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Abstract

The different Cry 8-endotoxins produced by Bacillus thuringiensis have been shown to
kill susceptible insect larvae by forming a lytic pore in the target midgut epithelial cell
membrane. In the previous studies, we have shown that tryptic activation of the 130-kDa
Cry4B toxin produced protease-resistant products of ca. 47 kDa and ca. 21 kDa. The 21-kDa
fragment was identified to be the N-terminal five-helix bundle (o1-0t5) which is a potential
candidate for membrane insertiop and pore formation.

In this report, we have constructed the recombinant clone over-expressing the putative
pore-forming (PPF) fragment (ot1-08) as inclusion bodies in Escherichia coli. The partially
purified inclusions were composed of a 23-kDa protein which cross-reacted with Cry4B
antibodies and whose N-terminus was identical to that of the 130-kDa protein. Dissimilar to
protoxin inclusions, the PPF inclusions were only soluble when the carbonate buffer, pH 9.0
was supplemented with 6 M urea. After renaturation via stepwise dialysis, the refolded PPF
protein appeared to exist as an oligomer and was structurally stable upon trypsin treatment.
Unlike the 130-kDa protoxin, the refolded protein was able to release entrapped glucose from
liposomes comparable to the activated toxin, although it facks larvicidal activity against Aedes
aegypti.. These results therefore support the notion that the PPF fragment consisting of a1-05

of the activated Cry4B toxin is involved in membrane pore-formation.



We have also employed single proline substitutions via PCR-based mutagenesis and
demonstrated that helices 4 and 5 in the pore-forming domain of the Cry4B toxin are essential
for mosquito-larvicidal activity, likely to be involved in pore formation rather than in receptor
binding. To further identify critical residues for toxicity, substitutions with alanine of each of the
charged amino acids (Arg-143, Lys-156, Arg-158 and Glu-159) and one polar residues (Asn-
151) in the transmembrane helix 4 were performed. Similar to the wild-type Cry4B protoxin, all
five mutant ifoxins were over-expressed as cytoplasmic inclusions in E. coli and were
structurally stable upon solubilisation and trypsin activation in carbonate buffer, pH 9.0.
Interestingly, a complete loss of activity against A, aegypti larvae was observed for the alanine
substitution at Arg-158, while replacements at the four other positions did not affect the toxicity.
The results reveal a crucial role in toxin function for the positively charged side chain of Arg-
158 in helix 4 of the Cry4B toxin.

The putative transmembrane segments, helices 4 and 5 were further studied by means
of nanosecond molecular dynamics (MD) simulation. The o4-05 hairpin (residues GIn140-
Glu198) was truncated from a 3D homology model of Cry4B and inserted into a fully hydrated
lipid bilayer. It adopts a stable helical hairpin-liked structure of which the amphipathic o4 was
stabilised by favorable interactions between pockets of membrane-penetrating water molecules
and side chains of polar residues while the relatively hydrophobic &5 appeared to unwind at its
C-terminus. Unrestrained MD simulations were performed with a model pore consisting of six
copies of the 0i4-05 hairpin in a fully hydrated lipid bilayer with Arg-158 pointing inward to pore
lumen. Predicted conductance values suggested that the transmembrane 04-a5 hairpin of
Cry4B has a potential to form a stable oligemeric pore with 2-3 nm in diameter.
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Introduction '

Bacillus thuringiensis (Bt) is a Gram-positive bacterium that has been used successfully
as an alternative insecticide for biological control of disease vectors and other pests. During
sporulation, different Bt strains produce larvicidal proteins in large guantities as cytoplasmic
crystalline inclusions that are specifically toxic to a variety of dipteran, lepidopteran and
coleopteran insect larvae [7,2]. These parasporal crystalline inclusions are composed of one
or more polypeptides of varying molecular mass that have been classified as.Cry and/or Cyt 8-
endotoxins according to the similarity of their deduced amino acid sequences [3,4]. For
instance, the 130-kDa mosquito-larvicidal protein from Bt subsp. israelensis is identified as the
Cry4B toxin [2,3].

The general mechanism of gut epithelial cell disruption by the different Bt 8-endotoxins

is evidenced to be the formation of Iytic pores in the susceptible insect membrane [5]. When



ingested by susceptible larvae, the inclusions are solubilised by the alkaline pH of the larval
midgut and the protoxins are activated by gut proteases. |t is believed that the activated toxins
then bind to midgut epithelial cells via specific receptors, and insert into the microvillar
membrane to form ion channels or leakage pores that cause cell swelling and eventually death
by colloid-osmotic lysis (see [6] for reviews). However, an entire characterisation at the
molecular level of the pore-forming process mediated by these insecticidal proteins has not yet
been obtained, although knowledge of how these insecticidal proteins function has increased
substantially over the last decade.

The X-ray crystal structure of two different Cry toxins, the lepidopteran-specific Cry1Aa
toxin [7] and the coleopteran-specific Cry3A toxin [8], reveals Cry proteins consisting of three
distinct domains, and it is believed that each domain has a defined function including pore
formaticn and receptor recognition [7,8]. Domain | is a group of seven oi-helices in which the
central helix (5) is relatively hydrophobic and encircled by six other amphipathic helices.
Domain 1l is the most variable part of the Cry toxin family and is composed of three anti-
parallel B-sheets, each terminating in a surface-exposed loop. Domain lIl is a tightly packed B-
sahdwich of two anti-parallel sheets. It has been proposed that other members of this family
will have the same overall tertiary structure since the core of the molecule including all the
domain interfaces is built up from five amino acid sequence segments that are highly
conserved throughout the entire Cry toxin family [3,8].

Structurally, it is immediately apparent that domain | is likely to be the transmembrane
pore-forming apparatus. This domain contains five amphipathic helices (03, 04, o5, 06 and o
7) that are theoretically long enough to span the bilayer lipid membrane and form a lytic pore
[4,5]. The possibility that this o-helical bundle in domain | is essential for pore formation is
supported by the feature that it is highly conserved in all Cry toxins [3], and by analogy with
the helical bundle pore-forming structures of two other well-characterised bacterial toxins,
colicin A and diphtheria toxin, although they bear no sequence homology [9]. This notion is
further supported by several studies with truncated proteins corresponding to domain | of
Cry1Ac [10] and Cry3B2 [11]. In additipn, a number of studies via synthetic peptides or site-
directed mutagenesis have provided evidence to support that o4 and o5 of several Cry toxins
are involved in membrane penetration and pore formation [72-718].

Previously, we have found that in addition to removal of the C-terminal half of the 130-
kDa Cry4B protoxin, the activated molecule had undergone proteolytic activation producing two
main sets of cleavage products at ca. 47 kDa and ca. 21 kDa [19]. Aligning these positions

with the Cry3A crystal structure [8] suggested that one cleavage occurred in a region before



the start of the N-terminal helical bundle and an other one occurred in a predicted loop joining
helices 5 and 6 in the bundle [20]. This putative N-terminal five-helix bundie (0t1-0t5) was
isolated as a protease-resistant fragment of ca. 21 kDa under denaturing conditions [19]. At
present, the role of this ct1-a5 fragment in the Cry4B mechanism of toxicity is still not clearly

elucidated.

