 

to several insect larvae (4, 21) in the orders of Diptera (mosquitoes and flies), 

Lepidoptera (butterflies and moths), Coleoptera (beetles) and Hymenoptera (wasps 

and bees). The Cyt toxins (27-29 kDa) show cytolytic activity against a variety of 

invertebrate and vertebrate cell-lines in vitro, apart from being toxic to the larvae of 

dipteran insects in vivo (3, 23). 

 

 

2.2 Structure of Cry toxins 
The X-ray crystal structures of different Cry toxins, e.g., Cry1Aa (17), 

Cry3Aa (19), Cry4Aa (6) and Cry4Ba (20), reveal similar overall structures with 

three-domain organization (see Figure 2.1). The N-terminal domain I is a seven-helix 

bundle in which the helix 5 is relatively hydrophobic and surrounded by the six 

remaining helices. This domain was shown to be responsible for membrane insertion 

and ion-leakage pore formation (7, 11, 13, 24-27). Domain II, the most variable part of 

the Cry toxin structures, is composed of three antiparallel β-sheets, each of which 

terminates in surface-exposed loops. It was widely agreed that the domain II 
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determines target specificity of the Cry toxins as a number of loop residues in this 

domain have been implicated in receptor binding (28-33). Domain III is a β-sandwich 

of two antiparallel β-sheets. The exact role of this domain is still not clearly 

elucidated. Several studies showed that this domain may be involved in receptor 

binding (34-36). Positioning of the Cry-toxin C-terminus within the domain III is 

believed to be essential for maintaining structural integrity of the active toxin 

molecules as it may prevent further proteolytic degradation (19). 

 

 

2.3 Mechanism of action of Cry toxins 
The insect-larvicidal mechanism of the Bt Cry δ-endotoxins is a multistep 

process including solubilization of the toxin inclusions in larval midgut, proteolytic 

activation of the soluble protoxins by midgut proteases, binding of the activated toxins 

to specific receptors located on the midgut epithelial cell membrane, insertion of the 

toxin into the midgut apical membrane and oligomerization of the inserted toxins to 

form ion-leakage pores. These pores would lead to the disruption of the osmotic 

balance across the cell membrane, thus resulting in cell lysis and eventual death of the 

target larvae. 

 

2.3.1 Inclusion solubilization and proteolytic activation 

Bt toxins are naturally produced as inactive protoxins in the form of 

crystalline inclusions. After ingestion by susceptible insect larvae, the toxin inclusions 

are solubilized in the midgut lumen which is highly alkaline in a number of dipteran 

and lepidopteran larvae and predominantly acidic in coleopteran larvae (4, 37). The 

soluble protoxins are subsequently cleaved by larval midgut proteases to yield the 

protease-resistant active toxins. The toxin activation can be simulated in vitro by 

incubating the Cry protoxins with larval gut extracts, trypsin or chymotrypsin (38). 

The Bt Cry δ-endotoxins can be categorized into two groups based on 

molecular mass of the protoxins. For the large Cry toxins (ca. 130 kDa), e.g., Cry1 and 

Cry4, approximate half of the molecule (ca. 600 amino acids) is removed from C-

terminus during in vitro proteolytic activation, leaving the N-terminal half (ca. 65 

kDa) as the toxic component. Activation of these protoxins also involves removal of 
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approximate 30 residues from the N-terminus (39-40). Moreover, interhelical 

proteolysis was found for toxin activation of the dipteran-specific Cry4 toxins. For 

example, the 130-kDa Cry4Aa toxin was cleaved by trypsin into two major fragments 

of ca. 21 and 47 kDa, in addition to the removal of the C-terminal half of the protoxin. 

These two trypsin-resistant fragments were produced by the cleavage at Arg235 located 

in the solvent-exposed loop connecting helices 5 and 6 within the pore-forming 

domain of the Cry4Aa toxin (41). In the case of the smaller Cry toxins (ca. 70 kDa), 

e.g., Cry2 and Cry3, the proteolytic processing occurs only at the N-termimus where 

about 50 residues are removed (19). C-terminal protease resistance of the small Cry 

toxins may be due to the position of their C-termini buried in the toxin molecules (19).  

 

2.3.2 Toxin-receptor binding 

After inclusion solubilization and proteolytic activation in larval midgut 

lumen, the activated Cry toxins are believed to pass through the peritrophic membrane, 

a thin porous structure which separates ingested materials from gut epithelium, to bind 

the specific receptors located on the midgut epithelial cell membrane (4, 42). The 

target specificity of the Bt-Cry toxins was shown to be determined by these specific 

membrane receptors (3). To date, at least three types of Cry toxin-binding proteins 

have been identified as specific receptors: glycosylphosphatidylinositol (GPI)-

anchored alkaline phosphatase (ALP), GPI-anchored aminopeptidase-N (APN) and 

cadherin-like protein. 

The 62-kDa and 68-kDa ALPs isolated from Manduca sexta and Heliothis 

virescens larvae were identified as a Cry1Ac binding protein (43-44). The 65-kDa 

GPI-anchored ALP from Aedes aegypti larvae was characterized as a functional 

receptor for the Bti Cry11Aa toxin since interfering interaction between the ALP and 

the Cry11Aa toxin reduced the toxin bioactivity (45). Recently, it was shown that A. 

aegypti ALP heterologously expressed in Spodoptera frugiperda (Sf9) cells as 58-kDa 

membrane-bound protein (Aa-mALP) can interact with Cry4Ba toxin (46). Moreover, 

the Aa-mALP-expressing cells showed susceptibility to the Cry4Ba toxin. 

The 120-kDa GPI-anchored APN from M. sexta larvae was shown to 

recognize Cry1Aa, Cry1Ab and Cry1Ac (47). GPI-anchored APN was also identified 

as a Cry1Aa-binding protein in Bombyx mori larvae (48). It was suggested that the 
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170-kDa GPI-anchored APN from H. virescens larvae is a functional receptor for 

Cry1A toxins as the APN reconstituted into phospholipid vesicles can promote toxin-

induced 86Rb+ release for Cry1A toxins (49). Furthermore, the 106-kDa GPI-anchored 

APN was proposed to be a putative receptor for the Cry11Ba toxin in Anopheles 

gambiae larvae since feeding the larvae with mixtures of the toxin and the truncated 

APN reduced the larvicidal activity (50). 

A 175-kDa cadherin-like protein (BtR175) was identified as a Cry1Aa-

binding protein in B. mori larvae (51). By introducing the BtR175 into Cry1Aa-

insusceptible cells, the cells became sensitive to the toxin (52). Cadherin-like proteins 

from Tenebrio molitor and Tribolium castaneum larvae (TmCad1 and TcCad1) were 

characterized as a functional receptor for Cry3Aa and Cry3Ba, respectively, since 

RNA interference knockdown of the two cadherin-like proteins resulted in decreased 

toxin susceptibility of the larvae (53-54). Also, it was suggested that a cadherin-like 

protein from A. gambiae larvae (BT-R3) is a receptor for Cry4Ba as binding of the 

Cry4Ba toxin to BT-R3 expressed in High FiveTM insect cells triggered cytotoxic 

events and hence cell death (55). 

Domain II of Cry toxins has been shown to be involved in receptor 

binding, hence determining target specificity. Surface-exposed loops connecting β6-β7 

and β10-β11 within domain II of Cry1Ab were identified as an epitope for interacting 

with M. sexta cadherin-like BT-R1 receptor (56-57). It was demonstrated that Culex 

toxicity can be introduced into Culex-inactive Cry1Aa and Cry4Ba by amino acid 

substitutions in domain-II loops of the toxins (58-59). 

The involvement of Cry-domain III in receptor binding was also reported. 

It was shown that Cry1Ac binds to a putative APN receptor from M. sexta via a site on 

domain III of the toxin (36, 60). Also, domain III of Cry1Ab was shown to be 

involved in the interaction with M. sexta APN receptor (57). 

 

2.3.3 Membrane insertion and toxin oligomerization 

Upon binding to the specific receptors, it is believed that substantial 

structural rearrangements of the bound toxins occur, thus allowing their pore-forming 

portion to insert into the target cell membrane. Oligomerization of the inserted toxins 

is related to formation of the ion-leakage pores which cause osmotic cell lysis (4). 
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An umbrella-like model has been proposed to describe the membrane-

associated state of the Cry toxins (7). In this model, α4 and α5 insert into the 

membrane as a helical hairpin, while the remaining helices spread on the membrane 

surface like the ribs of an umbrella (Figure 2.2). On the basis of energy 

considerations, the α4-α5 helical hairpin of Cry1Aa was predicted to insert 

spontaneously into the membrane (61). Moreover, it was suggested that the α4 and α5 

are buried within the membrane after incubation of the Cry1Aa toxin with brush-

border membrane vesicles (BBMV) from B. mori larvae (62). Interestingly, membrane 

permeation study with Cry1Ac revealed that the α4-loop-α5 segment is more active 

than either the isolated helices or their mixtures, suggesting requirement of the α4-α5 

connecting loop for efficient membrane insertion of the toxin (13). 

Upon incubation of Cry1Ab and Cry1Ac with M. sexta BBMV, toxin 

aggregates of ca. 200 kDa were observed, suggesting occurrence of toxin 

oligomerization (63). There is evidence from AFM studies that the 65-kDa activated 

Cry4Ba toxin spontaneously inserts into receptor-free lipid bilayers and forms pore-

like tetrameric structures (64). Later, it was, however, revealed by electron 

crystallography that the 65-kDa Cry4Ba toxin exists in the lipid membrane as trimeric 

structures (65). Furthermore, by using molecular dynamics (MD) simulations, the 

trimeric structure of Cry4Aa which is closely related to the Cry4Ba toxin was found to 

be stable in solution on 10-ns timescale (66). 
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Figure 2.1 Ribbon illustrations of various Cry toxin structures 

 

The figure shows side view of 3D structures of Cry1Aa (17), Cry3Aa (19), Cry4Aa (6) 

and Cry4Ba (20) toxins determined by X-ray crystallography. These ribbon 

illustrations demonstrate high similarity in their overall structures with three-domain 

organization. 
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Figure 2.2 Schematic presentation of an umbrella-like model for membrane-

bound state of Cry toxins 

 

The figure shows a model of the Cry toxin’s orientation within phospholipid 

membrane, suggested by Gazit et al (7). α4 and α5 helices in domain I penetrate into 

the membrane as a helical hairpin while the remaining parts lie on the membrane 

surface. 
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2.3.4 Membrane permeabilization and pore formation 

Lytic pore formation is a key step in mechanism of action of the Cry 

toxins. Through a variety of techniques, membrane-permeabilizing and pore-forming 

abilities of the toxins have been examined. 

Membrane permeation studies by using entrapped dye-release assays 

revealed that Cry1Ab can disrupt receptor-free liposomes. Moreover, a great increase 

in Cry1Ab-mediated disruption was found when proteins from B. mori BBMV were 

reconstituted into liposomes (67). It was demonstrated that peptides corresponding to 

the α4-loop-α5 hairpin of Cry1Ac and Cry4Ba can induce leakage of entrapped calcein 

from liposomes, indicating direct involvement of this α4-α5 hairpin in membrane 

perturbation and pore formation (13, 68). 

Several studies employed osmotic swelling assays to mornitor 

permeability change of insect-larval midgut BBMV upon incubation with Cry toxins. 

It was found that Cry1Ac produced a marked change in membrane permeability of M. 

sexta BBMV (69). Tran et al. (70) examined the membrane-permeabilizing effects of 

Cry1Ac and Cry1Ca in M. sexta BBMV over a wide range of pHs and found that pore-

forming activity of both toxins varied as a function of pH. 

Various activated Cry toxins have been shown to form ion channels in 

planar lipid bilayers (PLBs). In PLBs where M. sexta receptors were reconstituted, ion 

channel activity was observed following addition of Cry1Aa, Cry1Ac or Cry1C at 

doses less than those required to form ion channels in receptor-free PBLs, suggesting 

that reconstituted receptors catalyze channel formation in phospholipid membrane 

(71). Moreover, Peyronnet et al. (72) estimated the size of ion channels formed in 

PLBs by using the non-electrolyte exclusion technique and polyethylene glycols of 

various molecular weights and found that Cry1C formed ion channels with pore radius 

of ca. 10 Å. Puntheeranurak et al. (73) demonstrated that both Cry4Ba and its α1-α5 

fragment formed cation-selective channels in PLBs, indicating that the α1-α5 region of 

the domain I is the major determinant of Cry4Ba pore formation. 
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CHAPTER III 

MATERIALS AND METHODS 

 

 

3.1 Materials 
 

3.1.1 Chemicals and reagents 

Ampicillin Sigma 

Bromophenol blue Sigma 

Calcium chloride Sigma 

Cetyl trimethyl ammonium bromide (CTAB) Sigma 

Coomassie brilliant blue R-250 Sigma 

1,4-Dithiothreitol (DTT) Sigma 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Sigma 

All other unlisted chemicals are analytical grade purchased from various 

suppliers (Bio-Rad, Merck and Sigma) 

 

3.1.2 Enzymes 

Phusion DNA polymerase Finnzymes 

Trypsin (TPCK-treated) Sigma 

RNaseA Sigma 

Restriction endonucleases, i.e., 

AvaI, DdeI, DpnI, HaeIII, HincII, HpaII,  

PvuII, RsaI, Sau3AI Promega 

 

3.1.3 Bacterial strain 

Escherichia coli strain JM109 [endA1, recA1, gyrA96, thi, hsdR17, (rK
-, 

mK
+), relA1, supE44, λ-, Δ(lac-proAB), (F′, traD36, proAB+, lacIq, lacZΔM15)] 

purchased from Promega was used as a recombinant plasmid host. 
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3.1.4 Plasmids 

pMEx-8 (Figure 3.1): the expression vector containing the tac promoter 

and the ampicillin resistance (bla) gene was used as a negative control. 

pMEx-B4A (Figure 3.2): the recombinant plasmid containing the 130-

kDa Cry4Aa toxin gene (GenBank accession number: Y00423) under control of the 

cry4Ba regulatory region and the tac promoter was used as a DNA template for site-

directed mutagenesis. 
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Figure 3.1 Schematic map of the pMEx-8 plasmid (74) 

 

The figure illustrates the pMEx-8 plasmid containing the tac promoter (white arrow), 

ColE1 origin of replication and ampicillin resistance (bla) gene (dark gray arrow). For 

clarity, not all of the restriction sites are shown. 
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Figure 3.2 Schematic map of the pMEx-B4A recombinant plasmid (41) 

 

The figure illustrates the pMEx-B4A recombinant plasmid containing the 130-kDa 

Cry4Aa toxin gene (black arrow) under control of the cry4Ba regulatory region (gray 

arrow) and the tac promoter (white arrow). The thin line represents the pMEx-8 vector 

containing the ampicillin resistance (bla) gene (dark gray arrow). For clarity, not all of 

the restriction sites are shown. 
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3.1.5 Synthetic oligonucleotides 

All synthetic oligonucleotides serving as primers were purchased from 

Sigma Proligo (Singapore). The sequences of all oligonucleotides are shown below. 

