SOCIETY FOR

] weean  Applied and Environmental
-L MICROBIOLOGY MiCrObiO|09y®

An Intramolecular Salt Bridge in Bacillus
thuringiensis Cry4Ba Toxin Is Involved in
the Stability of Helix a-3, Which Is
Needed for Oligomerization and
Insecticidal Activity

Sabino Pacheco, Isabel Gémez, Jorge Sanchez, Blanca-lnes Garcia-Gémez,
Mario Soberén, Alejandra Bravo
Instituto de Biotecnologia, Universidad Nacional Auténoma de México, Cuernavaca, Morelos, Mexico

ABSTRACT Bacillus thuringiensis three-domain Cry toxins kill insects by forming
pores in the apical membrane of larval midgut cells. Oligomerization of the toxin is
an important step for pore formation. Domain | helix a-3 participates in toxin oli-
gomerization. Here we identify an intramolecular salt bridge within helix -3 of
Cry4Ba (D111-K115) that is conserved in many members of the family of three-
domain Cry toxins. Single point mutations such as D111K or K115D resulted in pro-
teins severely affected in toxicity. These mutants were also altered in oligomeriza-
tion, and the mutant K115D was more sensitive to protease digestion. The double
point mutant with reversed charges, D111K-K115D, recovered both oligomerization and
toxicity, suggesting that this salt bridge is highly important for conservation of the struc-
ture of helix a-3 and necessary to promote the correct oligomerization of the toxin.

IMPORTANCE Domain | has been shown to be involved in oligomerization through
helix «-3 in different Cry toxins, and mutations affecting oligomerization also elicit
changes in toxicity. The three-dimensional structure of the Cry4Ba toxin reveals an
intramolecular salt bridge in helix a-3 of domain I. Mutations that disrupt this salt
bridge resulted in changes in Cry4Ba oligomerization and toxicity, while a double
point reciprocal mutation that restored the salt bridge resulted in recovery of toxin
oligomerization and toxicity. These data highlight the role of oligomer formation as
a key step in Cry4Ba toxicity.
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he Cry toxins produced by Bacillus thuringiensis (Bt) bacteria are toxic to diverse

insect species and nematodes. These proteins have been used to control insect
pests in agriculture and in the control of dipteran insects that are vectors of human
diseases (1, 2). Specifically, the proteins produced by Bt serovar israelensis (B. thurin-
giensis subsp. israelensis) have been used worldwide to control different mosquito
species, such as Aedes aegypti, Anopheles spp., and Culex spp. B. thuringiensis subsp.
israelensis produces two different types of toxins: the cytolytic toxin Cyt1Aa and the
three-domain Cry toxins (3d-Cry), such as Cry4Aa, Cry4Ba, and Cry11Aa. The Cyt toxins
are part of a small family of proteins that are present in Bt strains that kill mosquitoes.
These are pore-forming toxins that are able to synergize the toxicity of some Cry toxins
(3). The 3d-Cry toxin family is the largest family of proteins produced by Bt, with more
than 200 members showing high specificity against different insect orders (see
Bacillus thuringiensis Toxin Nomenclature, http://www.btnomenclature.info/). The
three-dimensional structures of several 3d-Cry proteins show similar folds, suggesting
similar modes of action of these proteins (4-10). Domain | is a seven-a-helix bundle
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involved in pore formation and oligomerization, while domains Il and Il are mainly
composed of B-sheets and are involved in recognition of toxin receptors. In the case of
domain |, it was shown that helix a-3 is important for toxin oligomerization since single
point mutations in this helix affected toxin oligomerization and toxicity of Cry1Ab and
Cry11Aa toxins (11-13).

The 3d-Cry toxins form pores in insect gut cells, leading to osmotic shock, cell burst,
and death of the larvae. Pore formation is a complex mechanism that involves several
steps, resulting in toxin oligomerization and membrane insertion of the toxin to form
a pore. Different insect proteins have been identified as Cry toxin receptors, such as
aminopeptidase (APN) (14, 15), alkaline phosphatase (ALP) (15, 16), and cadherin-like
(CAD) receptor (17). The CAD receptor is a key component, since binding to this
receptor is a high-affinity interaction and induces toxin oligomerization (18). The
binding of 3d-Cry toxins to CAD involves three epitopes in CAD that interact with three
exposed loops on the toxin, located in domain Il. This complex interaction promotes
the proteolytic cleavage of the N-terminal end, including helix -1 of domain | (19, 20).
It was proposed that this cleavage exposes buried hydrophobic regions of domain | and
induces the formation of an oligomeric structure of the toxin (19). However, it was
shown that Cry4Ba is a special protein since it is able to oligomerize in vitro after
activation with proteases in the absence of the CAD molecule, in contrast with other
proteins, such as Cry11Aa, that require binding to A. aegypti CAD to oligomerize (21).
It was also shown that Cry4Ba binds to CAD with lower affinity (K, [dissociation
constant] = 154 nM) than does Cry11Aa, which has much higher affinity for CAD (K, =
17 nM) (21). In addition, it was shown that Cry4Ba does not compete with the binding
of Cry11Aa to the CAD protein from A. aegypti (22).

