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Abstract 25 

Cyt2Aa2 is a cytolytic toxin produced from Bacillus thuringiensis subsp. 26 

darmstadiensis. It is specifically toxic against Dipteran larvae in vivo, and also active 27 

to several cell types such as erythrocytes. The active toxin is proposed to bind to cell 28 

membrane, leading to the formation of membrane pore by toxin oligomerization and 29 

eventually cell lysis. This study aimed to characterize the role of expected lipid 30 

binding residues (I139, S159, L160, S161, A162, D209 and V215) of Cyt2Aa2. 31 

Mutants were constructed by site-directed mutagenesis and expressed in E. coli. These 32 

mutants were expressed as inclusion bodies and solubilized in 50 mM carbonate buffer 33 

pH 10.5. All mutants, except I139A and V215A could retain as activated toxins after 34 

proteinase K cleavage. Three mutants, S159A, L160A and S161A showed high 35 

hemolytic activity but low toxicity against A. aegypti. Membrane interaction assays 36 

showed that these mutants bound and oligomerized on rat red blood cells (RBC). Two 37 

mutants, A162V and D209N, could not completely break RBC even at high 38 

concentration and showed no hemolytic activity. The mutant A162V showed no 39 

toxicity against A. aegypti, but D209N showed low toxicity against A. aegypti. Our 40 

data suggested that alanine-162 of Cyt2Aa2 toxin was involved in membrane binding 41 

and oligomerization. Substitution of this amino acid altered the biological activity. 42 

Selectivity of the toxin to certain target cells might be improved by amino acid 43 

replacement in this residue. 44 

Keywords: Cyt2Aa2, Bacillus thuringiensis, membrane binding residue, Aedes 45 

aegypti, site-directed mutagenesis 46 

 47 

Introduction 48 
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Bacillus thuringiensis (Bt) is a gram-positive spore-forming bacterium that can 49 

produce δ-endotoxins during sporulation (Schnepf et al., 1998). The life cycle of Bt is 50 

characterized by two phases which include vegetative cell division and spore 51 

development, otherwise referred to as the sporulation cycle (Bulla et al., 1980). These 52 

toxins are first produced as an inactive protoxin, and then proteolytically processed 53 

into an active molecule. The active toxin is proposed to bind to cell membrane, 54 

oligomerization of toxin leading to pore-formation at the membrane and eventually 55 

cell lysis (Knowles et al., 1987; Li et al., 1996). Cyt2Aa2 is a cytolytic toxin from 56 

Bacillus thuringiensis subsp. darmstadiensis (Btd). It is produced as a 29-kDa protoxin 57 

and then proteolytic processed to a 25-kDa activated form in alkali condition. It is 58 

specifically toxic against dipteran larvae (Culex sp, Stegomyia sp.) in vivo, and also 59 

active to several cell types such as erythrocytes and fibroblasts (Promdonkoy et al., 60 

2003). Cyt2Aa2 protoxin consists of 259 amino acids that show identical sequence to 61 

Cyt2Aa1 from B. thuringiensis subsp. Kyushuensis. These two toxins should adopt a 62 

similar α/β structure containing 6 α-helices and 7 β-sheets (Koni et al., 1993; 63 

Promdonkoy et al., 2004). The β-sheets are located in the interior, wrapped by helices, 64 

αA, αB, αC and αD. It was found that the lengths of these helices are not enough to 65 

span the membrane and create the pore, whereas the lengths of β-sheets are more 66 

suitable (Li et al., 1996). Li et al. (2001) proposed that β5, β6 and β7 are long enough 67 

to span the membrane. These regions should be able to insert into the membrane. The 68 

β5, β6 and β7 from several molecules may oligomerize and form “β-barrel” pore 69 

similar to that of  α-hemolysin (Song et al., 1996) The possible roles of the helices may 70 

be involved with binding onto the cell membrane, facilitate the insertion of β-sheets 71 

and also the oligomerization of toxin molecules to generate pore (Promdonkoy et al., 72 
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2005; 2000). Cyt toxin is structurally related to a few toxins, volvatoxin A2 (VVA) 73 