Mutated nucleotides and amino acid residues are indicated as bold letters. Introduced 

restriction enzyme recognition sites are underlined. Single-code amino acid letters are 

placed above their corresponding nucleotide sequences. 

 
                        S  C  V  P  N  P  S 

P193V-f         5’-CTCTTGTGTAC

P193V-r 3’-GAACATTTGAGAACA

CTAATCCTAGTGA-3’  

CATG

 

GATTAG-5’ 

                        C  P  V  N  P  S  D 

P194V-f        5’-CTTGTCCGG

P194V-r 3’-CATTTGAGAACA

TTAATCCTAGTGATTG-3’  

GGCC

 

AATTAGGAT-5’ 

                          P  N  V  S  D  C  D  Y  Y 

P196V-f          5’-CTCCTAATGTCTCAG

P196V-r 3’-TGAGAACAGGAGGATTACA

ATTGCGATTACTATAAC-3’ 

GAGTC

 

TAACGC-5’ 

                     N  S  C  G  P  N  P  S  D 

P193G-f      5’-AAACTCTTGTGGGCC

P193G-r 3’-GAACATTTGAGAACAC

CAATCCTAGTGATTG-3’ 

CCGG

 

GTTAGGATCAC-5’ 

                        C  P  G  N  P  S  D 

P194G-f         5’-TTGTCCGG

P194G-r 3’-CATTTGAGAACA

GTAATCCTAGTGATTG-3’  

GGCC

 

CATTAGGAT-5’ 

                       P  N  G  S  D  C  D  Y 

P196G-f        5’-TCCTAATGGATC

P196G-r 3’-GAACAGGAGGATTAC

TGATTGCGATTACTA-3’ 

CTAG

RsaI 

ACTAACG-5’ 

HpaII 

DdeI 

HaeIII 

HpaII 

Sau3AI 
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                    L  V  N  S  C  F  P  N  P  S 

P193F-f    5’-AGCTTGTAAACAGCTG

P193F-r 3’-GTCTCGAACATTT

TTTTCCTAATCCTAGTG-3’ 

GTCGAC

 

AAAAGGATTAGGAT-5’ 

                    L  V  N  S  C  W  P  N  P  S 

P193W-f    5’-AGCTTGTAAACAGCTG

P193W-r 3’-GTCTCGAACATTT

TTGGCCTAATCCTAGTG-3’ 

GTCGAC

 

AACCGGATTAGGAT-5’ 

                    L  V  N  S  C  Y  P  N  P  S 

P193Y-f    5’-AGCTTGTAAACAGCTG

P193Y-r 3’-GTCTCGAACATTT

TTATCCTAATCCTAGTG-3’ 

GTCGAC

 

AATAGGATTAGGAT-5’ 

                         L  V  N  P  C  P  P  N 

S191P-f         5’-AGCTTGTTAAC

S191P-r 3’-GTAAGGTCTCGAA

CCTTGTCCTCCTAATC-3’ 

CAATTG

 

GGAACAGG-5’ 

                           L  V  N  S  P  P  P  N  P  S 

C192P-f           5’-AGCTTGTTAAC

C192P-r 3’-CAGTAAGGTCTCGAA

TCTCCTCCTCCTAATCCTAGTG-3’  

CAATTG

 

AGAGGAGGAGG-5’ 

                         P  P  P  P  S  D  C  D  Y 

N195P-f          5’-TCCTCCTCCCCCGAG

N195P-r 3’-TTTGAGAACAGGAGGAGG

TGATTGCGATTACTA-3’ 

GGGCTC

 

ACTAAC-5’ 

                       N  P  P  D  C  D  Y  Y 

S197P-f       5’-CTAATCCTCCGG

S197P-r 3’-CAGGAGGATTAGGA

ATTGCGATTACTATA-3’ 

GGCC

HincII 

TAACGC-5’ 

HincII 

AvaI 

HpaII 

PvuII 

PvuII 

PvuII 
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                           P  N  P  S  P  C  D  Y  Y  N  I 

D198P-f              5’-CTCCTAACCCGAG

D198P-r  3’-ATTTGAGAACAGGAGGATT

TCCTTGCGATTACTATAACATAC-3’ 

GGGCTC

 

AGGAACGCTA-5’ 

                       S  D  P  D  Y  Y  N 

C199P-f       5’-CTAGTGATC

C199P-r 3’-GATTAGGATCA

CCGATTACTATAACAT-3’ 

CTAG

 

GGCTAATGA-5’ 

                       D  C  P  Y  Y  N  I  L 

D200P-f        5’-TGATTGCCCGTAC

D200P-r 3’-TAGGATCACTAACGGG

TATAACATACTAG-3’ 

CATG

 

ATATTG-5’ 

 

 

3.1.6 Culture media 

Luria Bertani (LB) broth and agar (75) 

1 L of LB broth contains 10 g of peptone, 5 g of bacto-yeast extract and 10 

g of NaCl. LB agar was prepared by adding 15 g of bacto-agar in 1 L of LB broth. The 

medium was sterilized by autoclaving at 121ºC, 15 psi for 20 min. For selective 

medium, ampicillin was added to a final concentration of 100 μg/ml. 
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3.1.7 Solutions for analyzing phosphorus content  

Ammonium molybdate-H2SO4 solution (100 ml) 

Ammonium molybdate 4.31 g 

H2SO4 28 ml 

Distilled water 72 ml 

Ammonium molybdate was dissolved well in distilled water and then 

added with H2SO4. This solution should be prepared in prechilled container. 

Phosphorus content assay solution (10 ml) 

Ascorbic acid 0.15 g 

Distilled water 9.2 ml 

Ammonium molybdate-H2SO4 solution 0.8 ml 

This solution should be prepared freshly before assay. 

 

3.1.8 Instruments 

Automatic microplate reader Spectra MAX 190 

Cell incubators Heraeus 

Centrifuges TOMY/Sorvall 

FPLC system Thermo Electron Corporation 

Geldoc system BioDoc-ITTM 

Jasco FP-6300 spectrofluorometer Jasco Inc. 

Thermal cycler Bio-Rad 

Spectrophotometer Pharmacia 

 

3.1.9 Miscellaneous 

Bradford protein assay reagent Bio-Rad 

Deoxyribonucleotide triphosphates (dNTP) Promega 

DNA molecular mass standards Bio-Rad 

Protein concentrator PALL 

Protein molecular mass standards, broad range Bio-Rad 

Superose 12 GL 10/300 column GE Healthcare Life Sciences 
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3.2 Methods 
 

3.2.1 Plasmid DNA extraction using CTAB method (76) 

A single colony of E. coli clones was inoculated into 3-ml LB broth 

containing 100 μg/ml ampicillin and incubated at 37ºC with 250 -rpm shaking for 16-

20 hrs. Cell culture was then transferred into a microcentrifuge tube and centrifuged at 

12,000 rpm for 15 sec. The pellet was resuspended in 200 μl of STET buffer (8% 

sucrose, 0.1% Triton X-100, 50 mM EDTA and 50 mM Tris-HCl, pH 8.0). 10-μl 

freshly prepared lysozyme (10 mg/ml) was then added and incubated for 10 min at 

room temperature. The mixture was boiled for exactly 45 sec and immediately 

centrifuged at 12,000 rpm for 15 min at room temperature. The pellet containing cell 

debris and chromosomal DNA was removed by using a sterile toothpick. Plasmid 

DNA was recovered by adding 20 μl of 5% CTAB into the supernatant. The contents 

were mixed by inversion and centrifuged at 12,000 rpm for 10 min at room 

temperature. The pellet was resuspended in 300 μl of 1.2 M NaCl by vigorously 

vortex ing . In ord er to remov e RNA, 5  μl of RNaseA (1 0  mg /ml) was ad ded  and 

incubated at 37ºC for 30 min. Protein was removed by addition of 300-μl chloroform, 

vigorous inversion and centrifugation at 12,000 rpm for 5 min at room temperature. 

The aqueous phase was transferred to a new microcentrifuge tube. The plasmid DNA 

was precipitated with 2 volumes of absolute ethanol at -20ºC for 30 min and recovered 

by centrifugation at 12,000 rpm for 15 min at room temperature. The DNA pellet was 

washed with 70% ethanol. After removal of the supernatant and air drying, the DNA 

pellet was resuspended in 20 μl of distilled water. 

 

3.2.2 Agarose gel electrophoresis of DNA 

The appropriate amount of agarose powder was dissolved in 1x TAE 

buffer (40 mM acetic acid, 2.5 mM EDTA and 40 mM Tris-HCl, pH 8.0) under 

boiling temperature to ensure the homogeneity of the gel solution. When the gel 

mixture cooled down to about 60ºC, the mixture was poured into the mold and allowed 

to solidify at room temperature. DNA sample was mixed with gel-loading dye (15% 

(w/v) Ficoll 400, 0.1% bromophenol blue and 5 mM EDTA) at ratio of 5:1 and loaded 

into a well of the agarose gel submerged in TAE buffer. After electrophoresis, the gel 
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was stained in ethidium bromide solution for 5 min and then destained in distilled 

water for 10 min. The DNA patterns were visualized under UV light and digitalized by 

Geldoc system. The amount of DNA was estimated by comparing the DNA bands 

with the stand ard  DNA mark ers (λ DNA dig ested  with HindIII) of known 

concentrations. 

 

3.2.3 Site-directed mutagenesis 

Site-directed mutagenesis was carried out based on the Quick ChangeTM 

Site-Directed Mutagenesis Kit (Stratagene). The recombinant plasmid, pMEx-B4A, 

containing the full length of cry4Aa gene was used as a template. The method would 

make use of Phusion DNA polymerase which replicates both strands of DNA plasmid 

with extreme fidelity (50x greater than that of ordinary Taq DNA polymerase) and 

high polymerization speed (15-30 sec/1 kb). 

A thermal cycler was used to perform polymerase chain reaction (PCR) for 

all samples. The PCR reaction mixture (50 μl) was composed of 

 

DNA template 50 ng 

dNTPs 50 μM each 

Forward primer 10 pmole 

Reverse primer 10 pmole 

5x PhusionTM HF buffer 10 μl 

Phusion DNA polymerase 1 U 

Sterile distilled water making final volume to 50 μl 

 

The PCR was performed by following amplification conditions as shown 

in Tables 3.1 and 3.2. After the amplification reaction was finished, the PCR products 

were examined by agarose gel electrophoresis (0.8% gel). 
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Table 3.1 Temperature cycling parameters for site-directed mutagenesis 

 

Temperature (ºC) Time (min:sec) Cycles 

95 5:00 1 

95 0:30 

20 Ta
* 1:00 

72 4:00 

72 7:00 1 

 
*The annealing temperature (Ta) are shown in Table 3.2 
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Table 3.2 Annealing temperature (Ta) for each pair of mutagenic primers 

 

Primers Annealing temperature (ºC) 

P193V 45 

P194V 45 

P196V 45 

P193G 44 

P194G 40 

P196G 40 

P193F 44 

P193W 44 

P193Y 44 

S191P 45 

C192P 45 

N195P 45 

S197P 45 

D198P 45 

C199P 45 

D200P 45 
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3.2.4 Digestion of PCR products 

Each amplified reaction was treated with 10 U of DpnI restriction 

endonuclease and incubated at 37ºC for 1 hr. DpnI restriction endonuclease is specific 

to methylated and hemimethylated DNA (5′ -GmeA↓TC-3′). DNA isolated from almost 

all E. coli strains is dam methylated and thus susceptible to DpnI digestion. 

Accordingly, the DpnI will digest only the parental DNA template and leave mutated 

plasmid undigested. The DpnI-digested PCR products were analyzed by agarose gel 

electrophoresis (0.8% gel) before being transformed into E. coli competent cells. 

 

3.2.5 Preparation of competent cells (75) 

A single colony of E. coli strain JM109 was inoculated into 3-ml LB broth 

and grown at 37ºC with 250-rpm shaking for 16-20 hrs. 1 ml of the culture was 

transferred into 100 ml of fresh LB broth and incubated at 37ºC with 250-rpm shaking 

until OD600 reached 0.3-0.5. The culture was chilled on ice for 10 min and then 

centrifuged at 4,000 rpm for 10 min at 4ºC. The E. coli pellet was gently resuspended 

in 20 ml of cold 0.1 M CaCl2 and incubated on ice for 10 min. Cells were then 

centrifuged at 4,000 rpm for 10 min at 4ºC and the cell pellet was gently resuspended 

in 4 ml of cold 0.1 M CaCl2 containing 30% (v/v) glycerol. The suspension of 

competent cells was split into 200-μl aliquots and kept at -80ºC until required. 

 

3.2.6 Transformation of plasmid DNA into competent cells (75) 

The DpnI-digested PCR product (5-20 μl) was mixed with 200-μl 

competent cells. The mixture was incubated on ice for 30 min, followed by incubation 

at 42ºC for exactly 90 sec, and then immediately placed on ice for 5 min. 800 μl of LB 

broth was added into the transformed cells, gently mixed and incubated at 37ºC with 

250-rpm shaking for 45 min. The transformed cells were collected by centrifugation at 

5,000 rpm for 30 sec and the cell pellet was gently resuspended in 200-μl LB broth. 

