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แบคทีเรีย  Bacillus  sphaericus   สร้างโปรตีน  binary  toxin  ที่ประกอบด้วยโปรตีน  BinA  และ BinB  ที่มี
ขนาด  42 และ 51 กิโลดาลตันตามล้าดับ  โปรตีนทั งสองนี ต้องท้างานร่วมกันในการออกฤทธิ์ฆ่าลูกน ้ายุง โดย BinB ท้า
หน้าที่จับกับตัวรับจ้าเพาะบนเยื่อหุ้มเซลล์  และ BinA  ท้าหน้าที่ท้าลายเซลล์   อย่างไรก็ตามกลไกการท้างานของโปรตีน  
binary  toxin  ในระดับโมเลกุลยังไม่เป็นที่เข้าใจลึกซึ ง เนื่องจากยังขาดข้อมูลเชิงโครงสร้างของโปรตีน ในช่วงที่ยังไม่มี
ข้อมูลโครงสร้างของโปรตีน เราได้ท้าการศึกษากลไกการท้างานของโปรตีน BinB โดยเฉพาะอย่างยิ่งทางด้านปลายอะมิโน 
โดยท้าการเปล่ียนแปลงล้าดับกรดอะมิโนในช่วง 35-37 และ 41-43 ผลการทดสอบการฆ่าลูกน ้ายุงร้าคาญ การจับกับตัวรับ
จ้าเพาะ และการท้าลายเยื่อหุ้มเซลล์จ้าลองพบว่า  กรดอะมิโนต้าแหน่ง P35, F41 และ Y42 มีความส้าคัญต่อกลไกการฆ่า
ลูกน ้ายุง โดยเฉพาะอย่างยิ่งในขั นตอนการจับกับตัวรับจ้าเพาะ และการท้าลายเยื่อหุ้มเซลล์ นอกจากนี เราได้ศึกษาการ
ท้างานของโปรตีน BinA โดยเฉพาะในกลไกการเกิดปฏิสัมพันธ์ระหว่างกรดอะมิโนชนิดอะโรมาติกกับเยื่อหุ้มเซลล์ โดยการแทนที่
กรดอะมิโนชนิดอะโรมาติกในต้าแหน่ง Y213, Y214, Y215, W222 และ W226 ด้วยกรดอะมิโนลิวซีน ผลการทดลองพบว่า 
โปรตีนกลายพันธุ์ดังกล่าวมีความสามารถในการรบกวนเยื่อหุ้มเซลล์จ้าลองได้เช่นเดียวกับโปรตีนต้นแบบ และผลการศึกษาการ
แทรกตัวเข้าสู่ชั นไขมันที่สร้างเป็นแผ่นฟิล์มชั นเดียว (monolayer) โดยอาศัยวิธี Langmuir–Blodgett trough พบว่าโปรตีนกลาย
พันธุ์ทั งหมดสามารถแทรกตัวในชั นไขมันได้เช่นเดียวกับโปรตีนต้นแบบ แต่จากการทดสอบการออกฤทธิ์ฆ่าลูกน ้ายุงพบว่า
ประสิทธิภาพในการฆ่าลูกน ้ายุงร้าคาญของโปรตีนกลายพันธุ์ W222L W226L ลดลงอย่างชัดเจน ซึ่งประสิทธิภาพในการฆ่าลูกน ้า
ยุงที่ลดลงนี  อาจเเกี่ยวข้องกับกลไกการท้างานในกระบวนการอื่นๆที่เกิดขึ นภายในเซลล์ของลูกน ้ายุง  

เพื่อเข้าใจกลไกการท้างานของโปรตีน binary toxin ในเชิงลึกถึงระดับโมเลกุลมากยิ่งขึ น เราได้ศึกษาโครงสร้าง
สามมิติของโปรตีน binary toxin โดยใช้เทคนิค X-ray crystallography ผลการศึกษาพบว่าโปรตีนชนิด BinB สามารถตก
ผลึกได้และกระเจิงรังสีเอ็กซ์ได้ถึงระดับความละเอียดที่ 1.75 อังสตรอม หลังจากนั นได้น้าเทคนิค  Single-wavelength 
anomalous dispersion (SAD) มาใช้วิเคราะห์โครงสร้างสามมิติของโปรตีน BinB  พบว่าโครงสร้างสามมิติของ BinB 
ประกอบไปด้วยสองส่วนที่แตกต่างกัน คือทางด้านปลายอะมิโนมีโครงสร้างคล้ายกับโปรตีนที่จับกับน ้าตาล หรือ lectin ส่วน
ทางด้านปลายคาร์บอกซิลมีรูปร่างยาวและมีโครงสร้างหลักเป็น β-strands ซึ่งมีลักษณะคล้ายกับโปรตีนสร้างรูรั่วชนิด 
aerolysin จากข้อมูลเบื องต้นของโครงสร้างสามมิติของ BinB แสดงให้เห็นว่าโปรตีน BinB ท้าหน้าที่จับกับกับตัวรับจ้าเพาะ 
และอาจช่วยส่งผ่านโปรตีน BinA หรือ BinA-BinB complex เข้าสู่เซลล์และท้าลายเซลล์ต่อไป 
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Abstract 

Project Code:   RMU5380002 

Project Title:    Elucidating the structure and function of the binary toxin from Bacillus   

sphaericus 

Investigator:     Assistant Professor Panadda Boonserm 

               Institute of Molecular Biosciences, Mahidol University 

E-mail Address:  panadda.boo@mahidol.ac.th 

Project Period:  3 years 

 The binary toxin produced from Bacillus sphaericus is highly toxic against mosquito larvae. The 

two major components of the binary toxin are 42-kDa BinA and 51-kDa BinB. BinA is proposed to 

function as a toxic subunit, whereas BinB is responsible for receptor binding.   So far, there is no detailed 

knowledge of the molecular mechanism of the binary toxin, mainly due to the lack of structural 

information. In the absence of the structural information, we investigated the role of amino acids at the N-

terminal region of BinB in governing the larvicidal activity via amino acid substitutions at residues 

spanning positions 35-37 and 41-43.  Bioassays, receptor and membrane binding analyses demonstrated 

that residues P35, F41 and Y42 of BinB are crucial for the larvicidal activity, especially during the steps 

of membrane and receptor binding. In order to identify functional sites of BinA,  aromatic cluster in BinA 

at positions Y213, Y214, Y215, W222 and W226 were substituted by leucine. All mutants were able to 

insert into lipid monolayers as observed by Langmuir–Blodgett trough and could permeabilize the 

liposomes in a similar manner as the wild type. However, mosquito-larvicidal activity was abolished for 

W222L and W226L mutants suggesting that tryptophan residues at both positions play an important role 

in the toxicity of BinA, possibly involved in the cytopathological process after toxin entry into the cells. 

In order to gain more insight into the molecular mechanism of the binary toxin, the X-ray 

crystallographic analysis was performed. Only the crystal of activated BinB could diffract to 1.75 Å 

resolution. The structure of activated BinB has been determined by single-wavelength anomalous 

dispersion (SAD) method. The structure of activated BinB is composed of two domains: an N-terminal -

trefoil lectin-like domain and an elongated C-terminal domain. The N-terminal domain shares similar 

features to the sugar binding proteins or lectins. The C-terminal domain resembles the pore-forming 

domain of the aerolysin-type β-pore forming toxins. Taken together, the crystal structure of the BinB 

subunit confirms the  important role of BinB for receptor binding and possibly facilitating the 

internalization of the BinA or BinA-BinB complex into the cells to exert its cytotoxicity. However, the 

functional detail of BinB protein requires further elucidation. 

Keywords: binary toxin, immunohistochemistry, receptor binding, site-directed mutagenesis, larvicidal 

activity, X-ray crystallography 
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1. Introduction 

Bacillus sphaericus (Bs) is a Gram-positive, spore-forming aerobic bacterium (Charles, et 

al., 1996). During the sporulation phase, a number of highly toxic strains of Bs synthesize a 

binary toxin which is a crystalline mosquito-larvicidal protein composed of 42 kDa (BinA) and 

51 kDa (BinB) subunits. The larvicidal activity against Culex and Anopheles mosquito larvae is 

dependent on the presence of both BinA and BinB subunits (Oei, et al., 1990, Baumann, et al., 

1991, Nicolas, et al., 1993).  This toxin, however, is weakly toxic or non-toxic to Aedes larvae 

(Berry, et al., 1993). 

 Upon larval ingestion of protein inclusions, crystalline inclusions are dissolved in 

alkaline conditions of the larval midgut. Thereafter, BinA and BinB protoxins are activated by 

midgut proteases to generate the active proteins of approximately 39 and 43 kDa, respectively 

(Broadwell & Baumann, 1987, Nicolas, et al., 1990). The activated binary toxin, especially the 

BinB component, then binds to a specific receptor located on the surface of midgut epithelium 

cell of susceptible larvae (Davidson, 1988, Silva-Filha, et al., 1997). The binary toxin receptor 

has been identified as 60-kDa α-glucosidase (Cpm1) which is attached to the cell membrane via 

a glycosyl-phosphatidyl inositol (GPI) anchor (Silva-Filha, et al., 1999, Darboux, et al., 2001). 

Nevertheless, detailed mechanism of action of the binary toxin remains elusive, mainly due to 

the lack of the structural information. Analysis of the amino acid sequences of BinA and BinB 

reveals a negligible level of similarity with any protein with established crystal structure,  

however, they are homologous to each other, with a 25% amino acid identity and a 40% 

similarity (Promdonkoy, et al., 2008). Despite their similarity, these two proteins have distinct 

functions, i.e., BinB is responsible for receptor binding, whereas BinA presumably acts as a toxic 

component (Oei, et al., 1992, Charles, et al., 1997, Shanmugavelu, et al., 1998, Elangovan, et al., 

2000). 

 The binary toxin genes have been cloned and expressed in several host cells such as 

Escherichai coli, Bacillus thuringiensis and Bacillus subtilis (Baumann & Baumann, 1989, 

Bourgouin, et al., 1990, Promdonkoy, et al., 2003, Promdonkoy, et al., 2008), however,  in most 

cases their expressed proteins are accumulated in inclusion bodies. Consequently, several 

subsequent steps of protein preparation, i.e., inclusion solubilization in highly alkaline condition, 

dialysis against a normal alkaline buffer, and soluble protein purification are required for further 

structural and functional analyses. Moreover, both binary toxin components tend to be easily 
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degraded and form large oligomer in solution after being solubilized in alkaline condition 

(Baumann, et al., 1985, Promdonkoy, et al., 2008), causing the difficulty in achieving the high 

protein purity and homogeneity for structural studies. 

 Although the structural basis of the binary toxin is unavailable, some amino acids 

residues have been subjected to mutagenesis to investigate their roles on the mosquitocidal 

activity. In addition, the deletions of some amino acids at the N- and C-terminal ends of the 

BinA and BinB proteins abolished the toxicity. The effects of these deletions on the biological 

activity of the binary toxin are not completely understood. In particular, BinB has been shown to 

confer the specificity by binding to a specific receptor. However, its binding mechanism is still 

unknown. Earlier studies with the binary toxin suggested  that the N-terminal region of BinB is 

crucial for receptor binding in gut epithelial cells (Oei, et al., 1992). Consistent with the above 

data, recent studies showed that multiple elements within the N-terminal half of BinB are 

required for the receptor binding (Romao, et al., 2011, Tangsongcharoen, et al., 2011). 

Nevertheless,  the C-terminal half of BinB, as well as its N-terminal half, also has been shown to 

participate in the larval gut membrane binding (Tangsongcharoen, et al., 2011). Examination of 

the toxin deletion derivatives BinB revealed that 34 amino acids could be removed from the N-

terminus without affecting the toxicity and regional binding to the larval gut. However, a further 

deletion of 41 amino acids from the N-terminal region rendered the toxin inactive (Clark & 

Baumann, 1990). Moreover, replacements of amino acids located at the N-terminus of BinB 

revealed the crucial importance of residues 32YNL34 and 38SKK40 for the toxicity (Elangovan, et 

al., 2000). On the basis of the deletion and mutagenic data described earlier, it is conceivable that 

amino acids at positions around 30-40 in the N-terminal region of BinB may play an important 

role, either structurally or functionally, for the toxicity of the binary toxin. 

Since the interaction of the binary toxin with target lipid membrane is one of the key 

steps in eliciting cytopathological effects on mosquito larvae, molecular insights into the 

interaction of the binary toxin with lipid membranes is required to gain a better understanding of 

the mechanism of toxicity. The binary toxin has been shown to induce channel and pore 

formation in cultured C. quinquefasciatus cells and in a mammalian epithelial cell line (MDCK) 

expressing the binary toxin Cpm1 receptor (Cokmus, et al., 1997, Pauchet, et al., 2005). The 

ability of the binary toxin to insert into receptor-free lipid membranes and permeabilize 

phospholipid vesicles has also been reported (Schwartz, et al., 2001, Boonserm, et al., 2006, 
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Kunthic, et al., 2011). Moreover, several cytopathological alterations were observed on 

intoxicated C. quinquefasciatus larvae including the formation of cytoplasm vacuoles, 

mitochondria swelling, and microvilli destruction (Silva-Filha & Peixoto, 2003).  The above 

evidence seems to indicate a complex mechanism for binary toxin activity.   

In this study, we have investigated the role of amino acids at the N-terminal region of 

BinB in governing the larvicidal activity by performing amino acid substitutions at residues 

spanning positions 35-37 and 41-43.  Bioassays, receptor and membrane binding analyses 

demonstrated that residues P35, F41 and Y42 of BinB are crucial for the larvicidal activity, 

especially during the steps of membrane and receptor binding. Besides, aromatic residues, 

particularly tyrosine and tryptophan of BinA were selected for site-directed mutagenesis in 

search of crucial residues for the membrane interaction and biological activity. Within this 

region, tryptophan residues at positions 222 and 226 are found to have functional significance 

towards C. quinquefasciatus larvae. To facilitate the structural analysis of the binary toxin 

components, we expressed the individual BinA and BinB proteins with a hexahistidine tag at 

their N-termini and modified the conditions to express them as the soluble proteins.   These 

recombinant soluble proteins, when fed together to Culex quinquefasciatus mosquito larvae, 

confer high larvicidal activity, indicating that their active-protein conformations are maintained. 

We also report the crystallization and X-ray crystallographic analysis of the functional form of 

BinB protein.  This structural data is tremendously useful by providing insights into the 

structure-function correlation and guidelines for engineering the protein in the future. 
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2. Materials and Methods 

2.1 Bacterial strains, plasmids, and oligonucleotides 

The binary toxin genes, binA and binB, were isolated from Bacillus sphaericus strain 

2297 as previously described (Promdonkoy, et al., 2003, Promdonkoy, et al., 2008). The plasmid 

pRSET C (Invitrogen) was used as a cloning vector for binA gene, whereas the plasmid pET-28b 

(+) (Novagen) was used as a cloning vector for binB gene.  Both plasmids contain the N-terminal 

tag coding sequences. Escherichia coli K-12 JM109 and E. coli BL21 (DE3) pLysS (Novagen, 

USA) were used as host strains for mutagenesis and for protein expression of the recombinant 

plasmids, respectively. A recombinant plasmid pGEX-BinA encoding the GST-BinA fusion 

protein was used as a template for BinA mutagenesis, while a recombinant plasmid pET-tbinB 

expressing the truncated BinB as previously described (Boonyos, et al., 2010) was used as a 

template for BinB mutagenesis. Mutagenic oligonucleotide primers were purchased from Sigma 

Proligo (Singapore). Each primer was designed to introduce or abolish a restriction endonuclease 

recognition site in order to differentiate between the wild-type and mutant plasmids (Table 1). 

 

2.2 Construction of BinA and BinB mutant plasmids 

All mutant plasmids were generated based on polymerase chain reaction using a high 

fidelity Pfu DNA polymerase following the procedure of the QuikChange™ site-directed 

mutagenesis method (Stratagene). PCR products were treated with DpnI to get rid of the DNA 

templates and then transformed into E. coli JM109 competent cells. The recombinant plasmids 

were extracted and the desired mutations were selected by restriction endonuclease digestion, 

and further confirmed by automated DNA sequencing at Macrogen Inc, Korea. 
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Table 1. Oligonucleotide primers for generation of BinA and BinB mutants 
 
Primer Sequence (5´-3´) Enzyme 
BinA Mutants 
Y213Lf AAAACGACTCCGCTCTATTATGTAAAGCAC BsrBI 
Y213Lr CTTTACATAATAGAGCGGAGTCGTTTTCAT  
Y214Lf CGACTCCATATCTGTACGTAAAGCACACTC SnaBI 
Y214Lr TGTGCTTTACGTACAGATATGGAGTCGTTT  
Y215Lf ACTCCATATTACCTGGTAAAGCACACTCAA BstNI 
Y215Lr AGTGTGCTTTACCAGGTAATATGGAGTCGT  
W222Lf CACACTCAATATCTGCAAAGCATGTGGTCC SspI 
W222Lr CCACATGCTTTGCAGATATTGAGTGTGCTT  
W226Lf TGGCAAAGCATGCTGTCCGCGCTCTTTCCA SphI 
W226Lr AAAGAGCGCGGACAGCATGCTTTGCCAATA  
BinB Mutants 
35PEI37f 
35PEI37r 

 
TAGCAACCTTGCGGCCGCATCAAAAAAATTTTATA 
AAAATTTTTTTGATGCGGCCGCAAGGTTGCTAGCC 

 EaeI 

41FYN43f 
41FYN43r 

TATCAAAAAAAGCAGCTGCCCTTAAGAATAAATAT 
ATTCTTAAGGGCAGCTGCTTTTTTTGATATTTCTG PvuII 

P35Af 
P35Ar 

GCTAGCAACCTGGCCGAAATATCAAAAAAA 
TTTTTTGATATTTCGGCCAGGTTGCTAGCC CfrI 

E36Af 
E36Ar 

AGCAACCTTCCGGCCATATCAAAAAAATTT 
ATTTTTTTGATATGGCCGGAAGGTTGCTAG CfrI 

I37Af 
I37Ar 

AACCTTCCAGAAGCTTCAAAAAAATTTTAT 
TAAAATTTTTTTGAAGCTTCTGGAAGGTTG HindIII 

F41Af 
F41Ar 

ATATCAAAAAAGGCCTATAACCTTAAGAAT 
CCTAAGGTTATAGGCCTTTTTTGATATTTC StuI 

Y42Af 
Y42Ar 

TCAAAAAAATTCGCGAACCTTAAGAATAAA 
TCTTAAGGTTCGCGAATTTTTTTGATATTT NruI 

N43Af 
N43Ar 

ATATCAAAAAAATTTTATGCCCTTAAGAAT 
CTTAAGGGCATAAAATTTTTTTGATATTTC - 

 
 
*Recognition sites introduced in the primers for restriction endonuclease analysis 
are underlined. Mutated nucleotides are shown in bold; f and r represent forward 
and reverse primers, respectively.  
 

2.3 Protein preparation  

To express the BinB or its mutant proteins, the E. coli JM109  containing pET-tbinB wild 

type or its mutants was re-transformed into E. coli BL21(DE3) pLysS and grown at 37 ºC in a 

Luria-Bertani medium containing ampicillin 100 µg/ml and chloramphenicol 34 µg/ml until 

OD600 of the culture reached 0.4.  For the BinA protein or its mutants, the E. coli JM109 

harbouring GST-BinA wild type and its mutants were grown in LB broth containing 100 µg/ml 

ampicillin at 37 °C until OD600 of the culture reached 0.5. Then 0.1 mM isopropyl-β-D-
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thiogalactopyranoside (IPTG) was added to induce protein expression. Cell cultures were then 

induced with 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and further incubated at  

37 ºC for 5 h. Cells were collected by centrifugation and then lysed using a French Pressure Cell. 

Protein inclusions were collected after centrifugation and partially purified using differential 

centrifugation as described previously (Singkhamanan, et al., 2010). The identity of mutant 

proteins were further confirmed by Western-blot analysis using polyclonal anti-BinA or anti-

BinB as described previously (Singkhamanan, et al., 2010). 

 Protein inclusions at a concentration about 2-3 mg/ml were solubilized  in 25 mM NaOH, 

5 mM DTT at 37 ºC for 15 min. Solubilized protein was subjected to stepwise dialysis against 50 

mM Na2CO3, pH 10.0  at 4 ºC overnight and further purified by gel filtration using a superdex 

200HR 10/300 column (Amersham Pharmacia Biotech). Protein concentration was determined 

by the method of Bradford using Bio-Rad protein assay reagent with bovine serum albumin as a 

standard. 