Experimental Procedures

Construction of the Plasmid Expressing the PPF Protein

A gene segment encoding the PPF (0t1-05) region (Met-1 to Leu-209; see Fig. 1) of
the Cry4B toxin was generated by PCR using the plasmid template pMU388 containing the full-
length 130-kDa Cry4B toxin gene [271]. Oligonucleotide primers (univérsal primerf. 5'-
TTGTGAGCGGATAACAATTTC-3'; H5PPF-r: 5-GTGTACTGCACCATGGTTTATTATAGTTGGT
CACCAGA-3') were purchased from Genset Inc. {Singapore). The introduced BamH| site is
underlined and two stop codons are shown as boldface. The PCR fragment with end-repaired
BamH|-5' and Ncol-3' termini was directionally cloned into end-repaired EcoR! and Ncol sites
of the expression vector pMEx8 containing the fac promoter [22], giving the recombinant
ptasmid pM4BH1-5. The PPF-coding sequence was verified by DNA sequencing using an ABI

prism 377 sequencer.

Expression and Preparation of the PPF Protein

The PPF protein was over-expressed in E. cofi strain JM109 by addition of isopropyi-5-
D-thiogalactopyranoside (IPTG, 0.1 mM) to mid-exponential phase cultutes, and partially
purified as described earlier [#8]. Protein concentrations were determined using a Bio-Rad
protein quantitation kit, with bovine serum albumin fraction V (Sigma) as a standard. The
protein inclusions (1 mg/m!) were solubilised at 37 °C for 1 hr in 50 mM Na,CO, buffer, pH 9.0
supplemented with 6 M urea, and any insoluble protein was removed by centrifugation in a
bench minifuge at 16,000Xg for 15 min. The proteins was refolded by stepwise dialysis
against 300 volumes of carbonate buffers with decreasing urea concentrations of 3 M, 1.5 M,
0.75M, 0.5 M, 0.25 M and 0.1 M at 25°C for 2-3 hrs each, and finally dialysed twice against
300 volumes of carbonate buffer.

Proteolytic stability of the refolded PPF protein was analysed by digestion with 1:50
(wiw) trypsin [L-1-tosylamide-2-phenylethyl chioromethyl ketone (TPCK) treated, Sigma]:
protein at 37 °C for 1 hr, and the samples were analysed by SDS 15% (wfv} PAGE.

Immunoblotting was performed with polyclonal rabbit antibodies against the full length activated



CrydB toxin. Immunocomplexes were detected with an anti-rabbit antibody-alkaline
phosphatase conjugate (Sigma). An AB| 492 automated sequencer was used to determine N-
terminal sequences of the electroblotted proteins on a polyvinylidene difluoride (PVDF)

membrane (Problott, Applied Biosystems).

Construction of Mutant Toxin Plasmids

In vitro site-directed mutagenesis were performed using a Quickchange PCR-based
mutagenesis kit (Stratagene) following the manufacturer's instructions. The plasmid pMU388
containing the full-length cry4B toxin gene [21] was used as a template. Complementary
mutagenic oligonucleotides were purchased from Genset Inc. (Singapore). All mutations were

verified by DNA sequencing using an ABI prism 377 sequencer.

Partial Purification and Solubilisation of Protoxin Inclusions

The wild type and mutant Cry4B toxin genes were expressed in E. coli strain JM109
under control of the lacZ promoter. Cells were grown in LB medium plus 100 pg/ml of
ampicillin until ODgqy reached 0.4-0.5 and incubation was continued for another 4 hrs after
addition of IPTG to a final concentration of 0.1 mM. E. coli cultures expressing each mutant as
inclusion bodies were harvested by centrifugation, resuspended in 1 ml of distilled water and
then disrupted in a French Pressure Cell at 16,000 psi. The crude lysates were centrifuged at
8,000 g for 5 min and pellets obtained were washed 3 times in distilled water. Protoxin
inclusions (1 mg/mi) were solubilised in 50 mM Na,CO5 pH 9.0 and incubated at 370C for 60
min as described previously [718]. After centrifugation for 10 min, the supernatants were
analysed by SDS8-15% (w/v) PAGE in comparison with the inclusion suspension. The
solubilised protoxins were ass‘essed for their proteolytic stability by digestion with TPCK

treated) at a protoxin:trypsin ratio of 20:1 {wiw) for 16 hrs [18].

Liposome Entrapped Glucose Release Assays

Liposomes with trapped glucose were prepared by a modified method of Kinsky [23]. A
lipid mixture (Sigma) of 12.5 umole phosphatidylcholine (PC), 3.6 wmole dicetyl phosphate and
1.8 umole cholesterol in 3 ml chloroform/methanol (2:1, v/v) was placed in a round bottomed
flask and the solvent was removed under vacuum at 37°C. The resulting lipid film was
resuspended in 0.5 ml of 300 mM glucose/ 10 mM HEPES, pH 8.0. Small unilamellar
liposomes were prepared by squeezing the suspension through the exiruder membrane (0.1 p
m in diameter, Avanti Polar Lipid) for a minimum of 11 passes. Unentrapped glucose was

removed by ge! filtration on a PD-10 column (Sephadex G-25, Pharmacia) equilibrated 150 mM



KCl/ 10 mM HEPES, pH 8.0. An aliquot of washed liposomes {100 nmole PC) was placed in a
1 ml disposable polymethyl methacrylate cuvette (Brand) containing 1 unit of hexokinase
(Sigma), 1 unit of glucose-6-phosphate dehydrogenase (Sigma), 1 mM ATP, 0.5 mM NADP,
2mM Mg (QAc); in 150 mM KCIf 10 mM HEPES, pH 8.0. Glucose release, reflected as an
increase in absorbance of NADPH at 340 nm, was monitored on an HP spectrophotometer.
The relative glucose-release activities are indicated as fraction of maximum release which is

defined as the amount release by 0.1% Triton X-100.

Mosquito-Larvicidal Assays
Larvicidal activity assays were performed as previously described [78] using 2-day old
Aedes aegypti larvae reared from eggs supplied by the mosquito-rearing facility of the institute

of Molecular Biology and Genetics, Mahidol University, Thailand. About 500 larvae were

reared in a container {22X30X10 cm deep) with approximately 3 | of distiled water
supplemented with 0.2-0.3 g of rat diet pellets. In the assays, 1 m! of E. cofi suspension (ca.
10° cells) was added to a 48-well microtitre plate {(11.3 mm well diameter), with 10 larvae per
well and a total of 100 larvae for each type of E. coli sample. E. cofi cells containing the
recombinant plasmid pMU388 and the pUC12 vector were used as positive and negative

controls, respectively. Mortality was recorded after incubation for 24 hrs.