The cell suspension was spread on a LB agar plate containing 100 μg/ml ampicillin. 

The agar plate was incubated at 37ºC for 16-20 hrs until E. coli colonies were clearly 

seen on agar plate. 
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3.2.7 Mutant plasmid screening 

Restriction endonuclease analysis was used to screen for each mutant 

plasmid based on a recognition site silently introduced into each pair of mutagenic 

primers. The digestion reaction (20 μl) was composed of 100-200 ng of plasmid DNA, 

1x restriction enzyme digestion buffer, 3-5 U of restriction endonuclease and sterile 

distilled water to make up a total volume of 20 μl. The digestion reaction was 

incubated at recommended temperature for a period of time depending on the 

specification supplied by the enzyme manufacturer. To visualize the restriction 

patterns, agarose gel electrophoresis (0.8-1.2% gel) of the digested DNA was carried 

out in TAE buffer with constant voltage of 80 volts. 

 

3.2.8 DNA sequencing 

In order to verify nucleotide sequences of the mutant plasmids, 200 ng of 

each mutant plasmid, together with 10 pmole of oligonucleotide primer (V147A-f: 5′-

CGTTTAATGCAATCAGTACGTATCATAATCACC-3′), was submitted to 

Macrogen Inc. (Korea) to perform DNA sequencing. The resulting sequences were 

aligned with that of the wild type using ClustalX. 

 

3.2.9 Expression of toxins (41) 

Each clone of E. coli strain JM109 containing either wild-type or each 

mutant plasmid was inoculated into 3-ml LB broth containing 100 μg/ml ampicillin 

and grown at 37ºC with 250-rpm shaking for 16-20 hrs. The E. coli culture was 

transferred into fresh LB broth containing ampicillin at inoculation ratio of 1:100 and 

incubated until OD600 reached 0.3-0.5. Then, protein expression was induced with 

IPTG at a final concentration of 0.1 mM at either 37ºC for 4 hrs (for toxicity assays) or 

30ºC for 10 hrs (for biochemical characterization). The cell cultures were collected by 

centrifugation at 6,000 rpm for 10 min. 0.1 OD600 of E. coli cells (~107 cells) was 

subjected to analysis of the protein profiles by sodium dodecyl sulfate-polyacrylamide 

gel (10%) electrophoresis (SDS-PAGE). 
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3.2.10 SDS-polyacrylamide gel electrophoresis (75) 

For sample preparation, protein samples were mixed with 4x loading 

buffer (8% SDS, 40% glycerol, 0.4% bromophenol blue, 100 mM DTT and 200 mM 

Tris-HCl, pH 6.8) at ratio of 3:1 and heated at 100ºC for 10 min. The heated samples 

were vigorously mixed using vortex and centrifuged at 10,000 rpm for 10 min. The 

supernatant was then loaded into each well of SDS-polyacrylamide gel. 

SDS-polyacrylamide gel was prepared using the Bio-Rad Mini-Protein II 

system. SDS-polyacrylamide gel is composed of separating and stacking gels. The 

separating gel consists of 3.3% crosslinker, 10% or 12% gel, 0.375 M Tris-HCl (pH 

8.8) and 0.1% SDS. The stacking gel contains 3.3% crosslinker, 5% gel, 0.125 M Tris-

HCl (pH 6.8) and 0.1% SDS. The gel was run in Tris-glycine buffer (25 mM Tris, 192 

mM glycine and 0.1% SDS). Electrophoresis was performed with constant voltage of 

100 volts at room temperature.  

After electrophoresis, protein bands on the gel were visualized by soaking 

the gel in staining solution (10% ethanol, 10% glacial acetic acid and 0.1% Coomassie 

brilliant blue R-250) for 40 min. The gel was subsequently soaked in destaining 

solution (10% ethanol and 10% glacial acetic acid) until the background was clear. 

 

3.2.11 Isolation of protoxin inclusions 

3.2.11.1 Inclusion isolation using distilled water 

E. coli cells expressing recombinant protein were harvested by 

centrifugation and resuspended in cold distilled water. The cell suspension was lyzed 

by using a French Pressure Cell at 10,000 psi and the cell lysate was then centrifuged 

at 6,000 ×g for 10 min at 4ºC. The pellet was washed three times in cold distilled 

water. Protein concentration of the protoxin inclusion was examined by using a 

Bradford-based protein microassay (see section 3.2.12). 

3.2.11.2 Inclusion isolation using 100 mM KH2PO4 (pH 5.0) 

E. coli cells expressing recombinant proteins were harvested 

by centrifugation and resuspended in cold 100 mM KH2PO4 (pH 5.0). The cell 

suspension was disrupted by using the French Pressure Cell at 10,000 psi and the 

crude lysate was then centrifuged at 6,000 ×g for 10 min at 4ºC. The pellets were 

resuspended and incubated in 100 mM KH2PO4 containing 1 M NaCl and 0.1% Triton 
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X-100 at 4ºC. After incubation for 30 min, the pellets were collected by centrifugation 

and washed once in cold 100 mM KH2PO4 and twice in cold distilled water. Protein 

concentrations of the partially purified toxin inclusions were determined by using the 

Bradford-based protein microassay (Bio-Rad). 

 

3.2.12 Determination of protein concentrations 

Protein concentrations were determined by using Bio-Rad protein assay 

reagent based on the method described by Bradford (77). The calibration curve was 

constructed using bovine serum albumin (BSA) as a protein standard. BSA standards 

were prepared by making dilution ranging from 0, 1, 2, 3, 4 and 5 μg/50 μl in distilled 

water. Each standard protein and sample solution was mixed with 200 μl of Bradford 

dye reagent in a 96-well flat-bottom microtiter plate (Bibby Sterilin, England). The 

absorbance of samples and standards was measured at 595 nm by using an automatic 

microplate reader (Spectra MAX 190). The protein concentrations of samples were 

calculated from the standard curve. 

 

3.2.13 Solubilization of toxin inclusion and proteolytic digestion 

Protoxin inclusions were solubilized at a concentration of 1 mg/ml in 50 

mM Na2CO3 (pH 9.0) and incubated at 37ºC for 1 hr. For solubility analysis, the 

incubated toxins were subjected to centrifugation at 6,000 ×g for 10 min. The 

supernatants containing soluble toxins were analyzed by SDS-PAGE (10% gel) in 

comparison with the non-centrifuged solubilized toxins. 

For proteolytic digestion, the soluble protoxins were treated with trypsin 

(L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated, Sigma) at an 

enzyme/toxin ratio of 1:20 (w/w). The protoxin-trypsin mixture was incubated at 37ºC 

for 24 hrs and the trypsin-digested products were then analyzed by SDS-PAGE (12% 

gel). 

 

3.2.14 Precipitation of soluble protoxin 

After solubilization of protoxin inclusion in 50 mM Na2CO3 (pH 9.0), the 

supernatant containing soluble protoxin was dialyzed against 100 mM KH2PO4 (pH 

5.0) at volume ratio of 1:200 for 16 hrs, with four-time change of outer solution. The 
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precipitates occurring after dialysis were recovered by centrifugation at 6,000 ×g for 

10 min and subsequently washed twice in distilled water. Protein concentration of the 

precipitated protoxin inclusion was determined as described in section 3.2.12. 

 

3.2.15 Mosquito-larvicidal activity assay 

Bioassays for mosquito-larvicidal activity were performed using 2-day old 

A. aegypti larvae (hatched from eggs supplied by the mosquito-rearing facility of the 

Institute of Molecular Biosciences, Mahidol University). 10 OD600 (~109 cells) of E. 

coli cells expressing Cry4Aa wild-type or mutant toxins were harvested by 

centrifugation at 6,000 rpm for 10 min at 4ºC and resuspended in 2 ml of distilled 

water (108 cells/200 μl). Each assay was carried out in a 48-well microtiter plate (11.3-

mm well diameter, Costar, USA), with 10 larvae per well in 800 μl of distilled water. 

Then, 200 μl of E. coli suspension (108 cells) was added into each well. 100 larvae 

were used for each sample in one experiment and three independent experiments were 

performed. E. coli cells containing the pMEx-8 vector were used as a negative control. 

To observe toxicity of the precipitated protoxin inclusions, 200 μl of inclusion 

suspension (50 μg/ml) was used in place of E. coli suspension. Mortality was recorded 

after 24-hr incubation period. 

 

3.2.16 Purification of Cry4Aa toxin and its mutants 

The 65-kDa trypsin-activated Cry4Aa toxin and its mutants were first 

centrifuged at 10,000 rpm for 10 min and supernatant was then injected into a size-

exclusion FPLC system, equipped with a Superose 12 GL 10/300 column (GE 

Healthcare Life Sciences). The column was equilibrated with eluent (50 mM Na2CO3, 

pH 9.0) at flow rate of 0.4 ml/min before operation. The injected volume was 200 μl 

and the operating flow rate of the eluent was 0.4 ml/min. Protein fractions were 

monitored as UV absorption at 280 nm. Fractions were collected and analyzed by 

SDS-PAGE (12% gel). The fractions containing a purified 65-kDa activated toxin 

were pooled together and concentrated using a 30-kDa cutoff centrifugal filter tube 

(PALL). Protein concentration was determined as described in section 3.2.12. 
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3.2.17 Intrinsic fluorescence measurement 

Structural change of mutant toxins was examined via their intrinsic 

tryptophan fluorescence. The fluorescence spectra were obtained by emission scanning 

of the FPLC-purified trypsin-activated toxins using Jasco FP-6300 spectrofluorometer. 

The emission wavelengths were observed from 300 to 500 nm with the excitation 

wavelength of 280 nm. Excitation and emission slit widths are 5.0 and 2.5 nm, 

respectively. All spectra were subtracted with the background spectrum. 

 

3.2.18 Identification of disulfide bond-containing peptides 

Band-shift assay was employed to identify disulfide bond-containing 

protein fragments. Prior to analysis on SDS-(12%) polyacrylamide gel, the trypsin-

treated toxin fragments of the Cry4Aa wild type and its mutants were prepared by 

incubation with sample loading  buffer (2% SDS, 10% glycerol, 0.1% bromophenol 

blue, 50 mM Tris-HCl (pH 6.8), with/without 25 mM DTT). 

 

3.2.19 Membrane perturbation assays (78-79) 

3.2.19.1 Preparation of calcein-entrapped hybrid liposomes 

Larval gut suspension was prepared from 4-day old A. aegypti 

larvae. 60 dissected guts were suspended in 100 μl of 50 mM Na2CO3 buffer (pH 9.0), 

containing 5 mM EDTA and 1 mM PMSF, by using the micropipette. Protein 

concentrations of larval gut suspension were quantified as described in section 3.2.12. 

A lipid mixture (10 mg/ml) was prepared from phosphatidylethanolamine (PE), 

phosphatidylcholine (PC) and cholesterol (Ch) at the ratio of 10:10:1 (w/w). 2 mg of 

the lipid mixture, 1.5 ml of chloroform and 250 μg of larval gut suspension were 

placed in an amber glass bottle and then mixed by sonication. The mixture was dried 

under a gentle stream of oxygen-free nitrogen gas at room temperature. The resulting 

lipid film was resuspended in 200 μl of 50 mM calcein (pre-dissolved in 150 mM 

Na2CO3 buffer, pH 9.0) and then briefly sonicated. Large unilamella vesicles (LUVs) 

were prepared by repeatedly squeezing the lipid suspension through a polycarbonate 

membrane (0.1-μm pore size, Avanti Polar Lipids) for a minimum of 15 passes, using 

a two-syringe extruder (Avanti Polar Lipids). Unentrapped calcein was removed from 

the LUV suspension by gel filtration on PD-10 desalting column (GE Healthcare Life 



Chompounoot Imtong   Materials and Methods / 30 

Sciences) equilibrated with 150 mM Na2CO3 buffer (pH 9.0). Liposome 

concentrations were estimated by measuring the lipid phosphorus content (see section 

3.2.19.2). The calcein-entrapped liposomes were diluted to a phospholipid 

concentration of 1  μM with 5 0  mM Na2CO3 buffer (pH 9.0) for performing the 

membrane perturbation assays. 

3.2.19.2 Phosphorus content analysis of phospholipid (80) 

Phosphorus standards were prepared with various volumes (0, 

10, 20, 30 and 40 μl) of 1 mM Na2HPO4. Each standard solution was transferred to a 

clean glass tube and solvent was completely dried on heated sand tray. 50 μl of 70% 

perchloric acid was then added into the tube and allowed to heat at 180ºC for 1 hr. 

After the mixtures were cooled down, 0.9 ml of phosphorus assay solution was added 

and incubated at 80ºC for 10 min before measuring absorbance at 820 nm. A standard 

curve was then plotted against phosphorus quantity versus absorbance820. For 

phospholipid samples, 20 μl of liposome suspension was used and the phospholipid 

concentrations were calculated from the standard curve. 

3.2.19.3 Calcein release assays 

Membrane perturbation was assessed by calcein release assays 

as previously described (78-79). The calcein dye would be self-quenched when it was 

trapped inside liposomes. Thus, membrane perturbation can be detected by measuring 

an increase in fluorescence of the released calcein. Leakage of calcein was followed 

using a Jasco FP-6300 spectrofluorometer, with excitation and emission wavelengths 

set at 485 and 520 nm, respectively, and a slit width of 5 nm. When fluorescence 

intensity of 400 μl of calcein-entrapped liposome was stable, the purified toxin (0.6-

30.0 μg) was added and fluorescence of the leaked calcein was monitored for 10 min. 

Fin ally, 1 0  μl of 0 .5 % Triton X-100 was added to determine the total fluorescence 

intensity of the sample. Percentage of calcein release (%F) was defined as: 

%𝐹 =  
𝐼𝑡 − 𝐼0
𝐼𝑚𝑎𝑥 − 𝐼0

× 100 

where  I0 =  the initial fluorescence intensity 

 It =  the fluorescence intensity observed after addition of purified toxin 

 Imax =  the total fluorescence intensity observed after addition of Triton X-100 
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3.2.20 Molecular dynamics (MD) simulations 

The structural model of the Cry4Aa monomer in 150 mM KCl solution 

box (66) was used as an initial system for 10-ns simulations. MD simulations were 

performed using NAMD 2.6 program (81) and CHARMM27 force field (82). The 

system was energy minimized and then equilibrated for 50 ps at temperature of 298 K 

and pressure of 1 atm with all heavy atoms of the protein under harmonic constraints 

(a force constant of 2 kcal/mole/Å2). Subsequently, without constraints, equilibration 

was continued for another 10 ns. 