The a-helices found in proteins are frequently stabilized by electrostatic interactions;
this is achieved by pattern repeats with alternating charged residues positioned at a
helix face to form salt bridges between side chains (23, 24). In this work, we identify a
putative intramolecular salt bridge in Cry4Ba helix «-3. Helix «-3 has a role in toxin
oligomerization and toxicity of this protein (11-13). Single point mutations in this
putative salt bridge affected toxicity and oligomerization, while a double point mutant
with reversed charges recovered both the capacity to oligomerize and toxicity against
mosquito larvae, supporting the hypothesis that these two residues are involved in
formation of a salt bridge.

RESULTS

Construction of single and double point mutants. Inspection of the Cry4Ba
three-dimensional structure (8) revealed the presence of a putative intermolecular salt
bridge (D111-K115) located in helix -3 (Fig. 1). To analyze the role of this putative salt
bridge in Cry4Ba toxicity and oligomerization, single point mutants were constructed:
namely, aspartate 111 was changed to lysine (D111K) and lysine 115 was changed to
aspartate (K115D). In addition, a double point mutant with reversed charges (D111K-
K115D) was also constructed. The wild-type and mutant proteins were produced in Bt
transformant strains, and parasporal crystals were purified and solubilized by suspen-
sion at an alkaline pH. Figure 2 shows the Coomassie blue staining of Cry4Ba proteins
after boiling of samples for 5 min and separation by SDS-PAGE. This figure shows that
all mutant proteins were produced as 130-kDa protoxins, although the amount of the
K115D mutant protein was lower than that of the other proteins (Fig. 2A). After alkaline
solubilization of crystals and 5 min of boiling, the protoxins were analyzed by SDS-
PAGE. The K115D mutant protein demonstrated a lower concentration of solubilized
protoxin (Fig. 2B) and was also shown to be highly sensitive to protease treatment
during its activation with chymotrypsin (Fig. 2C), indicating that this substitution
severely affected protein stability and led to protein degradation.

Effects of single and double point mutations of Cry4Ba. Bioassays were con-
ducted with A. aegypti fourth-instar larvae. Table 1 shows that the single point mutants
D111K and K115D were greatly affected in their toxicity against A. aegypti since no
mortality of the larvae was observed even when exposed at the highest toxin concen-
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Cry4Ba PDB=1W%9 Cry2Aa PDB=115P

FIG 1 Structures of monomeric 3d-Cry toxins showing the putative salt bridge in domain | helix -3. Basic and acid
residues are labeled in blue and red colors, respectively.

tration (10,000 ng/ml), in contrast to the wild-type Cry4Ba, which exhibited a 50% lethal
concentration (LCs,) of 455 ng/ml. The double point mutant D111K-K115D recovered
full toxicity since the confidence limits of the LC,s overlap the LC,ys of the wild-type
toxin.

To determine if these mutations affected oligomer formation, the mutant protoxins
were incubated with 2.5% chymotrypsin for 30 min and then samples were heated for
3 min at 50°C before being loaded in a gel for SDS-PAGE (Fig. 3). This lower heating
temperature was necessary in order to avoid the disassembly of the oligomeric
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FIG 2 SDS-PAGE analysis of the Cry4Ba wild-type and mutant proteins produced in B. thuringiensis. (A) Spore/crystal
suspension directly loaded in the SDS-PAGE gel, (B) Cry4Ba and mutant protoxins after solubilization in alkaline buffer, and
(C) Cry4Ba and mutants after chymotrypsin activation for 30 min at 37°C. All samples were boiled for 5 min before being
loaded into the SDS-PAGE gel, and the gel was stained with Coomassie brilliant blue. The arrows point to protoxins with
a size of 130 kDa or to the activated 60-kDa toxins; the optical density of the bands was measured by using the ImageJ
program (http://imagej.nih.gov/ij/).
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TABLE 1 Toxicity assays of crystal/spore suspension of the different Bt strains against 4th-
instar larvae of Aedes aegypti

Toxin LCs, in ng/ml (confidence limits)
Cry4Ba 455 (75-702)

D111K >10,000

K115D >10,000

D111K-K115D 865 (546-1,126)

structure, since it was previously shown that Cry oligomers are resistant to SDS but
disassemble after boiling (18); that is the reason why no oligomers were observed in
Fig. 2C, where samples were boiled. The Cry4Ba oligomers were revealed by Western
blotting with an anti-Cry4Ba polyclonal antibody. Figure 3 shows that both D111K and
K115D mutants were severely affected in oligomer formation, in contrast to the double
point mutant D111K-K115D protein, which produced an oligomeric structure of 250
kDa similar to the wild-type protein. Figure 3 also shows that the K115D mutant was
more susceptible to degradation with chymotrypsin, since a lower concentration of the
protein was observed after proteolysis.