Molecular Dynamics Simulations

Coordinate of the putative transmembrane fragment (04-05) of CrydB was obtained
from the Cry4B homology model which has been constructed using the Cry3A crystal structure
as a template (26). Mode!s of pores formed by this helical hairpin were generated by simulated
anneal/molecular dynamics (SA‘/MD) using Xplor V3.1 with the modified CHARMM PARAM 19
parameter sef. Accessible surfaces of proteins were calculated by usjng Quanta V3.2
{Molecular Simulations). MD simulations on solvated model were performed using Gromacs
2.0 with the modified force field parameter set (30). Display and examinations of model were
carried out using Rasmol and Insight II (Molecular Simulations). Computations were
performed om SGI Indigo, Cray 2000 or Linux/Intel Pentium Il. Diagrams of structures were
drawn using Molscript. Helix crossing angels, hilix-membrane tilting angle and interhelical
distances were determines with routines, written for Gromacs 2.0. Pore dimension and

elestrostatic potential along axis were determined by using HOLE 2.0.



Results and Discussion

Expression and Characterisation of the a1-0:5 PPF Fragment

In the preliminary experiments, the results of size-exclusion FPLC analysis under non-
denaturing conditions (carbonate buffer, pH 9.0) indicated that the 21-kDa N-terminal helix
bundle (01-05) of the Cry4B toxin remains non-covalently associated with the C-terminal
portion {ca. 47 kDa) of the activated toxin after proteolytic activation with trypsin
(Angsuthanasombat, C., unpublished data). Attempts were made to isolate this o1-05
fragment by FPLC under denaturing conditions (8 M urea, carbonate buffer, pH 9.0) were
unsuccessful. In this study, cloning of the PPF fragment in E. coli and over-expression of the
protein aflowed the isolation and biochemical characterisation of this PPF protein.

Upeon induction with IPTG, E. cofi cells harbouring the plasmid clone (pM4BH1-5)
expressed the PPF protein at high levels in the form of sedimentable inclusion bodies with a
vield of approximately 15 mg per liter of culture (see Fig. 2A). Analysis of the inclusion
preparation by SDS-PAGE revealed a major band at 23 kDa which specifically cross-reacted in
Western blots probed with antibodies raised against the activated Cry4B toxin (Fig. 2B). The
N-terminal sequence of the 23-kDa protein obtained by automated Edman degradation was
found to be identical to the N-terminus of the 130-kDa protoxin (MNSGY...). Since the
predicted molecular mass of the polypeptide encoded in the cloned PPF fragment is 23.587
kDa, these results provide evidence that the 23-kDa product we have obtained from over-
expressing E. coli corresponds to the N-terminal o.1-05 segment of the Cry4B toxin.

Unlike the inclusions of the full length protoxin (1 mg/ml) which are soluble (up to 80%)
in carbonate buffer, pH 9.0 (78), the PPF inclusions {1 mg/ml) were readily soluble only in the
presence of 6 M urea, givingiat least 60% solubility (see Fig. 3). The PPF protein was
refoided by stepwise dialysis against buffers with decreasing urea concentrations and finally
the protein was obtained in urea-free carbonate buffer, pH 8.0 at a concentration of ?7? mg/ml.
The refold PPF preparation (Fig. 3, lane 3) was subjected to size-exclusion FPLC using a
Superose 12 column (Pharmacia) with carbonate buffer, pH 9.0 as eiuent at a flow rate of ?77?
mi/min.  Elution of the protein was monitored at 280 nm and the 23-kDa PPF protein
apparently was eluted in the void volume of the column {data not shown). This suggested that
the presence of a high molecular mass (> 300 kDa) oligomer or aggregate rather than a
monomeric form of the refolded PPF protein. Notwithstanding this observation, this aggregate
could represent a stable and functional oligomerisation state of the PPF fragment with the
ability to intercalate into lipid membranes to form a pore. Interestingly, treatment of the

refolded 23-kDa PPF protein with trypsin resulted in a 21-kDa protein fragment detectable by
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SDS-PAGE (see Fig. 3, lane 4} and specifically cross-reacted with Cry4B toxin antibodies (data
not shown). We conclude that this 21-kDa PPF protein is structurally resistant to further
proteolysis and that the refolded 23-kDa PPF protein likely exists in its native folded
conformation. Proteins which are extensively resistant to proteolysis have been shown to
maintain a significant portion of native-like conformation [24].

No significant activity was observed in bioassays against A. aegypti larvae using E£. cofi
cells expressing the PPF protein. Lack of toxicity is most likely due the absence of a three-§-
sheet domain [8] which is required for binding of the activated toxin to larval midgut epithelial
cells via specific receptors, It is still an open question whether after proteolytic activation in
vivo, the bundle of five helices remains associated with the 47-kDa fragment containing the
receptor-binding domain in the pore-forming process. In other studies with the Cry4A cleavage
products genetically fused with glulathione S-transferase (GST), significant larvicidal activity
was observed only when both of the fusion proteins, GST-20-kDa {ot1-05) and GST-45-kDa
containing the receptor-binding domain, were co-ingested by the larvae [25].

The membrane lytic capability of the refolded PPF protein was assayed a glucose
release assay using receptor-free phospholipid vesicles. Under the conditions used in this
assay, the refolded PPF fragment (15 g/mti) was able to induce release of entrapped glucose
from liposomes (see Fig. 4). Approximately 77% of maximum release activity (when compared
to Triton X-100 as positive control) was observed within 10 min after addition of the protein.
However, the full length activated CrydB toxin gave ca. 65% maximum release at a
concentration of 45 Ug/ml whereas the 130-kDa Cry4B protoxin (90 pg/ml) and a control
sample containing carbonate buffer, pH 9 showed only little release (< 20%). These results
are consistent with former findings that the N-terminal o-helical bundles of the CrytAc and
Cry3B2 toxins were able to mediate the release 86Rb cation from phospholipid vesicles and
form cation selective channels in planar lipid bilayers [10,77].

In summary, our results demonstrate that the 23-kDa a1-05 fragment is fully capable
of permeabilising the membrane liposomes in vitro apart from the rest of the activated Cry4B
toxin, and therefore conslitutes the region responsible for membrane insertion and pore
formation within the Cry toxin molecules. The cloned PPF fragment will facilitate further

investigations on the pore-forming mechanism of the Cry insecticidal toxins.

Proline Substitutions of Selected Helices Affect Toxin Solubility and Toxicity
we have made use of PCR-based mutagenesis to construct several more mutants in
the putative pore-forming domain to determine which of the three other helices (5, «6 or o7)

would be responsible for toxicity of the mosquito-active Cry4B toxin. Proline substituted
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mutants were designed based on a 3D Cry4B model which was previously constructed by
homology modelling using Cry3A as a template [26]. The designed mutants have single
preline substitutions in the central region of the selected helices of Cry4B including a5 at
residues Val-181, Ala-182 and Leu-186, a6 at GIn-215 and o7 at Thr-254 {Fig. 5). Each
mutant gene could be over-expressed in E. coli under inducible control of the facZ promoter
and the mutant toxins were predominantly produced as sedimentable inclusion bodies which
were then partially purified. In addition, the level of protein expression of all mutant proteins
was approximately the same as that of the wild type, and the expressed mutant derivatives still
cross-reacted with Cry4B antibodies (data not shown).