(Lin et al., 2004) and Evf toxin from Erwinia carotovora. For Evf toxin, it was found 74 

that C209 was involved with pamitate binding site via thioester linkage. This 75 

interaction enhanced the strength of toxin binding to the membrane (Quevillon-76 

Cheruel et al., 2009). Mapping between Cyt and Evf toxins revealed that the lipid 77 

binding cavity of Cyt toxin might locate on alpha C (M110), alpha D (I139), loop 78 

between alpha-D and beta-4 at the residues, T142, T144, N145, L146 and beta-7 79 

(V215). Also, the electrostatic surface was identified in Cyt and was proposed that 80 

these residues, V150, N159, L160, D209 and T221, were involved with lipid binding 81 

pocket (Rigden et al., 2009). The hypothesis of this study is the amino acids in αD, 82 

loop between β4 and β5, loop between β6 and β7 and β7 of Cyt2Aa2 toxin are 83 

involved in membrane binding as well as oligomerization. This study attempts to 84 

elucidate the role of expected membrane binding residues. The results from this study 85 

reveal more information of membrane binding of Cyt toxin which leads to more 86 

understanding of its mechanism.  87 

Materials and methods 88 

1. Bacterial strain, plasmids, and oligonucleotides 89 

The Escherichia coli JM109 were used throughout the experiment. The recombinant 90 

plasmid pGEM-Cyt2Aa2 (Promdonkoy et al., 2003) containing the full-length cytAa2 91 

gene in the pGEM-T easy vector (Promega) was used. E. coli harboring cyt2Aa2 wild 92 

type cell was provided from B. Promdonkoy (National Center for Genetic Engineering 93 

and Biotechnology, Thailand). Oligonucleotide primers for site directed mutagenesis 94 

were designed based on cyt2Aa2 gene (GenBank Accession No. AF472606). DNA 95 

sequences of forward and reverse primers for Cyt2Aa2-mutants are shown in Table 1. 96 
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Primers were designed based on cyt2Aa2 gene (GenBank Accession No. AF472606). 97 

Mutated nucleotides were underlined. This table showed only the forward primers. 98 

DNA sequences of the reverse primers are complementary to their forward primers 99 

2. Site-directed mutagenesis  100 

The mutants, I139A (αD), S159A, L160A, S161A, A162V (loop between β4 and β5), 101 

D209 (loop between β6 and β7) and V215A (β7) were constructed by site-directed 102 

mutagenesis based on Stratagene’s Quik Change Site-Directed Mutagenesis. The 103 

recombinant plasmid pGEM-cyt2Aa2 was used as a template for PCR with primers 104 

described in Table 1. The PCR products were transformed into E. coli JM109. The 105 

recombinant plasmids were extracted and verified by automated DNA sequencing. 106 

3. Protein preparation 107 

E. coli cells containing pGEM-Cyt2Aa2 wild type (Promdonkoy et al., 2003) and its 108 

mutants were grown at 37◦C for 16–18 h in LB broth containing 100 μg/ml ampicillin. 109 

One mM IPTG (isopropyl-b-D-thiogalactopyranoside) was then added to induce 110 

protein expression. Cyt2Aa2 toxin inclusion bodies were solubilized in 50 mM 111 

bicarbonate buffer (Na2CO3/NaHCO3) pH 10.5 at the ratio 1:1 inclusion to the buffer, 112 

incubated at 37oC for 1 hour. The supernatant was collected by centrifugation at 113 

12,000 rpm for 10 minutes. The protoxin of Cyt2Aa2 and mutants were digested by 114 

proteinase K at the ratio 100:1 toxin to proteinase K, incubated at 37oC for 1 hour. The 115 

activity of proteinase K was inhibited by 4 mM phenylmethanesul- fonylfluoride 116 

(PMSF). The solubility of protoxins and the activated toxins were analyzed on 12% 117 