The simulations were performed under periodic boundary conditions. 

Temperature and pressure were controlled using Langevin temperature control (a 

damping constant of 5 p/s) and Langevin piston control (an oscillation period of 200 fs 

and a damping time of 100 fs), respectively. A time step of 1 fs was used and 

electrostatic interactions were calculated every four time steps using the Particle Mesh 

Ewald method (83-84). van der Waals interactions were computed every step using a 

13-Å cutoff and a switching function. 

The equilibrated coordinates of the 10-ns Cry4Aa system were used as a 

template for amino acid substitutions using VMD program. The resulting mutant 

systems were equilibrated for 10 ns under the same condition as that used for the wild-

type system. 

Root mean square fluctuation (RMSF) values were calculated from the last 

4 ns of the wild-type MD trajectories. The RMSF was defined as: 

RMSF = �
1
𝑇�

(𝑥𝑖(𝑡) − 𝑥�𝑖)2
𝑇

𝑡=1

 

where 𝑥𝑖(𝑡) =  the coordinates of Cα atom of residue 𝑥𝑖 at time-step 𝑡 

 𝑥�𝑖   =  the average coordinates of Cα atom of residue 𝑥𝑖 

 T  =  the number of time-steps 
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CHAPTER IV 

RESULT I: ISOLATION OF Cry4Aa INCLUSION 

 

 

4.1 Isolation of Cry4Aa protoxin inclusion from E. coli cells 
Upon IPTG induction, E. coli cells harboring pMEx-B4A plasmid 

produced 130-kDa Cry4Aa protein as cytoplasmic inclusions (Figure 4.1B). When E. 

coli cells expressing the Cry4Aa toxin were pelleted, resuspended in distilled water 

and subsequently lyzed as described in section 3.2.11.1, the expressed 130-kDa 

Cry4Aa protoxin, however, was totally found in the soluble fraction of the cell lysate 

(Figure 4.2A). Interestingly, when 100 mM KH2PO4 (pH 5.0) was used instead as a 

cell-suspending buffer (see section 3.2.11.2), the expressed Cry4Aa protoxin was 

entirely found as sedimentable inclusion in the insoluble fraction (Figure 4.2B). 

Henceforth, protoxin inclusions of Cry4Aa and its mutants were isolated from E. coli 

cells by following the method described in section 3.2.11.2. 

Assessment of alkaline solubility of the Cry4Aa inclusion isolated from E. 

coli cells revealed that the toxin inclusion was highly soluble in 50 mM Na2CO3 buffer 

(pH 9.0) (Figure 4.3A). When the 130-kDa soluble protoxin was subsequently treated 

with trypsin, it was cleaved into two fragments of ca. 47 and ca. 21 kDa (Figure 

4.3B). 
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     A)                                                       B) 

 

 

 

 

 

 

 

 

 

Figure 4.1 Phase-contrast micrographs of E. coli cells harboring pMEx-8 or 

pMEx-B4A 

 

The figure shows IPTG-induced E. coli cells, harboring pMEx-8 (A) or pMEx-B4A 

(B), visualized under a phase-contrast microscope. Cry4Aa protein was produced as 

cytoplasmic inclusions (indicated by arrows) in E. coli cells containing pMEx-B4A 

recombinant plasmid.  
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            A)                                                      B) 

 

 

 

 

 

 

 

 

Figure 4.2 Protein profiles of extracted protein fractions from E. coli cells 

suspended in distilled water or 100 mM KH2PO4 

 

A) Coomassie blue-stained SDS-polyacrylamide gel (10%) shows protein profiles of 

lysate extracted from E. coli cells suspended in distilled water. The bands of 130-

kDa protoxins are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Total cell lysate 

Lane 3: Supernatant fraction 

Lane 4: Sedimented inclusion 

 

B) Coomassie blue-stained SDS-polyacrylamide gel (10%) shows protein profiles of 

lysate extracted from E. coli cells suspended in 100 mM KH2PO4 buffer. The 

bands of 130-kDa protoxins are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Total cell lysate 

Lane 3: Supernatant fraction 

Lane 4: Sedimented inclusion 
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                A)                                              B) 

 

 

 

 

 

 

 

 

 

Figure 4.3 Alkaline solubility and proteolytic stability of Cry4Aa inclusion 

 

A) Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of 

Cry4Aa inclusion in 50 mM Na2CO3 buffer (pH 9.0). The bands of 130-kDa 

protoxins are indicated. 
 

Lane 1: Molecular mass standards 

Lane 2: Total inclusion suspension 

Lane 3: Soluble fraction 

Lane 4: Insoluble pellet 

 
B) Coomassie blue-stained SDS-polyacrylamide gel (12%) shows tryptic processing 

of Cry4Aa protoxin. The bands of trypsin-treated toxin products (ca. 47- and ca. 

21-kDa) are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Trypsin-untreated Cry4Aa protoxin 

Lane 3: Trypsin-treated products of Cry4Aa protoxin 
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4.2 Precipitation of Cry4Aa inclusion from its soluble protoxin 
When soluble Cry4Aa protoxin in 50 mM Na2CO3 buffer (pH 9.0) was 

dialyzed against 100 mM KH2PO4 buffer (pH 5.0), it became precipitated as a white 

sedimentable inclusion. The resulting precipitated Cry4Aa inclusion can be 

resolubilized in 50 mM Na2CO3 buffer (pH 9.0) (Figure 4.4A) and was tryptically 

processed to two protease-resistant fragments of ca. 47 and ca. 21 kDa (Figure 4.4B). 

Moreover, when 10 μg of the precipitated Cry4Aa inclusion was tested for 

its larvicidal activity, it showed toxicity against A. aegypti larvae as good as  E. coli 

cells (108) expressing approximately 10 μg of the 130-kDa Cry4Aa toxin (Figure 4.5). 
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                  A)                                                      B) 

 

 

 

 

 

 

 

 

 

Figure 4.4 Alkaline solubility and proteolytic stability of precipitated Cry4Aa 

inclusion 

 

A) Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of 

precipitated Cry4Aa inclusion in 50 mM Na2CO3 buffer (pH 9.0). The bands of 

130-kDa protoxins are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Total inclusion suspension 

Lane 3: Soluble fraction 

Lane 4: Insoluble pellet 

 

B) Coomassie blue-stained SDS-polyacrylamide gel (12%) shows tryptic processing 

of precipitated Cry4Aa protoxin. The bands of trypsin-treated toxin products (ca. 

47- and ca. 21-kDa) are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Trypsin-treated products of precipitated Cry4Aa protoxin 
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Figure 4.5 Larvicidal activity of E. coli cells expressing Cry4Aa toxin and of 

precipitated Cry4Aa inclusion 

 

The figure shows larvicidal activity of E. coli (108 cells) expressing the Cry4Aa toxin 

(EcL) and of 10-μg precipitated Cry4Aa toxin inclusion (PI). Error bars represent 

standard errors of the mean (SEM) from three independent experiments.   

 

Inset is SDS-PAGE analysis of : 

 

Lane 1: Molecular mass standards (quantity of each protein band is 1 μg) 

Lane 2: Lysates extracted from E. coli (107 cells) expressing Cry4Aa toxin 

Lane 3: Inclusion suspension of precipitated Cry4Aa toxin (1 μg) 

 

 

 

 

%
 M

or
ta

lit
y 

100 

80 

60 

40 

20 

0 
EcL PI 

1 2 3 

130 



Fac. of Grad. Studies, Mahidol Univ.   Ph.D. (Mol. Genet. Genet. Eng.) / 39 

 

CHAPTER V 

RESULT II: MUTAGENESIS OF PROLINE RESIDUES WITHIN 

α4-α5 LOOP OF Cry4Aa TOXIN 

 

 
It was previously demonstrated that proline-rich sequence 

(Pro193Pro194_Pro196), found within the loop connecting helices 4 and 5 of Cry4Aa-

domain I, is crucial for mosquito-larvicidal activity of the toxin (16). In this study, 

site-directed mutagenesis was employed to further examine structural importance of 

the proline-rich sequence. 

 

 

5.1 Constructions of valine-substituted Cry4Aa mutant plasmids 
To examine whether hydrophobic feature per se of the proline-rich 

sequence is important for larvicidal activity of the Cry4Aa toxin, three valine-

substituted mutant plasmids (pP193V, pP194V and pP196V) were generated by PCR-

based directed mutagenesis. The pMEx-B4A plasmid (Figure 3.2) containing the gene 

sequence of the 130-kDa Cry4Aa protein was used as a template. Oligonucleotides 

containing mutated nucleotide residues and an introduced restriction enzyme 

recognition site for screening the mutant plasmids were used as mutagenic primers. 

After PCR amplification, the PCR products were digested with DpnI endonuclease and 

analyzed on agarose gel as shown in Figure 5.1. It was found that all PCR products 

showed a 7.4-kb major DNA band which corresponds to pMEx-B4A. 

The DpnI-treated PCR products were then transformed into E. coli JM109 

competent cells. The mutant plasmids from E. coli transformants with the required 

mutation were first screened by restriction endonuclease digestion. After being treated 

with an appropriate restriction endonuclease, the digested DNA fragments of the 

mutant plasmids could be distinguished from those of the wild-type plasmid as shown 

in Figures 5.2A-5.4A. Each mutant plasmid was further verified in the mutated region 

by DNA sequencing as shown in the sequencing chromatograms (Figures 5.2B-5.4B). 
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The results showed that all mutant plasmids contained nucleotide changes at the 

desired positions. 

 

 

5.2 Expression of valine-substituted Cry4Aa mutant toxins 
The plasmids encoding the 130-kDa Cry4Aa wild-type or mutant toxins 

were expressed in E. coli JM109 under inducible control of the tac promoter together 

with the cry4Ba promoter upon IPTG induction as described in section 3.2.9. Protein 

profiles of lysates extracted from the E. coli cells revealed that protein expression 

levels of all valine-substituted mutants (P193V, P194V and P196V) were comparable 

with that of the wild type (Figure 5.5). 

 

 

5.3 Solubilization and proteolytic processing of valine-substituted 

Cry4Aa mutant toxins 
The alkaline solubility of Cry4Aa mutant toxin inclusions in comparison 

with that of the wild-type inclusion was carried out as previously described in section 

3.2.13. To determine the percentage of toxin solubility, amounts of the 130-kDa 

soluble toxins in the supernatant were compared with those of the total toxin 

inclusions initially used. A nearly complete loss of solubility was observed for the 

P193V mutant while solubility of the remaining mutants (P194V and P196V) was 

comparable with that of the wild type (Figure 5.6). 

The soluble mutant protoxins were subsequently examined for their 

proteolytic stability by digestion with TPCK-treated trypsin and all were found to 

yield trypsin-resistant products of ca. 47 and ca. 21 kDa similar to the Cry4Aa wild-

type protoxin (Figure 5.7). 
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5.4 Mosquito-larvicidal activity of valine-substituted Cry4Aa mutant 

toxins 
To determine an effect of valine substitutions on toxicity, E. coli cells 

expressing each Cry4Aa mutant toxin were tested for their biological activity against 

A. aegypti larvae. As can be seen in Figure 5.8, P193V substitution reduced larvicidal 

activity of approximately 75% and two other valine-substituted mutations, P194V and 

P196V, resulted in a 25% loss in toxicity. 
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Figure 5.1 PCR amplification of Cry4Aa mutant plasmids: pP193V, pP194V 

and pP196V 

 

The figure shows 0.8% agarose gel electrophoresis (ethidium bromide-stained) of 

DpnI-treated PCR products of Cry4Aa mutant plasmids. The expected 7.4-kb DNA 

band in each lane is indicated with the bold label. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The pMEx-B4A plasmid 

Lane 3: The DpnI-treated PCR products of the pP193V plasmid  

Lane 4: The DpnI-treated PCR products of the pP194V plasmid  

Lane 5: The DpnI-treated PCR products of the pP196V plasmid 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Restriction digestion and DNA sequencing of pP193V 

 

A) 1.0% agarose gel electrophoresis (ethidium bromide-stained) of RsaI digestion 

patterns of the wild-type and mutant plasmids. The 0.4- and 0.3-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The RsaI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The RsaI-digested mutant plasmid, pP193V 

 

B) DNA sequencing chromatogram of pP193V, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Restriction digestion and DNA sequencing of pP194V 

 

A) 1.0% agarose gel electrophoresis (ethidium bromide-stained) of HpaII digestion 

patterns of the wild-type and mutant plasmids. The 2.0- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The HpaII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The HpaII-digested mutant plasmid, pP194V 

 

B) DNA sequencing chromatogram of pP194V, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Restriction digestion and DNA sequencing of pP196V 

 

A) 1.0% agarose gel electrophoresis (ethidium bromide-stained) of DdeI digestion 

patterns of the wild-type and mutant plasmids. The 0.7-kb mutant-specific DNA 

band is indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The DdeI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The DdeI-digested mutant plasmid, pP196V 

 

B) DNA sequencing chromatogram of pP196V, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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Figure 5.5 Expression of Cry4Aa and its valine-substituted mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows protein profiles of 

lysates extracted from IPTG-induced E. coli cells containing each different plasmid. 

The expected bands of 130-kDa protoxins are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Lysates extracted from E. coli cells containing the pMEx-8 plasmid 

Lane 3: Lysates extracted from E. coli cells containing the pMEx-B4A plasmid 

Lane 4: Lysates extracted from E. coli cells containing the pP193V plasmid 

Lane 5: Lysates extracted from E. coli cells containing the pP194V plasmid 

Lane 6: Lysates extracted from E. coli cells containing the pP196V plasmid 
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Figure 5.6 Alkaline solubility of Cry4Aa and its valine-substituted mutant 

inclusions 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of Cry4Aa 

and its valine-substituted mutant inclusions in 50 mM Na2CO3 buffer (pH 9.0). The 

bands of 130-kDa protoxins are indicated. 