Experiments were carried out to assess the solubility of mutant prbtein inclusions in
carbonate buffer, pH 9.0 in comparison with that of the wild-type inclusion. The amounts of the
130-kDa soluble proteins in the supernatant were compared with those of the proteins initially
used in order to determine the percentage of protein solubilisation. A complete loss of solubility
at alkaline pH was observed for the inclusions of the mutants substituted in o5, a6 or a7,
whilst the inclusions of the two previously constructed mutants, V118P and Q149P, exhibited
the same solubility characteristics as that of the wild-type (Fig. 8). The reason for the
difference in solubllity between those two sets of point mutations is not clear. However, this
may be explained by the fact that all the five mutated residues, i.e. Val-181, Ala-182 and Leu-
186 in o5, GIn-215 in 06 and Thr-254 in 7 are buried in the protein core, unlike Val-118 in o
3 and GIn-149 in o4 that are exposed at the protein surface (see Fig. 5C). Thus, the bend
created by the proline substitution in these relatively conserved helices, i.é. o5, ob or o7
possibly disturbs the structural characteristics either locally or globally that might consequently
affect inclusion formation as demonstrated by a drastically perturbed dissolvability. On the
other hand, the proline mutations in o3 or 04 appear to affect only the individual helices,
without significantly influencing the other helices or the overall structure, as earlier
demonstrated for an o-lactalbumin folding intermediate [27].

To determine whether a single proline replacement in these three additional helices
also affects the larvicidal activity of Cry4B. E. coli cells expressing each type of the mutant
toxins were bicassayed using A. aegypti mosquito-larvae (Fig. 7). The mortality data recorded
after a 24-hr incubation reveals that the a6 mutant (Q215P) still exhibited full iarvicidal activity
(98.7£0.7%) similar to the 03 mutant (V118P), whereas the T254P mutant produced merely
23.7£13.9%. However, mortality of all the a5 mutants, V181P, A182P and L186F, was almost

totally abolished as approximately comparable to that observed with the previously described o
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4 mutant (Q149P). These results suggest that the integrity of 05 and o7 may indeed be
important for toxin activity like that of 04.

Although toxin inclusion insolubility and larvicidal activity are seemingly correlated for
all the three 05 mutants and the o7 mutant, the insolubility in vitro may not always necessarily
reflect toxin activity in vivo as observed for the 6 mutant which was inscluble at pH 9.0 but
still bioactive. It has been previously demonstrated that the difference detected in solubilisation
in vifro for Cry4A inclusions which were purified from two different Bt recipient strains, is not a
factor in larval toxicity [28]. Presumably, larval midgut proteases in vivo might facilitate the
dissolution of the ingested toxin inclusions which would negate the differences between the
observed toxicities of the 03 and o6 mutants. It was shown that incubation of the Cry2A toxin
with gut proteases enhanced the solubility of the toxin inclusion, obviating the requirement for
reducing agents at pH10.5 [29].

In conclusion, this report additionally demonstrates that the central helix (x5), o6 and
a7, but not 03 or ¢4, are conceivably involved in protein packing for inclusion formation, thus
destabilising these three helices individually could gives rise to toxin insolubility in vitro.
Moreover, our study also provides further support for a cruciai role of the pore-forming helical
hairpin o4-05 as well as o7, which has been suggested to be a domain binding sensor [13), in

larvicidal activity of the Cry4B toxin.

Charged Residue Screening in 04 Reveals One Critical residue for Toxicity

As predicted from the homology-based model of Cry4B [26], helix 4 is composed of 26
amino acids of which four are charged (see Fig. 8A). These charged residues, Arg-143, Lys-
156, Arg-158 and Glu-169, are yvidely distributed along the hydrophilic surface (Fig. 8B). In the
present study, five CrydB mutants, R143A, N151A, K156A, R158A and E159A, were generated
at five different positions (see Fig. 8C) by substituting each relevant residue with alanine via
PCR-based mutagenesis. The energy-minimised models for these mutants suggested that
each point mutation would not cause drastic changes in the overall structure of the mutant
toxins.

Upon induction with IPTG, E. coli cells transformed with each mutant plasmid highly
expressed the 130-kDa Cry4B derivatives as inclusion bodies with a yield comparable to the
wild-type toxin. After partial purification, protein preparations were analysed by SDS-PAGE and
all shown to contain more than 90% pure Cry proteins (Fig. 9, lanes 2,4,6,8, 10 and 12). In
addition, all mutant protein inclusions were found to be soluble in carbonate buffer, pH 9.0,
giving at least 70% solubility which resembles closely the wild-type inclusions under similar

conditions [18]. The solubilised mutant protoxins were also examined for their proteolytic
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stability by digestion with trypsin and all found to produce protease-resistant products of ca. 47
and ca. 21 kDa identical to the wild-type protoxin (Fig. 9, lanes 3,5,7,9,11 and 13) [27]. These
results suggested that all the mutant protoxins containing alanine substitutions had folded to
their native conformation.

E. coli cells expressing each type of the mutant toxin were tested for their relative
toxicity against Aedes aegypti. All assays were carried out in ten replicas for each sample and
repeated three times; the mortality data recorded after a 24-hr incubation are shown in Fig. 10.
Compared with wild-type Cry4B, four mutants with alanine substitutions at charged residues
(Arg-143, Lys-156 and Glu-159) or at one polar residue (Asn-151} exhibited no loss of
larvicidal activity. In contrast, one mutant with the alteration of a charged amino acid at Arg-
158 was not active against the larvae.

As suggested by solubilisation and trypsin activation of the Cryd4B protoxin, the
mutations did not induce structural distortions in the toxin molecule. Therefore, the complete
loss of toxicity observed for the R158A mutant is least likely to be caused by misfolding of the
protein. Considered as a whole, our results indicate that the side of helix 4 containing Arg-158
is an important determinant for larvicidal activity of the Cry4B toxin. This notion is supported
by experimental results obtained with directed substitutions of helix 4 residues in other Cry
proteins, Cry1Aa and Cry1Ac [16,77].

Recently, Masson et al. [17] have construcied a series of charged residue mutants in
helix 4 of the CrylAa toxin. The mutant toxins were tested for toxicity against Plutella
xylostefla diamondback moth larvae and found that mutants with alterations at Glu-129, Arg-
131 or Asp-136 showed a complete loss of larvicidal activity. Based on conductance
experiments with planar lipid bilayers, the authors have concluded that loss of toxicity was
caused by prevention of formation of ion channels in these mutants and that the negative
charge of Asp-136 and Glu-129 contributes directly to the passage of .ions through the
transmembrane pore. Interestingly, their positively charged non-toxic mutant R131Q displayed
reduced conductance, albeit the structural basis for this observation is not clear yet. For the
Cry1Ac toxin, the R131L substitution has been shown to cause a 10-fold reduction in toxicity
against Manduca sexta tobacco hornworm [76]. We have recently constructed a homology
model for the Cry4B toxin [26] in which Arg-158 is located on the same side of helix 4 relative
to Arg-131 in the Cry1Aa toxin [7] (see Fig. 8B&C). Despite a relatively high degree of
similarity in both structures, our experiment revealed that elimination of the only negatively
charged side chain in helix 4, Glu-159, which corresponds to Asp-136 in Cry1Aa (Fig. 8C), did

not affect toxin activity of CrydB. |t is conceivable that these differences in response to
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modification of charged residues reflect subclass-specific variations in the channel architecture
for individual Cry proteins. Further experimentation is required to answer the question whether
alanine substitutions at Arg-158 and Glu-159 are conducive to alterations in the passage of

ions through the pore,

Molecular Dynamics Simulation of the 04-0/5 Hairpin

The putative transmembrane fragment {04-05) remained as a helix-turn-helix hairpin
motif in POPC/water system during 1 ns molecular dynamics simulations (Fig. 11). Relaxing of
helical structure at C-terminal of a5 was observed. Thickness of POPC region did not show
any signification change during 1 ns unrestrained molecular dynamics simulations. o4 and o5
titing angle remained 19.39 * 1.68 and 4.42 £ 1.50 degree, respectively. In addition, o4-c5
crossing angle remained 15.74 * 0.83 degree (Fig. 12).