DISCUSSION

Electrostatic interactions are of fundamental importance in protein structure and
stabilization (23-25). It has been proposed that salt bridges within the same «a-helix
may have a stabilizing role (23-25). One useful strategy to demonstrate that two
charged residues may be forming a salt bridge is to make single point mutations that
affect the protein activity and a double point mutation with reversed charges that
restores such activity. Several examples showing the participation of salt bridges by
analysis of single point mutations and restoration of protein function by reversing the
charges of the putative salt bridges have been previously described (26-29).

In this work, we identify a putative salt bridge that is present within helix a-3 of the
Cry4Ba toxin. In order to analyze the role of these charged residues of helix a-3, we
analyzed the effects of single point mutations that would destroy the salt bridge and
compared the results with those for a double point reciprocal mutation that potentially
may restore the salt bridge formation. Here we show that mutations in residues D111K
and K115D of domain | helix a-3 result in proteins severely affected in toxicity and toxin
oligomerization. The mutation K115D resulted in an unstable protein, since this point
mutation results in a smaller amount of total protoxin produced and increased sus-
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FIG 3 In vitro oligomer formation of Cry4Ba toxin and mutants. Oligomers were formed, and the samples
were analyzed by Western blotting. Mass (M) markers of 250 kDa and 70 kDa are labeled with arrows. All
samples were heated for 3 min at 50°C before loading into the SDS-PAGE gel. The proteins were
electrotransferred to polyvinylidene difluoride (PVDF) membranes and analyzed by Western blot assays
using polyclonal anti-Cry4Ba antibody.
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ceptibility to degradation with chymotrypsin treatment. However, our data indicate
that the double mutant D111K-K115D exhibits oligomer formation and toxicity com-
parable to the wild-type toxin, indicating that the D111-K115 electrostatic interaction
has a fundamental role in maintaining the helix a-3 structure important for proper toxin
oligomerization. It was proposed that helix «-3 plays an important role in oligomer-
ization and pore formation activity of 3d-Cry toxins (11-13). Analysis in silico of the
homo-oligomerization tendencies of the individual a-helices of domain | also supports
the proposal that helix a-3 participates in Cry toxin oligomerization (30).

Alignment of 3d-Cry toxin family sequences shows that the corresponding salt
bridge is not present in all members of this family. We analyzed a total of 91
sequences, including one representative sequence of each 3d-Cry toxin type,
with the subindex “a” in the third range of the nomenclature (http://www
.btnomenclature.info/), and found that this salt bridge of helix «-3 is present in 36 of
91 sequences analyzed. Besides the Cry4Ba protein, this salt bridge is also found in
Crylla, Cry1Ma, Cry2Aa, Cry3Aa, Cry3Ba, Cry3Ca, Cry7Aa, Cry7Ca, Cry7Da, Cry7Ja,
Cry7Ka, Cry7la, Cry8Aa, Cry8Ba, Cry8Ca, Cry8Ea, Cry8Fa, Cry8Ga, Cry8Ha, Cry9Da,
Cry17Aa, Cry18Aa, Cry18Ba, Cry18Ca, Cry26Aa, Cry29Aa, Cry32Da, Cry32Ea, Cry41Aa,
Cry43Aa, Cry47Aa, Cry53Aa, Cry56Aa, Cry62Aa, and Cry68Aa toxins (see Fig. S1 in the
supplemental material). In addition, the corresponding negative and positive residues
of this putative salt bridge were localized in the three-dimensional structures of Cry2Aa,
Cry3Aa, Cry3Bb, and Cry8Ea at a position in helix «-3 similar to that of Cry4Ba (Fig. 1).

It was proposed that all proteins of the 3d-Cry family shared a similar mechanism of
action that involves the toxin oligomerization necessary for formation of the ionic pore
in the target cell. However, the oligomerization step has been studied in a limited
number of toxins (Cry1, Cry3A, Cry4, and Cry11). It was described that the CAD receptor
plays an important role in inducing oligomerization of Cry1A toxins (18, 31, 32). CAD
also induced oligomerization of Cry11Aa (33) and Cry3Aa (34). The requirement of
receptors for inducing oligomerization has not been analyzed for the rest of the 3d-Cry
toxins. Cry4Ba is a special toxin since this is the only toxin that has been shown to be
able to form oligomers in vitro without interaction with the CAD receptor (21, 22). Some
studies have analyzed the oligomeric structures formed by Cry4B in the presence of
synthetic lipids but in the absence of CAD or any other toxin receptor. Atomic force
microscopy studies showed that Cry4Ba preferentially inserts into the membrane as a
self-assembled structure with a 4-fold symmetry (35), while negative-stain electron
microscopy of two-dimensional (2D) crystals of Cry4Ba suggested a trimeric array (36).
In addition, it was reported that the silencing of the CAD gene in A. aegypti by
double-stranded RNA feeding (22) or in transgenic mosquitoes (33) did not affect
Cry4Ba toxicity, supporting the theory that CAD protein is not necessary to induce
oligomerization of Cry4Ba. In contrast, the same CAD-silenced mosquitoes showed
reduced susceptibility to Cry11Aa, supporting the hypothesis that Cry11Aa relies on the
CAD interaction for its oligomerization and thus was less toxic to CAD-silenced larvae
(22) or to the transgenic mosquitoes with reduced CAD expression (33). However,
different molecules (such as APN and ALP) are still involved in Cry4Ba binding and are
necessary for Cry4Ba toxicity, explaining the high specificity of Cry4Ba toxin to A.
aegypti larvae (37).