 

2.4 Construction of recombinant plasmids to express histidine-tagged BinA and BinB proteins 

The binA and binB genes were separately cloned in-frame with the hexahistidine tags at 

their 5 ends. The genes encoding BinA and BinB were amplified by polymerase chain reaction 

from the recombinant plasmid pET42f and pET51f, respectively (Promdonkoy, et al., 2003, 

Promdonkoy, et al., 2008). The forward and reverse primers for binA amplification were 5-CCG 

TGG ATC CGA AAT TTG GAT TTT ATT GAT TCT-3 and 5-GCG AAG CTT TTA GTT 

TTG ATC ATC TGT AAT AAT-3, respectively.  The forward and reverse primers for binB 

amplification were 5-GCG CCA TAT GTG CGA TTC AAA AGA CAA TTT C-3 and 5-GCG 

CGG ATC CTC ACT GGT TAA TTT TAG GTA ATT C-3, respectively (BioDesign, 

Thailand). The PCR product of binA gene was digested with BamHI and HindIII and ligated in-

frame into pRSET C vector between the same restriction sites to create the recombinant vector 

pRSETC-BinA with a hexahistidine tag at the 5 end of the cloned gene. While, the PCR product 

of binB gene was digested with NdeI and BamHI and ligated in-frame into pET28b (+) vector 

between the same restriction sites to create the recombinant vector pET28b-BinB with a 

hexahistidine tag at the 5 end of the cloned gene. 
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2.5 Histidine-tagged BinA and BinB protein expression and purification  

 E.coli BL21(DE3)pLysS cells harboring pRSETC-BinA or pET28b-BinB were grown in 

Luria-Bertani (LB) medium containing appropriate antibiotics (100 µg/ml ampicillin and 34 

µg/ml chloramphenicol for BinA and 50 µg/ml kanamycin and 34 µg/ml chloramphenicol for 

BinB). The culture cells were induced with 0.2 mM isopropyl β-D thiogalactopyranoside (IPTG) 

when OD600 reached 0.7 and further grown at 18oC for five hours. The culture cells were 

harvested by centrifugation at 7000g for 10 minutes. The cell pellets were suspended in buffer A 

(50 mM Tris-HCl pH8.0 and 200 mM NaCl), and subsequently subjected to ultra-sonication to 

completely break the cells. Crude extracts were separated by centrifugation in order to collect 

supernatant containing the expressed (His)6-tagged BinA and (His)6-tagged BinB for further 

purification step. The supernatant fraction was loaded into a HiTrap™ Chelating HP 5-ml 

column prepacked with a precharged Ni2+ (GE Healthcare Life Sciences) that had been pre-

equilibrated with buffer A.   Non-specific bound proteins were washed twice with buffer A 

containing 25 mM imidazole and 50 mM imidazole, respectively.  The bound (His)6-tagged 

BinA was eluted with buffer A containing 100 mM imidazole, whereas the bound (His)6- tagged-

BinB was eluted with buffer A containing 250 mM imidazole. The protein-containing fractions 

were pooled and concentrated by ultrafiltration at 4 oC using a Centriprep column (30-kDa 

cutoff, Amicon), followed by applying the concentrated fraction into a Superdex 200 HR 10/30 

column (GE Healthcare Life Sciences) which was equilibrated with 50 mM Tris-HCl pH 9.0 and 

1mM DTT. The BinA and BinB proteins eluted from the size exclusion column were examined 

their molecular sizes and homogeneity by comparing with standard proteins (gel filtration LMW 

calibration kit, GE Healthcare Life Sciences).    

 

2.6 Trypsin activation of BinA and BinB 

 Purified BinA and BinB recombinant protoxins were mixed with trypsin (L-1-

tosylamide-2-phenylethyl chloromethyl ketone treated, Sigma) at a trypsin:protoxin ratio of 1:20 

(w/w) and incubated at 37 oC for 2 hours. The proteolytic reaction was stopped by adding 10 mM 

Phenylmathylsulfonyl fluoride (PMSF, Sigma). Trypsin-activated BinA (40 kDa) and BinB (45 

kDa) were purified by size exclusion chromatography using the Superdex 200 HR 10/30 column, 
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which was equilibrated with 50 mM Tris-HCl pH 9.0 and 1mM DTT.  Eluted fractions were 

concentrated by ultrafiltration as described above. 

2.7 Secondary structure analysis 

 The secondary structures of the recombinant BinA and BinB, both protoxins and 

activated forms, were determined by using a Jasco J-715 CD spectropolarimeter (Jasco Inc., 

USA). The purified protein of 1 mg/ml in a quartz cuvette (0.2 mm optical path length) was 

measured the CD spectra from 200 to 260 nm with scanning speed of 50 nm/min. Each spectrum 

was averaged from three scans and subtracted from a baseline.  

 

2.8 Mosquito-larvicidal activity assay 

 Toxicity assays against the second–instar Culex quinquefasciatus larvae were conducted 

following the protocol as previously described (Promdonkoy, et al., 2008). Mixtures of equal 

amounts of BinA wild-type inclusions and BinB wild-type or mutant inclusions were diluted in 1 

ml of water to make a series of two-fold serial dilutions, from 64 µg/ml to 0.125 µg/ml. The 

toxicity was also tested with the soluble proteins by mixing the purified BinA and BinB, either 

(His)6-tagged protoxins or trypsin activated forms, at 1:1 molar ratio, followed by 2-fold serially 

diluted with distilled water in different concentrations. Then, 1 ml of each protein dilution was 

added to each well of a 24-well tissue culture plate containing 10 larvae/well in 1 ml water. The 

BinB alone was used as a negative control.   Mortality was recorded after incubation at room 

temperature for 48 hours.  All of the data from three independent experiments were used to 

calculate median lethal concentration (LC50) by using GWbasic program Probit analysis. 

 

2.9 Far-Western dot blot analysis 

 Various amounts of purified truncated BinA were immobilized on strips of nitrocellulose 

membrane which were soaked in phosphate buffered saline (PBS) by using a Bio-Dot 

Microfiltration Apparatus (Bio-RAD) (Limpanawat, et al., 2009). The protein-bound membranes 

were blocked in 5% skimmed milk at 4 ºC overnight. Then, 20 µg/ml of purified wild-type BinB 

or its mutants in 5% skimmed milk was overlaid on each strip for 1 hour and subsequently 

washed with 0.1% Tween-20 in PBS (PBS-T20) 3 times, for 5 min each time. Bound BinB was 

detected by probing with polyclonal rabbit anti-BinB (1:20,000) for 1 hour. Unbound antibody 

was removed by washing 3 times with PBS-T20, 5 min each time. The membranes were 
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incubated with goat anti-rabbit IgG alkaline phosphatase conjugate (1:5,000) as a secondary 

antibody. Excess antibody was removed by washing twice with PBS-T20, 5 min each, followed 

by washing with PBS for 5 min. The immunoreactive signals were detected by using the ECL 

plus kit (GE healthcare). 

 

2.10 In vitro binding assays via immunohistochemistry 

 Histological sections of the 4th-instar C. quinquefasciatus larval gut tissue were prepared 

and immunohistochemical detection was performed following protocols described previously 

(Chayaratanasin, et al., 2007, Moonsom, et al., 2007, Singkhamanan, et al., 2010). Briefly, 

endogenous peroxidase activity in the gut tissue was blocked by incubating the sections in PBS 

containing 0.1% TritonX-100 and 3% H2O2 for 30 min, followed by washing 3 times with 0.1% 

TritonX-100 in PBS (T-PBS), 15 min each.  After blocking non-specific binding sites with 

normal goat serum (1:200) (Vector) for 45 min and washing excess serum, the sections were 

incubated with the purified wild-type or mutant BinB at a concentration of 20 µg/ml for 45 min. 

After washing 3 times with T-PBS, the sections were incubated with polyclonal rabbit anti-BinB 

(1:10,000) for 45 min. After washing with T-PBS, biotin-Goat anti-rabbit IgG (1:200) 

(Invitrogen) was added and further incubated for 45 min. The slides containing sections were 

then washed 3 times with T-PBS and incubated with HRP-Streptavidin conjugate (1:500) 

(Invitrogen) for 45 min. After washing with T-PBS, immunocomplexes were detected by 

incubation with 3,3’-diaminobenzidine (DAB, SK-400, Vector) for 2 min and the reaction was 

stopped by rinsing with distilled water. The apparent brown color observed under a light 

microscope indicated positive staining of the bound toxin. 

 

 2.11 Membrane insertion assay by Langmuir-Blodgett method 

The interaction of BinA, BinB and their mutants with 2-Dimyristoylrac-glycero-3-

phosphocholine (DMPC) monolayer was monitored by using a KSV 2,000 Langmuir-Blodgett 

trough (KSV, Finland). First, 15 nmol of DMPC in chloroform was spread on 50 mM Na2CO3 

buffer, pH 10 which was used as an aqueous subphase. After lipid monolayer was rested for 15-

20 min to allow the complete evaporation of the solvent, it was compressed at the speed of 10 

mm/min until the surface pressure reached 10 mN/m and the monolayer was kept constant at this 

surface pressure by using the constant surface pressure mode. After that, the sample containing 
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the protein (5 nmol) was injected at 1,000 s by L-shaped syringe right underneath the monolayer 

forming area. Protein insertion was monitored by an increase of the mean molecule area as a 

function of time. All experiments were performed at room temperature and each experiment was 

repeated at least three times. Only buffer was injected into the subphase as a control. 

 

2.12 Membrane perturbation assay by calcein release method 

Large unilamellar vesicles (LUVs) were prepared from 2 mg/ml of a lipid mixture of 

phosphatidylcholine (PC)/ phosphatidic acid (PA) in ratio 1:1 (w/w) dissolved in chloroform. 

The lipid mixture was evaporated under a nitrogen stream and the lipid film was resuspended in 

200 μl of 60 mM calcein (pre-dissolved in 500 mM Na2CO3, pH 10) in 50 mM Na2CO3, pH 10. 

The mixture was subjected to 5 repeated cycles of freezing and thawing. Then the suspension 

was passed through a polycarbonate membrane (0.1-μm pore size, Avanti Polar Lipid) for at 

least 20 passes using a two-syringe extruder (Avanti Polar Lipid). The untrapped calceins were 

removed by using a HiTrapTM desalting column (GE Healthcare). Liposome concentrations were 

estimated by measuring the lipid phosphorus content (Mrsny, et al., 1986). The calcein-

encapsulated lipid vesicle solution was placed into a 0.5-cm light-path quartz SUPRASIL cell at 

a final concentration of 1.25 μM. Protein at concentration of 0.016-0.25 μM was added at time 

250 s and then incubated for 10 min. The fluorescence signals were detected by using the Jasco 

FP-6300 spectrofluorometer at the emission and excitation wavelengths of 520 and 485 nm, 

respectively, with a slit width of 5 nm. Finally, 0.1% (v/v) Triton X-100 was added at time 900 s 

to totally release entrapped calceins. The degree of LUVs perturbation was determined as the 

percentage of calcein release as described previously (Schwartz, et al., 2001). 

 
2.13 Preparation of selenomethionine-substituted BinB for structural analysis 

The activated BinB is composed of 390 amino acids with 7 methionine residues, 

therefore, the selenomethionine substituted BinB (SeMetBinB) was prepared for phasing. The 

recombinant plasmid, pET 28b-BinB, was introduced into E.coli B834 (DE3) methionine (Met) 

auxotrophic strain (Wood, 1966, Leahy, et al., 1992). The transformant was pre-cultured in 100 

ml Luria-Bertani (LB) broth containing 50 µg/ml kanamycin at 310 K for 18 hours and cultured 

cells were harvested by centrifugation. The cell pellets were washed twice with PBS buffer 

before being resuspended in 1 liter of M9 medium containing 40 µg of each amino acid except 
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methionine, 1 µg of each vitamin mixture supplement (riboflavin, pyridoxine 

monohydrochloride, thiamine and nicotinamide) and 40 µg of SeMet (SIGMA). Expression was 

induced by the addition of 1 mM isopropyl β-D thiogalactopyranoside (IPTG) when the culture 

reached an OD600 of 0.6 and cultured cells were further grown at 303 K for 24 hours. SeMetBinB 

was purified and activated following the same protocols as those for the native protein. 

 

2.14 Crystallization and X-ray diffraction data collection 

Crystallization was performed by hanging- and sitting-drop vapour-diffusion methods in 

96 and 24-well plates at 295 K (Molecular Dimensions, UK and QIAGEN, Germany). Initial 

screening was performed using Hampton Research Crystal Screen kits (Hampton Research, 

USA) and positive hits were then optimized.  Drops were prepared by mixing 1 µl of 5 mg/ml 

protein solution (50 mM Tris-HCl pH 9.0, 1 mM DTT) with an equivalent volume of reservoir 

solution and were equilibrated against 500 µl of reservoir solution. For the SeMetBinB, initial 

screening was done using PEGs suite crystallization screening kit (QIAGEN, Germany). Both 

native and SeMetBinB crystals were briefly soaked in a cryo-protecting solution consisting of 

25% (v/v) glycerol dissolved in their corresponding mother liquors before being cryocooled in 

nitrogen steam at 100 K.  

Preliminary diffraction data were collected in-house (Thailand) using a Cu rotating-anode 

generator (λ=1.54 Å, MICROSTARTM, BRUKER). Higher resolution data were collected at the 

beamline BL41XU of the SPring-8 synchrotron (Hyogo, Japan). The diffraction data set of 

native crystal was collected at 1 Å wavelength. The single-wavelength anomalous dispersion 

(SAD) data of SeMetBinB crystal was collected at 0.979 Å based on the fluorescence spectrum 

of the Se K absorption edge (Rice, et al., 2000).  A total of 180 frames of native and SAD data 

were collected with an oscillation angle of 0.5 and an exposure time of 0.3 second for each 

image. The diffraction images of both crystals were recorded on the Rayonix MX-225HE CCD 

detector. All diffraction data were indexed and integrated using iMOSFLM software (Leslie, 

1992), and  scaled and merged with SCALA in the CCP4 program suite (Winn, et al., 2011).  

Anomalous difference Patterson maps for SeMetBinB were calculated by the CCP4 program 

package. After scaling, SHELX C and SHELX D were then used for data preparation and 

selenium atom searching. The selenium sites were used for phasing and density modification 

carried by SHELX E. The atomic model was built by using ARP/ wARP program. The 
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refinement was carried by LAFIRE and Refmac5. The model was manual checked by COOT 

program. The quality of protein structure was determined by BAVERAGE and PROCHECK.  

3. Results and Discussion 

3.1 Investigation of the role  of BinA aromatic residues in toxicity 

 3.1.1 Replacements of Y213, Y214, Y215, W222 and W226 and their effects on toxicity  

The mechanism by which the binary toxin kills the mosquito larvae remains unclear, 

however, it has been shown that the binary toxin is internalized in both mosquito midgut cells 

and MDCK cells expressing the Cpm1 receptor, possibly via endocytosis (Oei, et al., 1992, 

Opota, et al., 2011). Hence, interaction of the binary toxin with the lipid membrane is a key step 

during the intoxication process. Previous study has shown that the aromaticity of F149 and Y150 

of BinB is a prerequisite for larvicidal activity, possibly by playing a crucial role in membrane 

interaction and receptor binding (Singkhamanan, et al., 2010). According to amino acid sequence 

of BinA protein, the aromatic residues especially tryptophan and tyrosine are clustered at the 

positions 213 to 226. We expected that this region could be essential for membrane interaction. 

To investigate the functional importance of aromatic amino acids of BinA, site-directed 

mutagenesis was performed by replacements of aromatic amino acids (Y213, Y214, Y215, 

W222, and W226) in this region by leucine residues.  After obtaining the mutant plasmids, 

automated DNA sequencing analysis revealed that all selected aromatic residues were replaced 

by leucines (data not shown). Upon IPTG induction, all mutant proteins were expressed as 

inclusions with expression levels comparable to that of the wild type (Fig. 1), suggesting that the 

mutations of these aromatic residues did not affect protein production and inclusion formation of 

the BinA.  Any change of protein conformation as a result of point mutations was monitored by 

using the Circular Dichroism (CD) spectroscopy. CD spectra in a far UV region (190-260 nm) of 

all mutants were apparently similar to that of the wild-type protein, suggesting that the mutations 

at these selected positions did not affect the structural folding of the BinA protein (data not 

shown). 
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Figure 1. Partially purified inclusions of GST-BinA and its mutants were analyzed on 12% SDS-

PAGE. M represents the molecular mass standards. Position of GST-BinA fusion protein is 

indicated by an arrow. 

 

All mutants were tested the mosquito-larvicidal activity and results showed that the single 

mutations of three consecutive tyrosines (Y213L, Y214L and Y215L) conferred the comparable 

toxicity to that of the wild type, whereas the mutations of two tryptophans, W222L and W226L, 

rendered toxin inactive even using the concentration of inclusions up to 32 µg/ml (Table 2).  

These data suggest that tryptophan residues at positions 222 and 226 play a crucial role in 

larvicidal activity.   The considerably reduced toxicity of W222L and W226L mutants, however, 

was not associated with the structural alterations as described earlier. Both W222 and W226 of 

BinA, therefore, seem to have functional significance in the toxication process of the binary 

toxin. 
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Table 2. Mosquito-larvicidal activity of the wild-type and mutant toxins against Culex 

quinquefasciatus larvae. The mortality was recorded after feeding the mixture of GST-BinB and 

GST-BinA or its mutant inclusions at a 1:1 molar ratio for 48 h. The LC50 (median lethal 

concentration) was calculated from three independent experiments by using Probit analysis. 

Numbers in parenthesis indicate the fiducial limits at 95% confidence. Mortality was not 

detected for W222L and W226L mutants when used the toxin up to 32 g/ml. 

 

 Protein  LC50 (g/ml) 

GST-BinB + GST-BinA wild type 0.20 ( 0.14 – 0.32 ) 

 GST-BinB + GST-Y213L 0.45 ( 0.31 – 0.76 ) 

 GST-BinB + GST-Y214L 0.57 ( 0.41 – 0.89 ) 

 GST-BinB + GST-Y215L 0.45 ( 0.33 – 0.94 ) 

 GST-BinB + GST-W222L not toxic 

 GST-BinB + GST-W226L not toxic 

  

 

3.1.2 Effects of W222 and W226 mutations on membrane insertion and permeability 

 In order to study the membrane insertion ability of BinA and its mutants, the DMPC lipid 

monolayers were generated and the Langmuir-Blodgett (LB) trough technique was used. These 

DMPC lipid monolayers were previously used as model lipid monolayers for the study of 

interaction of BinA and BinB with receptor-free lipid membranes (Boonserm, et al., 2006).  

Upon injection of the protein sample in the subphase of the trough, the degree of membrane 

insertion was monitored by the mean molecular area expansion. The results showed an increase 

in area expansion as a function of time in all protein samples, indicating the ability of these 

proteins to insert into DMPC monolayer. Therefore, the insertion of protein molecule into lipid 

monolayers was calculated and shown in term of area per molecule protein versus time (Fig. 2). 

No insertion was observed in the GST alone, indicating that the membrane insertion was only 

mediated by BinA molecules. Among the BinA mutants, the extents of membrane insertion were 

somewhat different. Three active mutant proteins; GST-Y213L, GST-Y214L and GST-Y215L, 

were able to insert into the DMPC monolayer to the same extent as that of the wild-type BinA 

which also correlated well with their larvicidal activity. For the tryptophan mutations; GST-
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W222L and GST-W226L, however, less extent of membrane insertion was observed compared 

with that of the wild type (Fig. 2). Although the larvicidal activity of the GST-W222L and GST-

W226L mutants was abolished, membrane insertion was only slightly compromised, suggesting 

that these two tryptophans may not directly involve in the membrane insertion. 

 

 

  
Figure 2. The insertion ability of wild-type GST-BinA and its mutant proteins into DMPC 

monolayer. The data were obtained by measuring the change of lipid surface area under a 

constant surface pressure. Only GST protein was used as a negative control. Upon the injection, 

the increase of area per molecule protein was observed in all mutant proteins. 

 

Calcein release assay was used to investigate the effect of BinA mutations on LUV 

permeability. The fluorescence intensity was observed after adding the wild-type GST-BinA and 

its mutants, indicating that all these proteins could perturb the lipid vesicles, resulting in the 

leakage of encapsulated calceins to the solution. In contrast, no leakage of calceins was observed 

in GST alone, suggesting that calcein release was solely induced by BinA protein. By comparing 

the degree of membrane permeability among BinA mutants, interestingly, both W222L and 

W226L showed less membrane permeability than that of tyrosine mutations (Fig. 3). This result 

is in agreement with the membrane insertion assay, providing a clue that these tryptophans may 

partially participate in the membrane perturbation. Since the localization of W222 and W226 in 

BinA molecule cannot be easily predicted with the absence of structural information of the 



 21 

binary toxin, it is hard to make a conclusive assumption of how these tryptophans participate in 

the membrane insertion and permeability. Moreover, conformational changes of the BinA/BinB 

complex accompanying the receptor binding to transform the water-soluble form into the 

membrane-traslocation structure may take place inside the larval midgut. Therefore, upon the 

receptor-mediated conformational changes, the membrane insertion and permeability of W222L 

and W226L mutants may be severely affected, leading to the loss of larvicidal activity. 

 

 
Figure 3. The calcein release from LUVs treated with wild-type GST-BinA and its mutant 

proteins. Only GST protein was used as a negative control. The error bars represent the standard 

deviation of the measurements from three independent experiments. 

 

3.2  Investigation of the role  of the amino acids at the N-terminal region of BinB in toxicity 

3.2.1 Effects of alanine substitutions at positions 35-37 and 41-43 on protein 

production and larvicidal activity 

Earlier studies have shown that the deletion of 34 amino acids from the N-terminus of 

BinB did not affect the toxicity and regional binding to the larval gut, while further deletion up to 

41 amino acids from the N-terminal end  totally abolished the toxicity (Oei, et al., 1992). The 

functional importance of the N-terminus of BinB was further  revealed from the loss of toxicity 

when amino acids at positions 32YNL34 and 38SKK40  from B. sphaericus 1593M were 

substituted by AAA (Elangovan, et al., 2000). Based upon the secondary structure prediction, 
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amino acid residues 1-34 and 35-45 have been proposed to adopt a random coil and a helical 

structure, respectively (Elangovan, et al., 2000). Thus, certain mutations at these N-terminal 

regions may disturb the structural folding or functional sites of BinB protein. In this study, two 

additional block mutations (35PEI3735AAA37 and 41FYN4341AAA43) of the amino acid 

residues flanking those N-terminal regions were initially performed to test the possible functional 

significance of these selected BinB regions.  

Both block mutants were expressed in E. coli BL21(DE3) pLysS as inclusions upon 

IPTG induction, with expression levels similar to that of the wild-type BinB (Fig. 4A), 

suggesting that the mutations do not affect the protein expression of BinB. Upon immunological 

detection with polyclonal-anti BinB by Western blot analysis, a major band at 43 kDa reacted 

specifically with anti-BinB was observed in both block mutants (data not shown), confirming the 

immunological identity of the BinB mutant proteins.   