Heavy fluctuations of Ca atoms were found loop region (Asn166-Glu171) (Fig. 13).
Milder fluctuations were at the middle of o4 (L157-T160) and both termini of the peptide. The
fluctuations at middle of a4 might be due to unsatisfied properties of the polar residues (K156,
R158, E159 and T160) in this region. Only few interhelical hydrogen bonds were detected but
no any salt-bridge was found in the model. Similar to other transmembrane pepfides, the pore
model composing 04-05 showed peptide/water hydrogen at residues which are exposing to
water, suggesting that the hairpin might be mostly stabilized by hydrobhobic interaction
between 04 and o5 and the organisation of the peptides in lipid bilayers would be stabilized by
protein/water interaction near lipid/water interface. The results also suggested that the o4d-05
fragment has high potential to form a stable helical hairpin in lipidfwater system. Predicted
conductance values suggested tpat the transmembrane o4-05 hairpin of CrydB has a potential
to form a stable oligemeric pore with 2-3 nm in diameter that is consistent with the observed
cation permeability of the Cry4B toxin ion channels. Such pore diameter calculations also

demonstrate that rings of pore-lining residues contribute a series of contrictions along the pore.
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FIGUTURE 1 Tryptic processing of the 130-kDa Cry4B protoxin. An overview of the results obtained from
N-terminal sequencing of trypsin-treated products of Cry4B. The arrows indicate the known cleavage sites
within the toxin. The region between Met-1 and Leu-209 represent the PPF fragment.
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FIGURE 2 Expression of the PPF protein in E. cofi. (A). A Coomassie brilliant biue-strained SDS-15 %
polyacrylamide gel showing the totdl crude extracts (T) of E. cofi cells harbouring the hMExS vector or the
pM4BH1-5 recombinant encoding the PPF protein. (B): Immunoblot analysis of (A) showing the 23-kDa PPF
protein cross-reacted with Cry4B antibodies. (M) represents molecular mass standards. (S) and (P) are the
supernatant and pellet fractions,
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FIGURE 4 Effect on glucose release from liposomes. (A): Release of entrapped glucose was monitored by
using NADP-linked enzyme-linked assays at 25 °C. The traces represent absorbance at 340 nm which was
continously recorded for 5 min prior to adding each protein sample as indicated by an arrow. The maximum
release was obtained by adding 0.1% Triton X-100 (indicated by a vertical bar) after 10 min incubation with
samples; (a) 100 ml carbanate buffer, (b) 15 mg.m!" refolded PPF, (c and d) 15 and 45 mg.ml" activated
Cry4B and (e and f) 45 and 90 mg.mll1 130-kDa protoxin. (B): The relative release activities of each protein
sample with varying concentrations that are indicated as fraction of 100% release induced by Triton X-100.
Error bars represent standard error of the mean from five separate experiments. The release in the control
sample incubated with carbonate buffer rarely exceeded 10% and these values have been subtracted in the
figure.



A)

19

o3 o4

Cry3A 123
Cry4dB 106

Cry3A 190
Cry4B 171

DY AKNKALAELQGLONNVEDYVSALSSWOKNPVSSRNPHSQGRIRELF SQAESHFRNSMPSFA-ISGY

AYVRTDANAKMTVVRDYLDQY TTKFNTWKREPN - - -NQSYRTAVITQFNLTSAKLRETAVYFSNLVGY
118 149

Cls o6

EVLFLTTYAQAANTHLFLLEDAQIYGEEWGYEKEDIAEFYKRQLKLTQEYTDHCVEWYNVGLDKLRGS

ELLLLPIYZQVANFNLLLIRDGLINAQEWSTLARSAGDQLYNTMVQYTKEY IAHS ITWYNKGLDVLRNK

181 186 215
182

o7

Cry3A 253
Cry4B 233

SYESWVNFNRYRREMTLTVLDLIALFPLYDVRL

SNGQWITFNDYKREMTIQVLDILALFASYDPRR
254

FIGURE 5§ A) Amino acid sequence alignment of CrydB with the known secondary structure elements of

Cry3A. Single proline substitutions at each indicated position are underlined and emboldened. The

corresponding helices are shown above the Sequences. B) A ribbon representation (generated by Weblab

viewer, Molecular Simulation Inc.) of the CrydB model built by homoelegy modelling [26], illustrating the three-

domain organisation (I-Ill). Black beads indicate B-carbon atoms of the mutated residues. C) Top view of the

helical bundle in domain | of Cry4B. The mutated residues are shown as ball and stick: o3 at Val-118, o4 at
GIn-149, ob at Val-181, Ala-182, and Leu-186, b at GIn-215 and o7 at Thr-254.
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FIGURE & The figure shows a Coomasie brilliant blue-stained SDS-15% polyacrylamide gel of the partially
purified 130-kDa protein inclusions extracted from E. cofi expressing the wild-type (WT) and mutant Cry4B
toxins and solubilised in carbonate buffer. (T) and (S} represent the total fractions and an eguivalent volume

of the supernatants after centrifugation, respectively. (M) represents the molecular mass standards.
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FIGURE 7 Lavicidal activities of E. cofi cells expressing either the Cry4B wild-type toxin {(pMU388) and its
mutants (V118P, Q149P, V181P, A182P, L186P, Q215P and T254P) against A. aegypti larvae, Error bars

indicate standard error of the mean from three independent experiments
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FIGURE 8 (A) A predicted pattern of helix 4 of Cry4B redrawn from [20] is composed of 26 residues of
which the encircled residues were substituted by alanine. (B): Helical wheei projections of helix 4 of Cry4B
and Cry1Aa. Amino acid residues are plotted every 100 degrees consecutive around the wheel, following the
sequences given in A and [15] for Cry4B and Cry1Aa, respectively. The following colour code is used: black
is an amino acid with a charged side chain; gray is a polar side chain and white is a hydrophobic side chain.
{C): Top views of amino acid arrangement in helix 4 together with the relative positions of helices 3, 5 and 6
in a 3D Cry4B model built by homology modelling [21] and the Cry1Aa structure [7]. The labeled residues
indicate the targeted positions. The structures were prepared using Weblab viewer (Molecular Simulation
inc.).
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FIGURE 9 Coomassie brilliant blue-stained SDS-15% polyacrylamide gel comparing the yields of solubilised
protoxins and their trypsin-cleavage products. Lane 1 represents molecular mass standards. Lanes 2, 4, 6,
8, 10 and 12 are the solubilised 130-kDa Cry4B protein and its mutant protoxins R143A, N151A, K1564A,
R158A and E159A, respectively. Lanes 3, 5, 7, 9, 11 and 13 are trypsin-cleavage products of the above
samples run in the same order.
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FIGURE 10 Mosquito-larvicidal activities of E. coli cells expressing the Cry4B wild-type toxin (pMU388) or
its mutants (R143A, N151A, K156A, R158A and E159A) against Aedes asgypti farvae. Error bars indicate
standard error of the mean from three independent experiments.