 

Lane 1 :  Molecular mass standards 

Lanes 2-4 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of Cry4Aa, respectively 

Lanes 5-7 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P193V, respectively 

Lanes 8-10 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P194V, respectively 

Lanes 11-13 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P196V, respectively 
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Figure 5.7 Trypsin-digested products of Cry4Aa and its valine-substituted 

mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (12%) shows tryptic processing of 

Cry4Aa and its valine-substituted mutants. The expected bands of trypsin-treated 

products (ca. 47- and ca. 21-kDa) are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Trypsin-untreated Cry4Aa protoxin 

Lane 3: Trypsin-treated products of Cry4Aa 

Lane 4: Trypsin-untreated P194V mutant protoxin 

Lane 5: Trypsin-treated products of P194V 

Lane 6: Trypsin-untreated P196V mutant protoxin 

Lane 7: Trypsin-treated products of P196V 
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Toxin 
% Mortality 

pMEx-8 Cry4Aa P193V P194V P196V 

Mean 0.6 80.6 19.3 58.3 59.0 

SEM 0.3 6.9 6.8 4.9 5.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Larvicidal activity of Cry4Aa and its valine-substituted mutants 

 

The figure shows toxicity of E. coli cells (108) expressing the Cry4Aa wild-type or its 

mutant toxins (P193V, P194V and P196V) against A. aegypti larvae. The control 

sample was E. coli cells carrying pMEx-8 vector. Error bars represent SEM from three 

independent experiments.  Inserted table shows each value in details. 
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5.5 Constructions of glycine-substituted Cry4Aa mutant plasmids 
The previous results indicated that hydrophobicity per se is not enough for 

biological function of the critical proline-rich sequence (Pro193Pro194_Pro196). Apart 

from hydrophobic feature, proline residues possess the unique cyclic side chain which 

is known to lock the backbone dihedral angle, thus causing the peptide backbone to be 

highly rigid. To examine whether the α4-α5 loop rigidity provided by the three proline 

residues is important for the Cry4Aa toxicity, three glycine-substituted mutants 

(P193G, P194G and P196G) were therefore generated by PCR-based site-directed 

mutagenesis. 

The amplified products were digested with DpnI endonuclease and 

analyzed on agarose gel. As demonstrated in Figure 5.9, all the PCR products showed 

a 7.4-kb major DNA band which corresponds to pMEx-B4A. The mutant plasmids 

from E. coli transformants were identified by restriction endonuclease digestion 

(Figures 5.10A-5.12A). The mutated region in each mutant plasmid was further 

confirmed by DNA sequencing (Figures 5.10B-5.12B) which revealed that all mutant 

plasmids contained nucleotide changes at the desired positions. 

 

 

5.6 Expression of glycine-substituted Cry4Aa mutant toxins 
The Cry4Aa wild-type and its glycine-substituted mutant toxins were 

expressed in E. coli cells upon IPTG induction. Comparison of expression levels 

between the wild-type and mutant toxins revealed that expression levels of all glycine-

substituted mutants are similar to that of the wild type (Figure 5.13). 

 

 

5.7 Solubilization and proteolytic processing of glycine-substituted 

Cry4Aa mutant toxins 
When protoxin inclusions of the Cry4Aa wild type and its glycine-

substituted mutants were assessed for their solubility in carbonate buffer (pH 9.0), it 

was found that inclusion solubility of P194G and P196G mutants was comparable with 
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that of the wild type whereas ~50% reduction in solubility was observed for the 

P193G mutant (Figure 5.14). 

Proteolytic processing of the glycine-substituted mutants in comparison 

with that of the Cry4Aa wild type revealed that all mutant protoxins were typically 

cleaved into ca. 47- and ca. 21-kDa fragments (Figure 5.15). 

 

 

5.8 Mosquito-larvicidal activity of glycine-substituted Cry4Aa 

mutant toxins 
Mosquito-larvicidal activity assays were performed to determine an effect 

of the glycine substitutions on toxicity. When E. coli cells expressing each glycine-

substituted mutant were tested for their relative toxicity towards A. aegypti larvae, it 

was found that P194G and P196G mutants displayed an approximately 25% decrease 

in larvicidal activity and P193G mutant exhibited a 50% reduction in toxicity (Figure 

5.16). 
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          A)                                                         B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 PCR amplification of Cry4Aa mutant plasmids: pP193G, pP194G 

and pP196G 

 

The figure shows 0.8% agarose gel electrophoresis (ethidium bromide-stained) of 

DpnI-treated PCR products of Cry4Aa mutant plasmids. The expected 7.4-kb DNA 

band in each lane is indicated with the bold label. 

 

A) Lane 1: λ/HindIII DNA markers 

     Lane 2: The pMEx-B4A plasmid 

     Lane 3: The DpnI-treated PCR products of the pP193G plasmid  

 

B) Lane 1: λ/HindIII DNA markers 

     Lane 2: The pMEx-B4A plasmid 

     Lane 3: The DpnI-treated PCR products of the pP194G plasmid 

     Lane 4: The DpnI-treated PCR products of the pP196G plasmid  

 

 

 

kb 

23.1 

1 2 3 

6.5 
4.3 

9.4 
7.4 

kb 

23.1 

6.5 
4.3 

9.4 

1 2 3 4 

7.4 



Fac. of Grad. Studies, Mahidol Univ.   Ph.D. (Mol. Genet. Genet. Eng.) / 53 

 

       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Restriction digestion and DNA sequencing of pP193G 

 

A) 1.2% agarose gel electrophoresis (ethidium bromide-stained) of HaeIII digestion 

patterns of the wild-type and mutant plasmids. The 2.2- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The HaeIII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The HaeIII-digested mutant plasmid, pP193G 

 

B) DNA sequencing chromatogram of pP193G, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Restriction digestion and DNA sequencing of pP194G 

 

A) 1.2% agarose gel electrophoresis (ethidium bromide-stained) of HpaII digestion 

patterns of the wild-type and mutant plasmids. The 2.0- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The HpaII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The HpaII-digested mutant plasmid, pP194G 

 

B) DNA sequencing chromatogram of pP194G, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Restriction digestion and DNA sequencing of pP196G 

 

A) 1.2% agarose gel electrophoresis (ethidium bromide-stained) of Sau3AI digestion 

patterns of the wild-type and mutant plasmids. The 0.8-kb mutant-specific DNA 

band is indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The Sau3AI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The Sau3AI-digested mutant plasmid, pP196G 

 

B) DNA sequencing chromatogram of pP196G, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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Figure 5.13 Expression of Cry4Aa and its glycine-substituted mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows protein profiles of 

lysates extracted from IPTG-induced E. coli cells containing each different plasmid. 

The expected bands of 130-kDa protoxins are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Lysates extracted from E. coli cells containing the pMEx-8 plasmid 

Lane 3: Lysates extracted from E. coli cells containing the pMEx-B4A plasmid 

Lane 4: Lysates extracted from E. coli cells containing the pP193G plasmid 

Lane 5: Lysates extracted from E. coli cells containing the pP194G plasmid 

Lane 6: Lysates extracted from E. coli cells containing the pP196G plasmid 
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Figure 5.14 Alkaline solubility of Cry4Aa and its glycine-substituted mutant 

inclusions 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of Cry4Aa 

and its glycine-substituted mutant inclusions in 50 mM Na2CO3 buffer (pH 9.0). The 

bands of 130-kDa protoxins are indicated. 

 

Lane 1 : Molecular mass standards 

Lanes 2-4 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of Cry4Aa, respectively 

Lanes 5-7 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P193G, respectively 

Lanes 8-10 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P194G, respectively 

Lanes 11-13 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P196G, respectively 
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Figure 5.15 Trypsin-digested products of Cry4Aa and its glycine-substituted 

mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (12%) shows tryptic processing of 

Cry4Aa and its glycine-substituted mutants. The expected bands of trypsin-treated 

products (ca. 47- and ca. 21-kDa) are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Trypsin-untreated Cry4Aa protoxin 

Lane 3: Trypsin-treated products of Cry4Aa 

Lane 4: Trypsin-untreated P193G mutant protoxin 

Lane 5: Trypsin-treated products of P193G 

Lane 6: Trypsin-untreated P194G mutant protoxin 

Lane 7: Trypsin-treated products of P194G 

Lane 8: Trypsin-untreated P196G mutant protoxin 

Lane 9: Trypsin-treated products of P196G 
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Toxin 
% Mortality 

pMEx-8 Cry4Aa P193G P194G P196G 

Mean 0.6 80.6 33.6 56.0 62.6 

SEM 0.3 6.9 5.6 8.0 2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 Larvicidal activity of Cry4Aa and its glycine-substituted mutants 

 

The figure shows toxicity of E. coli cells (108) expressing the Cry4Aa wild-type or its 

mutant toxins (P193G, P194G and P196G) against A. aegypti larvae. The control 

sample was E. coli cells carrying pMEx-8 vector. Error bars represent SEM from three 

independent experiments.  Inserted table shows each value in details. 
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5.9 Constructions of Cry4Aa mutant plasmids substituted at the 

position 193 
It can be noticed that mutations at Pro193 (P193V and P193G) gave more 

adverse effects on larvicidal activity than those at Pro194 and Pro196 (P194V, P194G, 

P196V and P196G). According to Cry4Aa crystal structure (6), Pro193 is located in the 

way that its pyrrolidine ring is closely parallel to benzene ring of Tyr133 (Figure 5.17), 

thus suggesting an interaction between these two amino-acid residues. Such possible 

interaction may be involved in maintaining a functional structure of the Cry4Aa toxin. 

To test this notion, additional mutagenesis at position 193 (P193F, P193W and 

P193Y) was performed to see whether aromatic ring can compensate pyrrolidine ring 

of Pro193 for possible interaction with Tyr133. 

After PCR amplification, the amplified products were treated with DpnI 

endonuclease and analyzed on agarose gel. It was found that all PCR products showed 

a 7.4-kb major DNA band (Figure 5.18) that corresponds to pMEx-B4A. The mutant 

plasmids from E. coli transformants were first identified by restriction endonuclease 

digestion (Figures 5.19A-5.21A) and then verified by DNA sequencing. The results 

revealed that there was the required mutation at the desired position (Figures 5.19B-

5.21B). 

 

 

5.10 Expression of Cry4Aa mutant toxins substituted at the position 

193 
The plasmids encoding the 130-kDa Cry4Aa wild-type or mutant toxins 

were expressed in E. coli JM109 as inclusion bodies upon IPTG induction and the 

crude cell lysates were subjected to SDS-PAGE. As can be seen in Figure 5.22, the 

protein expression levels of all mutants (P193F, P193W and P193Y) are similar to that 

of the wild type. 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.   Ph.D. (Mol. Genet. Genet. Eng.) / 61 

5.11 Solubilization of Cry4Aa mutant toxins substituted at the 

position 193 
When inclusions of all mutant toxins (P193F, P193W and P193Y) were 

solubilized in carbonate buffer (pH 9.0), it was found that, unlike the wild type which 

was highly soluble, all the mutants exhibited a drastic reduction in inclusion solubility 

(Figure 5.23). 

 

 

5.12 Mosquito-larvicidal activity of Cry4Aa mutant toxins substituted 

at the position 193 
When E. coli cells expressing each mutant toxin (P193F, P193W and 

P193Y) were tested for their relative toxicity towards A. aegypti larvae, a nearly 

complete loss in larvicidal activity was observed for all the mutant toxins (Figure 

5.24). 
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Figure 5.17 Close-up views of part of Cry4Aa structure, illustrating orientation 

of Pro193 and Tyr133 

 

The figure shows side-chain orientation of Pro193 and Tyr133. The distance between 

Pro193-pyrrolidine ring and Tyr133-benzene ring is indicated. 
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Figure 5.18 PCR amplification of Cry4Aa mutant plasmids: pP193F, pP193W 

and pP193Y 

 

The figure shows 0.8% agarose gel electrophoresis (ethidium bromide-stained) of 

DpnI-treated PCR products of Cry4Aa mutant plasmids. The expected 7.4-kb DNA 

band in each lane is indicated with the bold label. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The DpnI-treated PCR products of the pP193F plasmid  

Lane 3: The DpnI-treated PCR products of the pP193W plasmid  

Lane 4: The DpnI-treated PCR products of the pP193Y plasmid  
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Restriction digestion and DNA sequencing of pP193F 

 

A) 0.8% agarose gel electrophoresis (ethidium bromide-stained) of PvuII digestion 

patterns of the wild-type and mutant plasmids. The 5.5- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The PvuII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The PvuII-digested mutant plasmid, pP193F 

 

B) DNA sequencing chromatogram of pP193F, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 Restriction digestion and DNA sequencing of pP193W 

 

A) 0.8% agarose gel electrophoresis (ethidium bromide-stained) of PvuII digestion 

patterns of the wild-type and mutant plasmids. The 5.5- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The PvuII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The PvuII-digested mutant plasmid, pP193W 

 

B) DNA sequencing chromatogram of pP193W, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 Restriction digestion and DNA sequencing of pP193Y 

 

A) 0.8% agarose gel electrophoresis (ethidium bromide-stained) of PvuII digestion 

patterns of the wild-type and mutant plasmids. The 5.5- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The PvuII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The PvuII-digested mutant plasmid, pP193Y 

 

B) DNA sequencing chromatogram of pP193Y, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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Figure 5.22 Expression of Cry4Aa and its mutants substituted at the position 193 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows protein profiles of 

lysates extracted from IPTG-induced E. coli cells containing each different plasmid. 

The expected bands of 130-kDa protoxins are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Lysates extracted from E. coli cells containing the pMEx-8 plasmid 

Lane 3: Lysates extracted from E. coli cells containing the pMEx-B4A plasmid 

Lane 4: Lysates extracted from E. coli cells containing the pP193F plasmid 

Lane 5: Lysates extracted from E. coli cells containing the pP193W plasmid 

Lane 6: Lysates extracted from E. coli cells containing the pP193Y plasmid 
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Figure 5.23 Alkaline solubility of Cry4Aa and its mutant inclusions substituted 

at the position 193 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of Cry4Aa 

and its mutant inclusions substituted at the position 193 in 50 mM Na2CO3 buffer (pH 

9.0). The bands of 130-kDa protoxins are indicated. 