Mosquito-larvicidal activity of each block mutant was tested by feeding the mutant 

inclusions to Culex quinquefasciatus larvae together with the wild type-BinA inclusions. Both 

block mutations, 35PEI3735AAA37 and 41FYN4341AAA43 were inactive (Table 3). Thereafter, 

the residues in these two regions were individually substituted with alanine (P35A, E36A, I37A, 

F41A, Y42A, N43A) to define amino acids important for the larvicidal activity. All these 

mutants were produced as inclusion bodies at comparable levels to that of the wild-type BinB 

(Fig. 4B). Of these alanine substitutions, mosquito-larvicidal activity was significantly reduced 

for P35A, E36A, F41A, and Y42A mutants (Table 3). Further analyses were therefore focused 

on these mutants, while N43A was used as a representative of the active mutants. 

Any major structural change induced by the mutations was explored by using the intrinsic 

fluorescence spectroscopy. Tryptophan emission spectra of the mutants were not significantly 

different from that of the BinB wild type (data not shown), suggesting that alanine substitutions 

at P35, E36, F41 and Y42 are unlikely to perturb the overall conformation of the toxin.  
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Figure 4. 12% SDS-polyacrylamide gel of BinB wild-type and mutant proteins. E. coli cells 

harbouring the 43-kDa truncated binB gene (WT) or mutated plasmids were induced by 0.1 mM 

IPTG for 5 hours. Cells were lysed using a French Pressure cell and protein inclusions were 

partially purified by repeated washing and centrifugation. Panel A represents partially purified 

inclusion bodies of block mutants, 35PEI3735AAA37, 41FYN4341AAA43 and panel B represents 

partially purified inclusion bodies of  single-point mutants, P35A, E36A, I37A, F41A, Y42A, 

and N43A. M represents protein standard markers. Arrows indicate the BinB protein bands. 
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Table 3. Mosquito larvicidal activity of the wild-type and mutant toxins against the 2nd-instar C. 
quinquefasciatus larvae  
  

Protein LC50 (µg/ml) 

BinB   Inactive 

BinA + BinB wild type 0.36 (0.31-0.42) 

BinA+ 35PEI3735AAA37 Inactive 

BinA+ 41FYN4341AAA43 Inactive 

BinA + P35A 1.45 (1.24-1.68) 

BinA + E36A 1.75 (1.51-2.02) 

BinA + I37A 0.51 (0.43-0.60) 

BinA + F41A 3.38 (2.92-3.90) 

BinA + Y42A 2.43 (2.10-2.84) 

BinA + N43A 0.49 (0.42-0.56) 
 

3.2.2 Single alanine substitutions at positions 35-37 and 41-43 in BinB did not affect 

BinA-BinB interaction 

As the full activity of the binary toxin is achieved only when both BinA and BinB 

components are present together, the interaction between BinA and BinB supposedly is one of 

the critical steps during the pathological process. In this study, the effect of single mutations at 

positions 35-37 and 41-43 on the in vitro interaction between BinB mutants and the wild-type 

BinA was assessed by Far-Western dot blot analysis. The BinA protein was immobilized on the 

membrane which was then incubated with the purified wild-type BinB or one of the mutant 

proteins. The BinA-BinB bound complexes were further detected by probing with anti-BinB. 

The results showed that all BinB mutants could interact with the immobilized BinA, giving 

comparable intensity to that of the wild-type protein (Fig. 5). These results indicated that none of 

these mutations disrupted inter-molecular BinA-BinB interaction. Therefore, the dramatic 
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decrease in toxicity of mutants P35A, E36A, F41A and Y42A may be caused by another defect 

in the pathological process.  

 

 
Figure 5. BinA-BinB interaction detected by Far-Western dot blot analysis. Various amounts of 

BinA protein were immobilized on a membrane and then overlaid with BinB wild-type or its 

mutant protein at a concentration of 20 µg/ml. Negative control was BinA alone without overlaid 

BinB protein. BinA-BinB complexes were detected by incubating the membrane with rabbit anti-

BinB followed by goat anti-rabbit IgG conjugated with alkaline phosphatase.   

 

3.2.3 Single alanine substitution at position Y42 in BinB affects receptor binding 

Evidence has been provided that BinB is the binding component of the binary toxin by 

interacting with a specific receptor on the surface of midgut epithelium cells (Davidson, 1988, 

Silva-Filha, et al., 1997).  Immunohistochemistry assay was used to test the effect of BinB 

mutations on the binding to the midgut of susceptible C. quinquefasciatus larvae. The 

localization of the BinB wild-type protein on the midgut section was demonstrated as an intense 

brown staining after probing with anti-BinB, while a faint signal was observed in the negative 
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control (without BinB overlay) (Fig. 6). An intense staining was also observed from the section 

incubated with mutants P35A, F41A and N43A, whereas a very weak signal was detected in the 

Y42A mutant. These results suggest that P35A, F41A and N43A mutants still retain the ability to 

bind to the apical microvilli of larval midgut. Despite the preserved receptor binding activity, the 

larvicidal activity of P35A and F41A was significantly reduced. These data suggest that, after the 

BinB- receptor interaction, P35 and F41 residues may contribute to a subsequent step of 

cytotoxic process.  Of these mutants, the receptor binding activity was greatly reduced by the 

mutation of Y42 which correlates well with its loss of toxicity. Previously, we reported the 

crucial role of Y150, particularly its aromaticity, in receptor binding of BinB (Singkhamanan, et 

al., 2010). Herein, Y42 was also found to be crucial for the binding to apical brush border 

microvilli of susceptible larvae. Taken together, data suggest that BinB receptor binding could be 

mediated by Y42 and Y150.  

 

  
 

Figure 6. Immunohistrochemical staining of the 4th-instar C. quinquefasciatus larval midgut 

tissues. Slides were incubated with either BinB wild type (WT) or P35A, F41A, Y42A, and 

N43A mutants at a concentration of 20 µg/ml.  Negative control was done by incubating with 

carbonate buffer. MV represents microvilli. 
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3.2.4 Single alanine subsitutons at positions 35-37 and 41-43 in BinB affect membrane 

insertion 

Membrane-protein interaction generally promotes a cascade of events leading to 

pathological effects of most bacterial toxins. To explore the effect of BinB mutations on the 

protein penetration into the phospholipid membrane, a Langmuir membrane system was used. 

When the protein sample was injected into the aqueous subphase with a given time to interact 

with the lipid monolayer, the degree of membrane penetration was measured as a time-dependent 

increase of the mean molecular area. The results demonstrated three distinct groups of membrane 

penetration behaviors of BinB mutants (Fig. 7). The first group (F41A and N43A) showed a 

greater extent of membrane penetration when compared with that of the BinB wild type, whereas 

a lower extent of membrane penetration was found in the second group (E36A, I37A and Y42A) 

and the lowest extent of membrane penetration was observed in the third group (P35A and BinA) 

(Fig. 7). The fact that the F41A efficiently penetrated the lipid monolayer despite its reduced 

larvicidal activity suggests that the compromised biological activity of the F41A was not due to 

the impaired lipid-membrane interaction. In contrast, the reduced membrane penetration ability 

of P35A, E36A and Y42A was correlated with the decrease of larvicidal activity of these 

mutants. It is noteworthy that P35A and BinA showed a much lower rate of membrane 

penetration when compared with BinB and other BinB mutants.  Previously, an incapability of 

BinA to insert into the artificial lipid monolayer was reported (Boonserm, et al., 2006). These 

data thus indicate, albeit using a model membrane, that P35 plays a key role in the lipid 

membrane penetration, while E36 and Y42 may be partly involved in this step. According to the 

secondary structure prediction, P35 and E36 have been proposed to locate at the end of a loop 

preceding a helical structure at the N-terminal region of BinB (Elangovan, et al., 2000). 

Particularly, P35 seems to confer the structural integrity of the loop which may be required for 

the lipid membrane insertion.  In agreement with our finding, the necessity of the structural 

integrity of the loop joining the α4-α5 transmembrane hairpin for an efficient membrane 

insertion of the Cry4Aa mosquito-larvicidal toxin has also been reported (Tapaneeyakorn, et al., 

2005). However, herein the precise structural role of the P35 and E36 residues await further 

confirmation by the crystal structure of the BinB protein. Although previous evidence has 

provided an important clue of the N-terminal region of BinB for the receptor recognition, here 

we demonstrate that the N-terminus of BinB is also involved in the membrane interaction.  
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Figure 7. The insertion ability of BinB wild-type and its mutant proteins into DMPC monolayer 

using the Langmuir-Blodgett Trough. The degree of membrane insertion was monitored by an 

increase of the mean molecule area as a function of time under a constant surface pressure. All 

data were subtracted from the negative control (buffer only). 

 

3.3 Structural determination of the binary toxin 

3.3.1 Expression and purification of BinA and BinB soluble proteins 

 As described above, both BinA and BinB have been cloned and expressed in various host 

strains, but expressed proteins tended to accumulate as inclusion bodies. Although those 

expressed proteins are in a similar form as the native binary toxin, solubilization in highly 

alkaline pH results in several additional steps of protein preparation. To facilitate the soluble 

protein expression and protein purification, both binA and binB genes from Bs strain 2297 were 

independently cloned and expressed with (His)6-tags at their N-termini.   The recombinant BinA 

and BinB proteins were expressed in E.coli BL21 (DE3)pLysS with modified conditions to 

provide an optimum yield of soluble products.  Both recombinant BinA and BinB fused with 

polyhistidine tags at their N-termini were expressed mainly in soluble form after induction with 

0.2 mM IPTG at lower temperature of 18oC for 5 h. Crude extract was released by sonication and 

the supernatant fraction containing either expressed BinA or BinB was initially loaded into the 
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Ni-NTA affinity chromatography. The collected BinA and BinB proteins after elution from the 

Ni-NTA column were subsequently loaded to a size exclusion column to improve purity.  

Purified proteins were analysed by SDS-PAGE (Fig. 8). The BinA and BinB proteins appeared 

as bands with apparent molecular masses of 42 and 51 kDa, and showed high purity. 

 
Figure 8. Coomassie-stained SDS-PAGE (12 % gel) showing the protein expression and 

purification of the recombinant BinA and BinB. (A) Expression profiles of (His)6-tagged BinA 

and (His)6-tagged BinB. Lanes 1 and 2, uninduced and IPTG-induced cell cultures, respectively; 

lanes 3, 4, and 5 Cell lysate, supernatant and pellet fractions after ultrasonication, respectively; 

M, molecular mass standards. Arrows indicate the expressed proteins at their predicted MW. (B) 

Purity assessment of (His)6-tagged BinB (lane 1) and (His)6-tagged BinA (lane 2) after Ni-NTA 

affinity and size exclusion chromatography.    

3.3.2 BinA and BinB toxin activation and their complex formation in solution 

  The native BinA and BinB proteins are produced as protoxins that are subsequently 

digested by larval proteases and converted to active toxins (Broadwell & Baumann, 1987). Here, 

in-vitro toxin activation was performed by incubating (His)6-tagged BinA and BinB with trypsin, 

followed by  purification of the native proteins by size exclusion chromatography.  The 

molecular sizes of the trypsin-activated BinA and BinB were checked by SDS-PAGE and 

MALDI-TOF mass spectrometry. As observed by SDS-PAGE, digestion with trypsin appeared 

to generate a resistant-fragment of about 40 kDa and 45 kDa for BinA and BinB, respectively 

(Fig. 9).  MALDI-TOF mass spectra of trypsin-digested BinA and BinB showed peaks at 40,823 



 30 

Da and 45,028 Da for BinA and BinB, respectively (data not shown) that agree well with the 

predicted molecular masses from their deduced amino acid sequences (40,985 Da for BinA and  

44,884 Da for BinB). 

 

   
Figure 9. Coomassie-stained SDS-PAGE (12 % gel) showing proteolytic activation of 

recombinant BinA and BinB. Lane 1, mixture of undigested BinA (lower band) and undigested 

BinB (upper band); lane 2, trypsin-activated BinA (40 kDa); lane 3, trypsin-activated BinB (45 

kDa); M, molecular mass standards. 

 

 To demonstrate a complex formation of activated BinA and BinB in solution, their 

trypsin-activated products were mixed at a 1:1 molar ratio before applying size exclusion 

chromatography (HiLoad 16/60 Superdex 200).  Both trypsin-activated BinA and BinB co-eluted 

before the individual proteins, indicating formation of a BinA-BinB complex in solution after 

trypsin activation (Fig. 10).  The gel-filtration elution volume of the binary toxin complex was 

between IgG (158 kDa) and albumin (66 kDa). According to the estimation based on this elution 

volume, the molecular mass of the binary toxin complex was about 140 kDa.  MALDI-TOF 

mass spectra of the binary toxin complex showed peaks corresponding to the 40,823 Da BinA 

and 45,028 Da BinB (data not shown), confirming the presence of both activated components in 

the complex. It has been demonstrated that native BinA and BinB protoxins form an oligomer in 

solution that contains two copies of each BinA and BinB (Smith, et al., 2005). However, in that 

report, the trypsin-digested binary toxin was not found in an oligomeric form. Our result, in 

contrast, provides evidence of the formation of a BinA-BinB complex in solution after trypsin 
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activation. This oligomeric complex may play a role in toxin insertion into the membranes of the 

target cells, probably via pore formation, causing pathological effects inside the cells. 

 
Figure 10. Elution profile from a size-exclusion chromatographic column (Hiload Superdex 200 

16/600) of the 40-kDa trypsin-activated BinA, 45-kDa trypsin-activated BinB and their mixture 

at equal concentration.   

Larvicidal activity of recombinant BinA and BinB against C. quinquefasciatus larvae was 

tested, either as protoxins or as trypsin-activated proteins.  Neither BinA nor BinB alone was 

toxic to C. quinquefasciatus larvae, even using a concentration of 50 µg/ml. However, high 

toxicity was achieved when BinA and BinB were combined at 1:1 molar ratio (Table 4).  Both 

protoxin and trypsin-activated BinA-BinB mixtures showed comparable toxicity, indicating that 

both larval gut proteases and trypsin could convert the protoxins into their active forms.  

Table 4.  Mosquito-larvicidal activity of the purified BinA and BinB with histidine tag and after 

trypsin activation against Culex quinquefasciatus larvae.   

Sample LC50 (ng/ml) 

(His)6-tagged BinA   Not toxic 

(His)6-tagged BinB Not toxic 

(His)6-tagged BinA + (His)6-tagged BinB 8.0 (5.7 -10.4) 

Activated BinA + Activated BinB 10.0 (7.4-14.6) 
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3.3.3  Protein crystallisation of the binary toxin in solution 

In order to gain insights into the mechanism of toxicity of the binary toxin, structural 

analysis of the binary toxin has been carried out using X-ray crystallographic technique. Protein 

crystallization screening of His-BinA, His-BinB and their activated proteins was performed by 

using sitting drop vapour diffusion method and reservoir conditions obtained from Hampton 

research, the crystal screening kits.  

Upon initial crystallization screening, microcrystals appeared in conditions containing 

PEG 4000 and some divalent cation salts such as magnesium chloride, lithium sulfate and 

calcium chloride.  All favorable conditions were further optimized by slightly adjusting the 

protein concentration, precipitant concentration, salts concentration and the pH of buffer from 

6.5 to 10. In this study, crystallization screening of BinA and BinB protein was performed 

separately. Both BinA and BinB proteins appeared to form crystals, however, only the crystal 

of activated BinB could diffract to high resolution of about 1.75 Å. Therefore, in this report, 

only the structure of BinB in its active form was described.  

The best native BinB crystals appeared in a condition containing of 0.1 M Tris-HCl pH 

8.0, 0.2 M Lithium sulfate and 12% (w/v) PEG 4000. The crystals grew to their maximal 

dimensions of 250µm × 250µm  50 µm within one week (Fig. 11). Since a limited sequence 

identity is observed between BinB and other proteins with known structures, the single-

wavelength anomalous dispersion (SAD) method has been used for experimental phasing. The 

Selenomethionine (SeMet)-substituted BinB was prepared, activated by trypsin digestion and 

purified by the same procedure as that of the native BinB. Furthermore, the SeMet-substituted 

BinB still retained the toxicity against the C. quinquefasciatus larvae (data not shown).  The 

SeMet-substituted BinB crystals were obtained from a condition consisting of 0.1 M Tris-HCl 

pH 8.0, 0.2 M Magnesium acetate and 16% (w/v) PEG 3350 which is closely similar to that of 

the native crystals. The crystals grew to their maximal dimensions of 100µm × 50µm   50 µm 

after four days (Fig. 11). 

X-ray diffraction data of the native BinB crystal were collected to 1.75 Å resolution using 

25% glycerol as a cryo-protectant. The crystal belongs to space group P6222 with unit-cell 

parameters a = 95.21, b = 95.21, c = 154.89 Å.  The single-wavelength anomalous dispersion 

(SAD) data of a SeMet-substituted BinB crystal was collected to 1.85 Å resolution at the Se K-

absorption edge (wavelength: 0.979 Å). The SeMet-substituted crystal was found isomorphous 
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with the native crystal with unit-cell parameters a = 95.03, b = 95.03, c = 154.54 Å and space 

group P6222. The Matthews coefficient (VM) is 2.35 Å3Da-1 for one molecule, corresponding to a 

solvent content of 48% (Matthews, 1968). Anomalous difference Patterson Harker sections for 

SeMet derivative of BinB revealed seven selenium sites (data not shown), suggesting the 

usefulness of these data for phasing using the SAD method. Details of the data-collection 

statistics are summarized in Table 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(C)                                                                        (D)                                                                                   
Figure 11. Crystals of native (A) and SeMet-substituted BinB (B) used for X-ray diffraction and 
their diffraction patterns are shown in C and D, respectively.  
 

 

 

 

(A) (B) 
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Table 5.  Summary of crystallographic data. Values in parentheses are for the highest resolution 
shell. 
 

 Native SeMet 

Wavelength (Å) 
Space group 
Unit-cell parameters  
a (Å) 
b (Å) 
c (Å) 
Resolution range (Å) 
No. of unique reflections 
Average redundancy 
Completeness (%) 
<I/s (I)> 
Rmeas† (%) 

1 Å 
P6222 
 
95.2 
95.2 
154.9 
28.99-1.75 (1.84-1.75) 
42536 (6069) 
10.6 (10.7) 
100 (100) 
4.4 (1.8) 
12.6 (45.5) 

0.979 Å 
P6222 
 
95.0 
95.0 
154.5 
28.99-1.85 (1.95-1.85) 
35916 (5127) 
15 (15) 
100 (100) 
4.7 (2.4) 
11.9 (32.9) 

† Rmeas = , where  is the mean intensity of symmetry-

equivalent reflection h and m is redundancy.  
 

3.3.4 The overall structure of activated BinB  

  The structure of activated BinB molecule has been determined at 1.75 Å resolution by the 

single-wavelength anomalous dispersion (SAD) method and refined to R-factor and R-free of 

17.2% and 21.1%, respectively. The refinement statistics are summarized in Table 6. The 

Ramachandran map generated by PROCHECK shows 90.8%, residues in favoured regions, 9% 

in additional allowed regions and 0.3% in disallowed regions.   
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Table 6.  Refinement Statistics of activated BinB structure  

 Native Activated BinB 
 

Resolution range (Å) 28.91-1.75 (1.84-1.75) 
Number of used reflections 42392 (6069) 
Completeness (%) 99.7 (99.9) 
aR-factor (%) 
bRfree-factor (%) 

17.4 
21.0 

Number of non-hydrogen atoms  
Protein 3159 
Water 440 

Averaged B factors (Å2) 21.8 
Protein 19.3 
Water 36.8 

RMS deviatioins  
  Bond length (Å) 0.010 
  Bond angle (°) 1.08 
cRamachandran plot (%)  

Favored regions 90.8 
Additional allowed regions 
Disallowed regions 

9.0 
0.3 

 

aR-factor = ∑ |Fobs-Fcal|/∑Fobs, where Fobs and Fcal are observed and calculated structure factor 

amplitudes, respectively. bRfree-factor value was calculated as  R-factor but using a subset (10%) 

of reflections that were not used for refinement. cRamachandran plot was calculated using 

PROCHECK. 
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Activated BinB structure is composed of 389 amino acid residues which can be divided 

into two domains, N-terminal (NTD) and C-terminal domains (CTD). The overall structure is in 

an elongated shape with approximately dimensions of 97Å × 56Å  56Å and mainly contains β-

structure as shown in a topology diagram (Fig. 12). The N-terminal domain covering amino acids 

threonine 19 to alanine 200 is a globular structure (Fig. 13). This domain adopts a β-trefoil fold 

with a pseudo 3-fold rotation axis and is subdivided into α (P35-D90), β (D91-I141) and γ 

(T142-A200) subunits. Two loops of α and γ-subunits are connected by a disulfide bridge formed 

between C67 and C161, thereby restraining their flexibility.  

 
(A)      (B) 

Figure 12. Structure of the activated BinB. (A) Cartoon represents the structure of activated 

BinB which is composed of 389 amino acid residues. The polypeptide chain is represented in a 

rainbow pattern from blue at the N-terminus to red at the C-terminus. (B) The topology diagram 

represents the secondary structures of the activated BinB including 21 β-strands and 10 α-helices 

as shown in pink and red colors, respectively. 
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(A)      (B) 

 

Figure 13. The N-terminal domain of activated BinB structure. (A) The N-terminal domain of 

activated BinB structure is composed of β-trefoil fold which is characteristic of the sugar-binding 

proteins. The α, β and γ-motifs are represented in blue, green and red colors, respectively. This 

domain is proposed to function as a receptor binding domain. The blue and pink colors represent 

β-barrel and hairpin triplet, respectively, which are features of the lectin-like domain. (B) The 

disulfide bond is formed between C67 and C161 connecting the long loops in the α and γ-motifs. 