FIGURE 11 Snapshots of the Cry4B O4-05 hairpin simuiations in POPC bilayers. The water molecules on
either side of the POPC bilayers are omitted for clarity. Backbone traces were shown as black rods while
protein side-chains were indicated as gray stick. Gray spheres are marking positions of phosphate group of
POPC molecules.



23

A} FIGURE 12 Root mean
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5 helical hairpin during
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FIGURE 13 Models of initial structures of an oligomeric pore, consisting of 6 copies of 0i4-05 hairpin before
subjected to SA/MD (A) and 25 models which were generated after SA/MD (B).
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Single Proline Substitutions of Selected Helices of
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PCR-based mutagenesis was emploved to investigate the role in toxicity of putative trans-
membrane helices of the 130-kDa Cry4B mosquito-larvicidal delta-endotoxin produced by
Bacillus thuringiensis subsp. israefensis. Mutant toxins with a single proline substitution
it the central region of o5, a6 and a7 were constructed and expressed in Escherichia coli
as cytoplasmic inclusion bodies with a yield similar to that of the wiid-type toxin. Unlike
inclusions of the wild-type and that of the previous mutants for proline replacements in o3 or
ad, all proline-substituted inclusions were insoluble in carbonate buffer, pH 9.0, indicating
that the bend introduced in these three helices possibly interferes with the protein inclusion
packing as shown by the insolubility. Similar to the previous substitution in a4, an almost
complete loss of toxicity against Aedes acgypti mosquito-larvae was demonstrated for E. colf
cells expressing mutant toxins in which residues Val-181, Ala-182 or Leu-186 in oS were
changed to proline. In addition, a dramatic decrease in larvicidal activity was observed for the
substitution at Thr-254 in «7 while the mutation Q215 in 6 did not affect the biological
activity. These results suggest that the central helix (¢5) and conceivably &7, but not 6, are
important determinants of toxin function. Qur data therefore further support the notion that
the putative pore forming helical hairpin «4—oS together with o7 plays 2 crucial role in Cry
toxin activity.

Revwords. Bacdlies thuringrensis. Proline substitutions, Delta-endotoxins, Larvicidal actvity.
[nclusion solubility

NTRODUCTION successfully as an alternative insecticide {or bio-

logical control of disease vectors and other pests.
Jacillus  thuringiensis (B 15 a Gram-positive During sporulation, different B¢ strains produce
ntomopathogenic bacterium that has been used larvicidal proteins (classified as Cry and Cyt

*Corresponding author Tell 400234419003 eat 1278 Fax (062)-441-9900. E-mail: steasw muhidol ac .
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la-endotoxins) i large quantites as evtoplasmic
ystalline inclusions that are specifically toxic to
ariely of dipteran. Iepidopteran and celeopteran
sect larvae [1.2]. When ingested by susceplible
wvie, the inclusions are solubilised by the alkaiime
1 of the larval midgut and the protoxins are
tvated by gut proteases. [t 1s believed that the
tivated toxins then bind to nudgut epithehal cells
pspecific receptors. and msert into the mucros lar
‘mbrane 1o {orm 1on channels or leakage poses
at cause cell swelling and eventually death by
Hord-osmiotic lysis (see [ 3] for reviews). However.
>insecticidal mechanism at the molecular level of
cse Brtoxins is stll not entirely established.

The X-ray crystal structure of two different Cry
xins. the coleopteran-specific Cry3A toxin [4]
d the lepidopteran-specific CrylAa toxin [5].
veals Cry proteins consisting of three distinct
mains. and it is belicved that each domain has
defined function including pore formation and
~cptor recognition [4,5]. Domain [is a group of
ven a-hehices in which the central helix {(a3) 15
ively hyvdrophobic and encircled by six other
wphipathic helices. Domain 11 is the most vari-

le part of the Cry toxin family and 1s composed

three anti-parallel 7-sheets. cach terminating m
surface-exposed loop. Domain T is a tightly
cked d-sandwich of two anti-parallel sheets.
has been proposed that other members of this
mity will have the same overall tertiary structure
we the core of the molecule including all the
ymain interfaces is built up from five amino
1d sequence segments that are highly conserved
roughout the entire Cry toxin family [1.4].

Structurally, it is immediately apparent that
ymain 1 is likely to be the transmembrane pore-
rming apparatus. This domain contains five
aphipathic helices (o3, a4, o3, a6 and a7) that
¢ theoretically fong enough to span the bilayer
id membrane and form a hvtic pore [4,5] The
ssibility that this a-helical bundle 1n domain |
cssential for pore formation i1s supported by
o feature that 1t 1s highiv conserved in all Cry
s [1]. and by analogy with the helical bundie

porc-forming structures of two other wetl-charae-
terised bacterial toxins, colicin A and diphtheria
toxin, although they bear no sequence homol-
cgy [6]. This notion 1s further supported by sev-
cral studies with truncated proteins corresponding
to domam 1 of CrvlAc [7] and Crv3B2 [§] and
with synthetic peptides of sclected helices from
CrylAc [9] or Cryv3A [10] that demonstrated pore-
forming activity cither in phospholipid membrane
vesicles or within planar lipid bilavers. A number
of experiments via site-directed mutagenesis sug-
gested that od and or o5 of CrylAa [11.12] and
of CrvlAc [13] and the loop between the botioms
of o4 and a5 of CrvlAb [14] are involved in
pore formation. Recently, we have employed single
prolinc substitutions and demonstrated that 4.
but not a3, of the dipteran-specific Cry4B toxin
plays a cructal roie 1 larvicidal activity, possibly
in the pore-forming step rather than in receptor
bindmg [15]. In this report, we have apphed the
same mulagenesis strategy to further imvestigale
a possible mvoelvement n toxicity of three other
putative-transmembrane helices (a5, a6 and o 7) of
this mosguita-active toxin, and found that these
three helices are essentially involved in inclusion
solubility. Our results also indicate that o3 and a7,
bul not a6, play a role in larvicidal activity ol the
CrydB toxin.