 

Lanes 1 and 8 : Molecular mass standard 

Lanes 2-4 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of Cry4Aa, respectively 

Lanes 5-7 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P193F, respectively 

Lanes 9-11 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P193W, respectively 

Lanes 12-14 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of P193Y, respectively 
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Toxin 
% Mortality 

pMEx-8 Cry4Aa P193F P193W P193Y 

Mean 2.0 81.3 4.0 9.6 3.0 

SEM 1.4 6.1 3.3 8.0 3.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 Larvicidal activity of Cry4Aa and its mutants substituted at the 

position 193 

 

The figure shows toxicity of E. coli cells (108) expressing the Cry4Aa wild-type or its 

mutant toxins (P193F, P193W and P193Y) against A. aegypti larvae. The control 

sample was E. coli cells carrying pMEx-8 vector. Error bars represent SEM from three 

independent experiments.  Inserted table shows each value in details. 
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CHAPTER VI 

RESULT III: PROLINE-SCANNING MUTAGENESIS IN α4-α5 

LOOP OF Cry4Aa TOXIN 

 

 
As shown in Chapter V, proline residues (Pro193, Pro194 and Pro196) within 

the α4-α5 loop of Cry4Aa are essential for biological function and structural 

conformation of the toxin. In this chapter, proline-scanning mutagenesis in the Cry4Aa 

α4-α5 loop was performed to determine whether importance of the loop proline 

residues is position-dependent. 

 

 

6.1 Constructions of proline-substituted Cry4Aa mutant plasmids 
Seven mutant plasmids (pS191P, pC192P, pN195P, pS197P, pD198P, 

pC199P and pD200P) were generated by PCR-based mutagenesis using pMEx-B4A 

plasmid as a template. The PCR products showed the expected size of 7.4 kb after 

being digested with DpnI as shown in Figure 6.1. The mutant plasmids from E. coli 

transformants were first identified by restriction endonuclease digestion (Figures 

6.2A-6.8A), and then verified by DNA sequencing (Figures 6.2B-6.8B). 

 

 

6.2 Expression of proline-substituted Cry4Aa mutant toxins 
The proline-substituted mutant toxins (S191P, C192P, N195P, S197P, 

D198P, C199P and D200P) were expressed in E. coli cells upon IPTG induction. 

When E. coli lysates were analyzed by SDS-PAGE, it was found that protein 

expression levels of all mutants are similar to that of the wild type (Figure 6.9). 
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6.3 Solubilization and proteolytic processing of proline-substituted 

Cry4Aa mutant toxins 
Solubility analysis of the proline-substituted mutants revealed that toxin 

inclusions of N195P and S197P mutants were soluble in carbonate buffer (pH 9.0), 

giving almost 100% solubility which is comparable with solubility of the wild-type 

inclusion under the same condition. In contrast, a reduction or a complete loss of 

inclusion solubility was observed for the five other mutants (S191P, C192P, D198P, 

C199P and D200P) (Figures 6.10-6.11). 

After soluble protoxins (130-kDa) of the N195P and S197P were treated 

with trypsin and analyzed on SDS-polyacrylamide gel in comparison with that of the 

wild type, it was found that all were digested into two major trypsin-resistant 

fragments of ca. 47 and ca. 21 kDa (Figure 6.12). 

 

 

6.4 Mosquito-larvicidal activity of proline-substituted Cry4Aa 

mutant toxins 
E. coli cells expressing each proline-substituted mutant were tested for 

their toxicity against A. aegypti larvae. As can be seen in Figure 6.13, all proline 

substitutions, except S197P, adversely affected larvicidal activity. 

 

 

 

 

 

 

 

 

 

 

 

 



Chompounoot Imtong   Result III / 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 PCR amplification of Cry4Aa mutant plasmids: pS191P, pC192P, 

pN195P, pS197P, pD198P, pC199P and pD200P 

 

The figure shows 0.8% agarose gel electrophoresis (ethidium bromide-stained) of 

DpnI-treated PCR products of Cry4Aa mutant plasmids. The expected 7.4-kb DNA 

band in each lane is indicated with the bold label. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The DpnI-treated PCR products of the pS191P plasmid  

Lane 3: The DpnI-treated PCR products of the pC192P plasmid  

Lane 4: The DpnI-treated PCR products of the pN195P plasmid  

Lane 5: The DpnI-treated PCR products of the pS197P plasmid  

Lane 6: The DpnI-treated PCR products of the pD198P plasmid  

Lane 7: The DpnI-treated PCR products of the pC199P plasmid  

Lane 8: The DpnI-treated PCR products of the pD200P plasmid  
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Restriction digestion and DNA sequencing of pS191P 

 

A) 0.8% agarose gel electrophoresis (ethidium bromide-stained) of HincII digestion 

patterns of the wild-type and mutant plasmids. The 1.2-kb mutant-specific DNA 

band is indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The HincII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The HincII-digested mutant plasmid, pS191P 

 

B) DNA sequencing chromatogram of pS191P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Restriction digestion and DNA sequencing of pC192P 

 

A) 1.0% agarose gel electrophoresis (ethidium bromide-stained) of HincII digestion 

patterns of the wild-type and mutant plasmids. The 1.2-kb mutant-specific DNA 

band is indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The HincII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The HincII-digested mutant plasmid, pC192P 

 

B) DNA sequencing chromatogram of pC192P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Restriction digestion and DNA sequencing of pN195P 

 

A) 0.8% agarose gel electrophoresis (ethidium bromide-stained) of AvaI digestion 

patterns of the wild-type and mutant plasmids. The 6.2- and 0.4-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The AvaI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The AvaI-digested mutant plasmid, pN195P 

 

B) DNA sequencing chromatogram of pN195P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Restriction digestion and DNA sequencing of pS197P 

 

A) 1.0% agarose gel electrophoresis (ethidium bromide-stained) of HpaII digestion 

patterns of the wild-type and mutant plasmids. The 2.0- and 1.0-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The HpaII-digested wild-type plasmid, pMEx-B4A 

Lane 3: The HpaII-digested mutant plasmid, pS197P 

 

B) DNA sequencing chromatogram of pS197P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Restriction digestion and DNA sequencing of pD198P 

 

A) 1.0% agarose gel electrophoresis (ethidium bromide-stained) of AvaI digestion 

patterns of the wild-type and mutant plasmids. The 6.2- and 0.4-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The AvaI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The AvaI-digested mutant plasmid, pD198P 

 

B) DNA sequencing chromatogram of pD198P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Restriction digestion and DNA sequencing of pC199P 

 

A) 0.8% agarose gel electrophoresis (ethidium bromide-stained) of DpnI digestion 

patterns of the wild-type and mutant plasmids. The 0.8-kb mutant-specific DNA 

band is indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The DpnI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The DpnI-digested mutant plasmid, pC199P 

 

B) DNA sequencing chromatogram of pC199P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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       A)                                           B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 Restriction digestion and DNA sequencing of pD200P 

 

A) 1.5% agarose gel electrophoresis (ethidium bromide-stained) of RsaI digestion 

patterns of the wild-type and mutant plasmids. The 0.4- and 0.3-kb mutant-

specific DNA bands are indicated. 

 

Lane 1: λ/HindIII DNA markers 

Lane 2: The RsaI-digested wild-type plasmid, pMEx-B4A 

Lane 3: The RsaI-digested mutant plasmid, pD200P 

 

B) DNA sequencing chromatogram of pD200P, using V147A-f as a sequencing 

primer. Part of the sense strand sequence is shown. Underlined letters indicate the 

mutated nucleotides. The bold letter represents the substituted amino acid residue. 
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Figure 6.9 Expression of Cry4Aa and its proline-substituted mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows protein profiles of 

lysates extracted from IPTG-induced E. coli cells containing each different plasmid. 

The expected bands of 130-kDa protoxins are indicated. 

 

Lane 1 : Molecular mass standards 

Lane 2 : Lysates extracted from E. coli cells containing the pMEx-8 plasmid 

Lane 3 : Lysates extracted from E. coli cells containing the pMEx-B4A plasmid 

Lane 4 : Lysates extracted from E. coli cells containing the pS191P plasmid 

Lane 5 : Lysates extracted from E. coli cells containing the pC192P plasmid 

Lane 6 : Lysates extracted from E. coli cells containing the pN195P plasmid 

Lane 7 : Lysates extracted from E. coli cells containing the pS197P plasmid 

Lane 8 : Lysates extracted from E. coli cells containing the pD198P plasmid 

Lane 9 : Lysates extracted from E. coli cells containing the pC199P plasmid 

Lane 10 : Lysates extracted from E. coli cells containing the pD200P plasmid 
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Figure 6.10 Alkaline solubility of Cry4Aa and its proline-substituted mutant 

inclusions 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of Cry4Aa 

and its proline-substituted mutant inclusions in 50 mM Na2CO3 buffer (pH 9.0). The 

bands of 130-kDa protoxins are indicated. 

 

Lane 1 : Molecular mass standards 

Lanes 2-4 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of Cry4Aa, respectively 

Lanes 5-7 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of S191P, respectively 

Lanes 8-10 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of C192P, respectively 

Lanes 11-13 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of N195P, respectively 
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Figure 6.11 Alkaline solubility of proline-substituted Cry4Aa mutant inclusions 

 

Coomassie blue-stained SDS-polyacrylamide gel (10%) shows solubility of proline-

substituted Cry4Aa mutant inclusions in 50 mM Na2CO3 buffer (pH 9.0). The bands of 

130-kDa protoxins are indicated. 

 

Lane 1 : Molecular mass standards 

Lanes 2-4 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of S197P, respectively 

Lanes 5-7 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of D198P, respectively 

Lanes 8-10 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of C199P, respectively 

Lanes 11-13 : Total inclusion suspension, soluble fraction and insoluble 

  pellet of D200P, respectively 
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Figure 6.12 Trypsin-digested products of Cry4Aa and its proline-substituted 

mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (12%) shows tryptic processing of 

Cry4Aa and its proline-substituted mutants. The expected bands of trypsin-treated 

products (ca. 47- and ca. 21-kDa) are indicated. 

 

Lane 1: Molecular mass standards 

Lane 2: Trypsin-untreated Cry4Aa protoxin 

Lane 3: Trypsin-treated products of Cry4Aa 

Lane 4: Trypsin-untreated N195P mutant protoxin 

Lane 5: Trypsin-treated products of N195P 

Lane 6: Trypsin-untreated S197P mutant protoxin 

Lane 7: Trypsin-treated products of S197P 
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Toxin 
% Mortality 

pMEx-8 Cry4Aa S191P C192P N195P S197P D198P C199P D200P 

Mean 0.3 77.0 4.6 5.3 36.3 74.3 3.3 10.3 9.3 

SEM 0.3 3.6 2.3 0.3 6.9 3.8 1.8 3.2 2.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13 Larvicidal activity of Cry4Aa and its proline-substituted mutants 

 

The figure shows toxicity of E. coli cells (108) expressing the Cry4Aa wild-type or its 

mutant toxins (S191P, C192P, N195P, S197P, D198P, C199P and D200P) against A. 

aegypti larvae. The control sample was E. coli cells carrying pMEx-8 vector. Error 

bars represent SEM from three independent experiments.  Inserted table shows each 

value in details. 
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CHAPTER VII 

RESULT IV: CHARACTERIZATION OF Cry4Aa AND ITS 

MUTANT TOXINS 

 

 
As shown in Chapter V, Cry4Aa mutant toxins with a substitution at 

individual proline residues (Pro193, Pro194 and Pro196) in the Cry4Aa α4-α5 loop 

exhibited a reduction in larvicidal activity, thus indicating the importance of these loop 

proline residues for toxin function. In this chapter, other structural and functional 

properties of such mutants were further examined in comparison with those of the 

Cry4Aa wild type. 

 

 

7.1 Purification of Cry4Aa and its glycine-substituted mutant toxins 
After solubilization and trypsin digestion in 50 mM Na2CO3 (pH 9.0), the 

65-kDa activated Cry4Aa wild-type and mutant toxins (P193G, P194G and P196G) 

were subjected to size-exclusion FPLC (Superose 12 GL 10/300 column), which was 

equilibrated with carbonated buffer (pH 9.0). It was found that purified activated 

toxins (65-kDa) were eluted as a peak at the volume of 12 ml (indicated by arrow in 

Figures 7.1A-7.4A). These peak fractions were then analyzed on SDS-polyacrylamide 

gel (Figures 7.1B-7.4B) and used for further characterization. 

 

 

7.2 Structural determination of Cry4Aa and its glycine-substituted 

mutant toxins 
Intrinsic fluorescence of 65-kDa purified Cry4Aa wild-type and mutant 

toxins (P193G, P194G and P196G) was measured by using a spectrofluorometer. As 

can be seen in Figure 7.5, fluorescence spectra of all mutants were similar to that of 

the wild type, suggesting that their overall tertiary structures are the same. 
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7.3 Disulfide bond determination of Cry4Aa and its glycine-

substituted mutant toxins 
The existence of Cys192-Cys199 bond in 21-kDa fragment (corresponding to 

the first five helices of Cry4Aa-domain I) of activated Cry4Aa mutant toxins (P193G, 

P194G and P196G) was determined, in comparison with that of the wild-type toxin, by 

assaying the mobility of the 21-kDa α1-α5 fragment under reducing and non-reducing 

conditions on SDS-polyacrylamide gel. This assay is based on the fact that the 

electrophoretic mobility of the α1-α5 fragment is faster in the presence of the disulfide 

bond. Figure 7.6 shows that the 21-kDa fragments of all mutant toxins, as well as that 

of the wild-type toxin, ran differently in the absence and presence of DTT, indicating 

the existence of the Cys192-Cys199 bond in the α1-α5 fragment of all mutant toxins. 