 

Structural homology searching by DALI server found that the overall structure of BinB 

displays no obvious structural similarity to other established crystal structures (Holm & 

Rosenstrom, 2010). However, the N-terminal domain shares similar organization to several sugar 

binding proteins such as sugar binding domain of hemagglutinin component (HA) from 

Clostridium botulinum (3AH1; Z score 17.3) and ricin B-like domain of mosquitocidal toxin 

from Bacillus sphaericus (2VSA; Z score 15.9). The N- and C-terminal domains are connected 

by a long loop spanning residues A201-L225. The C-terminal domain encompassing residues 

P226-T407 has an elongated shape and is predominated with β-structure, mainly anti-parallel β-

sheet and β-sandwich (Fig.14). Structural comparison of C-terminal domain using DALI server 
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shows some common structural features with some pore-forming toxins such as parasporin-2 

from Bacillus thuringiensis (2ZTB; Z score 4.4) and epsilon toxin from Clostridium perfringens 

(1UYJ; Z score 3.9), both of which belong to aerolysin-type β-pore forming toxins. However, 

amino acid sequences of those toxins in this group show very low levels of similarity. 

The final refined model was deposited in the Protein Data Bank (PDB) with the PDB 

accession code of 3WA1. 

 

  
 

Figure 14. Cartoon representation of C-terminal domain. The C-terminal pore forming domain is 

composed of two subdomains, subdomains 1 and 2. Subdomain 1 (green) is an anti-parallel β-

sheet and subdomain 2 (red) is a β-sandwich. 
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5. Outputs:  

   5.1  Five publications have been produced during the three-year period grant as follows: 

1. Singkhamanan, K., Promdonkoy, B,. Srikhirin, T. and  Boonserm, P. (2013) Amino acid 

residues in the N-terminal region of the BinB subunit of Lysinibacillus sphaericus binary 

toxin play a critical role during receptor binding and membrane insertion. Accepted for 

publication on 28 May 2013, Impact Factor 2.064 

2. Srisucharitpanit, K., Yao, M., Chimnaronk, S., Promdonkoy, B,. Tanaka, I.  and Boonserm, 

P. (2013) Crystallization and preliminary X-ray crystallographic analysis of the functional 

form of BinB binary toxin from Bacillus sphaericus. Acta Crystallogr Sect F Struct Biol Cryst 

Commun 69(2), 170-173. Impact Factor 0.506 

3. Srisucharitpanit, K., Inchana, P.,  Rungrod, A.,  Promdonkoy, B. and  Boonserm  P.    

(2012) Expression and purification of the active soluble form of Bacillus sphaericus binary 

toxin for structural analysis. Protein Express Purif.   82(2), 368-72.  Impact Factor 1.587 

4. Kunthic, T., Promdonkoy, B. Srikhirin, T. and  Boonserm, P. (2011) Essential role of tryptophan 

residues in toxicity of binary toxin from Bacillus sphaericus. BMB Reports, 44(10), 674-9. Impact 

Factor 1.718 

5. Tangsongcharoen, C., Boonserm, P. and Promdonkoy, B. (2011). Functional 

characterization of truncated fragments of Bacillus sphaericus binary toxin BinB. J. Invert. 

Pathol. 106(2), 230-5. Impact Factor 2.064 

5.2  Five students working on this project were graduated during the three-year period as  

follows: 

Ph.D. students 

1. Miss Kamonnut Singkhamanan, Thesis title “Identification of the receptor binding motif of 

the binary toxin from Bacillus sphaericus” 

2. Miss Kanokporn Srisucharitpanit, Thesis title “Structural determination of the mosquito-

larvicidal binary toxin from Bacillus sphaericus” 

M.Sc. students 

1.   Miss Chontida Tangsongcharoen, Thesis title “Functional characterization of truncated 

BinB fragments from Bacillus sphaericus” 
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2. Miss Thittaya Kunthic, Thesis title “Functional role of aromatic residues at the selected 

positions in BinA protein from  Bacillus sphaericus” 

3. Mr. Patarapong Inchana, Thesis title “Identification of domains important for membrane 

association of the Bacillus sphaericus binary toxin” 
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Abstract 18 

The binary toxin produced by Lysinibacillus sphaericus is composed of BinA and 19 

BinB subunits that work together in governing toxicity against mosquito larvae. BinA is 20 

proposed to be important for toxicity, whereas BinB has been shown to act as a specific 21 

receptor-binding component. The precise function of both subunits, however, is not well 22 

established. Here, we investigated the function of the N-terminal region of BinB subunit 23 

initially by introducing triple alanine substitutions at positions 35PEI37 and 41FYN43. Both 24 

block mutations abolished  the larvicidal activity. Single point mutations (P35A, E36A, I37A, 25 

F41A, Y42A, N43A) were generated in order to identify amino acids that are critical for the 26 

toxin activity. Mosquito-larvicidal activity was significantly reduced in P35A, E36A, F41A 27 

and Y42A mutants. However, these mutants retained ability to form in vitro interaction with 28 

the BinA counterpart. Immunohistochemistry analysis revealed that P35A, F41A and N43A 29 

bind to the larval midgut membrane at comparable levels to that of the wild type BinB.  In 30 

contrast, greatly reduced binding activity was observed in the Y42A, suggesting an important 31 

role of this residue in receptor binding. Alanine substitution at P35 resulted in a marked 32 

decrease in membrane penetration, indicating its functional importance for the membrane 33 

insertion. These results suggest the important roles of the N-terminal region of BinB in both 34 

the receptor recognition and the membrane interaction. 35 

      36 

Keywords:  Lysinibacillus sphaericus; binary toxin; BinB; mutagenesis; receptor binding; 37 

membrane penetration 38 

 39 
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1. Introduction 40 

Lysinibacillus sphaericus (Ls) is a Gram-positive, spore-forming aerobic bacterium 41 

(Charles, et al., 1996). During the sporulation phase, a number of highly toxic strains of Ls 42 

synthesize a binary toxin which is a crystalline mosquito-larvicidal protein composed of 42 43 

kDa (BinA) and 51 kDa (BinB) subunits. The larvicidal activity against Culex and Anopheles 44 

mosquito larvae is dependent on the presence of both BinA and BinB subunits (Oei, et al., 45 

1990, Baumann, et al., 1991, Nicolas, et al., 1993).  This toxin, however, is weakly toxic or 46 

non-toxic to Aedes larvae (Berry, et al., 1993). 47 

 Following larval ingestion of protein inclusions, crystalline inclusions are dissolved in 48 

alkaline conditions of the larval midgut. Subsequently, BinA and BinB protoxins are 49 

activated by midgut proteases to generate the active proteins of approximately 39 and 43 50 

kDa, respectively (Broadwell & Baumann, 1987, Nicolas, et al., 1990). The activated binary 51 

toxin, especially the BinB component, then binds to a specific receptor located on the surface 52 

of midgut epithelium cell of susceptible larvae (Davidson, 1988, Silva-Filha, et al., 1997). 53 

The binary toxin receptor has been identified as 60-kDa α-glucosidase (Cpm1) which is 54 

attached to the cell membrane via a glycosyl-phosphatidyl inositol (GPI) anchor (Silva-Filha, 55 

et al., 1999, Darboux, et al., 2001). Nevertheless, detailed mechanism of action of the binary 56 

toxin remains elusive, mainly due to the lack of the structural information. Analysis of the 57 

amino acid sequences of BinA and BinB reveals a negligible level of similarity with any 58 

protein with established crystal structure,  however, they are homologous to each other, with 59 

a 25% amino acid identity and a 40% similarity (Promdonkoy, et al., 2008). Despite their 60 

similarity, these two proteins have distinct functions, i.e., BinB is responsible for receptor 61 

binding, whereas BinA presumably acts as a toxic component (Oei, et al., 1992, Charles, et 62 

al., 1997, Shanmugavelu, et al., 1998, Elangovan, et al., 2000). 63 
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 Although the structural basis of the binary toxin is unavailable, some amino acids 64 

residues have been subjected to mutagenesis to investigate their roles on the mosquitocidal 65 

activity. Examples of those are some amino acids located in the N- and C-terminal ends of 66 

both binary toxin components (Shanmugavelu, et al., 1998). In addition, it has been shown 67 

that the deletions of some amino acids at the N- and C-terminal ends of the BinA and BinB 68 

proteins abolished the toxicity. The effects of these mutations on the biological activity of the 69 

binary toxin are not completely understood. Particularly, BinB has been shown to confer the 70 

specificity by binding to a specific receptor. However, its binding mechanism is still 71 

unknown. Earlier studies with the binary toxin suggested  that the N-terminal region of BinB 72 

is crucial for receptor binding in gut epithelial cells (Oei, et al., 1992). Consistent with the 73 

above data, recent studies showed that multiple elements within the N-terminal half of BinB 74 

are required for the receptor binding (Romao, et al., 2011, Tangsongcharoen, et al., 2011). 75 

Nevertheless,  the C-terminal half of BinB, as well as its N-terminal half, also has been 76 

shown to participate in the larval gut membrane binding (Tangsongcharoen, et al., 2011). 77 

Examination of the toxin deletion derivatives BinB revealed that 34 amino acids could 78 

be removed from the N-terminus without affecting the toxicity and regional binding to the 79 

larval gut. However, a further deletion of 41 amino acids from the N-terminal region rendered 80 

the toxin inactive (Clark & Baumann, 1990). Moreover, replacements of amino acids located 81 

at the N-terminus of BinB revealed the crucial importance of residues 32YNL34 and 38SKK40 82 

for the toxicity (Elangovan, et al., 2000). On the basis of the deletion and mutagenic data 83 

described earlier, it is conceivable that that amino acids at positions around 30-40 in the N-84 

terminal region of BinB may play an important role, either structurally or functionally, for the 85 

toxicity of the binary toxin. 86 

To further investigate the role of amino acids at the N-terminal region of BinB in 87 

governing the larvicidal activity, here we performed amino acid substitutions at residues 88 
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spanning positions 35-37 and 41-43.  Bioassays, receptor and membrane binding analyses 89 

demonstrated that residues P35, F41 and Y42 of BinB are crucial for the larvicidal activity, 90 

especially during the steps of membrane and receptor binding.  91 

 92 

2. Materials and Methods 93 

2.1 Bacterial strains, plasmids, and oligonucleotides 94 

Escherichia coli K-12 JM109 and E. coli BL21 (DE3) pLysS (Novagen, USA) were 95 

used as host strains for mutagenesis and for protein expression of the recombinant plasmid 96 

containing truncated binB gene, respectively. A recombinant plasmid pET-tbinB expressing 97 

the 43-kDa truncated BinB as previously described (Boonyos, et al., 2010) was used as a 98 

template for mutagenesis.  Mutagenic oligonucleotide primers were purchased from Sigma 99 

Proligo (Singapore). Each primer was designed to introduce or abolish a restriction 100 

endonuclease recognition site in order to differentiate between the wild-type and mutant 101 

plasmids (Table 1). 102 

 103 

2.2 Construction of BinB mutant plasmids 104 

All mutant plasmids were generated based on polymerase chain reaction using a high 105 

fidelity Pfu DNA polymerase following the procedure of the QuikChange™ site-directed 106 

mutagenesis method (Stratagene). PCR products were treated with DpnI to get rid of the 107 

DNA templates and then transformed into E. coli JM109 competent cells. The recombinant 108 

plasmids were extracted and the desired mutations were selected by restriction endonuclease 109 

digestion, and further confirmed by automated DNA sequencing at Macrogen Inc, Korea. 110 

 111 

 112 

 113 
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2.3 Protein preparation  114 

To express the proteins, each recombinant plasmid  from E. coli JM109  was re-115 

transformed into E. coli BL21(DE3) pLysS and grown at 37 ºC in a Luria-Bertani medium 116 

containing ampicillin 100 µg/ml and chloramphenicol 34 µg/ml until OD600 of the culture 117 

reached 0.4.  Cell cultures were then induced with 0.1 mM isopropyl-β-D-118 

thiogalactopyranoside (IPTG) and further incubated at 37 ºC for 5 h. Cells were collected by 119 

centrifugation and then lysed using a French Pressure Cell. Protein inclusions were collected 120 

after centrifugation and partially purified using differential centrifugation as described 121 

previously (Singkhamanan, et al., 2010). The identity of mutant BinB inclusions was further 122 

confirmed by Western-blot analysis using polyclonal anti-BinB as described previously 123 

(Singkhamanan, et al., 2010). 124 

 Protein inclusions at a concentration about 2-3 mg/ml were solubilized  in 25 mM 125 

NaOH, 5 mM DTT at 37 ºC for 15 min. Solubilized protein was subjected to stepwise 126 

dialysis against 50 mM Na2CO3, pH 10.0  at 4 ºC overnight and further purified by gel 127 

filtration using a superdex 200HR 10/300 column (Amersham Pharmacia Biotech). Protein 128 

concentration was determined by the method of Bradford using Bio-Rad protein assay 129 

reagent with bovine serum albumin as a standard. 130 

 131 

2.4 Larvicidal activity assay 132 

 Larvicidal activity assays were tested against the 2nd-instar Culex quinquefasciatus 133 

mosquito larvae in duplicate and at least three independent experiments were performed.  134 

Mixtures of equal amounts of BinA wild-type inclusions and BinB wild-type or mutant 135 

inclusions were diluted in 1 ml of water to make a series of two-fold serial dilutions, from 64 136 

µg/ml to 0.125 µg/ml. Then 1 ml of each dilution was added to a well of a 24-well tissue 137 

culture plate containing 10 larvae in 1 ml water. The BinA-BinB wild-type inclusion mixture 138 
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was used as a positive control, while BinB wild-type inclusions were used as a negative 139 

control. After 48 hours of incubation, the mortality of the larvae was recorded and the LC50 140 

was analyzed by Probit analysis (Finney, 1971). 141 

 142 

2.5 Far-Western dot blot analysis 143 

 Various amounts of purified truncated BinA (0.08 – 10 µg) were immobilized on 144 

strips of nitrocellulose membrane which were soaked in phosphate buffered saline (PBS) by 145 

using a Bio-Dot Microfiltration Apparatus (Bio-RAD) (Limpanawat, et al., 2009). The 146 

protein-bound membranes were blocked in 5% skimmed milk at 4 ºC overnight. Then, 20 147 

µg/ml of purified wild-type BinB or its mutants in 5% skimmed milk was overlaid on each 148 

strip for 1 hour and subsequently washed with 0.1% Tween-20 in PBS (PBS-T20) 3 times, 149 

for 5 min each time. Bound BinB was detected by probing with polyclonal rabbit anti-BinB 150 

(1:20,000) for 1 hour. Unbound antibody was removed by washing 3 times with PBS-T20, 5 151 

min each time. The membranes were incubated with goat anti-rabbit IgG alkaline 152 

phosphatase conjugate (1:5,000) as a secondary antibody. Excess antibody was removed by 153 

washing twice with PBS-T20, 5 min each, followed by washing with PBS for 5 min. The 154 

immunoreactive signals were detected by using the ECL plus kit (GE healthcare). 155 

 156 

2.6 In vitro binding assays via immunohistochemistry 157 

 Histological sections of the 4th-instar C. quinquefasciatus larval gut tissue were 158 

prepared and immunohistochemical detection was performed following protocols described 159 

previously (Chayaratanasin, et al., 2007, Moonsom, et al., 2007, Singkhamanan, et al., 2010). 160 

Briefly, endogenous peroxidase activity in the gut tissue was blocked by incubating the 161 

sections in PBS containing 0.1% TritonX-100 and 3% H2O2 for 30 min, followed by washing 162 

3 times with 0.1% TritonX-100 in PBS (T-PBS), 15 min each.  After blocking non-specific 163 
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binding sites with normal goat serum (1:200) (Vector) for 45 min and washing excess serum, 164 

the sections were incubated with the purified wild-type or mutant BinB at a concentration of 165 

20 µg/ml for 45 min. After washing 3 times with T-PBS, the sections were incubated with 166 

polyclonal rabbit anti-BinB (1:10,000) for 45 min. After washing with T-PBS, biotin-Goat 167 

anti-rabbit IgG (1:200) (Invitrogen) was added and further incubated for 45 min. The slides 168 

containing sections were then washed 3 times with T-PBS and incubated with HRP-169 

Streptavidin conjugate (1:500) (Invitrogen) for 45 min. After washing with T-PBS, 170 

immunocomplexes were detected by incubation with 3,3’-diaminobenzidine (DAB, SK-400, 171 

Vector) for 2 min and the reaction was stopped by rinsing with distilled water. The apparent 172 

brown color observed under a light microscope indicated positive staining of the bound toxin. 173 

 174 

 2.7 Membrane insertion assay by Langmuir-Blodgett method 175 

The interaction of BinB and its mutants with 2-Dimyristoylrac-glycero-3-176 

phosphocholine (DMPC) monolayer was monitored by using a KSV 2,000 Langmuir-177 

Blodgett trough (KSV, Finland) following protocols described previously (Kunthic, et al., 178 

2011). Briefly, 15 nmol of DMPC in chloroform was spread on 50 mM Na2CO3 buffer, pH 179 

10 which was used as an aqueous subphase. After lipid monolayer was rested for 15-20 min 180 

to allow the complete evaporation of the solvent, it was compressed at the speed of 10 181 

mm/min until the surface pressure reached 10 mN/m and the monolayer was kept constant at 182 

this surface pressure by using the constant surface pressure mode. After that, the sample 183 

containing the protein (5 nmol) was injected at 1,000 s by L-shaped syringe right underneath 184 

the monolayer forming area. Protein insertion was monitored by an increase of the mean 185 

molecule area as a function of time. All experiments were performed at room temperature 186 

and each experiment was repeated at least three times. Only buffer was injected into the 187 

subphase as a control 188 
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3.  Results and discussion 189 

3.1 Effects of alanine substitutions at positions 35-37 and 41-43 on protein production and 190 

larvicidal activity 191 

Earlier studies have shown that the deletion of 34 amino acids from the N-terminus of 192 

BinB did not affect the toxicity and regional binding to the larval gut, while further deletion 193 

up to 41 amino acids from the N-terminal end  totally abolished the toxicity (Oei, et al., 194 

1992). The functional importance of the N-terminus of BinB was further  revealed from the 195 

loss of toxicity when amino acids at positions 32YNL34 and 38SKK40  from B. sphaericus 196 

1593M were substituted by AAA (Elangovan, et al., 2000). Based upon the secondary 197 

structure prediction, amino acid residues 1-34 and 35-45 have been proposed to adopt a 198 

random coil and a helical structure, respectively (Elangovan, et al., 2000). Thus, certain 199 

mutations at these N-terminal regions may disturb the structural folding or functional sites of 200 

BinB protein. In this study, two additional block mutations (35PEI37�35AAA37 and 201 

41FYN43�41AAA43) of the amino acid residues flanking those N-terminal regions were 202 

initially performed to test the possible functional significance of these selected BinB regions.  203 

Both block mutants were expressed in E. coli BL21(DE3) pLysS as inclusions upon 204 

IPTG induction, with expression levels similar to that of the wild-type BinB (Fig. 1A), 205 

suggesting that the mutations do not affect the protein expression of BinB. Upon 206 

immunological detection with polyclonal-anti BinB by Western blot analysis, a major band at 207 

43 kDa reacted specifically with anti-BinB was observed in both block mutants (data not 208 

shown), confirming the immunological identity of the BinB mutant proteins.   209 

Mosquito-larvicidal activity of each block mutant was tested by feeding the mutant 210 

inclusions to Culex quinquefasciatus larvae together with the wild type-BinA inclusions. 211 

Both block mutations, 35PEI37�35AAA37 and 41FYN43�41AAA43 were inactive (Table 2). 212 

Thereafter, the residues in these two regions were individually substituted with alanine 213 
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(P35A, E36A, I37A, F41A, Y42A, N43A) to define amino acids important for the larvicidal 214 

activity. All these mutants were produced as inclusion bodies at comparable levels to that of 215 

the wild-type BinB (Fig. 1B). Of these alanine substitutions, mosquito-larvicidal activity was 216 

significantly reduced for P35A, E36A, F41A, and Y42A mutants (Table 2). Further analyses 217 

were therefore focused on these mutants, while N43A was used as a representative of the 218 

active mutants. 219 

Any major structural change induced by the mutations was explored by using the 220 

intrinsic fluorescence spectroscopy. Tryptophan emission spectra of the mutants were not 221 

significantly different from that of the BinB wild type (data not shown), suggesting that 222 

alanine substitutions at P35, E36, F41 and Y42 are unlikely to perturb the overall 223 

conformation of the toxin.  224 

 225 

3.2 Single alanine substitutions at positions 35-37 and 41-43 in BinB did not affect BinA-226 

BinB interaction 227 

As the full activity of the binary toxin is achieved only when both BinA and BinB 228 

components are present together, the interaction between BinA and BinB supposedly is one 229 

of the critical steps during the pathological process. In this study, the effect of single 230 

mutations at positions 35-37 and 41-43 on the in vitro interaction between BinB mutants and 231 

the wild-type BinA was assessed by Far-Western dot blot analysis. The BinA protein was 232 

immobilized on the membrane which was then incubated with the purified wild-type BinB or 233 

one of the mutant proteins. The BinA-BinB bound complexes were further detected by 234 

probing with anti-BinB. The results showed that all BinB mutants could interact with the 235 

immobilized BinA, giving comparable intensity to that of the wild-type protein (Fig. 2). 236 

These results indicated that none of these mutations disrupted inter-molecular BinA-BinB 237 
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interaction. Therefore, the dramatic decrease in toxicity of mutants P35A, E36A, F41A and 238 