MATERIALS AND METHODS

Construction and Expression of Mutant Toxins

Single proline substitutions via in vitro site-directed
mutagenesis were performed using 2 Quickchange
PCR-based mutagenesis kit (Stratagene) foilow-
ing the manuofacturer’s instructions. The plasmid
pMU3BE, constructed by cloning the full-length
crv4 B toxin gene from Br subsp. israelensis in a
pUCI2 vector {16]. was used as a template. Muta-
genic primers were purchased from Bio-synthests
Inc. (USA) as shown in Table . All mutations
were verified by DNA sequencing using an ABI
prism 377 sequencer.
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TABLE

[y

Oligonucleotde primers designed to substitute a coded residue with proline

Primer Location Sequence Restriction sile
0 s P I Y A ¢ P A N F N L
VISiP-f CCAATATACGCACAACCGGCAAATTTCAATTTAC Hpall
VI§IP-r GTAAATTGAAATTTOGCCGGTTGTGCGTATATTGG
0’ P I Y A Q V P N F N L
AL182P-f CCAATATACGCACAGGTCCCAAATTTCAATTTAC Sare 961
AT82P-r GTAAATTGAAATTTGGGACCTGTGCGTATATTGG
il A N F N P L L I R D G L
LIROP-I GCAAATTTCAATCCACTTTTAATCCGGGATGGCUTC IHpatl
LisoP-r GAGGCCATCCCGGATTAAAAGTGGATTGAAATTTGO
nh T M v P Y T K E Y |
Q2I5P- CACTATGOGTGUCGTATACTAAAGAATATATTGC Aeel
Q215P-r GCAATATATTCTTTAGTATACGGCACCATAGTG
a7 D T K R E M P T ¢ V¥ L
T254P-1 GATTATAAAAGAGAGATGCCGATTCAAGTATTAG Hnf'l
T254P-r CTAATACTTGAATCGGCATCTCTCTTTTATAATC

“Introduced restriction enzyme recognition sites are underlined. Mutated nucieotide residues are shown as boldface. The
deduced amino acid sequence is shown above each oligonucleotide sequence,

Partial Purification and Solubilisation of
Protoxin Inclusions

The wild type and mutant Cry4B toxin genes were
expressed in E. cofi strain IM109 under control of
the lacZ promoter. Celis were grown in LB medium
plus 100 pg/ml of ampiciilin untii ODgg reached
0.4-0.5 and incubation was continued for another
4nh after addition of isopropyl-3-D-thiogalacto
pyranoside (IPTG) to a final concentration of
0.1 mM. E. coli cultures expressing each mutant as
inclusion bodies were harvested by centrifugation,
resuspended in | ml of distilled water and then dis-
rupted in a French Pressure Cell at 16,000 psi. The
crude lysates were centrifuged at 8000¢ for 5min
and pellets obtlained were washed 3 times in distilled
water. Protein concentrations were determined by
using a protein microassay { Bio-Rad), with bovine
serum albummin fraction V (Sigma) as a standard.

Protoxin inclusions {1 mg/ml) were solubilised in
S0mM Na,CO;, pH 9.0 and incubated at 37°C for
60 min as described previously [15]. After centrifu-
gation for 10 min, the supernatants were analysed
by SDS-15% (w/v) polyacrylamide gel electropho-
resis {PAGE) in companson with the inclusion
suspension.

Larvicidal Activity Assays

Bioassavs were performed as described previ
ously [15] with some modification using 2-day-ols
Acdes aegrprimosquito-larvae reared in a containe
(22 % 30 x 10cm deep) with approximately 31 o
distified water supplemented with a small amoun
of rat diet pellets. Both rearing and bioassays wer
done at room temperature (25°C). The assays wer
carried out in 1 ml of E. coli suspension (10° cell
suspended in distitled water) in a 48-well microtitr
plate (i 1.3 mm well diameter), with 10 larvac pe
well and a total of 100 larvae for each type ¢
E.coli samples. Mortality was recorded after 24-
incubation period.

RESULTS AND DISCUSSION

Recently, data on molecular determinants of men
brane insertion and pore formation for Br Ci
toxins has increased substantially. Where studie
the helical domain of different Cry toxins has no
been putatively demonstrated to be involved i
membrane integration and toxin pore formatic
[7-15]. In the present study, we have made use «
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PCR-based mutagenests to construct several more
mutants in the putative pore-forming domain to
determine which of the three other helices (o5, a6
or «7) would be responsible for toxicity of the
mosquito-active Cry4B toxin. Proline substituted
mutants were designed based on a 3D Cry4B model
which was previously constructed by homology

(A) a3

modelling using Cry3A as a template [17). The
designed mutants have single proline substitutions
in the central region of the selected helices of
Cry4B including o5 at residues Val-181, Ala-182
and Leu-180, a6 at GIn-215 and «7 at Thr-254
(Fig. 1}, Each mutant gene could be over-expressed
in F. coli under inducible conirol of the lac”Z

o

Cry3A 123 DYAKNKALARLQGLONNVEDYVSALSSWOKNPYSSRNPHSOGRIRELF SOAESHFRNSMESEA -1 SGY
Cry4B 106 AYVRTDANAKMTVVKDYLDQYTTHFNTWKREPN- - -NQSYRTAVITQFNLTSAKLRETAVYFSNLVGY

118

oS

149
b

CI'Y?)A 190 EVLFLTTYAQAANTHLFLLKDAQIYGEEWGYEKEDIAEFYKRQLKLTQEYTDHCVKWYNVGLDKLRGS
Cry4 B 171 ELLLLF TYAQVANFNLLLIRDGLINAQEWSLARSAG DOLYHRTHVQYTHKEY ITAHS ITWYNKGLDVLRNK

161 186
162
o7

Cry3A 258 SYESWVNFNRYRREMTLTVLOLIALFPLYDVRL

Cry4B 239 SNGOWITFNDYKREMTIQVLDILALFASYDPRR
254

FIGURE |

(A) Amino acid sequence alignment of Cry4B with the known secondary structure elements of Cry3A. Single

proline substitulions at each indicated position arc underlined and emboldened. The corresponding helices are shown above the
sequences. (B) A ribbon representation (generated by Weblab viewer, Molecular Simulation Inc.) of the CrydB model built by
homology mudelling [17]. illustrating the three-domain organisation (1 -111). Black beads indicate J-carbon atoms ol the mutated
residues. (C) Top view of the helical bundle in domuin [ of Cry4B. The mutated residues are shown as ball and stick: a3 a
Val-1IX, ad at GIn-149, a5 a0 Val-181. Ala-182. and Leu-186. a6 ut Glo-215 and a7 at Thr-254.
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romoter by addition of IPTG to mid-exponential
hase cultures and the mulant toxins were pre-
omunantly produced as sedimentable inclusion
odies which were then partially purified. In addi-
won, the level of protein expression of ali mutant
roteins was approximately the same as that of
he wild type, and the expressed mutant derivatives
till cross-reacted with Cry4B antibodies (data not
hown).