We do not know exactly why Cry4Ba toxin is able to oligomerize in the absence of
receptors, nor do we know whether other Cry proteins show similar behavior. It is
interesting that in the crystallization studies of this protein, it was reported that during
the chymotrypsin activation and crystallization process the N-terminal region of the
Cry4Ba protein was proteolysed, resulting in the loss of a-helices 1 and 2 in the final
structure that showed a trimeric array (8). This cleavage was confirmed by mass
spectroscopy after dissolving the three-dimensional (3D) crystals; the cleaved protein
was fully active against mosquito larvae (8). One possible explanation could be that
during activation with chymotrypsin this toxin is truncated and helices -1 and «a-2a are
cleaved out, resulting in a protein that is ready to oligomerize.

Our data indicate that the salt bridge identified is important to stabilize helix -3 of
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Cry4Ba. It is an intramolecular salt bridge formed within the same helix «-3 and thus is
most probably not involved in the interaction of different monomers of toxin during
oligomerization. However, we cannot conclude that the presence of this salt bridge is
a requirement for oligomerization in the absence of receptors. Cry3Aa also has this salt
bridge within helix «-3, and this protein requires the interaction with CAD for its
oligomerization (34). It will be interesting to analyze the oligomerization of other 3d-Cry
toxins that also contain this salt bridge and determine if they can form oligomers in
vitro in the absence of receptor interaction.

Overall, our results show that a salt bridge within helix a-3 of Cry4Ba stabilizes the
structure of this helix and is necessary for Cry4B insecticidal activity. These data are
consistent with previous work that highlighted the importance of helix -3 in the
oligomerization and pore formation activity of these important biotechnological pro-
teins (11-13, 30-34).

MATERIALS AND METHODS

Site-directed mutagenesis. Plasmid pHT315-cry4Ba, containing the wild-type cry4Ba gene, was used
as the template to construct D111K, K115D, and D11K-K115 mutants by site-directed mutagenesis.
Mutagenesis was performed using the Quick-Change mutagenesis kit from Stratagene (La Jolla, CA)
following the manufacturer’s instructions. The mutagenic oligonucleotides were as follows: for D111K, 5’
GTA ACA GCT TAT GTA CGA ACA AAA GCA AAT GCA AAA ATG ACG G 3’; for K115D, 5" GTA CGA ACA
GAT GCA AAT GCA GAT ATG ACG GTT GTG AAA GAT TA 3’; and for D111K/K115D, 5" GTA ACA GCT TAT
GTA CGA ACA AAA GCA AAT GCA GAT ATG ACG GTT GTG AAA GAT TA 3'.

After mutagenesis, plasmids were transformed into Escherichia coli DH5« cells. Point mutations were
confirmed by automated DNA sequencing at Instituto de Biotecnologia-Universidad Nacional Auténoma
de México (UNAM) facilities. Plasmids were transformed into the acrystalliferous B. thuringiensis strain 407
as reported elsewhere (38). Transformant strains were selected in Luria broth at 30°C supplemented with
erythromycin (10 wg ml—"), and single-colony lysates were used to amplify the cry4Ba gene by PCR and
confirm the mutation expressed in Bt strain 407 by DNA sequencing.

Purification of Cry4Ba protoxins and activation with chymotrypsin. Nutrient broth sporulation
medium, as reported by Schaeffer et al. (39), supplemented with erythromycin (10 ug ml~") was used for
the expression of Cry4Ba wild-type or mutant proteins. After 3 days at 30°C, the sporulation process was
complete and spores and crystals were harvested by centrifugation at 12,857 X g for 10 min at 10°C and
washed twice with a mixture of 300 mM NaCl and 10 mM EDTA. The crystal inclusions were purified by
using discontinuous sucrose gradients (40). The crystals were solubilized by suspension in alkaline buffer
(50 mM Na,CO,, 0.2% B-mercaptoethanol, pH 10.5) for 2 h, and insoluble material was removed by
centrifugation for 20 min at 15,000 X g. The pH of the protoxin solution was lowered to pH 8.5 by adding
1:4 (wt/wt) 1 M Tris buffer at pH 8.5, and the concentration of protein was determined by the Bradford
assay using bovine serum albumin as a standard. For protoxin activation, a sample of 50 ug of soluble
protoxin was incubated with 2.5 pg of chymotrypsin for 30 min at 37°C. The samples of spore/crystal
suspension, soluble protoxin, and activated toxins were boiled for 5 min and analyzed by SDS-PAGE
using Coomassie blue stain.