Y42A may be caused by another defect in the pathological process.  239 

 240 

3.3 Single alanine substitution at position Y42 in BinB affects receptor binding 241 

Evidence has been provided that BinB is the binding component of the binary toxin 242 

by interacting with a specific receptor on the surface of midgut epithelium cells (Davidson, 243 

1988, Silva-Filha, et al., 1997).  Immunohistochemistry assay was used to test the effect of 244 

BinB mutations on the binding to the midgut of susceptible C. quinquefasciatus larvae. The 245 

localization of the BinB wild-type protein on the midgut section was demonstrated as an 246 

intense brown staining after probing with anti-BinB, while a faint signal was observed in the 247 

negative control (without BinB overlay) (Fig. 3). An intense staining was also observed from 248 

the section incubated with mutants P35A, F41A and N43A, whereas a very weak signal was 249 

detected in the Y42A mutant. These results suggest that P35A, F41A and N43A mutants still 250 

retain the ability to bind to the apical microvilli of larval midgut. Despite the preserved 251 

receptor binding activity, the larvicidal activity of P35A and F41A was significantly reduced. 252 

These data suggest that, after the BinB- receptor interaction, P35 and F41 residues may 253 

contribute to a subsequent step of cytotoxic process.  Of these mutants, the receptor binding 254 

activity was greatly reduced by the mutation of Y42 which correlates well with its loss of 255 

toxicity. Previously, we reported the crucial role of Y150, particularly its aromaticity, in 256 

receptor binding of BinB (Singkhamanan, et al., 2010). Herein, Y42 was also found to be 257 

crucial for the binding to apical brush border microvilli of susceptible larvae. Taken together, 258 

data suggest that BinB receptor binding could be mediated by Y42 and Y150.  259 

Although we have demonstrated previously that the receptor-binding sites of BinB 260 

may encompass several segments as observed from the ability of both N- and C-terminally 261 

truncated BinB fragments to bind to the susceptible larval gut membrane (Tangsongcharoen, 262 



  

12 
 

et al., 2011), single point mutations at Y42 and Y150 appeared to be sufficient to severely 263 

reduce and abolish the toxicity, respectively.  These observations thus seem to indicate that 264 

these two tyrosine residues may provide the critical interaction, presumably via high affinity 265 

binding, with the receptor that may trigger the subsequent steps of the intoxication process.  It 266 

also remains possible that these two aromatic residues could participate in the membrane 267 

interaction of the BinB component. 268 

 269 

3.4 Single alanine subsitutons at positions 35-37 and 41-43 in BinB affect membrane 270 

insertion 271 

Membrane-protein interaction generally promotes a cascade of events leading to 272 

pathological effects of most bacterial toxins. To explore the effect of BinB mutations on the 273 

protein penetration into the phospholipid membrane, a Langmuir membrane system was used. 274 

The Langmuir membrane system used here is composed of a 2-dimyristoyl-rac-glycero-3-275 

phosphocholine (DMPC) monolayer generated on top of a buffered aqueous subphase. 276 

Although this phospholipid monolayer model may not represent the real biological membrane 277 

of mosquito-larval midgut, it has been effectively used as a receptor-free lipid membrane for 278 

monitoring protein-membrane interaction of the binary toxin subunits (Boonserm, et al., 279 

2006, Kunthic, et al., 2011). As the liquid condensed phase was observed, which is a fluid 280 

stage of DMPC monolayer being relevant to biological membranes, the surface pressure was 281 

subsequently kept constant at 10 mN/m throughout this experiment. When the protein sample 282 

was injected into the aqueous subphase with a given time to interact with the lipid monolayer, 283 

the degree of membrane penetration was measured as a time-dependent increase of the mean 284 

molecular area. The results demonstrated three distinct groups of membrane penetration 285 

behaviors of BinB mutants (Fig. 4). The first group (F41A and N43A) showed a greater 286 

extent of membrane penetration when compared with that of the BinB wild type, whereas a 287 
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lower extent of membrane penetration was found in the second group (E36A, I37A and 288 

Y42A) and the lowest extent of membrane penetration was observed in the third group (P35A 289 

and BinA) (Fig. 4). The fact that the F41A efficiently penetrated the lipid monolayer despite 290 

its reduced larvicidal activity suggests that the compromised biological activity of the F41A 291 

was not due to the impaired lipid-membrane interaction. In contrast, the reduced membrane 292 

penetration ability of P35A, E36A and Y42A was correlated with the decrease of larvicidal 293 

activity of these mutants. It is noteworthy that P35A and BinA showed a much lower rate of 294 

membrane penetration when compared with BinB and other BinB mutants.  Previously, an 295 

incapability of BinA to insert into the artificial lipid monolayer was reported (Boonserm, et 296 

al., 2006). These data thus indicate, albeit using a model membrane, that P35 plays a key role 297 

in the lipid membrane penetration, while E36 and Y42 may be partly involved in this step. 298 

According to the secondary structure prediction, P35 and E36 have been proposed to locate at 299 

the end of a loop preceding a helical structure at the N-terminal region of BinB (Elangovan, 300 

et al., 2000). Particularly, P35 seems to confer the structural integrity of the loop which may 301 

be required for the lipid membrane insertion.  In agreement with our finding, the necessity of 302 

the structural integrity of the loop joining the α4-α5 transmembrane hairpin for an efficient 303 

membrane insertion of the Cry4Aa mosquito-larvicidal toxin has also been reported 304 

(Tapaneeyakorn, et al., 2005). However, herein the precise structural role of the P35 and E36 305 

residues await further confirmation by the crystal structure of the BinB protein. Although 306 

previous evidence has provided an important clue of the N-terminal region of BinB for the 307 

receptor recognition, here we demonstrate that the N-terminus of BinB is also involved in the 308 

membrane interaction.  309 
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Figure legends 409 

Figure 1. 12% SDS-polyacrylamide gel of BinB wild-type and mutant proteins. E. coli cells 410 

harbouring the 43-kDa truncated binB gene (WT) or mutated plasmids were induced by 0.1 411 

mM IPTG for 5 hours. Cells were lysed using a French Pressure cell and protein inclusions 412 

were partially purified by repeated washing and centrifugation. Panel A represents partially 413 

purified inclusion bodies of block mutants, 35PEI37�35AAA37, 41FYN43�41AAA43 and panel 414 

B represents partially purified inclusion bodies of  single-point mutants, P35A, E36A, I37A, 415 

F41A, Y42A, and N43A. M represents protein standard markers. Arrows indicate the BinB 416 

protein bands. 417 

 418 

Figure 2. BinA-BinB interaction detected by Far-Western dot blot analysis. Various amounts 419 

of BinA protein were immobilized on a membrane and then overlaid with BinB wild-type or 420 

its mutant protein at a concentration of 20 µg/ml. Negative control was BinA alone without 421 

overlaid BinB protein. BinA-BinB complexes were detected by incubating the membrane 422 

with rabbit anti-BinB followed by goat anti-rabbit IgG conjugated with alkaline phosphatase.   423 

 424 

Figure 3. Immunohistrochemical staining of the 4th-instar C. quinquefasciatus larval midgut 425 

tissues. Slides were incubated with either BinB wild type (WT) or P35A, F41A, Y42A, and 426 

N43A mutants at a concentration of 20 µg/ml.  Negative control was done by incubating with 427 

carbonate buffer. MV represents microvilli. 428 

 429 

Figure 4. The insertion ability of BinB wild-type and its mutant proteins into DMPC 430 

monolayer using the Langmuir-Blodgett Trough. The degree of membrane insertion was 431 

monitored by an increase of the mean molecule area as a function of time under a constant 432 

surface pressure. All data were subtracted from the negative control (buffer only).  433 
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Table 1. Oligonucleotide primers for generation of BinB mutants 438 

Primer Sequence 
Restriction 

enzyme 

35PEI37f 

35PEI37r 

5′TAGCAACCTTGCGGCCGCATCAAAAAAATTTTATA3′ 

5′AAAATTTTTTTGATGCGGCCGCAAGGTTGCTAGCC3′ 
EaeI 

41FYN43f 

41FYN43r 

5′TATCAAAAAAAGCAGCTGCCCTTAAGAATAAATAT3′ 

5′ATTCTTAAGGGCAGCTGCTTTTTTTGATATTTCTG3′ 
PvuII 

P35Af 

P35Ar 

5′GCTAGCAACCTGGCCGAAATATCAAAAAAA3′ 

5′TTTTTTGATATTTCGGCCAGGTTGCTAGCC3′ 
CfrI 

E36Af 

E36Ar 

5′AGCAACCTTCCGGCCATATCAAAAAAATTT3′ 

5′ATTTTTTTGATATGGCCGGAAGGTTGCTAG3′ 
CfrI 

I37Af 

I37Ar 

5′AACCTTCCAGAAGCTTCAAAAAAATTTTAT3′ 

5′TAAAATTTTTTTGAAGCTTCTGGAAGGTTG3′ 
HindIII 

F41Af 

F41Ar 

5′ATATCAAAAAAGGCCTATAACCTTAAGAAT3′ 

5′CCTAAGGTTATAGGCCTTTTTTGATATTTC3′ 
StuI 

Y42Af 

Y42Ar 

5′TCAAAAAAATTCGCGAACCTTAAGAATAAA3′ 

5′TCTTAAGGTTCGCGAATTTTTTTGATATTT3′ 
NruI 

N43Af 

N43Ar 

5′ATATCAAAAAAATTTTATGCCCTTAAGAAT3′ 

5′CTTAAGGGCATAAAATTTTTTTGATATTTC3′ 
- 

  439 

*Recognition sites introduced in the primers for restriction endonuclease 440 

analysis are underlined. Mutated nucleotides are shown in bold; f and r 441 

represent forward and reverse primers, respectively.  442 

 443 

 444 
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Table 2. Mosquito larvicidal activity of the wild-type and mutant toxins against the 2nd-instar 445 

C. quinquefasciatus larvae  446 

  447 

Protein LC50 (µg/ml) 

BinB   Inactive 

BinA + BinB wild type 0.36 (0.31-0.42) 

BinA+ 35PEI37�35AAA37 Inactive 

BinA+ 41FYN43�41AAA43 Inactive 

BinA + P35A 1.45 (1.24-1.68) 

BinA + E36A 1.75 (1.51-2.02) 

BinA + I37A 0.51 (0.43-0.60) 

BinA + F41A 3.38 (2.92-3.90) 

BinA + Y42A 2.43 (2.10-2.84) 

BinA + N43A 0.49 (0.42-0.56) 

 448 

BinA and BinB inclusions were mixed at 1:1 molar ratio. Mortality was recorded after 449 

feeding toxins for 48 h. LC50 was calculated using Probit analysis (Finney, 1971) from at 450 

least three independent experiments. The fiducial limits at 95% confidence are shown in 451 

parentheses. Samples with no mortality at high concentration (32 µg/ml) of toxin are 452 

regarded as inactive.  453 
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The binary toxin from Bacillus sphaericus consists of two proteins, BinA and

BinB, which work together to exert toxicity against mosquito larvae. BinB is

proposed to be a receptor-binding domain and internalizes BinA into the midgut

cells, resulting in toxicity via an unknown mechanism. The functional form of

BinB has been successfully crystallized. The crystals of BinB diffracted to a

resolution of 1.75 Å and belong to space group P6222, with unit-cell parameters

a = b = 95.2, c = 154.9 Å. Selenomethionine-substituted BinB (SeMetBinB) was

prepared and crystallized for experimental phasing. The SeMetBinB crystal data

were collected at a wavelength of 0.979 Å and diffracted to a resolution of

1.85 Å.

1. Introduction

A binary toxin is produced as crystalline inclusions during sporu-

lation by the Gram-positive bacterium Bacillus sphaericus (Bs). This

toxin is highly toxic to mosquito larvae after being ingested; hence it

becomes an alternative mosquito-control agent. The binary toxin

consists of two polypeptides, 42 kDa BinA and 51 kDa BinB

(Baumann et al., 1991; Charles et al., 1996), and both of them are

required for maximum toxicity against the larvae of Culex and

Anopheles mosquito species (Berry et al., 1993). The binary toxin

components are synthesized as inactive protoxins that are solubilized

under alkaline conditions upon ingestion by susceptible mosquito

larvae, and are subsequently converted by larval gut proteases into

their active forms of 40 and 45 kDa for BinA and BinB, respectively

(Broadwell & Baumann, 1987; Nicolas et al., 1990). The activated

BinB has been demonstrated to bind to a specific receptor on the

larval gut epithelial cells and mediates the regional binding and

internalization of BinA (Oei et al., 1992). The receptor of binary toxin

has been identified as a Cpm1-�-glucosidase (Culex pipiens maltase

1) (Silva-Filha et al., 1999; Darboux et al., 2001).

The binary toxin has been shown to induce channel and pore

formation in cultured C. quinquefasciatus cells and in a mammalian

epithelial cell line (MDCK) expressing the binary toxin Cpm1

receptor (Cokmus et al., 1997; Pauchet et al., 2005). The ability of the

binary toxin to insert into receptor-free lipid membranes and

permeabilize phospholipid vesicles has also been reported (Schwartz

et al., 2001; Boonserm et al., 2006; Kunthic et al., 2011). Moreover,

several cytopathological alterations were observed on intoxicated

C. quinquefasciatus larvae including the formation of cytoplasm

vacuoles, mitochondria swelling and microvilli destruction (Silva-

Filha & Peixoto, 2003). The above evidence seems to indicate a

complex mechanism for binary toxin activity. In the absence of a

detailed three-dimensional structure, its toxicity mechanism remains

unclear. Moreover, both BinA and BinB proteins show low amino-

acid sequence similarity to proteins with known structures; hence

their three-dimensional structures cannot be reliably predicted.

Although there are reports describing the crystallization of BinB

(Chiou et al., 1999) and the binary toxin from a native Bs strain

(Smith et al., 2004), their structures have not been reported. As BinB

plays a key role in the specificity of binary toxin, its protein fragments

and amino-acid residues involved in the receptor binding have been

investigated (Singkhamanan et al., 2010; Tangsongcharoen et al., 2011;

Romão et al., 2011). However, the lack of structural information
# 2013 International Union of Crystallography
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limits the usefulness of these functional data. To gain insight into the

structure–function correlation and provide guidelines for engineering

the protein with higher potency, we report the crystallization and

preliminary X-ray crystallographic analysis of the functional form of

BinB protein.

2. Materials and methods

2.1. Expression, purification and activation of native and

selenomethionine-substituted BinB

Detailed cloning, expression and purification protocols for the

trypsin-activated BinB have been described previously (Srisucharit-

panit et al., 2012). Briefly, the binB gene from B. sphaericus strain

2297 (GenBank accession No. AJ224478) was cloned by fusion with a

hexahistidine tag at the N-terminus and expressed as a soluble

protein in Escherichia coli. BinB protein was purified by using Ni-

affinity and size-exclusion chromatography. To convert BinB into its

active form, purified BinB protoxin was digested with trypsin enzyme

(Sigma) at a trypsin:protoxin ratio of 1:20 (w:w) at 310 K for 2 h to

remove some amino acids from both the N- and C-termini. The

trypsin-activated reaction was stopped by adding 10 mM phenyl-

methylsulfonyl fluoride (PMSF, Sigma). The trypsin was removed by

size-exclusion chromatography which was equilibrated with 50 mM

Tris–HCl pH 9.0 and 1 mM dithiothreitol (DTT). The purified

activated BinB was further concentrated to 5 mg ml�1 with an ultra-

centrifugal 30 K cutoff filter (Amicon, USA) prior to crystallization.

The activated BinB is composed of 390 amino acids with seven

methionine residues; therefore, the selenomethionine-substituted

BinB (SeMetBinB) was prepared for phasing. The recombinant

plasmid, pET 28b-BinB, was introduced into E. coli B834 (DE3)

methionine (Met) auxotrophic strain (Leahy et al., 1992; Wood, 1966).

The transformant was pre-cultured in 100 ml Luria-Bertani (LB)

broth containing 50 mg ml�1 kanamycin at 310 K for 18 h and

cultured cells were harvested by centrifugation. The cell pellets were

washed twice with PBS (phosphate-buffered saline) buffer before

being resuspended in 1 l of M9 medium containing 40 mg of each

amino acid except methionine, 1 mg of each vitamin mixture

supplement (riboflavin, pyridoxine monohydrochloride, thiamine and

nicotinamide) and 40 mg of SeMet (Sigma). Expression was induced

by the addition of 1 mM isopropyl �-d-1-thiogalactopyranoside

(IPTG) when the culture reached an OD600 of 0.6 and cultured cells

were further grown at 303 K for 24 h. SeMetBinB was purified and

activated following the same protocols as those for the native protein.

2.2. Crystallization and X-ray diffraction data collection

Crystallization was performed by hanging- and sitting-drop

vapour-diffusion methods in 96- and 24-well plates at 295 K (Mole-

cular Dimensions, UK and Qiagen, Germany). Initial screening was

performed using Hampton Research Crystal Screen kits (Hampton

Research, USA) and positive hits were then optimized. Drops were

prepared by mixing 1 ml of 5 mg ml�1 protein solution (50 mM Tris–

HCl pH 9.0, 1 mM DTT) with an equivalent volume of reservoir

solution and were equilibrated against 500 ml of reservoir solution.

For the SeMetBinB, initial screening was done using the PEGs Suite

crystallization screening kit (Qiagen, Germany). Both native and

SeMetBinB crystals were briefly soaked in a cryoprotecting solution

consisting of 25%(v/v) glycerol dissolved in their corresponding

mother liquors before being cryocooled in a nitrogen steam at 100 K.

Preliminary diffraction data were collected in-house (SLRI Thai-

land) using a Cu rotating-anode generator (� = 1.54 Å; Microstar,

Bruker). Higher resolution data were collected on the BL41XU

beamline of the SPring-8 synchrotron (Hyogo, Japan). The diffraction

data set of the native crystal was collected at 1 Å wavelength. The

single-wavelength anomalous dispersion (SAD) data of the SeMet-

BinB crystal were collected at 0.979 Å based on the fluorescence

spectrum of the Se K absorption edge (Rice et al., 2000). A total of

180 frames of native and SAD data were collected with an oscillation

angle of 0.5� and an exposure time of 0.3 s for each image. The

diffraction images of both crystals were recorded on the Rayonix

MX-225HE CCD detector. All diffraction data were indexed and

integrated using iMOSFLM software (Battye et al., 2011), and scaled
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Figure 1
Crystals of native (a) and SeMet-substituted (b) BinB used for X-ray diffraction.

Table 1
Summary of crystallographic data.

Values in parentheses correspond to the highest-resolution shell.

Native SeMet

Wavelength (Å) 1 0.979
Radiation source BL41XU, SPring-8 BL41XU, SPring-8
Space group P6222 P6222
Unit-cell parameters (Å) a = 95.2, b = 95.2, c = 154.9 a = 95.0, b = 95.0, c = 154.5
Resolution range (Å) 28.99–1.75 (1.84–1.75) 28.99–1.85 (1.95–1.85)
No. of unique reflections 42536 (6069) 35916 (5127)
Multiplicity 10.6 (10.7) 15 (15)
Completeness (%) 100 (100) 100 (100)
hI/�(I)i 4.4 (1.8) 4.7 (2.4)
Rmeas† (%) 12.6 (45.5) 11.9 (32.9)

† Rmeas =
P

hklfNðhklÞ=½NðhklÞ � 1�g1=2 P
i jIiðhklÞ � hIðhklÞij=Phkl

P
i IiðhklÞ, where Ih

is the mean intensity of symmetry-equivalent reflection h and N is redundancy.
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and merged with SCALA in the CCP4 program suite (Winn et al.,

2011). Anomalous difference Patterson maps for SeMetBinB were

calculated by the CCP4 program package.

3. Results and discussion

As reported previously, the expression of recombinant BinB protein

as a soluble form in E. coli was achieved by fusing the protein with a

hexahistidine tag at the N-terminus and modifying the strategy of cell

culture by reducing temperature (Srisucharitpanit et al., 2012). The in

vitro activation of the recombinant BinB was performed by trypsin

digestion to generate a resistant fragment of 45 kDa which is fully

active against C. quinquefasciatus larvae. Hence, the trypsin-activated

product is a good candidate for the atomic structural study of BinB in

its functional form.

During initial crystallization screening, microcrystals appeared in

conditions containing PEG 4000 and some salts with divalent cation

such as magnesium chloride, lithium sulfate and calcium chloride. All

favourable conditions were further optimized by adjusting the

concentrations of protein, precipitants and salts, and by varying pH

from 6.5 to 10. The best native BinB crystals were grown in a

condition consisting of 0.1 M Tris–HCl pH 8.0, 0.2 M lithium sulfate

and 12%(w/v) PEG 4000. The crystals grew to their maximal

dimensions of 250 � 250 � 50 mm within 1 week (Fig. 1a).

Since a limited sequence identity is observed between BinB and

other proteins with known structures, SeMetBinB was prepared to

solve the phase problem. SeMetBinB was prepared with high purity

comparable to native protein (data not shown). Furthermore,

SeMetBinB still retained high toxicity against the C. quinquefasciatus

larvae (data not shown). SeMetBinB crystals were obtained from a

condition consisting of 0.1 M Tris–HCl pH 8.0, 0.2 M magnesium

acetate and 16%(w/v) PEG 3350, which is very similar to that used for

the native protein. The crystals grew to their maximal dimensions of

100 � 100 � 50 mm after 4 d (Fig. 1b).