SDS-PAGE. Protein concentration was determined by Bradford’s method using bovine 118 

serum albumin (BSA) as a standard. 119 

4. Mosquito-larvicidal assay 120 
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The third instar A. aegypti larvae were fed with two-fold serial dilutions of toxin 121 

inclusions from 0.12 to 250 µg/ml diluted in distilled water. One ml of the serial 122 

diluted inclusion was added to a 24-well plate (1.5 cm well diameter) containing 10 123 

larvae in 1 ml of distilled water. The mortality was recorded after 24 hours of 124 

incubation at room temperature and LC50 value (concentration of toxin that caused 125 

50% mortality) was determined by Probit analysis (Finney, 1971).  126 

5. Hemolysis assay 127 

A suspension of 2% RBC was prepared in PBS buffer. Hemolytic assay was 128 

performed by adding the two-fold serial dilutions of the activated Cyt2Aa2 wild type 129 

or its mutants in PBS pH 7.4 in a 96-well microtiter plate. One hundred µl of the serial 130 

diluted toxin (0.024-50 µg/ml) was mixed with 100 µl of 2% RBC. The hemolytic 131 

endpoint was monitored after 24 hours of incubation at room temperature. 132 

6. Hemoglobin release assay 133 

Hemoglobin release assay was performed using the method previously described 134 

(Promdonkoy and Ellar, 2003). One hundred µl of 2% rat RBCs in PBS pH 7.4 were 135 

incubated with various concentrations of 100 µl activated toxins (0.5–12 µg/ml) for 2 136 

hours at room temperature. Unbroken cells and cell debris were removed by 137 

centrifugation at 12,000g for 30 seconds. Hemoglobin in supernatant was determined 138 

by measuring absorbance at 540 nm using ELISA plate reader. Supernatant from 2% 139 

rat RBCs mixed with 0.1% Triton X-100 was used as a 100% hemolysis control and a 140 

supernatant from 2% rat RBCs in PBS buffer were used as a negative control. 141 

7. Binding of Cyt2Aa2 toxin on rat RBC membrane 142 

The 5 µg/ml of activated toxin was mixed with 2% rat RBC in PBS pH 7.4 in total 143 

volume 0.4 ml and incubated for 2 hours at room temperature in micro-centrifuge tube. 144 
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The mixture was centrifuged at 12,000g for 30 minutes to separate pellet as the 145 

membrane-bound complexes from unbound toxin in supernatant. The mixture was 146 

mixed with 2X Laemmli sample buffer without reducing agent before subjected to 147 

SDS-PAGE without heating. Proteins separated on SDS-PAGE were visualized by 148 

Coomassie blue stain and detected by western blotting using anti-Cyt2Aa2. The assays 149 

were repeated three times. 150 

Results 151 

All of plasmids were successfully amplified by PCR with designed primers. DNA 152 

sequencing was performed to confirm mutant DNA sequences. All mutants were 153 

successfully constructed and verified by DNA sequencing  154 

The expression of all Cyt2Aa2 wild type and mutant proteins were induced by 1 mM 155 

IPTG. Analysis of the whole cell lysate on SDS-PAGE (data not shown) revealed that 156 

all mutants expressed at high level similar to that of wild type toxin except I139A 157 

mutant showed low level of protein expression. All mutant proteins were expressed as 158 

inclusion bodies in E. coli similar to that of the wild type except I139A mutant that 159 

showed low protein expression level (Fig. 1). 160 

The solubility of toxins in 50 mM carbonate buffer (Na2CO3/NaHCO3) pH 10.5 and 161 

the toxins activation by proteinase K (1%, w/w) at 37oC for 1 h were analyzed on 12% 162 

SDS-PAGE (Fig. 1). Solubility test revealed that 5 mutants (S159A, L160A, S161A, 163 

A162V and D209N) could solubilize in the carbonate buffer (lane S in Fig. 1) but 164 

V215A mutant were unable to solubilize. The soluble proteins (protoxin) were 165 

detected by western blotting using anti-Cyt2Aa2 (Fig. 2). The mutants, S159A, 166 