For oligomerization assays, 2.5 ug of crystal suspension was incubated in alkaline buffer, as described
above, with 2.5% chymotrypsin for 30 min at 37°C. Phenylmethylsulfonyl fluoride (PMSF) (1 mM final
concentration) was added to stop proteolysis. The samples were heated for 3 min at 50°C before being
loaded in SDS-PAGE gels, electrotransferred to polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA), and analyzed by Western blot assays as described below.

Western blot assays. PVDF membranes were blocked for 1 h at room temperature with 5% skimmed
milk in phosphate-buffered saline (PBS) buffer (pH 7.4) plus 0.1% Tween 20. The membranes were rinsed
once with the same buffer. The Cry4Ba oligomeric or monomeric structures were detected after 1 h of
incubation with polyclonal anti-Cry4Ba (diluted 1/30,000) and then 1 h of incubation with goat anti-
rabbit secondary antibody coupled to horseradish peroxidase (Santa Cruz) (diluted 1/20,000), followed by
incubation with SuperSignal West Pico chemiluminescent substrate (Pierce), according to the instructions
of the manufacturer.

Toxicity assays against Aedes aegypti larvae. Bioassays were performed with A. gegypti 4th-instar
larvae using five different doses of spore/crystal suspensions (from 0 to 10,000 ng/ml) directly applied to 100
ml dechlorinated H,O. We used 10 larvae per toxin concentration in triplicate. Positive (B. thuringiensis subsp.
israelensis) and negative (dechlorinated water) controls were included in the bioassay, and mortality of the
larvae was examined after 24 h of treatment. The 50% lethal concentration (LCs,) was calculated with Probit
(PoloPlus, LeOra Software, Berkeley, CA). Three repetitions of these bioassays were performed.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01515-17.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

October 2017 Volume 83 Issue 20 e01515-17

Applied and Environmental Microbiology

aem.asm.org 6

1sanb Aq 020z ‘/2Z J8quaAoN uo /Bio°wse war//:dny wolj papeojumoq


https://doi.org/10.1128/AEM.01515-17
https://doi.org/10.1128/AEM.01515-17
http://aem.asm.org
http://aem.asm.org/

Internal Cry4Ba Salt Bridge and Oligomerization

ACKNOWLEDGMENTS
We thank Lizbeth Cabrera for technical support. We are grateful to Dan Czajkowsky
for important discussion and critical review of the manuscript.

The authors declare no conflict of interest.

Applied and Environmental Microbiology

This work was funded in part by DGAPA IN201016, CONACYT Fronteras de la Ciencia
008, and NIH-2R01AI066014-06.

REFERENCES

1.

10.

1.

12.

13.

14.

15.

16.

October 2017 Volume 83

Pardo-Lépez L, Soberén M, Bravo A. 2013. Bacillus thuringiensis insecti-
cidal 3-domain Cry toxins: mode of action, insect resistance and conse-
quences for crop protection. FEMS Microbiol Rev 37:3-22. https://doi
.org/10.1111/j.1574-6976.2012.00341 x.

. Palma L, Mufoz D, Berry C, Murillo J, Caballero P. 2014. Bacillus thurin-

giensis toxins: an overview of their biocidal activity. Toxins 6:3296-3325.
https://doi.org/10.3390/toxins6123296.

. Soberon M, Lopez-Diaz JA, Bravo A. 2013. Cyt toxins produced by

Bacillus thuringiensis: a protein fold conserved in several pathogenic
microorganisms. Peptides 41:87-93. https://doi.org/10.1016/j.peptides
.2012.05.023.

. Li J, Carrol JJ, Ellar DJ. 1991. Crystal structure of insecticidal 5-endotoxin

from Bacillus thuringiensis at 2.5 A resolution. Nature 353:815-821.
https://doi.org/10.1038/353815a0.

. Grochulski P, Masson L, Borisova S, Pusztai-Carey M, Schwartz JL, Brous-

seau R, Cygler M. 1995. Bacillus thuringiensis CrylA(a) insecticidal toxin:
crystal structure and channel formation. J Mol Biol 254:447-464. https://
doi.org/10.1006/jmbi.1995.0630.

. Galitsky N, Cody V, Wojtczak A, Debashis G, Luft JR, Pangborn W, English

L. 2001. Structure of insecticidal bacterial 8-endotoxin Cry3Bb1 of Bacil-
lus thuringiensis. Acta Crystallogr D Biol Crystallogr 57:1101-1109.
https://doi.org/10.1107/50907444901008186.

. Morse RJ, Yamamoto T, Stroud RM. 2001. Structure of Cry2Aa suggests

an unexpected receptor binding epitope. Structure 9:409-417. https://
doi.org/10.1016/50969-2126(01)00601-3.