X-ray diffraction data of the native BinB crystal were collected to

1.75 Å resolution using 25% glycerol in the mother liquor as a

cryoprotectant. The crystal belongs to space group P6222, with unit-

cell parameters a = b = 95.2, c = 154.9 Å. The SAD data of a

SeMetBinB crystal were collected to 1.85 Å resolution at the Se K

absorption edge (wavelength 0.979 Å). The SeMetBinB crystal was

found to be isomorphous with the native crystal, with unit-cell

parameters a = b = 95.0, c = 154.5 Å. The Matthews coefficient (VM)

was estimated to be 2.35 Å3 Da�1 with one molecule in the asym-

metric unit, corresponding to a solvent content of 48% (Matthews,

1968). The seven selenium sites of SeMetBinB were found with the

SHELXD program (Sheldrick, 2008) (Fig. 2), suggesting the useful-

ness of these data for phasing using the SAD method. Details of the

data-collection statistics are summarized in Table 1. Structure

determination and refinement are in progress.
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a b s t r a c t

The binary toxin produced from Bacillus sphaericus is highly toxic against larvae of Culex and Anopheles
mosquitoes. The two major components of the binary toxin are 42-kDa BinA and 51-kDa BinB, which
are produced as crystalline inclusions during sporulation. Currently, there is no detailed knowledge of
the molecular mechanism of the binary toxin, mainly due to the lack of structural information. Herein,
we describe an expression protocol with modified conditions allowing production of soluble, biologically
active BinA and BinB for further structural analysis. The binA and binB genes from B. sphaericus 2297 strain
were independently cloned and fused with a polyhistidine tag at their N-termini. Both (His)6-tagged BinA
and (His)6-tagged BinB were expressed as soluble forms at low temperature. Highly pure proteins were
obtained after two-step purification by Ni–NTA affinity and size exclusion chromatography. In vitro acti-
vation by trypsin digestion generated a resistant fragment, of 40 kDa for BinA, and of 45 kDa for BinB, and
an oligomeric complex of BinA and BinB in solution was observed after proteolytic activation. Their func-
tional and structural properties were confirmed by a biological assay and far-UV circular dichroism,
respectively. The mixture of BinA and BinB, either as a protoxin or as a trypsin-activated form, exhibited
high mosquito-larvicidal activity against Culex quinquefasciatus larvae with LC50 of about 10 ng/ml, while
no toxicity was observed from the single binary toxin component. Results from far-UV circular dichroism
of BinA and BinB suggest the presence of mainly b-structure. The expression and purification protocols
reported here will be useful for the production of the active and homogeneous binary toxin to allow fur-
ther detailed structural investigation.

� 2012 Elsevier Inc. All rights reserved.

Introduction

During sporulation, the Gram-positive bacterium Bacillus
sphaericus (Bs) produces crystalline inclusions known as binary
toxin, which is highly pathogenic to certain mosquito larvae.
Hence, B. sphaericus has been used in recent years as a biopesticide
to control mosquito populations. The latter are vectors of several
human diseases such as malaria, filariasis, dengue, Japanese
encephalitis, West Nile fever, and chikungunya. Two major toxins
produced by Bs are mosquitocidal toxins (Mtx) and binary toxin
(Bin). During the sporulation phase, binary toxin is produced as
parasporal crystalline inclusions. The binary toxin, consisting of
BinA (42 kDa) and BinB (51 kDa) components, is highly toxic
against the larvae of Culex and Anopheles mosquitoes, but mildly
toxic or non toxic to Aedes species [1–4]. BinA is proposed to func-
tion as a toxic subunit, as observed from its larvicidal activity when

used at high concentration, whereas BinB is responsible for recep-
tor binding [5,6]. However, both BinA and BinB are required in
equimolar amounts to exert the maximum toxicity [2]. After inges-
tion of the crystal toxins by the susceptible larvae, the BinA and
BinB protoxin inclusions are dissolved under alkaline conditions
inside the larval midgut, accompanied by proteolytic activation
by gut proteases to produce the active proteins of approximately
40 and 45 kDa, respectively [7,8]. The activated BinB then binds
to a specific receptor, identified as a 60-kDa a-glucosidase
(Cpm1), on the surface of midgut epithelium cell of susceptible lar-
vae [9–12]. Upon binding, the binary toxin is thought to internalize
into the target cells, eventually causing larval death via unknown
mechanism [5,13].

To date, the knowledge of mechanism of action leading to larvi-
cidal activity of the binary toxin is still insufficient, and a major rea-
son is the lack of structural information. The problem is
compounded by the fact that the amino acid sequences of BinA
and BinB are not sufficiently similar to any other protein with known
structure, which makes homology modeling very difficult. BinA and
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BinB, however, are similar to each other, with 25% identity and 40%
similarity, suggesting that their structures are also similar [14].

The binary toxin genes have been cloned and expressed in sev-
eral host cells such as Escherichia coli, Bacillus thuringiensis and
Bacillus subtilis [15–18], but in most cases expression only occurs
as inclusion bodies. Consequently, several subsequent steps of pro-
tein preparation, i.e., inclusion solubilization in highly alkaline
condition, dialysis against a normal alkaline buffer, and soluble
protein purification are required for further structural and func-
tional analyses. Moreover, both binary toxin components tend to
be easily degraded and form large oligomers in solution after being
solubilized in alkaline condition [18,19], which affects the homo-
geneity and purity desired for structural studies. In the present
study, we expressed the individual BinA and BinB proteins with a
hexahistidine tag at their N-termini to induce the expression of
soluble proteins and facilitate their protein purification. The solu-
ble binary toxin components were properly folded, as assessed
by the far-UV circular dichroism spectroscopy. This is confirmed
by the fact that these recombinant soluble proteins, when fed to-
gether to Culex quinquefasciatus mosquito larvae, showed high lar-
vicidal activity, indicating that their conformations are in the
active form. The expression and purification protocols reported
here are particularly useful for further structural and functional
investigation of the binary toxin.

Materials and methods

Bacterial strains and plasmids

E. coli K-12 JM109 was used as a host strain for cloning, whereas
E. coli BL21 (DE3)pLysS (Novagen, USA) was used as a host strain
for protein expression. The binary toxin genes, binA and binB, were
isolated from B. sphaericus strain 2297 (GenBank accession No.
AJ224478) as previously described [17]. The plasmid pRSET C
(Invitrogen) was used as a cloning vector for binA gene, whereas
the plasmid pET-28b(+) (Novagen) was used as a cloning vector
for binB gene. Both plasmids contain the N-terminal tag coding
sequences.

Construction of recombinant plasmids to express histidine-tagged BinA
and BinB proteins

The binA and binB genes were separately cloned in-frame with
the hexahistidine tags at their 50 ends. The genes encoding BinA
and BinB were amplified by polymerase chain reaction from the re-
combinant plasmid pET42f and pET51f, respectively [17]. The for-
ward and reverse primers for binA amplification were 50-CCG
TGG ATC CGA AAT TTG GAT TTT ATT GAT TCT-30 and 50-GCG AAG
CTT TTA GTT TTG ATC ATC TGT AAT AAT-30, respectively (Under-
lined bases indicate restriction sites.). The forward and reverse
primers for binB amplification were 50-GCG CCA TAT GTG CGA
TTC AAA AGA CAA TTT C-30 and 50-GCG CGG ATC CTC ACT GGT
TAA TTT TAG GTA ATT C-30, respectively (BioDesign, Thailand).
The PCR product of binA gene was digested with BamHI and HindIII
and ligated in-frame into pRSET C vector between the same restric-
tion sites to create the recombinant vector pRSETC-BinA with a
hexahistidine tag at the 50 end of the cloned gene. While, the PCR
product of binB gene was digested with NdeI and BamHI and ligated
in-frame into pET28b(+) vector between the same restriction sites
to create the recombinant vector pET28b-BinB with a hexahisti-
dine tag at the 50 end of the cloned gene.

BinA and BinB protein expression and purification

E. coli BL21(DE3)pLysS cells harboring pRSETC-BinA or pET28b-
BinB were grown in Luria–Bertani (LB) medium containing appro-

priate antibiotics (100 lg/ml ampicillin and 34 lg/ml chloram-
phenicol for BinA and 50 lg/ml kanamycin and 34 lg/ml
chloramphenicol for BinB). The culture cells were induced with
0.2 mM isopropyl b-D thiogalactopyranoside (IPTG) when OD600

reached 0.7 and further grown at 18 �C for 5 h. The culture cells
were harvested by centrifugation at 7000g for 10 min. The cell pel-
lets were suspended in buffer A (50 mM Tris–HCl pH8.0 and
200 mM NaCl), and subsequently subjected to ultra-sonication to
completely break the cells. Crude extracts were separated by cen-
trifugation in order to collect supernatant containing the expressed
(His)6-tagged BinA and (His)6-tagged BinB proteins for further
purification step. The supernatant fraction was loaded into a
HiTrap™ Chelating HP 5-ml column prepacked with a precharged
Ni2+ (GE Healthcare Life Sciences) that had been pre-equilibrated
with buffer A. Non-specific bound proteins were washed twice
with buffer A containing 25 mM imidazole and 50 mM imidazole,
respectively. The bound (His)6-tagged BinA was eluted with buffer
A containing 100 mM imidazole, whereas the bound (His)6-tagged
BinB was eluted with buffer A containing 250 mM imidazole. The
protein-containing fractions were pooled and concentrated by
ultrafiltration at 4 �C using a Centriprep column (30-kDa cutoff,
Amicon), followed by applying the concentrated fraction into a
Superdex 200 HR 10/30 column (GE Healthcare Life Sciences)
which was equilibrated with 50 mM Tris–HCl pH 9.0 and 1 mM
DTT. The BinA and BinB proteins eluted from the size exclusion col-
umn were examined their molecular sizes and homogeneity by
comparing with standard proteins (gel filtration LMW calibration
kit, GE Healthcare Life Sciences). The proteins collected at every
step were analyzed by 12% sodium dodecyl sulfate–polyacrylamide
(SDS) gel. The concentration of protein was determined by Brad-
ford’s assay using BSA as a standard protein.

Trypsin activation of BinA and BinB

Purified BinA and BinB recombinant protoxins were mixed with
trypsin (L-1-tosylamide-2-phenylethyl chloromethyl ketone trea-
ted, Sigma) at a trypsin:protoxin ratio of 1:20 (w/w) and incubated
at 37 �C for 2 h. The proteolytic reaction was stopped by adding
10 mM Phenylmathylsulfonyl fluoride (PMSF, Sigma). Trypsin-acti-
vated BinA (40 kDa) and BinB (45 kDa) were purified by size exclu-
sion chromatography using the Superdex 200 HR 10/30 column,
which was equilibrated with 50 mM Tris–HCl pH 9.0 and 1 mM
DTT. Eluted fractions were concentrated by ultrafiltration as de-
scribed above.

Mosquito-larvicidal activity assay

Toxicity assays against the second-instar C. quinquefasciatus lar-
vae were conducted following the protocol as previously described
[18]. Purified BinA and BinB, either (His)6-tagged protoxins or tryp-
sin-activated forms, were mixed at 1:1 M ratio, followed by 2-fold
serially diluted with distilled water in different concentrations.
Then, 1 ml of each protein dilution was added to each well of a
24-well tissue culture plate containing 10 larvae/well in 1 ml
water. The (His)6-tagged BinB was used as a negative control. Mor-
tality was recorded after incubation at room temperature for 48 h.
All of the data from three independent experiments were used to
calculate the median lethal concentration (LC50) by using GWbasic
program Probit analysis [20].

Secondary structure analysis

The secondary structures of the recombinant BinA and BinB,
both protoxins and activated forms, were determined by using a
Jasco J-715 CD spectropolarimeter (Jasco Inc., USA). The purified
protein of 1 mg/ml in a quartz cuvette (0.2 mm optical path length)
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was measured the CD spectra from 200 to 260 nm with scanning
speed of 50 nm/min. Each spectrum was averaged from three scans
and subtracted from a baseline.

Results and discussion

Expression and purification of BinA and BinB proteins

As mentioned previously, both BinA and BinB have been cloned
and expressed in various host strains, but expressed proteins
tended to accumulate as inclusion bodies. Although those ex-
pressed proteins are in a similar form as the native binary toxin,
solubilization in highly alkaline pH results in several additional
steps of protein preparation. To facilitate the soluble protein
expression and protein purification , both binA and binB genes from
Bs strain 2297 were independently cloned and expressed with
(His)6-tags at their N-termini. The nucleotide sequences of recom-
binant plasmids were confirmed by DNA sequencing (data not
shown). The recombinant BinA and BinB proteins were expressed
in E.coli BL21 (DE3)pLysS with modified conditions to provide an
optimum yield of soluble products. Both recombinant BinA and
BinB fused with polyhistidine tags at their N-termini were ex-
pressed mainly in soluble form after induction with 0.2 mM IPTG
at lower temperature of 18 �C for 5 h. Crude extract was released
by sonication and the supernatant fraction containing either ex-
pressed BinA or BinB was initially loaded into the Ni–NTA affinity
chromatography. The collected BinA and BinB proteins after elu-
tion from the Ni–NTA column were subsequently loaded to a size
exclusion column to improve purity. Purified proteins were ana-
lysed by SDS–PAGE (Fig. 1). The BinA and BinB proteins appeared
as bands with apparent molecular masses of 42 and 51 kDa, and
showed high purity.

BinA and BinB toxin activation and their complex formation in solution

The native BinA and BinB proteins are produced as protoxins
that are subsequently digested by larval proteases and converted
to active toxins [7]. Here, in vitro toxin activation was performed
by incubating (His)6-tagged BinA and BinB with trypsin, followed
by purification of the native proteins by size exclusion chromatog-
raphy. The molecular sizes of the trypsin-activated BinA and BinB
were checked by SDS–PAGE and MALDI-TOF mass spectrometry.

As observed by SDS–PAGE, digestion with trypsin appeared to gen-
erate a resistant-fragment of about 40 and 45 kDa for BinA and
BinB, respectively (Fig. 2). MALDI-TOF mass spectra of trypsin-di-
gested BinA and BinB showed peaks at 40,823 Da and 45,028 Da
for BinA and BinB, respectively (data not shown) that agree well
with the predicted molecular masses from their deduced amino
acid sequences (40,985 Da for BinA and 44,884 Da for BinB).

To demonstrate a complex formation of activated BinA and BinB
in solution, their trypsin-activated products were mixed at a 1:1 M
ratio before applying size exclusion chromatography (HiLoad 16/
60 Superdex 200). Both trypsin-activated BinA and BinB co-eluted
before the individual proteins, indicating formation of a BinA–BinB
complex in solution after trypsin activation (Fig. 3). The gel-filtra-
tion elution volume of the binary toxin complex was between IgG
(158 kDa) and albumin (66 kDa). According to the estimation
based on this elution volume, the molecular mass of the binary
toxin complex was about 140 kDa. MALDI-TOF mass spectra of
the binary toxin complex showed peaks corresponding to the
40,823 Da BinA and 45,028 Da BinB (data not shown), confirming
the presence of both activated components in the complex. It has
been demonstrated that native BinA and BinB protoxins form an
oligomer in solution that contains two copies of each BinA and
BinB [21]. However, in that report, the trypsin-digested binary tox-
in was not found in an oligomeric form. Our result, in contrast, pro-
vides evidence of the formation of a BinA–BinB complex in solution
after trypsin activation. This oligomeric complex may play a role in
toxin insertion into the membranes of the target cells, probably via
pore formation, causing pathological effects inside the cells.

Secondary structures of recombinant BinA and BinB

The conformations of purified (His)6-tagged BinA, BinB and
their trypsin-digested products were characterized by circular
dichroism (CD) spectroscopy. CD spectra (either with or without
polyhistidine tag) showed similar features, with negative bands
around 202 and 210 nm and positive bands around 231 and
239 nm (Fig. 4). This result indicates that the polyhistidine tag does
not interfere with protein folding and no major structural changes
are induced by trypsin activation. Analysis of the secondary struc-
ture content using both K2D2 and PSIPRED program tools [22,23]
also conclude that BinA and BinB proteins adopt mainly a b-strand
structure (data not shown), consistent with the previous report

Fig. 1. Coomassie-stained SDS–PAGE (12% gel) showing the protein expression and purification of the recombinant BinA and BinB. (A) Expression profiles of (His)6-tagged
BinA and (His)6-tagged BinB. Lanes 1 and 2, uninduced and IPTG-induced cell cultures, respectively; lanes 3, 4, and 5 cell lysate, supernatant and pellet fractions after ultra-
sonication, respectively; M, molecular mass standards. Arrows indicate the expressed proteins at their predicted MW. (B) Purity assessment of (His)6-tagged BinB (lane 1) and
(His)6-tagged BinA (lane 2) after Ni–NTA affinity and size exclusion chromatography.
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and the prediction based on their amino acid sequences [24,25].
This conformational analysis suggests that the purified binary tox-
in components are properly folded. In addition, an equimolar mix-
ture of BinA and BinB, either protoxin or trypsin-activated form,
showed a CD spectrum intermediate between that of pure BinA
and pure BinB, suggesting that no alteration of protein secondary
structure was occurred when two proteins were mixed in aqueous
solution (Fig. 4).

Larvicidal activity of recombinant BinA and BinB

Larvicidal activity of recombinant BinA and BinB against C. quin-
quefasciatus larvae was tested, either as protoxins or as trypsin-
activated proteins. Neither BinA nor BinB alone was toxic to C.
quinquefasciatus larvae, even using a concentration of 50 lg/ml.
However, high toxicity was achieved when BinA and BinB were
combined at 1:1 M ratio (Table 1). Both protoxin and trypsin-acti-
vated BinA–BinB mixtures showed comparable toxicity, indicating

that both larval gut proteases and trypsin could convert the pro-
toxins into their active forms.

It has been reported previously that (His)6-tagged BinA from Bs
strain ISPC-8 in a soluble form showed high toxicity to Culex larvae
without the requirement of the BinB counterpart [24]. These contra-
dictory results may be explained by the different protein purifica-
tion steps performed. For example, we have noted that the
complete removal of imidazole after Ni–NTA affinity chromatogra-
phy is critical because residual imidazole in solution was toxic to
mosquito larvae (Supplement 1). Nevertheless, our results are in
agreement with a previous report that showed that neither inclu-
sions of BinA nor BinB alone were toxic to the mosquito larvae
[17], which suggests that complementation is necessary for toxicity.
The requirement of both BinA and BinB subunits is reminiscent of
other toxins that function as A–B toxins, such as Clostridium
perfringens Iota-toxin, Bacillus cereus VIP2 and B. sphaericus Mtx1
[26–28]. Moreover, the soluble BinA and BinB expressed from this
polyhistidine tag expression system showed about 2 times higher
toxicity when compared with the GST-BinA and GST-BinB fusion
proteins expressed as inclusions [18]. This suggests that the protein

Fig. 2. Coomassie-stained SDS–PAGE (12% gel) showing proteolytic activation of
recombinant BinA and BinB. Lane 1, mixture of undigested BinA (lower band) and
undigested BinB (upper band); lanes 2, trypsin-activated BinA (40 kDa); lane 3,
trypsin-activated BinB (45 kDa); M, molecular mass standards.

Fig. 3. Elution profile from a size-exclusion chromatographic column (Hiload 16/60
Superdex 200) of the 40-kDa trypsin-activated BinA, 45-kDa trypsin-activated BinB
and their mixture at equal concentration.

Fig. 4. Circular dichroism spectra of BinA, BinB and a mixture of BinA and BinB,
either protoxins (A) or trypsin-digested forms (B), in a far-UV region of 200–
260 nm.

Table 1
Mosquito-larvicidal activity of the purified BinA and BinB with histidine tags and after
trypsin activation against Culex quinquefasciatus larvae.

Sample LC50 (ng/ml)a

(His)6-tagged BinA Not toxic
(His)6-tagged BinB Not toxic
Activated BinA Not toxic
Activated BinB Not toxic
(His)6-tagged BinA + (His)6-tagged BinB 8.0 (5.7–10.4)
Activated BinA + Activated BinB 10.0 (7.4–14.6)

a The mortality was recorded after feeding the toxin for 48 h. The LC50 (median
lethal concentration) was calculated from three independent experiments by using
Probit analysis. Numbers in parenthesis indicate the fiducial limits at 95% confi-
dence. Mortality was not detected from either BinA or BinB alone when used at high
concentration of 50 lg/ml.
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solubility inside the larval gut is one of the key factors in determin-
ing the level of toxicity.

In conclusion, BinA and BinB were separately expressed with
modified conditions to produce the soluble proteins. Both proteins
could be purified with high purity and showed high larvicidal
activity when fed together to larvae. The proteins are properly
folded and form a complex in solution after proteolytic activation.
The exceptional purity of the proteins may facilitate protein crys-
tallization and detailed structural investigations in the future.
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Bacillus sphaericus produces mosquito-larvicidal binary toxin 
composed of BinA and BinB. While BinB is expected to bind 
to a specific receptor on the cell membrane, BinA interacts to 
BinB or BinB receptor complex and translocates into the cyto-
sol to exert its activity via unknown mechanism. To investigate 
functional roles of aromatic cluster in BinA, amino acids at po-
sitions Y213, Y214, Y215, W222 and W226 were substituted 
by leucine. All mutant proteins were highly produced and 
their secondary structures were not affected by these substitu-
tions. All mutants are able to insert into lipid monolayers as 
observed by Langmuir-Blodgett trough and could permeabilize 
the liposomes in a similar manner as the wild type. However, 
mosquito-larvicidal activity was abolished for W222L and 
W226L mutants suggesting that tryptophan residues at both 
positions play an important role in the toxicity of BinA, possi-
bly involved in the cytopathological process after toxin entry 
into the cells. [BMB reports 2011; 44(10): 674-679]

INTRODUCTION

Bacillus sphaericus produces a binary toxin, in the form of 
crystalline inclusion, during the sporulation phase. The binary 
toxin is composed of two crystal proteins, BinA (42 kDa) and 
BinB (51 kDa), and both of them are required at equimolar 
amounts to exhibit the maximal larvicidal activity (1, 2). The 
susceptible mosquito species of the binary toxin are limited to 
Culex and Anopheles, but not Aedes species (3). Upon in-
gestion by susceptible mosquito larvae, these crystal proteins 
are solubilized and subsequently activated by proteases in the 
larval midgut to generate the active-core fragments of 39-kDa 
BinA and 43-kDa BinB (2). The activated toxins then target on 
the midgut epithelial cells by receptor mediated mechanism. 