L160A, S161A, gave the result of protoxin similar to that of wild type. The result 167 

showed one major band at 27 kDa which was the protoxin in monomer form and one 168 
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minor band at 55 kDa which was the dimer form of the protoxin (Fig. 2A). The 169 

mutants, A162V and D209N, only showed one major band at 27 kDa. The mutants, 170 

S159A, L160A, S161A, A162V and D209N, were successfully activated by proteinase 171 

K. All of them were processed and yielded similar product to that of wild type (Fig. 172 

2B).  173 

The protease activated form of mutant toxins exhibited comparable hemolytic activity 174 

to wild type. Replacement at I139A and V215A positions of Cyt2Aa2 yielded the 175 

toxin inclusions that are less soluble or insoluble in carbonate buffer. Hemolytic 176 

activity of these mutants could not be accessed because no activated toxin was 177 

available. These mutants also exhibited no larvicidal activity (Table 2).  178 

Mutant inclusions that were solubilized in carbonate buffer showed different toxicity 179 

of hemolytic and larvicidal activity (Table 2). Mutant S159A, L160A and S161A 180 

showed high hemolytic activity consistent with hemoglobin release assay that could 181 

completely break RBC. However these mutants showed low toxicity against                182 

A. aegypti. The binding assay with rat RBC of S159A, L160A and S161A mutants 183 

showed similar oligomerization pattern to that of wild type (Fig 3). For A162V and 184 

D209N mutants, they could not form oligomerization on the rat RBC. Also, the 185 

hemoglobin release assay demonstrated that A162V and D209N could not break RBC 186 

even at high concentration (Fig 4). These mutants were unable to lyse red blood cells 187 

and showed no hemolytic activity.  188 

Discussion 189 

Cyt2Aa2 is specifically toxic against dipteran larvae in vivo, and also active to several 190 

cell types such as erythrocytes (Promdonkoy et al., 2003). Cyt2Aa2 show identical to 191 

Cyt2Aa1 from B. thuringiensis subsp. kyushuensis, both toxins should adopt a similar 192 
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α/β structure containing 6 α-helices and 7 β-sheets (Koni et al., 1993; Promdonkoy et 193 

al., 2004). It has been proposed that β5, β6 and β7 are long enough to span the 194 

membrane and these regions should be able to insert into the membrane (Promdonkoy 195 

and Ellar, 2000). The possible roles of amino acids in αA-αD may involve with 196 

binding onto the cell membrane, the oligomerization of toxin molecules to generate 197 

pore and αD-β4 loop and β6-β7 loop could facilitate conformational changes during 198 

membrane insertion of β-sheets (Promdonkoy et al., 2005; 2000). Cyt toxin is 199 

structurally related to a few toxins, volvatoxin A2 (VVA) (Lin et al., 2004) and Evf 200 

toxin. Mapping between Cyt and Evf toxins revealed that the lipid binding cavity of 201 

Cyt toxin might locate on αD (I139), loop between αD and β4, and β7 (V215). Also, 202 

the electrostatic surface was identified in Cyt and was proposed that these residues, 203 

V150, N159, L160 and D209 were involved with lipid binding pocket (Rigden et al., 204 

2009). This study attempts to elucidate the role of expected membrane binding 205 

residues. To investigate this possibility, selected amino acids were substituted (I139A 206 

in alpha-D, S159A, L160A, S161A and A162V on loop between β4 and β5, and 207 

D209N and V215A on β7). Substitution I139 by alanine in alpha-D may affect protein 208 

folding and inclusion formation. This residue is located in the hydrophobic face of 209 

helix alpha-D pointing inside the molecule. Replacement this position with smaller and 210 

less hydrophobic side-chain may destabilize the van der Waal contact which is 211 

required to hold the right conformation. Substitution V215 by alanine on beta-7 may 212 

affect protein folding and inclusion formation. Replacement this position with smaller 213 

and less hydrophobic side-chain may destabilize the van der Waal contact which is 214 

required to hold the right conformation lead to misfolding and alteration of the three 215 

dimensional structure. The misfolded protein may not be solubilized in normal buffer. 216 
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This result demonstrated that V215 is critical residues playing important role to 217 

maintain structural folding of the toxin. Results indicated that the replacement at these 218 

positions (S159A, L160A, S161A) did not affect the folding of the toxin that the 219 

conformation of these mutants might not different from that of wild type. Substitution 220 

at the residues A162V and D209N showed a minor effect to the conformation of this 221 

toxin because these two mutants could not retain the dimer form of the protoxin. 222 