. Boonserm P, Davis P, Ellar DJ, Li J. 2005. Crystal structure of the

mosquito-larvicidal toxin Cry4Ba and its biological implications. J Mol
Biol 348:363-382. https://doi.org/10.1016/j,jmb.2005.02.013.

. Boonserm P, Mo M, Angsuthanasombat C, Lescar J. 2006. Structure of

the functional form of the mosquito larvicidal Cry4Aa toxin from Bacillus
thuringiensis at a 2.8-angstrom resolution. J Bacteriol 188:3391-3401.
https://doi.org/10.1128/JB.188.9.3391-3401.2006.

Guo S, Ye S, Liu Y, Wei L, Xue J, Wu H, Song F, Zhang J, Wu X, Huang D,
Rao Z. 2009. Crystal structure of Bacillus thuringiensis Cry8Ea1: an insec-
ticidal toxin toxic to underground pests, the larvae of Holotrichia paral-
lela. J Struct Biol 168:259-266. https://doi.org/10.1016/j.jsb.2009.07.004.
Jiménez-Juarez N, Munoz-Garay C, Gémez |, Saab-Rincon G, Damian-
Almazo JY, Gill SS, Soberén M, Bravo A. 2007. Bacillus thuringiensis
Cry1Ab mutants affecting oligomer formation are non-toxic to Manduca
sexta larvae. J Biol Chem 282:21222-21229. https://doi.org/10.1074/jbc
.M701314200.

Vachon V, Prefontaine G, Coux F, Rang C, Marceau L, Masson L, Brous-
seau R, Frutos R, Schwartz JL, Laprade R. 2002. Role of helix 3 in pore
formation by Bacillus thuringiensis insecticidal toxin Cry1Aa. Biochemis-
try 41:6178-6184. https://doi.org/10.1021/bi011572e.

Munoz-Garay C, Rodriguez-Almazan CR, Aguilar JN, Portugal L, Gomez |,
Saab-Rincon G, Soberén M, Bravo A. 2009. Oligomerization of Cry11Aa
from Bacillus thuringiensis has an important role in toxicity against Aedes
aegypti. Appl Environ Microbiol 75:7548-7550. https://doi.org/10.1128/
AEM.01303-09.

Knight P, Knowles BH, Ellar DJ. 1995. Molecular cloning of an insect
aminopeptidase N that serves as a receptor for Bacillus thuringiensis
CrylA(c) toxin. J Biol Chem 270:17765-17770. https://doi.org/10.1074/jbc
.270.30.17765.

Sangadala S, Walters FS, English LH, Adang MJ. 1994. A mixture of
Manduca sexta aminopeptidase and phosphatase enhances Bacillus thu-
ringiensis insecticidal CrylA(c) toxin binding and 8Rb*-K* efflux in vitro.
J Biol Chem 269:10088-10092.

McNall RJ, Adang MJ. 2003. Identification of novel Bacillus thuringiensis
Cry1Ac binding proteins in Manduca sexta midgut through proteomic
analysis. Insect Biochem Mol Biol 33:999-1010. https://doi.org/10.1016/
S0965-1748(03)00114-0.

Issue 20 e01515-17

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

. Vadlamudi RK, Weber E, Ji I, Ji TH, Bulla LA, Jr. 1995. Cloning and

expression of a receptor for an insecticidal toxin of Bacillus thuringiensis.
J Biol Chem 270:5490-5494. https://doi.org/10.1074/jbc.270.10.5490.

. Goémez |, Sanchez J, Mufioz-Garay C, Matus V, Gill SS, Soberén M, Bravo

A. 2014. Bacillus thuringiensis Cry1A toxins are versatile proteins with
multiple modes of action: two distinct pre-pores are involved in toxicity.
Biochem J 459:383-396. https://doi.org/10.1042/BJ20131408.

. Gomez |, Sdnchez J, Miranda R, Bravo A, Soberén M. 2002. Cadherin-

like receptor binding facilitates proteolytic cleavage of helix a-1 in
domain | and oligomer pre-pore formation of Bacillus thuringiensis
Cry1Ab toxin. FEBS Lett 513:242-246. https://doi.org/10.1016/5S0014
-5793(02)02321-9.

Atsumi S, Inoue Y, Ishizaka T, Mizuno TE, Yoshizawa Y, Kitami M, Sato R.
2008. Location of the Bombyx mori 175 kDa cadherin-like protein-
binding site on Bacillus thuringiensis Cry1Aa toxin. FEBS J 275:
4913-4926. https://doi.org/10.1111/j.1742-4658.2008.06634.x.
Rodriguez-Almazan C, Reyes EZ, Zuniga-Navarrete F, Muioz-Garay C,
Gomez |, Evans AM, Likitvivatanavong S, Bravo A, Gill SS, Soberén M.
2012. Cadherin binding is not a limiting step for Bacillus thuringiensis
subsp. israelensis Cry4Ba toxicity to Aedes aegypti larvae. Biochem J
443:711-717. https://doi.org/10.1042/BJ20111579.