The activated BinB has been identified as a specificity determi-
nant that binds to a specific receptor, known as α-glucosidase 
which is attached to the midgut membrane via glycosylphos-
phatidylinositol (GPI) anchor (4, 5). Upon receptor binding of 
BinB, BinA binds to BinB or BinB-receptor complex, and fol-
lowed by the translocation of the binary toxin into the cells. To 
date, the mechanism underlying the cellular intoxication of the 
binary toxin remains unclear.
　Several cytopathological alterations were observed in the 
Culex quinquefasciatus larvae intoxicated by the binary toxin 
which included the formation of large cytoplasma vacuoles, 
disruption of the rough endoplasmic reticulums, epithelial 
swelling, microvilli destruction, and eventual cell lysis and ep-
ithelial destruction in gastric caeca and posterior stomach (6). 
Recently, the cellular response by vacuolation of the binary 
toxin-treated mammalian epithelial cell line (MDCK) express-
ing the binary toxin Cpm1 (Culex pipiens maltase 1) receptor 
was reported to associate with the induction of autophagy 
process (7). Although direct evidence to support the pore-form-
ing activity of the binary toxin on epithelial midgut cells is un-
available, membrane permeabilization using a receptor-free 
planar lipid bilayer and large unilamellar phospholipid vesi-
cles has been shown as the in vitro effects of the binary toxin 
components (8). Also, the ability of the binary toxin to insert 
into the model neutral lipid monolayers has been demon-
strated (9). In addition, dramatic conformational changes ac-
companying the lipid membrane association of the BinA, 
BinB, or their complex were observed (9).
　Since the interaction of the binary toxin with target lipid 
membrane is one of the key steps in eliciting cytopathological 
effects on mosquito larvae, molecular insights into the inter-
action of the binary toxin with lipid membranes is required to 
gain a better understanding of the mechanism of toxicity. Due 
to the lack of three dimensional structure of the binary toxin, 
functional characterization has been based mainly on its ami-
no acid sequence analysis and secondary structure prediction 
(10-15). Aromatic residues, especially tyrosine and tryptophan, 
conceivably play a key role in membrane anchoring of many 
membrane proteins and are mainly found at the mem-
brane-water interface (16). Based on the amino acid sequence 
of BinA, a toxic component of the binary toxin, a cluster of ar-
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Fig. 1. Partially purified inclusions of GST- BinA and its mutants were
analyzed on 12% SDS-PAGE. M represents the molecular mass standards.
Position of GST-BinA fusion protein is indicated by an arrow.

Protein LC50 (μg ml-1)

GST-BinB + GST-BinA wild type
GST-BinB + GST-Y213L
GST-BinB + GST-Y214L
GST-BinB + GST-Y215L
GST-BinB + GST-W222L
GST-BinB + GST-W226L

0.20 ( 0.14-0.32 )
0.45 ( 0.31-0.76 )
0.57 ( 0.41-0.89 )
0.45 ( 0.33-0.94 )

Not toxic
Not toxic

Table 1. Mosquito-larvicidal activity of the wild-type and mutant toxins 
against Culex quinquefasciatus larvae. The mortality was recorded af-
ter feeding the mixture of GST-BinB and GST-BinA or its mutant in-
clusions at a 1:1 molar ratio for 48 h. The LC50 (median lethal concen-
tration) was calculated from three independent experiments by using 
Probit analysis. Numbers in parenthesis indicate the fiducial limits at 
95% confidence. Mortality was not detected for W222L and W226L 
mutants when used the toxin up to 32 μg ml-1

omatic amino acids is found in the positions encompassing 
amino acids 213 to 226 (Supplement 1). In this study, aromatic 
residues, particularly tyrosine and tryptophan, in this region 
were selected for site-directed mutagenesis in search of crucial 
residues for the membrane interaction and biological activity. 
Within this region, tryptophan residues at positions 222 and 
226 are found to have functional significance towards C. quin-
quefasciatus larvae.

RESULTS AND DISCUSSION

Aromatic amino acid replacements did not affect protein 
expression and folding of BinA
The mechanism by which the binary toxin kills the mosquito 
larvae remains unclear, however, it has been shown that the 
binary toxin is internalized in both mosquito midgut cells and 
MDCK cells expressing the Cpm1 receptor, possibly via endo-
cytosis (7, 17). Hence, interaction of the binary toxin with the 
lipid membrane is a key step during the intoxication process. 
Previous study has shown that the aromaticity of F149 and 
Y150 of BinB is a prerequisite for larvicidal activity, possibly 
by playing a crucial role in membrane interaction and receptor 
binding (18). According to amino acid sequence of BinA pro-
tein, the aromatic residues especially tryptophan and tyrosine 
are clustered at the positions 213 to 226. We expected that 
this region could be essential for membrane interaction. To in-
vestigate the functional importance of aromatic amino acids of 
BinA, site-directed mutagenesis was performed by replace-
ments of aromatic amino acids (Y213, Y214, Y215, W222, 
and W226) in this region by leucine residues. The replace-
ments of aromatic residues, however, could affect the structure 
or function of binary toxin. Here, both structural and func-

tional analyses were performed.
　After obtaining the mutant plasmids, automated DNA se-
quencing analysis revealed that all selected aromatic residues 
were replaced by leucines (data not shown). Upon IPTG in-
duction, all mutant proteins were expressed as inclusions with 
expression levels comparable to that of the wild type (Fig. 1), 
suggesting that the mutations of these aromatic residues did 
not affect protein production and inclusion formation of the 
BinA. Given that the BinA proteins, both wild type and mu-
tants, were fused with the GST tag, the mobility of GST-BinA 
fusion proteins as assessed by SDS-PAGE was slightly faster 
than expected from their predicted molecular weight (Fig. 1). 
This deviation could be due to the tightly-packed protein in-
clusions that were not completely disrupted by SDS, resulting 
in the faster mobility than expected in a SDS-gel. Protein sol-
ubilization of inclusions was subsequently determined by dis-
solving inclusions in 25 mM NaOH, followed by dialysis 
against 50 mM Na2CO3 buffer, pH 10. All mutant proteins 
were solubilized in such an alkaline condition, yielding the 
stable fragments with similar amounts as that of the wild type 
(data not shown).
　Any change of protein conformation as a result of point mu-
tations was monitored by using the Circular Dichroism (CD) 
spectroscopy. CD spectra in a far UV region (190-260 nm) of 
all mutants were apparently similar to that of the wild-type 
protein (Supplement 3), suggesting that the mutations at these 
selected positions did not affect the structural folding of the 
BinA protein.

W222 and W226 of BinA play a crucial role in larvicidal 
activity
The effect of the mutations of selected aromatic residues of 
BinA on the toxicity was further examined by biological activ-
ity assay. The inclusions of GST-BinA wild type or its mutants 
were mixed with GST-BinB at a 1:1 molar ratio and fed to the 
second-instar C. quinquefasciatus larvae. After incubating at 
room temperature for 48 h, the mortality was recorded and 
presented as LC50. Results showed that the single mutations of 
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Fig. 2. The insertion ability of wild-type GST-BinA and its mutant proteins
into DMPC monolayer. The data were obtained by measuring the change 
of lipid surface area under a constant surface pressure. Only GST protein
was used as a negative control. Upon the injection, the increase of
area per molecule protein was observed in all mutant proteins.

Fig. 3. The calcein release from LUVs treated with wild-type GST- 
BinA and its mutant proteins. Only GST protein was used as a 
negative control. The error bars represent the standard deviation 
of the measurements from three independent experiments.

three consecutive tyrosines (Y213L, Y214L and Y215L) con-
ferred the comparable toxicity to that of the wild type, whereas 
the mutations of two tryptophans, W222L and W226L, ren-
dered toxin inactive. Even though the concentration of in-
clusions was increased up to 32 μg ml-1, no significant mortal-
ity was observed in those tryptophan mutations (Table 1), sug-
gesting that tryptophan residues at positions 222 and 226 play 
a crucial role in larvicidal activity. Previous studies demon-
strated the importance of tryptophan residues in the structural 
folding and biological activity of B. thuringiensis Cyt2Aa2, 
Cry1Ac and Cry1Ab toxins (19). The considerably reduced tox-
icity of W222L and W226L mutants, however, was not asso-
ciated with the structural alterations as described earlier. Both 
W222 and W226 of BinA, therefore, seem to have functional 
significance in the toxication process of the binary toxin.

Effects of W222 and W226 mutations on membrane insertion 
and permeability
In order to study the membrane insertion ability of BinA and 
its mutants, the DMPC lipid monolayers were generated and 
the Langmuir-Blodgett (LB) trough technique was used. These 
DMPC lipid monolayers were previously used as model lipid 
monolayers for the study of interaction of BinA and BinB with 
receptor-free lipid membranes (9). As the liquid condensed 
phase, which is a fluid stage of DMPC monolayer being rele-
vant to biological membranes, was observed when the surface 
pressure reached about 15-25 mN m-1, the surface pressure 
was subsequently kept constant at 18 mN m-1 throughout this 
experiment. It was observed that the lipid packing at surface 
pressures 20 and 25 mN m-1 was more condensed although 
high protein concentration (50 nmol) was injected. No in-
crease of area per molecule at both surface pressures was ob-
served, therefore, lower pressure was required to provide more 
fluidity of lipid packing that allowed the protein insertion. 
Nevertheless, the stability of lipid monolayers, creep test, was 
performed to monitor the percent area reduction at constant 
surface pressure (20). After compressing until reaching to con-

stant pressure and then left for 15 min at room temperature, 
the decrease of area per molecule of lipid was around 5% in-
dicating that the property of the lipid monolayers still main-
tained after prolonged incubation time. Upon injection of the 
protein sample in the subphase of the trough, the degree of 
membrane insertion was monitored by the mean molecular 
area expansion. The results showed an increase in area ex-
pansion as a function of time in all protein samples, indicating 
the ability of these proteins to insert into DMPC monolayer. 
Therefore, the insertion of protein molecule into lipid mono-
layers was calculated and shown in term of area per molecule 
protein versus time (Fig. 2). No insertion was observed in the 
GST alone, indicating that the membrane insertion was only 
mediated by BinA molecules. This result shows as a single 
experiment. However, three independent experiments were 
performed and showed the correlated of those results. It 
should be noted that BinA, as opposed to BinB protein, was 
unable to insert into the lipid monolayers from the previous 
study (9). The discrepancies of these two observations could 
be explained by the different forms of proteins used for the 
assays. In this study, the GST-BinA fusion proteins were used, 
while the protoxins were used in the former study. Thus the 
differences of protein structure or folding possibly affect the 
membrane insertion ability. In this study, however, the extents 
of membrane insertion were somewhat different among BinA 
mutant proteins. Three active mutant proteins; GST-Y213L, 
GST-Y214L and GST-Y215L, were able to insert into the 
DMPC monolayer to the same extent as that of the wild-type 
BinA which also correlated well with their larvicidal activity. 
For the tryptophan mutations; GST-W222L and GST-W226L, 
however, less extent of membrane insertion was observed 
compared with that of the wild type (Fig. 2). Although the lar-
vicidal activity of the GST-W222L and GST-W226L mutants 
was abolished, membrane insertion was only slightly compro-
mised, suggesting that these two tryptophans may not directly 
involve in the membrane insertion.
　Calcein release assay was used to investigate the effect of 
BinA mutations on large unilamella vesicles (LUVs) permea-
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bility. The fluorescence intensity was observed after adding the 
wild-type GST-BinA and its mutants, indicating that all these 
proteins could perturb the lipid vesicles, resulting in the leak-
age of encapsulated calceins to the solution. In contrast, no 
leakage of calceins was observed in GST alone, suggesting that 
calcein release was solely induced by BinA protein. By com-
paring the degree of membrane permeability among BinA mu-
tants, interestingly, both W222L and W226L showed less 
membrane permeability than that of tyrosine mutations (Fig. 
3). This result is in agreement with the membrane insertion as-
say, providing a clue that these tryptophans may partially par-
ticipate in the membrane perturbation. Since the localization 
of W222 and W226 in BinA molecule cannot be easily pre-
dicted with the absence of structural information of the binary 
toxin, it is hard to make a conclusive assumption of how these 
tryptophans participate in the membrane insertion and per-
meability. Moreover, conformational changes of the BinA/BinB 
complex accompanying the receptor binding to transform the 
water-soluble form into the membrane-translocation structure 
may take place inside the larval midgut. Therefore, upon the 
receptor-mediated conformational changes, the membrane in-
sertion and permeability of W222L and W226L mutants may 
be severely affected, leading to the loss of larvicidal activity.
　Taken together, the in vivo effects of the W222 and W226 
mutations seem to be complicated. Both tryptophan residues 
are unlikely to participate in BinA-BinB interaction since 
W222L and W226L mutants could interact normally to BinB 
(Supplement 4). The involvement of W222 and W226 residues 
in subsequent steps after membrane insertion thus cannot be 
ruled out. It is possible that the lipid composition may be a 
key determinant in the membrane insertion and permeability 
of BinA toxin; hence, using the larval midgut membrane in-
corporated into the model lipid membranes would be more bi-
ologically relevant. This remains to be determined, and struc-
tural analysis of the binary toxin is essential to gain insights in-
to its functional mechanism.

MATERIALS AND METHODS

Bacterial strains and oligonucleotides
Both binA and binB genes used in this study were derived 
from B. sphaericus strain 2297 (Genbank accession no. 
AJ224478). Escherichia coli strain JM109 was used as a host 
strain to express the GST-BinA and GST-BinB proteins from 
pGEX-BinA and pGEX-BinB, respectively (21). The recombi-
nant plasmid pGEX-BinA encoding the GST-BinA fusion pro-
tein was used as a template for mutagenesis. All mutant plas-
mids were generated using QuikChangeTM site-directed muta-
genesis method (Stratagene). The aromatic amino acids Y213, 
Y214, Y215, W222, and W226 were substituted with leucine 
using the mutagenic oligonucleotides as shown in supplement 
2. The mutant plasmids were selected by using restriction en-
donuclease digestion and verified by automated DNA se-
quencing (Macrogen Inc., Korea).

Protein expression and purification
The E. coli JM109 harbouring GST-BinB or GST-BinA wild 
type and its mutants were grown in LB broth containing 100 
μg ml-1 ampicillin at 37oC until OD600 of the culture reached 
0.5. Then 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) 
was added to induce protein expression. Toxin inclusions 
were released from host cells by French Pressure Cell and then 
partially purified as described previously (13). Protein in-
clusions were solubilized in 25 mM NaOH for 15 min and 
then dialyzed against 50 mM Na2CO3 buffer, pH 10 at 4oC for 
overnight. The soluble protein was subsequently purified by 
size-exclusion chromatography using a Superdex 200, 10/300 
column (GE Healthcare Life Sciences). Protein concentration 
was determined by Bradford’s method using bovine serum al-
bumin (BSA) as a standard.

GST (Glutathione S-transferase) purification
E. coli cultured cells containing plasmid pGEX-4T-2 were 
grown in LB broth containing 100 μg ml-1 ampicillin at 37oC 
until OD600 reached to 0.5 and then induced by 0.1 mM IPTG 
for 5 h. GST protein was purified by using a GSTrapTM FF col-
umn and then HiTrapTM desalting column following the manu-
facturer’s instructions (GE Healthcare Life Sciences).

Mosquito larvicidal assays
The second-instar C. quinquefasciatus larvae were obtained 
from the mosquito rearing facility, Institute of Molecular 
Biosciences, Mahidol University. The inclusions of GST-BinB 
and GST-BinA wild type or its mutants were mixed at a 1:1 
molar ratio in 1 ml of water to the final concentration of 32 μg 
ml-1, and further diluted as a 2-fold serial dilution. Then seri-
al-diluted toxin mixtures were added to 1 ml of water contain-
ing 10 larvae in each well of a 24-well tissue culture plate (1.5 
cm well diameter). Only GST-BinB inclusions were used as a 
negative control. After incubation at room temperature for 48 
h, the mortality of larvae was recorded. Each experiment was 
done in duplicate, and at least three independent experiments 
were performed. The LC50 was analysed by Probit analysis 
(22).

Circular Dichroism (CD) analysis
The purified protein at 0.5 mg ml-1 in 50 mM Na2CO3 buffer, 
pH 10 was loaded in a rectangular quartz cuvette with 0.2 mm 
optical path-length. The CD spectra of proteins were observed 
in far-UV wavelengths of 190-260 nm by using Jasco J-715 CD 
spectropolarimeter at 25oC. The experiment was performed by 
scanning three averaged spectra using a speed at 50 nm min-1 
with 2 nm of spectral bandwidth, 1 nm of the resolution and 2 s 
of response time. All spectra were subtracted from the baseline.

Membrane perturbation assay by calcein release method
Large unilamellar vesicles (LUVs) were prepared from 2 mg 
ml-1 of a lipid mixture of phosphatidylcholine (PC)/phosphati-
dic acid (PA) in ratio 1:1 (w/w) dissolved in chloroform as de-
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scribed previously (8). The lipid mixture was evaporated under 
a nitrogen stream and the lipid film was resuspended in 200 μl 
of 60 mM calcein (pre-dissolved in 500 mM Na2CO3 buffer, 
pH 10) in 50 mM Na2CO3 buffer, pH 10. The mixture was sub-
jected to 5 repeated cycles of freezing and thawing. Then the 
suspension was passed through a polycarbonate membrane 
(0.1-μm pore size, Avanti Polar Lipid) for at least 20 passes us-
ing a two-syringe extruder (Avanti Polar Lipid). The untrapped 
calceins were removed by using a HiTrapTM desalting column 
(GE Healthcare Life Sciences). Liposome concentrations were 
estimated by measuring the lipid phosphorus content (23). The 
calcein-encapsulated lipid vesicle solution was placed into a 
0.5-cm light-path quartz SUPRASIL cell at a final concentration 
of 1.25 μM. Protein at concentration of 0.016-0.25 μM was 
added at time 250 s and then incubated for 10 min. The fluo-
rescence signals were detected by using the Jasco FP-6300 
spectrofluorometer at the emission and excitation wavelengths 
of 520 and 485 nm, respectively, with a slit width of 5 nm. 
Finally, 0.1% (v/v) Triton X-100 was added at time 900 s to to-
tally release entrapped calceins. The degree of LUVs perturba-
tion was determined as the percentage of calcein release as de-
scribed previously (8).

Membrane insertion assay by Langmuir-Blodgett method
The interaction of BinA and its mutants with 2-Dimyristoyl- 
rac-glycero-3-phosphocholine (DMPC) monolayer was moni-
tored by using a KSV 2,000 Langmuir-Blodgett trough (KSV, 
Finland). The 0.175 mg ml-1 of DMPC in chloroform and 50 
mM Na2CO3 buffer, pH 10 were used as a surfactant and a 
subphase, respectively. To characterize the DMPC monolayer, 
the 60 μl of 0.175 mg ml-1 of lipid were spread on the sub-
phase. The lipid monolayer was left standing for 5 min to en-
sure the complete evaporation of the solvent. The lipid was 
symmetrically compressed by barriers at a constant speed of 
10 mm min-1 until the surface pressure reached 18 mN m-1 
and the monolayer was kept constant at this surface pressure 
by using the constant surface pressure mode. The film was nor-
mally allowed to stand for 5 min prior to the injection of the 
protein to reach the stability. After that, the sample containing 
the protein (5 nmol) was injected at 1,000 s by L-shaped sy-
ringe right underneath the monolayer forming area, between 
barriers. Special care must be taken to avoid the formation of 
bubble during the injection process. All experiments were per-
formed at room temperature.
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a b s t r a c t

Bacillus sphaericus produces a mosquitocidal binary toxin composed of two subunits, BinA (42 kDa) and
BinB (51 kDa). Both components are required for maximum toxicity against mosquito larvae. BinB has
been proposed to provide specificity by binding to the epithelial gut cell membrane, while BinA may
be responsible for toxicity. To identify regions in BinB responsible for receptor binding and for interaction
to BinA, we used six BinB shorter constructs derived from both the N-terminal and the C-terminal halves
of the protein. All constructs expressed as inclusion bodies in Escherichia coli, similarly to the wild-type
protein. A marked decrease in larvicidal activity was observed when BinA was used in combination with
these BinB constructs, used either individually or in pairs from both N and C-halves of BinB. Nevertheless,
immunohistochemistry analyses demonstrate that these constructs are able to bind to the epithelium gut
cell membrane, and in vitro protein–protein interaction assays revealed that these constructs can bind to
BinA. These results show that fragments corresponding to both halves of BinB are able to bind the recep-
tor and to interact with BinA, but both halves are required by the toxin to exhibit full larvicidal activity.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Bacillus sphaericus is a Gram-positive spore-forming aerobic
bacterium. During sporulation, it produces a parasporal crystal pro-
tein specifically toxic to Culex and Anopheles mosquito larvae (Berry
et al., 1993). These crystal proteins have been used as a biological
insecticide to control disease vectors (Mulla et al., 2001), and are
composed of two proteins with molecular mass of 42 kDa (BinA)
and 51 kDa (BinB). Both proteins are required for full larvicidal activ-
ity, hence the name ‘‘binary toxin” (Baumann et al., 1991). Evidence
so far indicates that the activated BinB toxin (43 kDa) binds to a
receptor located in epithelial cells (Silva-Filha et al., 1999). It has
been demonstrated that the regional binding of BinB localized to
the posterior midgut and gastric caecum (Oei et al., 1992). The acti-
vated BinA toxin (39 kDa) binds to either BinB or to a BinB-receptor
complex. This is followed by internalization of both components,
resulting in cell death mediated by an unknown mechanism (Oei
et al., 1992). Previous studies have suggested that BinB is a two-do-
main protein in which the N-terminal half would play a role in recep-
tor binding, whereas the C-terminal half would be responsible for
interaction with BinA (Elangovan et al., 2000; Oei et al., 1992).