 

 

7.4 Membrane-perturbing activity of Cry4Aa and its glycine-

substituted mutant toxins 
Release activity of the 65-kDa purified Cry4Aa against calcein-entrapped 

hybrid liposomes was evaluated at various protein concentrations (1.5, 3.0, 12.5, 25.0, 

50.0 and 75.0 μg/ml) and the concentration-versus-release activity profile was 

generated. It was found that the leakage of entrapped calcein increased logarithmically 

with toxin concentration (Figure 7.7).  

When Cry4Aa mutant toxins (P193G, P194G and P196G) were tested for 

their membrane-perturbing activity in comparison with the wild-type toxin, a 

similarity in calcein-release activity was observed between the wild type and all these 

three mutants (Figure 7.8). 

 

 

7.5 Structural analysis of Cry4Aa and its mutant toxins substituted 

at the position 193  
Structural analysis of the three critical proline residues (Pro193, Pro194 and 

Pro196) within the Cry4Aa α4-α5 loop revealed that side chain of Pro193 points inwards 

into the toxin molecule while those of Pro194 and Pro196 point outwards (Figure 7.9). 



Fac. of Grad. Studies, Mahidol Univ.   Ph.D. (Mol. Genet. Genet. Eng.) / 87 

Further structural analysis showed that mutations at the position 193 led to an 

alteration in the interactions between the substituents and their neighboring residues, 

i.e., P193G mutation introduced a cavity between the Gly193 and its surroundings, 

whereas P193V, P193F, P193Y and P193W mutations caused a side-chain overlap 

effect (Figure 7.10). 

Structural analysis via MD simulations revealed that substitutions at the 

position 193 (P193G and P193V) resulted in a structural rearrangement around this 

position. Different from the wild type-Pro193 which is surrounded by hydrophobic 

environment including benzene ring of Tyr133, the substituents (Gly193 and Val193) 

were found to be surface-exposed as the Tyr133 moved to form H-bond with Asp198 

(Figure 7.11). 

 

 

7.6 RMSF value determination of Cry4Aa-domain I 
The last 4 ns of MD trajectories from 10-ns simulations of the Cry4Aa 

wild type was used for calculation of Cα-RMSF value. It was found that RMSF values 

are high at each loop region (Figure 7.12A), indicating a large flexibility of the loop 

structure compared with helical structure. Among Cry4Aa’s domain-I loop, the α4-α5 

loop, which is not the shortest loop and possesses unique structural features (Figure 

7.12B), showed the lowest RMSF value, signifying that this loop is substantially 

stable. 
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        A)                                                                        B) 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Chromatogram and SDS-PAGE analysis of purified Cry4Aa toxin 

 

A) FPLC chromatogram from size-exclusion chromatography of purified Cry4Aa 

toxin. The peak corresponding to the purified 65-kDa Cry4Aa toxin is indicated. 

 

B) Coomassie blue-stained SDS-polyacrylamide gel (12%) of the purified fraction of 

the Cry4Aa toxin. 

 

Lane 1 : Molecular mass standards 

Lane 2 : The purified fraction of the 65-kDa Cry4Aa toxin (comprising 

  two non-covalently associated fragments of ca. 47 and ca. 21 

  kDa) 
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        A)                                                                        B) 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 Chromatogram and SDS-PAGE analysis of purified P193G mutant 

 

A) FPLC chromatogram from size-exclusion chromatography of purified P193G 

mutant toxin. The peak corresponding to the purified 65-kDa P193G mutant toxin 

is indicated. 

 

B) Coomassie blue-stained SDS-polyacrylamide gel (12%) of the purified fraction of 

the P193G mutant toxin. 

 

Lane 1 : Molecular mass standards 

Lane 2 : The purified fraction of the 65-kDa P193G mutant toxin  

  (comprising two non-covalently associated fragments of ca. 47 

  and ca. 21 kDa) 
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        A)                                                                        B) 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 Chromatogram and SDS-PAGE analysis of purified P194G mutant 

 

A) FPLC chromatogram from size-exclusion chromatography of purified P194G 

mutant toxin. The peak corresponding to the purified 65-kDa P194G mutant toxin 

is indicated. 

 

B) Coomassie blue-stained SDS-polyacrylamide gel (12%) of the purified fraction of 

the P194G mutant toxin. 

 

Lane 1 : Molecular mass standards 

Lane 2 : The purified fraction of the 65-kDa P194G mutant toxin  

  (comprising two non-covalently associated fragments of ca. 47 

  and ca. 21 kDa) 
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Figure 7.4 Chromatogram and SDS-PAGE analysis of purified P196G mutant 

 

A) FPLC chromatogram from size-exclusion chromatography of purified P196G 

mutant toxin. The peak corresponding to the purified 65-kDa P196G mutant toxin 

is indicated. 

 

B) Coomassie blue-stained SDS-polyacrylamide gel (12%) of the purified fraction of 

the P196G mutant toxin. 

 

Lane 1 : Molecular mass standards 

Lane 2 : The purified fraction of the 65-kDa P196G mutant toxin  

  (comprising two non-covalently associated fragments of ca. 47 

  and ca. 21 kDa) 
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Figure 7.5 Intrinsic fluorescence spectra of Cry4Aa and its glycine-substituted 

mutants 

 

The figure shows fluorescence spectrum of the 65-kDa FPLC-purified Cry4Aa toxin 

(●) in comparison with those of the mutant toxins, P193G (○), P194G (▼) and P196G 

(Δ). 
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Figure 7.6 Band-shift of Cry4Aa and its glycine-substituted mutants 

 

Coomassie blue-stained SDS-polyacrylamide gel (12%) shows mobility shift of the 

21-kDa α1-α5 fragment of the trypsin-activated Cry4Aa and its mutant toxins. 

 

Lanes 1 and 6 : Molecular mass standards 

Lanes 2 and 3 : Trypsin-activated Cry4Aa toxin untreated and treated 

 with DTT, respectively 

Lanes 4 and 5 : Trypsin-activated P193G mutant untreated and treated 

 with DTT, respectively 

Lanes 7 and 8 : Trypsin-activated P194G mutant untreated and treated 

 with DTT, respectively 

Lanes 9 and 10 : Trypsin-activated P196G mutant untreated and treated 

 with DTT, respectively 
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Toxin 
% Calcein release 

Cry4Aa 
(1.5 μg/ml) 

Cry4Aa 
(3.0 μg/ml) 

Cry4Aa 
(12.5 μg/ml) 

Cry4Aa 
(25.0 μg/ml) 

Cry4Aa 
(50.0 μg/ml) 

Cry4Aa 
(75.0 μg/ml) 

Mean 13.4 19.9 27.4 34.1 35.7 37.9 

SD 4.9 5.6 1.9 11.8 5.3 1.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 Relative calcein release activity of Cry4Aa 

 

The figure shows the relative calcein release activity of the 65-kDa purified Cry4Aa 

toxin at different concentrations. Error bars represent standard deviation (SD) from 

three experiments.  Inserted table shows each value in details. 
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Toxin 
% Calcein release 

Na2CO3 Cry4Aa P193G P194G P196G 

Mean 0.1 20.0 24.0 18.1 19.8 

SD 0.1 2.6 2.2 3.1 2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8 Relative calcein release activity of Cry4Aa and its glycine-substituted 

mutants 

 

The figure shows the relative calcein release activity of the 65-kDa purified Cry4Aa 

and its mutant toxins (P193G, P194G and P196G) at the concentration of 3.0 μg/ml. 

The control sample was 50 mM carbonate buffer (pH 9.0). Error bars represent SD 

from three experiments.  Inserted table shows each value in details. 
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Figure 7.9 Close-up view of part of Cry4Aa structure, illustrating side-chain 

direction of proline residues within the α4-α5 loop 

 

The figure shows direction of side chain of individual proline residues (Pro193, Pro194 

and Pro196) with in the α4-α5 loop of Cry4Aa (indicated as red arrows). The helical 

domain I is represented as schematic ribbon. Domains II and III are depicted as 

surface model. 
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Figure 7.10 Close-up views of part of Cry4Aa structure, illustrating interactions 

between residues at position 193 and their neighboring residues 

within 5 Å 

 

The figure shows interactions between residues at the critical position 193 (shown as 

green space-filling model) and their neighboring residues within 5 Å (bluewhite space-

filling model). The cavity introduced inside the interaction is encircled. The red arrows 

indicate the side-chain overlap. 
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Figure 7.11 Snapshots from MD simulations of Cry4Aa and its mutants, 

illustrating structural arrangement around position 193 

 

A), B) and C) Snapshots with different representations (left and right panels) from MD 

simulations of Cry4Aa wild type, P193G mutant and P193V mutant, respectively. Left 

panels show H-bond formed between Tyr133 and Asp198 specially found in mutant 

molecules (indicated as dash line). Right panels show amino acids at position 193 

(green-colored) and their surrounding residues within 5 Å (bluewhite-colored). Green 

arrows indicate surface-exposed substituents (Gly193 and Val193). 
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Figure 7.12 RMSF value of Cry4Aa-domain I from MD simulations 

 

A) Cα-RMSF value of Cry4Aa-domain I obtained from MD simulations. α-helices are 

depicted above their corresponding RMSF profiles as rectangles. The highest 

RMSF values of each loop connecting two adjacent helices are indicated. 

 

B) Sequences and corresponding conformations of Cry4Aa’s domain-I loops. The 

three critical proline residues (Pro193, Pro194 and Pro196) and Cys192-Cys199 bond 

within α4-α5 loop are illustrated as ball-and-stick model. A short helical structure 

specially found within the α4-α5 loop is represented as red backbone trace. 
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CHAPTER VIII 

DISCUSSION 

 

 

8.1 Effects of pH on formation of Cry4Aa protoxin inclusion 
Similar to the native B. thuringiensis Cry4Aa toxin, its recombinant toxin 

was produced in E. coli as cytoplasmic crystalline inclusion (Figure 4.1). However, 

when distilled water was used as host cell-suspending solution in the process of 

Cry4Aa isolation (see details in section 3.2.11.1), a loss of the Cry4Aa inclusion was 

observed as the expressed Cry4Aa toxin was totally found in the soluble fraction of the 

cell lysate (Figure 4.2A). The measured pH value of distilled water used in the 

process was 5.5. As generally known, freshly distilled water is highly pure and thus 

will quickly dissolve CO2 from the atmosphere to form a very dilute solution of 

carbonic acid with pH below 7.0 (usually pH 5.0-6.5, depending on the amount of CO2 

being dissolved). Without buffering capacity, E. coli host cells pre-suspended in 

distilled water showed an 1 pH-unit increase from pH 5.5 of cell suspension to pH 6.5 

of cell lysate. Although it was shown that isolated Cry4Aa inclusion was solubilized in 

alkaline solution (16), it cannot be excluded that the Cry4Aa inclusion would be 

dissolved at pH 6.5 of the cell lysate in which several factors could possibly promote 

solubilization of the inclusion. 

When a buffer solution with slightly acidic pH, i.e., 100 mM KH2PO4 (pH 

5.0), was used instead of distilled water (see details in section 3.2.11.2), the expressed 

Cry4Aa inclusion was perfectly maintained (Figure 4.2B) as pH of the cell lysate was 

found to be 5.5. Clearly, the earlier observed loss of Cry4Aa inclusion was due to its 

solubility at the higher pH (6.5) of the cell lysate. When the obtained Cry4Aa 

inclusion was determined for alkaline solubility and proteolytic stability which are 

general characteristics of the Cry toxins, it was found to be solubilized in 50 mM 

Na2CO3 buffer (pH 9.0) (Figure 4.3A) and cleaved by trypsin to yield ca. 47- and 21-

kDa products (Figure 4.3B), thus indicating correct folding of the toxin. 
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Since it was shown here that a mildly acidic condition is sufficient to 

retain the inclusion form of Cry4Aa in E. coli cell lysate, it was further investigated 

whether the Cry4Aa inclusion could be derived from soluble form of the toxin by pH 

adjustment. Interestingly, the soluble Cry4Aa toxin in 50 mM Na2CO3 buffer (pH 9.0) 

was found to precipitate when it was dialyzed against 100 mM KH2PO4 buffer (pH 

5.0). The resulting precipitated Cry4Aa inclusion exhibited typical biochemical 

characteristics and was typically toxic against A. aegypti mosquito larvae. The current 

evidence that crystalline inclusion formation of the Cry4Aa toxin is reversible 

depending on environmental pH suggested a participation of salt bridges in formation 

of the toxin inclusion, agreeing with the previous study which suggested that salt 

bridges are involved in stabilizing the crystal form of the Cry3Aa toxin (19). 

 

 

8.2 Hydrophobic feature of proline-rich sequence located in Cry4Aa 

α4-α5 loop 
The proline-rich sequence (Pro193Pro194_Pro196), found  with in  the α4-α5 

loop of Cry4Aa, was previously shown to be required for larvicidal activity of the 

toxin (16). As was widely shown that several protein-interaction domains, e.g., Src 

homology 3 (SH3) domains which are found in a great variety of proteins of signaling 

pathways, bind to their proline-rich ligands via hydrophobic forces (85-88), 

hydrophobicity is considered as an essential feature of general proline-rich sequences. 

To investigate whether hydrophobic feature per se of the Cry4Aa proline-rich 

sequence is important for the toxin function, the three proline residues (Pro193, Pro194 

and Pro196) with in  the Cry4Aa α4-α5 loop were replaced separately with valine, a 

hydrophobic residue with molecular mass similar to proline.  

When the resulting valine-substituted mutants were tested for their toxicity 

against A. aegypti larvae, all were found to display a significant decrease in larvicidal 

activity (Figure 5.8), indicating that hydrophobic character of valine cannot 

compensate individual proline residue’s character. Although the two aliphatic 

hydrophobic amino acids, proline and valine, are very similar in size, their structural 

features are rather different, i.e., proline has a rigid planar structure while valine is an 
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alkyl chain. Thus, the results suggested an importance of the specific structure rather 

than hydrophobicity per se of individual critical proline residues for toxin function. 

It should be noted that among single-valine substitutions of the three 

critical proline residues (Pro193, Pro194 and Pro196), only P193V could disturb structural 

characteristic of the toxin as it showed an adverse effect on solubility of the toxin 

inclusion (Figure 5.6). 