Chen J, Aimanova KG, Fernandez LE, Bravo A, Soberén M, Gill SS. 2009.
Aedes aegypti cadherin serves as a putative receptor of the Cry11Aa
toxin from Bacillus thuringiensis subsp. israelensis. Biochem J 424:
191-200. https://doi.org/10.1042/BJ20090730.

Marqusee S, Baldwin RL. 1987. Helix stabilization by Glu-...Lys* salt
bridges in short peptides of de novo design. Proc Natl Acad Sci U S A
84:8898-8902. https://doi.org/10.1073/pnas.84.24.8898.

. Sivaramakrishnan S, Spink BJ, Sim AY, Doniach S, Spudich JA. 2008.

Dynamic charge interactions create surprising rigidity in the ER/K
a-helical protein motif. Proc Natl Acad Sci U S A 105:13356-13361.
https://doi.org/10.1073/pnas.0806256105.

Wolny M, Batchelor M, Bartlett GJ, Baker EG, Kurzawa M, Knight PJ,
Dougan L, Woolfson DN, Paci E, Peckham M. 2017. Characterization of
long and stable de novo single alpha-helix domains provides novel
insight into their stability. Sci Rep 7:44341. https://doi.org/10.1038/
srep44341.

Pedersen AV, Andreassen TF, Loland CJ. 2014. A conserved salt bridge
between transmembrane segments 1 and 10 constitutes an extracellular
gate in the dopamine transporter. J Biol Chem 289:35003-35014. https://
doi.org/10.1074/jbc.M114.586982.

Loo TW, Clarke DM. 2013. A salt bridge in intracellular loop 2 is essential
for folding of human P-glycoprotein. Biochemistry 52:3194-3196.
https://doi.org/10.1021/bi400425k.

Germain N, Merienne K, Zinn-Justin S, Boulain JC, Ducancel F, Menez A.
2000. Molecular and structural basis of the specificity of a neutralizing
acetylcholine receptor-mimicking antibody, using combined mutational
and molecular modeling analyses. J Biol Chem 275:21578-21586.
https://doi.org/10.1074/jbc.M001794200.

Binet V, Duthey B, Lecaillon J, Vol C, Quoyer J, Labesse G, Pin JP, Prezeau
L. 2007. Common structural requirements for heptahelical domain func-
tion in class A and class C G protein-coupled receptors. J Biol Chem
282:12154-12163. https://doi.org/10.1074/jbc.M611071200.

Lin X, Parthasarathy K, Surya W, Zhang T, Mu Y, Torres J. 2014. A
conserved tetrameric interaction of Cry toxin helix a3 suggests a func-
tional role for toxin oligomerization. Biochim Biophys Acta 1838:
1777-1784. https://doi.org/10.1016/j.bbamem.2014.03.006.

Pacheco S, Gémez |, Gill SS, Bravo A, Soberéon M. 2009. Enhancement of
insecticidal activity of Bacillus thuringiensis Cry1A toxins by fragments of
a toxin-binding cadherin correlates with oligomer formation. Peptides
30:583-588. https://doi.org/10.1016/j.peptides.2008.08.006.

Peng D, Xu X, Ye W, Sun M. 2010. Helicoverpa armigera cadherin frag-

aem.asm.org 7

1sanb Aq 020z ‘/2Z J8quaAoN uo /Bio°wse war//:dny wolj papeojumoq


https://doi.org/10.1111/j.1574-6976.2012.00341.x
https://doi.org/10.1111/j.1574-6976.2012.00341.x
https://doi.org/10.3390/toxins6123296
https://doi.org/10.1016/j.peptides.2012.05.023
https://doi.org/10.1016/j.peptides.2012.05.023
https://doi.org/10.1038/353815a0
https://doi.org/10.1006/jmbi.1995.0630
https://doi.org/10.1006/jmbi.1995.0630
https://doi.org/10.1107/S0907444901008186
https://doi.org/10.1016/S0969-2126(01)00601-3
https://doi.org/10.1016/S0969-2126(01)00601-3
https://doi.org/10.1016/j.jmb.2005.02.013
https://doi.org/10.1128/JB.188.9.3391-3401.2006
https://doi.org/10.1016/j.jsb.2009.07.004
https://doi.org/10.1074/jbc.M701314200
https://doi.org/10.1074/jbc.M701314200
https://doi.org/10.1021/bi011572e
https://doi.org/10.1128/AEM.01303-09
https://doi.org/10.1128/AEM.01303-09
https://doi.org/10.1074/jbc.270.30.17765
https://doi.org/10.1074/jbc.270.30.17765
https://doi.org/10.1016/S0965-1748(03)00114-0
https://doi.org/10.1016/S0965-1748(03)00114-0
https://doi.org/10.1074/jbc.270.10.5490
https://doi.org/10.1042/BJ20131408
https://doi.org/10.1016/S0014-5793(02)02321-9
https://doi.org/10.1016/S0014-5793(02)02321-9
https://doi.org/10.1111/j.1742-4658.2008.06634.x
https://doi.org/10.1042/BJ20111579
https://doi.org/10.1042/BJ20090730
https://doi.org/10.1073/pnas.84.24.8898
https://doi.org/10.1073/pnas.0806256105
https://doi.org/10.1038/srep44341
https://doi.org/10.1038/srep44341
https://doi.org/10.1074/jbc.M114.586982
https://doi.org/10.1074/jbc.M114.586982
https://doi.org/10.1021/bi400425k
https://doi.org/10.1074/jbc.M001794200
https://doi.org/10.1074/jbc.M611071200
https://doi.org/10.1016/j.bbamem.2014.03.006
https://doi.org/10.1016/j.peptides.2008.08.006
http://aem.asm.org
http://aem.asm.org/