The 3D structure of the toxin is not available, although crystals of
BinB (Chiou et al., 1999) and binary toxin (Smith et al., 2004) have

been reported. Using EMBOSS pairwise alignment (http://www.
ebi.ac.uk) it was found that amino acid sequences of BinA and BinB
share high homology (25% identity and 40% similarity); therefore
they are likely to have a similar 3D structure. Comparison to
sequences of proteins with known 3D structure, however, shows lit-
tle similarity.

BinA is degraded into three fragments, with proteolytic cleavage
sites identified at Met-103 and Arg-207 (Promdonkoy et al., 2008). It
has been demonstrated that the BinA C-terminal half, from Met-208
to Phe-353, is responsible for interaction with BinB (Limpanawat
et al., 2009). Similar to BinA, BinB also showed some degradation
fragments about 30–32 kDa (Promdonkoy et al., 2003) but the pro-
teolytic cleavage site in BinB has not been identified. However, based
on their amino acid sequence alignment, BinB may have similar
cleavage sites. To investigate receptor binding and ability of BinB
fragments to interact to BinA, six constructs from the N-terminal
and C-terminal halves of BinB were used. Biological activity,
receptor binding to the larval gut cell membrane and interaction
of these constructs to BinA were investigated.

2. Materials and methods

2.1. Construction of N- and C-terminal BinB constructs

The recombinant plasmid pET-tBinB (Boonyos et al., 2010)
encoding the 43 kDa active fragment of BinB wild-type toxin amino
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acid positions Asn33–Lys408, which was cloned from B. sphaericus
2297 into NheI and XhoI sites of pET-17b was used as a template
for PCR with appropriate primers shown in Table 1. This truncated
BinB still retained full activity similar to that of the full-length BinB
(Boonyos et al., 2010). Plasmids encoding BinB N-terminal
constructs, N–11K (N33–F132), N–25K (N33–K254) and N–32K
(N33–R318), were generated based on Stratagene QuikChange™
Site-directed mutagenesis by substitutions of codons encoding
E133, M255 and S319 with stop codons, respectively. The PCR
products were treated with DpnI and transformed into Escherichia
coli JM109. Selected clones were screened by restriction endonucle-
ase digestion and then verified by automated DNA sequencer at
Macrogen Inc., Korea. Plasmids encoding the respective C-terminal
fragments were constructed by PCR. The plasmid pET-tBinB (Boon-
yos et al., 2010) was used as a template together with T7 terminator
primer and appropriate forward primers (Table 1) designed for
encoding different C-terminal BinB constructs, C–32K (E133 to
K408), C–18K (M255 to K408) and C–11K (S319 to K408). PCR
products were digested with NdeI and XhoI and cloned into pET-17b
that was digested with the same enzymes.

2.2. Protein preparation

Each recombinant plasmid was extracted from E. coli JM109 and
re-transformed into E. coli BL21(DE3)pLysS for expression. The
transformant clones were grown in LB broth containing ampicillin
100 lg/ml and chloramphenicol 34 lg/ml at 37 �C until OD600

reached 0.3–0.4. The cultures were induced with 1 mM IPTG
(isopropyl-b-D-thiogalactopyranoside) and further grown at 37 �C
for 5 h. Protein inclusions were released from host cells using
French Pressure Cell at 10,000 psi and partially purified using dif-
ferential centrifugation as described earlier (Promdonkoy et al.,
2003). The partially purified inclusions were analyzed by SDS–
PAGE and immunoblotting. Protein inclusions were solubilized in
25 mM NaOH and then dialyzed in 50 mM Na2CO3 pH 10 at 4 �C.
The dialyzed proteins were further purified by size-exclusion
liquid chromatography using Superdex 200 HR 10/300 column
with carbonate buffer (pH 10). Protein concentrations were
determined by Bradford-based protein assay (Bio-RAD), and bovine
serum albumin (BSA) was used as a standard.

2.3. Mosquito-larvicidal activity assays

Larvicidal activity assays were performed against 2nd-instar
Culex quinquefasciatus larvae as described previously (Promdonkoy

et al., 2008). BinA and BinB inclusions were mixed at 1:1 molar ra-
tio and the concentration of total protein was adjusted to 50 lg/ml.
One ml of the protein mixture was added to each well of a 24-well
tissue culture plate containing 10 larvae in 1 ml water (the final
concentration of the protein mixture was 25 lg/ml). Mortality
was recorded after 48 h incubation at room temperature.

2.4. Secondary structure analysis

Circular dichroism (CD) spectrum of the purified protein
(0.45 mg/ml) prepared in the carbonate buffer, pH 10, was mea-
sured using a Jasco J-715 CD spectropolarimeter (Jasco Inc., USA)
as described earlier (Leetachewa et al., 2006). CD spectra were re-
corded by using a 1 nm spectral bandwidth for three scans at a rate
20 nm/min and all spectra were subtracted from a baseline.

2.5. In vitro receptor binding assays via immunohistochemical staining

Paraffin-embedded histological sections of 4th-instar
C. quinquefasciatus larval gut tissue were prepared as described pre-
viously (Chayaratanasin et al., 2007). Immunohistochemical stain-
ing was performed following the method described previously
(Chayaratanasin et al., 2007; Singkhamanan et al., 2010) by using
20 lg/ml of the 43-kDa BinB wild-type or the purified truncated
constructs and subsequently probed with rabbit anti-BinB poly-
clonal antibody (1:10,000 dilution), biotinated goat anti-rabbit IgGs
(1:200 dilution) and HRP-labeled streptavidins (1:500 dilution).
DAB (3,3-Diaminobenzidine) substrate solution was added and the
signal was visualized under light microscope.

2.6. In vitro BinA–BinB interaction assays via dot blot analysis

Various amounts of BinB wild-type and each truncated BinB
fragment ranging from 1, 0.2, 0.04 and 0.008 lmole were immobi-
lized on the nitrocellulose membrane using dot blot apparatus. The
membrane was blocked with 5% skim milk in PBS buffer at 25 �C
for 1 h. The membrane was overlaid for 1 h at 25 �C with 5% skim
milk in PBS containing 20 lg/ml of a fusion protein between
glutathione S-transferase and the full-length BinA (GST-BinA)
(Promdonkoy et al., 2008). Unbound proteins were removed by
washing three times with PBS. The bound protein was detected
by probing with rabbit anti-GST antibody (1:2500 dilution) and
goat anti-rabbit IgGs conjugated HRP (1:5000 dilution). The signals
were developed using Enhanced chemiluminescence (ECL)
substrate.

3. Results and discussion

3.1. Production and conformation of the BinB constructs

Amino acid sequence analysis revealed that BinA and BinB share
no significant homology to any protein with known 3D structure.
However, both proteins show high homology to each other which
may suggest their similar 3D structures. Previous reports sug-
gested that BinB is a 2-domain protein. The receptor binding
domain should be in the N-terminal part whereas the C-terminal
part should interact to BinA (Elangovan et al., 2000;Oei et al.,
1992). SDS–PAGE and immunoblot analyses revealed proteolytic
degradation products of BinB about 30–32 kDa (Promdonkoy
et al., 2003). Since the internal proteolytic cleavage site in BinB
has not been identified, six BinB constructs were generated based
on amino acid sequence alignment and proteolytic processing sites
in BinA (Limpanawat et al., 2009;Promdonkoy et al., 2008). The
possible processing sites in BinB should be at carboxyl terminal
residues F132, K254 and R318. Therefore three N-terminal

Table 1
Nucleotide primers used for construction of truncated BinB constructs. Primers
E133stop, M255stop and S319stop were used for site-directed mutagenesis to change
codons at positions E133, M255 and S319 to stop codons in order to generate
N-terminal truncated constructs N–11K, N25K and N32K, respectively. Forward
primers E133, M255 and S319 were used in combination with T7 terminator primer
in PCR reactions to generate DNA constructs encoding C-terminal truncated BinB
proteins C–32K, C–18K and C–11K, respectively. The recognition sites of restriction
enzymes are underlined.

Primer name Sequence (50 ? 30) Enzyme

E133stop_f AGACAAAAGTTTTGACGCGTAGGTAGTGGA MluI

E133stop_r TCCACTACCTACGCGTCAAAACTTTTGTCTC MluI

M255stop_f TTCCGATAAATAGCGCTTTAATACCTACTA Eco47III

M255stop_r TAGTAGGTATTAAAGCGCTATTTATCGGAAT Eco47III

S319stop_f TTTTATTTGAGATAATCCGGATTTTAAGGAA Kpn2I

S319stop_r CTTAAATCCGGATTATCTCAAATAAAAATA Kpn2I

E133_forward GGATCCCATATGGAGCAGGTAGGTAGTGGA NdeI

M255_forward GGATCCCATATGAAATTTAATACCTACTAT NdeI

S319_forward GGATCCCATATGTCTAGCGGATTTAAGGAA NdeI

T7 terminator TGCTAGTTATTGCTCAGCGG –
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constructs named N–11K (N33–F132), N–25K (N33–K254), N–32K
(N33–R318), and three C-terminal constructs C–32K (E133–K408),
C–18K (M255–K408) and C–11K (S319–K408) were generated
(Fig. 1).

All constructs expressed as inclusion bodies inside E. coli similar
to the wild-type protein. The protein inclusions were released from
the host cells and partially purified before analysis on SDS–PAGE
(Fig. 2A). Some protein degradation was detected in N–25K,
N–32K and C–32K constructs. Most of the constructs migrated nor-
mally in SDS–polyacrylamide gel except N–11K, which showed a
smear pattern, with bands with higher molecular weight than
expected.

Most of the constructs were successfully detected by Western
blot and immunodetection analysis with anti-BinB polyclonal
antibody, except the C–11K (Fig. 2B). However, the identity of
the C–11K was confirmed by N-terminal amino acid sequencing.
Failure to detect this fragment by immunoblotting might be due
to the loss of the antigenic recognition sequence from amino acid
deletion. In addition, the immunological signal of N–11K was
weaker than that of the wild type, suggesting that antibody bind-
ing epitopes were affected. N–25K, C–32K and C–18K showed a
strong immunological signal, comparable to the wild type indicat-
ing that most antibody binding epitopes are located between E133
and R318.

The secondary structure content of the constructs was deter-
mined by CD. Whereas spectra of N–32K and C–32K were similar
to that of the wild type, those corresponding to N–11K, N–25K,
C–18K and C–11K were dramatically different (Fig. 3). All con-
structs contain a high percentage of a-helix, and some b-sheet as
demonstrated by the far-UV CD spectra (190–250 nm). Interest-
ingly, Boonserm et al. reported that the secondary structure of BinB
in aqueous solution was likely random coil using attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR),
observing only one intense band in the infrared amide I region at
�1670 cm�1 (Boonserm et al., 2006). These results were confirmed
using CD spectroscopy, which showed that BinB in solution is likely
to be in a random coil conformation. Further, these authors ob-
served extensive changes in secondary structure after interaction
of either BinA or BinB or both subunits with a lipid bilayer. Thus,
deletion at either N- or C-termini may equally induce a dramatic
conformational change. The secondary structure prediction of
wild-type BinB using Profile network prediction Heidelberg (PROF)
(Rost and Sander, 1993) show that it contains b-sheet more than
a-helix (7% a-helix, 37% b-sheet, and 55% of either random or
b-turns or loops). Prediction has shown that amino acids 1–34
are potential loop forming regions, followed by an a-helical struc-
ture up to 45 amino acids (Elangovan et al., 2000). For the second-
ary structure prediction of BinB, it shows rather similar prediction
as that of BinA which contains 2% a-helix, 48% b-sheet and 50% of
either random or b-turns or loops (Boonserm et al., 2006).

3.2. Larvicidal activity of truncated constructs

Both subunits, BinA and BinB, are required to exhibit maximum
toxicity to mosquito larvae (Broadwell et al., 1990; Nicolas et al.,
1993; Oei et al., 1990). However, BinA alone at high concentration
was also toxic to mosquito larvae, suggesting that the toxic domain
is located in BinA (Berry et al., 1993; Nicolas et al., 1993; Yuan et al.,
2001). In the present study, BinB, inclusion bodies of each BinB
construct, and combinations of N- and C-terminal BinB constructs,
were mixed with BinA and fed to mosquito larvae at high concentra-
tion (25 lg/ml). Whereas all larvae were killed (100% mortality)
when fed with mixture of wild-type BinA and BinB, toxicity was

N C

1 33 132 254 318 408 448

Active core

N-32K

N-25K

N-11K

C-32K

C-18K

C-11K

Fig. 1. Schematic diagram representing six truncated BinB constructs. N–32K, N–25K and N–11K represent the N-terminal BinB constructs while C–32K, C–18K and C–11K
represent the respective C-terminal BinB constructs. Numbers above the diagram indicate positions of the predicted proteolytic cleavage sites in BinB. The active core (N33–
K408) retains full biological activities similar to the full-length toxin.
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Fig. 2. Coomassie blue-stained SDS–polyacrylamide gel (A) and immunoblot (B).
Protein inclusions were extracted from E. coli and partially purified by repeated
washing and centrifugations. The inclusions were mixed with protein sample buffer
and applied to SDS–PAGE (A). Proteins in SDS–polyacrylamide gel were transferred to
nitrocellulose membrane and detected by rabbit polyclonal anti-BinB and goat anti-
rabbit IgG conjugated with HRP. Lane 1 is broad-range protein standard marker. Lanes
2–9 are partially purified inclusions of BinB, BinA, N–11K, N–25K, N–32K, C–32K, C–
18K and C–11K, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. CD spectra of the BinB wild type and N- and C-terminal BinB constructs. The
figure shows far-UV CD spectra of the 43-kDa purified BinB toxin in comparison
with that of the N- and C-terminal BinB constructs, N–11K, N–25K, N–32K, C–32K,
C–18K and C–11K in 50 mM carbonate buffer, pH 10.
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significantly reduced when BinB was replaced by individual BinB
constructs (Table 2). LC50 (concentration of toxin that cause 50%
mortality) of the mixture of BinA and BinB inclusions is normally
in the range of 10–100 ng/ml when using the full-length or active
truncated toxin (Boonyos et al., 2010; Singkhamanan et al., 2010).
No mortality was observed when the larvae were fed with mixtures
of BinA and individual BinB constructs at 1000 ng/ml. Therefore all
BinB fragments are considered non-toxic at this concentration.
However, mixtures of BinA and some BinB fragments such as
N–32K, C–18K and C–32K at high concentration could significantly
improve toxicity (Table 2). This suggests that the above fragments
can exhibit biological activity but at much lower level compared to
the full-length BinB. Toxicity was not improved after mixing BinA
with a mixture of N- and C-terminal BinB constructs, suggesting that
they cannot complement each other. In fact, the toxicity was low-
ered when mixtures of N- and C-terminal BinB constructs were used
compared to that of BinA alone or mixtures of BinA and individual
BinB construct. One explanation is that the conformation of these
constructs is not the same as in the wild-type protein. These altera-
tions could affect receptor binding (Davidson, 1988), oligomeriza-
tion (Smith et al., 2005), membrane insertion (Boonserm et al.,
2006; Schwartz et al., 2001) or internalization of the toxic compo-
nent into cytosol (Cokmus et al., 1997; Oei et al., 1992). Improper
folding could also make the protein more susceptible to be degraded
by larval gut proteases. Indeed, previous reports found that dele-
tions of some amino acids from N- and C-termini of BinA and BinB
proteins dramatically reduced or abolished toxicity (Baumann
et al., 1991; Oei et al., 1992). Earlier studies also showed that dele-
tion of 41 amino acids from the N-terminal region of BinB disrupted
its biological activity (Clark and Baumann, 1990). In addition,
mutations in the C-terminal region of BinB resulted in a total loss
of activity as observed with mutants 387YRL389 ? AAA and
392IQ393 ? AA (Elangovan et al., 2000). Therefore both N- and
C-terminal halves are required for full activity albeit both of them
are correctly folded.

Previous reports have shown that the mixtures of two non-toxic
mutants of either BinA (42N2: C47 ? A and 42C2: R312 ? A) or BinB
(51N4: S38KK40 ? AAA and 51C2: I392Q393 ? AA) could restore the
toxicity possibly via functional complementation (Elangovan et al.,
2000; Shanmugavelu et al., 1998). Functional complementation of
two non-toxic mutants also suggested that oligomerization of the
binary toxin subunits takes place in the midgut of mosquito larvae
and the mutation at one site can be complemented by another
mutation at different sites. However in our experiment, combina-
tion of each N- and the respective C-terminal fragment could not

restore the larvicidal activity. This indicated that these truncated
proteins could not functionally complement each other in the same
way as the mutant proteins.

3.3. N- and C-terminal BinB constructs bind to mosquito gut cell
membrane

Previous deletion studies suggest that BinB may have two do-
mains, one that binds a receptor on the target membrane and the
other interacts with BinA (Oei et al., 1992). In order to determine
receptor binding activity of the BinB constructs, immunohisto-
chemistry was performed on the midgut epithelial membrane of
C. quinquefasciatus larvae. The susceptible midgut incubated with
BinB wild type (positive control) showed a strong signal intensity
which was in contrast with the non overlay with BinB as the
negative control that showed only a faint signal. Constructs
N–25K, N–32K, C–32K and C–18K were able to bind the gut cell
membrane in a similar manner as BinB wild type (Fig. 4). This is
consistent with a previous report that showed specific binding of
BinB in regional areas of gastric caecum and posterior stomach in
susceptible Culex species (Davidson, 1988; Davidson et al., 1990;
Oei et al., 1992). The fact that all these constructs could bind to
the membrane on their own, indicate that a receptor binding motif
is present in these constructs (N–25K, N–32K, C–32K and C–18K).
N–11K showed the binding insignificantly different from the neg-
ative control, although this may be due to a lower immunological
reactivity of N–11K to anti-BinB (Fig. 2). Finally, the binding of
C–11K was not tested since it cannot react to anti-BinB polyclonal
antibody. Thus, the smallest constructs used from the N- and the

Table 2
Mosquito larvicidal assays against Culex quinquefasciatus larvae.
Larvae were fed with 25 lg/ml of mixture of inclusions BinA and
BinB or BinB truncated constructs (1:1 molar ratio). The wild-type
BinA and BinB inclusions alone were used as controls. Mortality
was recorded after feeding the mixture for 48 h. Data represent
means ± SEM (standard error of the mean) based on three
independent experiments.

Protein mixture % Mortality ± SEM

BinA 28 ± 7
BinB 11 ± 3
BinA + BinB 100 ± 0
BinA + N–11K 20 ± 7
BinA + N–25K 31 ± 17
BinA + N–32K 40 ± 10
BinA + C–11K 28 ± 12
BinA + C–18K 40 ± 12
BinA + C–32K 37 ± 12
BinA + N–11K + C–32K 17 ± 3
BinA + N–25K + C–18K 13 ± 3
BinA + N–32K + C–11K 17 ± 3

BinB-wt Control

N-11K N-25K

N-32K C-32K

C-18K

Fig. 4. Binding of N- and C-terminal BinB constructs on larval gut sections prepared
from 4th-instar C. quinquefasciatus larvae via immunohistochemistry technique.
The sections were blocked for non-specific protein binding and were then overlaid
with 20 lg/ml of purified BinB wild type, N–11K, N–25K, N–32K, C–32K and C–18K.
Section overlaid with carbonate buffer was used as negative control. The bound
proteins were probed with anti-BinB polyclonal antibody followed by HRP-labeled
streptavidin. Arrows indicate toxin binding regions on the larval gut cells.
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C-terminal regions that showed strong binding were N–25K and C–
18K, therefore the residues involved with receptor binding should
be located in both regions: N33–K254 and M255–K408. This result
is in agreement to previous examination of the deletion derivatives
that found the N-terminal region of BinB is required for binding to
the larval gut (Oei et al., 1992). The importance of specific amino
acids in these regions has not been investigated, although F149
and Y150 were recently identified to play a critical role during
membrane interaction and receptor binding (Singkhamanan
et al., 2010).

3.4. N- and C-terminal constructs of BinB interact with BinA

Previous in vivo binding studies suggested that the BinB
N-terminal region is crucial for specific binding to certain regions
of the larval gut, while BinB C-terminal region could be responsible
for interacting with BinA (Baumann et al., 1991; Broadwell et al.,
1990; Oei et al., 1992). To test whether the decrease in toxicity
of the BinB constructs is due to their inability to form BinA–BinB
complex, in vitro BinA–BinB interaction was analyzed using a dot
blot assay. BinB constructs were immobilized on a nitrocellulose
membrane and overlaid with GST-BinA fusion protein. Results in
Fig. 5 demonstrate that all BinB constructs can interact with
GST-BinA. No signal was observed when immobilized BinB con-
structs were overlaid with GST, indicating that the interaction is
specific. We observe that even the smallest constructs, N–11K
and C–11K were able to bind BinA at a level comparable to that
of the wild-type BinB (Fig. 5). This clearly suggests that the two
N- and C-terminal BinB regions that can interact to BinA are
located within constructs N33–F132 (N-terminal part) and
S319–K408 (C-terminal part). However, it should be noted that
not only the relative binding affinity of the constructs could not

be determined from these assays but also the binding assays were
carried out under non-physiological conditions.

In conclusion, our results demonstrate that both N- and C-ter-
minal BinB constructs can independently bind mosquito larval
gut cell membrane and interact to BinA without the requirement
of their counterparts in the other half of the molecule. It is possible
that BinB might have some regions of similar structure distributed
in both N- and C-terminal halves. These regions could indepen-
dently interact with BinA and bind to the gut cell membrane. How-
ever, for full activity both N- and C-terminal regions must be
present.
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