Mosquito-larvicidal activity of insecticidal crystal proteins is normally tested by 223 

feeding the larvae with the toxin inclusions (Schnepf et al., 1998). It was found that 224 

Cyt2Aa2 inclusion is highly toxic to A. aegypti larvae (Promdonkoy et al., 2003). The 225 

mutants, S159A, L160A and S161A still retained the toxicity against A. aegypti and 226 

red blood cells. These residues are not important for oligomerization step as indicated 227 

from the binding result. The mutant A162V showed no toxicity against A. aegypti, but 228 

D209N showed low toxicity against A. aegypti. The mutants, A162V and D209N, 229 

could not completely break the rat red blood cell and could not form oligomerization. 230 

For unrelated toxicity results of D209N, it is possible that the different toxicity to cells 231 

from various sources might be caused by differences in membrane composition (Chow 232 

et al., 1989). The binding and oligomerization mechanism on the red blood cell and 233 

mosquito larval cell membranes may not be the same because of the differences of 234 

membrane compositions. It could be possible that other membrane components such as 235 

glycoproteins and lipoproteins contribute in some ways to the binding of the toxin 236 

(Suktham et al., 2013). Major components found in cell membrane are 237 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin and 238 

cholesterols, cell membranes contain many other lipids, albeit in lower amounts 239 

(Valcarcel et al., 2001). Analysis of phospholipid compositions in A. aegypti cells 240 
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found PE and PC as major components in membrane fractions (Butters and Hughes, 241 

1981; Jones et al., 1992), whereas PE and sphingomyelin are major phospholipids 242 

found in rat red blood cell membranes (Virtanen et al., 1998). A study of lipid 243 

polymorphism of erythrocytes found that the erythrocyte membrane contains many 244 

different species of lipids more than 100 types. The different lipid compositions could 245 

provide appropriate fluidity characteristics as well as presenting the varying lipid 246 

physical properties (Cullis and Kruijff, 1979; Cullis et al., 1986). The replacement 247 

D209 by asparagine on beta-7 could retain larvicidal activity of the toxin. One of 248 

oxygen atoms at the side chain of D209 could form hydrogen bonds with the nitrogen 249 

atom of main chain of T206 and the oxygen atom of the side chain of T206. Mutation 250 

at this residue by asparagine disrupted the hydrogen bonds leading conformational 251 

change. Lower toxicity in the mosquito larvae, no toxicity and no oligomer on rat red 252 

blood cell were observed in this mutant. Replacement A162 by valine on loop between 253 

beta-4 and beta-5 could not retain membrane binding, oligomerization and activity of 254 

the toxin, both hemolytic and mosquitocidal activity. A substitution of this alanine 255 

with bigger and more hydrophobic side chain may interrupt their hydrogen bonding 256 

between the loop and the beta sheet leading to the conformational change. This 257 

alteration also affected an ability to bind and oligomerize on rat red blood cells. In 258 

Cyt1Aa, the region helix α-C was important for toxin oligomerization, membrane 259 

insertion and toxicity (López-Diaz et al., 2013).  260 

Results presented here clearly demonstrated that alanine-162, located on loop between 261 

β4 and β5, of Cyt2Aa2 toxin is also one of the important residues for membrane 262 

binding as well as oligomerization. Substitution of this amino acid alters the biological 263 
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activity. Selectivity of the toxin to certain target cells might be improved by amino 264 

acid replacement in this residue. 265 
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