Pacheco et al.

33.

34,

35.

36.

October 2017 Volume 83

ment enhances Cry1Ac insecticidal activity by facilitating toxin-oligomer
formation. Appl Microbiol Biotechnol 85:1033-1040. https://doi.org/10
.1007/500253-009-2142-1.

Lee S-B, Chen J, Aimanova KG, Gill SS. 2015. Aedes cadherin mediates the
in vivo toxicity of the Cry11Aa toxin to Aedes aegypti. Peptides 68:
140-147. https://doi.org/10.1016/j.peptides.2014.07.015.

Fabrick J, Oppert C, Lorenzen MD, Morris K, Oppert B, Jurat-Fuentes JL.
2009. A novel Tenebrio molitor cadherin is a functional receptor for
Bacillus thuringiensis Cry3Aa toxin. J Biol Chem 284:18401-18410.
https://doi.org/10.1074/jbc.M109.001651.

Puntheeranurak T, Stroh C, Zhu R, Angsuthanasombat C, Hinterdorfer P.
2005. Structure and distribution of the Bacillus thuringiensis Cry4Ba toxin
in lipid membranes. Ultramicroscopy 105:115-124. https://doi.org/10
.1016/j.ultramic.2005.06.026.

Ounjai P, Unger VM, Sigworth FJ, Angsuthanasombat C. 2007. Two
conformational states of the membrane-associated Bacillus thuringiensis

Issue 20 e01515-17

37.

38.

39.

40.

Applied and Environmental Microbiology

Cry4Ba é-endotoxin complex revealed by electron crystallography: im-
plications for toxin-pore formation. Biochem Biophys Res Commun 361:
890-895. https://doi.org/10.1016/j.bbrc.2007.07.086.

Likitvivatanavong S, Chen J, Evans AE, Bravo A, Soberén M, Gill SS. 2011.
Multiple receptors as targets of Cry toxins in mosquitoes. J Agric Food
Chem 59:2829-2838. https://doi.org/10.1021/jf1036189.

Lereclus D, Arantes O, Chaufaux J, Lecadet MM. 1989. Transformation
and expression of a cloned 3-endotoxin gene in Bacillus thuringiensis.
FEMS Microbiol Lett 60:211-217. https://doi.org/10.1111/j.1574-6968
.1989.tb03448 x.

Schaeffer P, Millet J, Aubert J-P. 1965. Catabolic repression of bacterial
sporulation. Proc Natl Acad Sci U S A 54:704-711. https://doi.org/10
.1073/pnas.54.3.704.

Thomas WE, Ellar DJ. 1983. Bacillus thuringiensis var israelensis crystal
8-endotoxin: effects on insect and mammalian cells in vitro and in vivo.
J Cell Sci 60:181-197.

aem.asm.org 8

1sanb Aq 020z ‘/2Z J8quaAoN uo /Bio°wse war//:dny wolj papeojumoq


https://doi.org/10.1007/s00253-009-2142-1
https://doi.org/10.1007/s00253-009-2142-1
https://doi.org/10.1016/j.peptides.2014.07.015
https://doi.org/10.1074/jbc.M109.001651
https://doi.org/10.1016/j.ultramic.2005.06.026
https://doi.org/10.1016/j.ultramic.2005.06.026
https://doi.org/10.1016/j.bbrc.2007.07.086
https://doi.org/10.1021/jf1036189
https://doi.org/10.1111/j.1574-6968.1989.tb03448.x
https://doi.org/10.1111/j.1574-6968.1989.tb03448.x
https://doi.org/10.1073/pnas.54.3.704
https://doi.org/10.1073/pnas.54.3.704
http://aem.asm.org
http://aem.asm.org/

	RESULTS
	Construction of single and double point mutants. 
	Effects of single and double point mutations of Cry4Ba. 

	DISCUSSION
	MATERIALS AND METHODS
	Site-directed mutagenesis. 
	Purification of Cry4Ba protoxins and activation with chymotrypsin. 
	Western blot assays. 
	Toxicity assays against Aedes aegypti larvae. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