 

 

8.3 Structural importance of proline-rich sequence for Cry4Aa 

activity 
As was generally known, an aliphatic side chain of proline exceptionally 

forms a covalent bond with it Nα atom, causing the peptide backbone N-terminally 

adjacent to the proline to be conformationally restrained. Accordingly, the three 

proline residues (Pro193, Pro194 and Pro196) found within the Cry4Aa α4-α5 loop would 

make the loop to be highly rigid. Opposite to proline residue, glycine which has only 

single H atom as its side chain would allow the backbone to bend with a wide range of 

angles, thus providing high flexibility to the backbone. To determine whether loop 

rigidity provided by the proline-rich sequence is important for biological activity of 

the Cry4Aa toxin, the three proline residues were therefore substituted individually 

with glycine. 

Bioassays of the resulting glycine-substituted mutants revealed that P194G 

and P196G mutations reduced toxicity against A. aegypti larvae of approximately 20-

30% and P193G mutation caused a 50% loss of larvicidal activity (Figure 5.16). 

Compared with previously constructed P193A mutant which displayed a 30% 

reduction in toxicity (16), glycine substitutions which introduce more flexibility to the 

Cry4Aa α4-α5 loop had higher adverse effect on larvicidal activity. There is a related 

study showing that Pro345 located near the turn between transmembrane helices 8 and 

9 is important for membrane insertion of the diphtheria toxin as it may determine the 

conformation of the α8-α9 hairpin (89). In addition, another study suggested that 

connecting-loop rigidity which is likely determined by two loop proline residues 

(Pro43 and Pro47) contributes to stability of the hairpin structure formed by two helices 

of the ATP synthase subunit c (90). According to a proposed mechanism of Cry toxin 
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action that the toxins insert into the membrane as a helical hairpin formed by helices 4 

and 5 (7), the well-formed hairpin structure of these two helices is therefore required. 

Taken together, structural rigidity of the proline-rich sequence (Pro193Pro194_Pro196), a 

determinant of the α4-α5 loop stability, plays a crucial role in larvicidal activity of the 

Cry4Aa toxin, conceivably by supporting the α4-α5 hairpin structure which is required 

for membrane insertion and pore formation. It is worth noting that structural analysis 

of the Cry4Aa trimeric structure, which was previously shown to be stable in solution 

via 10-ns MD simulations (66), revealed a close proximity among proline-rich 

sequences (Pro193Pro194_Pro196) of individual protomers (Figure 8.1), thus suggesting 

a cooperation of these proline-rich clusters for promoting membrane insertion of the 

trimeric pre-pore formed by individual α4-α5 hairpins. 

Attempts were therefore made to examine an effect of loop flexibility 

introduced by glycine substitutions (P193G, P194G and P196G) on activity of the 

Cry4Aa toxin to permeabilize calcein-entrapped liposomes. The release of the 

encapsulated calcein by tested toxins was quantified as the relative increase in 

fluorescence de-quenching intensity. As can be seen that, similar to the wild-type 

toxin, all three glycine-substituted mutants were found to exhibit a high value of 

calcein release activity (Figure 7.8). It should be noted that an estimated concentration 

of the total released calcein upon addition of Triton X-100 (causing 100% calcein 

leakage) was ~0.15 μM that is much lower than a critical concentration for self-

quenching (~20 μM) (91-92). This indicated that the similarity in release activity 

observed between the wild type and the three mutants is least likely to be resulted 

from self-quenching of the released calcein. Compared to the result from bioassays 

that the three glycine-substituted mutants displayed a reduction in mosquito-larvicidal 

activity, the high membrane-perturbing activity of these mutants observed from 

calcein release assay could be due to a lower integrity of the artificial biomembrane 

(liposomes) than that of the larval gut membrane. 

It is interesting to note that, similar to valine-substituted mutations, glycine 

substitution of only Pro193 (P193G) interfered with solubility of the toxin inclusion 

(Figure 5.14). A possible explanation for this remarkable mutational effect is 

mentioned in section 8.4. 
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8.4 Additional importance of Pro193 for structural arrangement of 

Cry4Aa toxin molecule 
Noticed that among amino-acid substitutions of the three proline residues 

(Pro193, Pro194 and Pro196) within the Cry4Aa α4-α5 loop, those of Pro193 (P193V and 

P193G) had the most adverse effect on larvicidal activity of the toxin (Figures 5.8 and 

5.16). Structural analysis of the Cry4Aa toxin indicated that the Pro193 is located in the 

way that its pyrrolidine ring is closely parallel to benzene ring of Tyr133, suggesting an 

interaction between these two amino-acid residues. Such conceivable interaction was 

speculated to sustain a functional conformation of the Cry4Aa toxin. However, 

replacements of the Pro193 with aromatic amino acids wh ich may form a π-π 

interaction with Tyr133 resulted in a drastic loss of toxin activity (Figure 5.24), 

indicating that aromatic ring cannot compensate the Pro193-pyrrolidine ring. Moreover, 

it was found that all these substitutions adversely affect toxin solubility (Figure 5.23), 

thus implying their interference with structural characteristic of the toxin. 

It was also speculated that substitutions of Pro193 which is located next to 

Cys192 may interfere with Cys192-Cys199 bond formation, thus additionally affecting 

α4-α5 loop stability and hence toxicity. To test this notion, the soluble form of P193G 

mutant was selected for examining the existence of the disulfide bond in comparison 

with the wild type and two other mutants (P194G and P196G). Like that of the wild 

type, the 21-kDa fragment (corresponding to the first five helices of Cry4Aa-domain I) 

of P193G, as well as those of P194G and P196G, ran differently in the absence and 

presence of DTT (Figure 7.6), indicating the existence of the Cys192-Cys199 bond 

within all the toxin molecules. This result revealed that P193G mutation had no effect 

on formation of the Cys192-Cys199 bond although it showed a large influence on toxin 

activity. Further structural characterization using intrinsic fluorescence revealed that 

the P193G mutant’s soluble form also retained the same overall tertiary structure as 

the wild type and the two other mutants (P194G and P196G) since all of them showed 

the identical fluorescence spectral profiles (Figure 7.5). 

Consistent with mortality result, data from alkaline solubilization showed 

that single-substitutions of Pro193 (P193V, P193G, P193F, P193W and P193Y) caused 

a severe defect in solubility of the toxin inclusion while those of Pro194 and Pro196 

retained the high level of solubility. Since a deficiency in alkaline solubility implies an 
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insoluble aggregated form of the toxin resulted from protein misfolding, the great 

influence of Pro193 on inclusion solubility suggested an added role of the Pro193 in 

structural arrangement of the toxin molecule, apart from providing a structural rigidity. 

Interestingly, additional structural analysis of the Cry4Aa toxin revealed 

that side chain of the Pro193 points inwards into the toxin molecule whereas those of 

Pro194 and Pro196 point outwards (Figure 7.9), suggesting the high possibility that 

mutations of Pro193 would affect structural arrangement and hence function of the 

toxin. Further structural analysis via MD simulations showed that amino-acid 

replacements at the position 193 caused a great change in structural arrangement 

around this position. Whereas Pro193 of the wild-type toxin was surrounded by 

hydrophobic environment including benzene ring of Tyr133, the substituents (Gly193 

and Val193) were found to be surface-exposed as the Tyr133 remarkably moved to form 

H-bond with side chain of Asp198 (Figure 7.11). Moreover, dissimilarity in 

conformational dynamics of Tyr133 was observed between P193G and P193V mutants, 

i.e., while P193V-Tyr133 permanently shifted from Val193 to form H-bond with Asp198, 

P193G-Tyr133 was found to fluctuate between Gly193 and Asp198 (data not shown). As 

mentioned earlier that P193G substitution caused ~50% decrease in solubility of the 

toxin inclusion whereas P193V mutation resulted in a nearly complete loss of 

inclusion solubility (Figures 5.14 and 5.6, respectively), equal chances of the P193G-

Tyr133 to occur at the two positions might be an explanation for the two forms (alkali-

soluble and insoluble-aggregated inclusions) of the P193G protoxin inclusion. 

Altogether, the well-packing of Pro193 and its hydrophobic surroundings is likely a 

requirement for proper arrangement of the Cry4Aa toxin structure, thus leading the 

Pro193 to be the most critical residue among proline residues within the α4-α5 loop. 

 

 

8.5 Structure-stability relationships of the long Cry4Aa α4-α5 loop 
The α4-α5 loop of the Cry4Aa toxin is extraordinarily long (16 residues) 

when compared with those of other known Cry toxins (5-9 residues) (Figure 1.1B). 

Structural rigidity of the proline-rich region (Pro193Pro194_Pro196) which is currently 

shown to be required for the Cry4Aa toxicity may serve as a determinant for 

stabilizing such long loop. This notion became more possible as two other structural 
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features of the loop were also found, i.e., a disulfide bond (Cys192-Cys199) and a short 

helical structure (Pro196 to Ile204) (Figure 1.1A), and the disulfide bond was previously 

shown to be essential for larvicidal activity of the Cry4Aa toxin (16). 

Although conformational rigidity provided by the three proline residues 

(Pro193, Pro194 and Pro196) was shown to be essential for the toxin function, further 

analysis via proline-scanning mutagenesis of the loop residues (Ser191 to Asp200) 

revealed that almost all proline-substituted mutants exhibited a reduction in larvicidal 

activity (Figure 6.13). Moreover, it was found that all the proline-substituted 

mutations, except for N195P and S197P, adversely affected solubility of the toxin 

inclusion (Figures 6.10-6.11). These results suggested that proline residues are only 

acceptable at particular positions in the Cry4Aa α4-α5 loop since existence of proline 

at wrong positions may disturb another structural features (the Cys192-Cys199 bond and 

the α-helical structure) of the loop, thus causing a further consequence on both loop 

stability and overall toxin structure as can be observed through a reduction in toxicity 

and alkaline solubility, respectively.  

MD simulations of the Cry4Aa wild-type structure revealed that the α4-α5 

loop has an RMSF value of 1.24 Å which is lower than those of the remaining loops 

within the pore-forming domain (Figure 7.12A). This data is consistent with that 

reported from previous simulations of the Cry4Aa trimer that the α4-α5 loop showed 

the lowest RMSF value among the domain-I loops (66). As RMSF values indicate the 

intensity of fluctuation for each amino-acid residue, such RMSF data implied a 

su b stantial rigidity of the α4-α5  loop  over the o ther loop s with a similar or even a 

shorter length (α3-α4 loop: 12 residues; α5-α6 loop: 18 residues; α6-α7 loop: 12 

residues) (Figure 7.12B). Note that the α5-α6 loop which is only 2-residue longer than 

the α4-α5 loop showed a greater RMSF value of 4.08 Å, indicating that this loop is 

incredibly unstable. Moreover, the coordinates of part of this α5-α6 loop (Arg235 to 

Pro244) were missing from the original X-ray crystal structure of the Cry4Aa toxin 

(PDB ID: 2C9K), thus supporting a great flexibility of this extra long loop. Compared 

with such flexible α5-α6 loop, the supreme stability of the Cry4Aa α4-α5 loop is likely 

related to its unique structural features, i.e., the proline-rich sequence, the disulfide 

bond and the short α-helical structure. 
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Figure 8.1 Two different views of Cry4Aa trimeric structure, illustrating 

position of loop proline clusters within the molecule 

 

A) Bottom view of Cry4Aa trimer. Proline-rich cluster (Pro193Pro194_Pro196) within 

α4-α5 loop of individual protomers (PI, PII and PIII) is depicted as vdW (van der 

Waals) spheres. The putative pre-pore formed by the three protomers is indicated 

with dash-line triangle. 

 

B) Side view of Cry4Aa trimer. The proline-rich clusters are shown as vdW spheres. 

α4-α5 hairpins of individual protomers are depicted as opaque ribbons. 
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CHAPTER IX 

CONCLUSIONS 

 

 
1. It was shown that crystalline inclusion of the Cry4Aa toxin can be 

obtained effectively from host-cell lysate or soluble form of the toxin by pH 

adjustment. pH dependence of the Cry4Aa crystalline inclusion formation suggested 

an involvement of salt bridges in the toxin crystal formation. 

2. Valine substitutions of individual proline residues (Pro193, Pro194 and 

Pro196) were performed to investigate whether hydrophobicity per se of the proline-

rich structure (Pro193Pro194_Pro196) found within the Cry4Aa α4-α5 loop is important 

for the toxin function. Bioassays revealed that all proline-to-valine substitutions 

caused a significant decrease in toxicity against A. aegypti larvae, suggesting that 

specific structure, not hydrophobic feature per se, of the three proline residues is 

crucial for the toxin bioactivity. 

3. Glycine substitutions of the three proline residues were further 

performed to investigate whether structural rigidity of the Cry4Aa α4-α5 loop 

comprising the proline-rich structure (Pro193Pro194_Pro196) is essential for larvicidal 

activity of the toxin. It was found that all proline-to-glycine mutants, especially 

P193G, displayed a reduction in toxicity, indicating the importance of loop rigidity 

provided by the three proline residues for the toxin function. 

4. Among amino-acid replacements of proline residues within the Cry4Aa 

α4-α5 loop, those of Pro193 had the most adverse effect on both larvicidal activity and 

inclusion solubility of the toxin. It was revealed that only the most critical proline 

residue–Pro193, whose side chain points inwards into the toxin molecule, is located 

inside a well-packed core made up of several hydrophobic residues. It was shown that 

mutations of this Pro193 could disrupt this hydrophobic packing and thus prevent the 

correct folding of the toxin molecule. Thereby, Pro193 could possibly play another role 

in structural arrangement of the Cry4Aa toxin molecule, apart from providing the α4-

α5 loop rigidity. 
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5. Unique structural features of the long Cry4Aa α4-α5 loop, i.e., a 

proline-rich sequence (Pro193Pro194_Pro196), a Cys192-Cys199 bond and a short α-helical 

structure (Pro196 to Ile204), are likely to be determinants for the loop stability which is 

required for toxin activity. 

Additional experiments are still required to verify definitively the 

functional role of the proline-rich sequence, particularly in the steps of membrane 

insertion and pore formation. 
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