Experiments were carried out to assess the solu-
ility of mutant protein inclusions in carbonate
wffer, pH 9.0 in comparison with that of the wild-
ype inclusion. The amounts of the 130-kDa solu- .
le proteins in the supernatant were compared
vith those of the proteins iniually used in order to
.etermine the percentage of protein solubilisation.
\ complete loss of solubility at alkaline pH was
bserved for the inclusions of the mutants sub-
tituted in @S5, b or 7. whilst the clusions of
he two previously constructed mutants, VI8P
nd QI149P, exhibited the same solubility charac-
cristics as that of the wild-tvpe (Fig. 2). The reason
or the difference in solubihty between those two
ets of point mutations is not clear. However, this
nay be explained by the fact that all the five
nutated residues, i.e. Val-181, Ala-182 and Leu-186

kDa
T § T § T § T
I ~
200 (™
130 —
116 - g
97‘ “‘Jg s
66 _
F3
IGURE 2

n o5, Gin-2151n o6 and Thr-254 in a7 are buried
in the protein core, unlike Val-118 in a3 and
GlIn-149 in o4 that are exposed at the protein
surface (see Fig. 1C). Thus, the bend created by the
proline substitution in these relatively conserved
helices, 1.c. a5, a6 or a7 possibly disturbs the struc-
tural characteristics either locally or globally that
might consequently affect inclusion formation as
demonstrated by a drastically perturbed dissolv-
ability. On the other hand, the proline mutations in
@3 or a4 appear to affect only the individual hels-
ces, without significantly influencing the other heli-
ces or the overall structure, as earlier demonstrated
for an a-lactalbumin folding intermediate [18].

To determine whether a single proline replace-
ment in these three additional helices also affects
the larvicidal activity of CrydB, E. coli cells expres-
sing each type of the mutant toxins were bicassayed
using Aedes aegvpti mosquito-larvae (Fig. 3). The
mortality data recorded after a 24-h incubation
reveals that the o6 mutant (Q215P) stuli exhibited
full larvicidal activity (98.7 £ 0.7%) similar to the
a3 mutant (V118P), whereas the T254P mutant
produced merely 23.7 £ 13.9%. However, mortality
of all the «5 mutants, VI&1P, A182P and LI186P.
wds almost totally abolished as approximately

M WT VII8P, Ql49P VI8IP AIl182P L186P Q215P T254P

s T § T § T § T S

WogwEEe w o w o

The figure shows a Coomasie brilliant blue-stained SDS-15% polyacrylamide gel of the partually purified 130-kDa

rotein inclusions extracied from £, coli expressing the wild-type (WT) and mutant CrydB toxins and solubilised in carbonale
uifer. (TY and (S) represent the total fractions and an equivalent volume of the supernatants after centrifugation. respectively,

M) represents the molecular mass standards.
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pMU388

V118P
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L136P |
Q215P

T254F

FIGURE 3 Larvicidal activities of E. cofi cells expressing
cither the Cry4B wild-type toxin (pMU3%8) and ity mutants
(VI8P Ql49P, VIRIP, A182P. LISGP. Q215P and T234P)
againsl A. aegvpti larvae. Error bars indicate standard error
of the mean from three independent experiments.

comparable to that observed with the previously
described a4 mutant (Q149P). These results sug-
gest that the integrity of a5 and o7 may indced be
important for toxin activity like that of o 4.

Although toxin inclusion insolubility and larvi-
cidal activity are seemingly correlated for alb the
three &3 mutants and the o7 mutant, the insolubil-
ity in vifro may not aiwavs necessarily reflect toxin
activity /n vive as observed for the a6 mutant which
was msoluble at pH 9.0 but still bioactive. 1t has
been previously demonstrated thaj the difference
detected in solubilisation in vinre for CrydA inclu-
sions which were purified from two different Br
recipient strains, is not a factorin larval toxicity [£9].
Presumably, larval midgut proteases in vive might
facilitate the dissolution of the ingested toxin inclu-
sions which would negate the differences between
the observed toxicities of the o3 and a6 mutants.
It was shown that incubation of the CryZA toxin
with gut proteases enhanced the solubility of the
toxin 1nclusion, obviating the requirement for
reducing agents at pH 10.5 [20].

In conclusion, this report additionally demon-
strates that the central helix («5), @6 and a7, but
not a3 or a4, are conceivably involved 1n protein
packing for inclusion formation. thus destabilising

these three helices individually could give rise to
toxin insolubility i vitra. Moreover, our study also
provides further support for a crucial role of the
pore-forming helical hairpin a4-a5 as well as a7,
which has been suggested to be a domain binding
sensor [10], in farvicidal activity of the Cry4B toxin,

Acknowledgements

We thank Miss. Chanikarn Boonchuoy for her
execllent technical support with DNA sequencing.
Mrs. Anchalee Nirachanon and Miss. Shaweewan
Shimwai for technical assistance. We are also grate-
ful to Dr. Albert J. Ketterman for his helpful com-
ments and discussion. This work was supported by
the National Science and Technology Development
Agency and the Thailand Research Fund.

References

{11 Hefie. H. and Whiteley, H.R. Insecticidal crystal proteis

of Buciliuy thuringiensis. Microbiol. Rev. 198953242 255

Schnepf, E.. Crickmore, N.. Van Rie. J., Lereclus. D Baum,

1., Feitelson, I., Zeigler, D.R. and Dean, D .. Microbiology

Bucillus thuringiensis and its pesticidal crystal protemms. Mo/,

Bial. Rev. 1998, 62: 775-806.

Knowles. B.H. Mechanism of action of Baciflus thuringiens

insecticidal &-endotoxins. Adv. fusecr Physiol. 1994, 24

275-308.

[4] Li. Y. Carroll. I and Eilar, D.J. Crystal structure of msec

ticidal delta-endotoxin from Bacilius thuringiensis at 2.5 A

resolution. Nerure 1991; 353 815-821.

Grochulsk:, P..Masson, L., Borisova. 8., Pusztai-Carcy. M.

Schwartz, J L., Brousseau, R. and Cygler. M. Bacillus

thuringiensis CrylA(a) insecticidal toxin: crystal structure

and channel formation. J. Aol Biol. 1995: 254 447 464

Parker. M.W. and Pattus, F. Rendering a membranc pro-

tein soluble in water: a common packing motif in bacterial

protein toxins. Trends Biochem. Sci. 1993:18: 391 -395.

[71 Walters, F.S.. Slatin, §.L.. Kulesza. C.A_and English. 1.H
lon channel activity of N-terminal fragments from CrylA(c’
delta-endotoxin. Biochem. Biophys. Res. Conmunan. 1993
196: 921-926.

[8] Von Tersch, M.A., Slatin, S.L.. Kulesza. C.A. and
English, L.H. Membrane-permeabilizing  activities ol
Bacillus rhuringiensis coleopteran-active toxm Cryl1]18!
and CryllIB2 domain [ peptide. Appl. Environ. Microbiol
1994: 60: 3711-3717.

[9) Cummings. C.E. and Ellar, D.J. Structural and functiona
studies of a synthetic peptide mimicking a proposcc
membrane inserting region of a Baciflus thuringiensis delta.
endotoxin. Microbiology 1994; 140: 2737-- 2747,

[10] Gazit, E., La Rocca, P., Sansom, M.S.P. and Shai. Y. The
structure and organization within the membrane of the
helices composing the pore-forming domain of Bucilfu
thuringiensis  delta-endotoxin  are  consistent  with  ar

[')

[3

{5

[6



[14])

[15]

TOXIN: SINGLE PROLINT SUBSTITUTIONS

“umbrella-hike” structure of the pore. Proc. Narl. Acad. Sci.
US4 1998:95: 12249 122%4,

Schwartz. J.L.. Jutcau. M., Grochulski, P.. Cygler, M.
Prefontaine, G., Brousseau, R. and Masson, L. Restriction
of intramolecular movements within the CrylAa toxin
molecule of Bacillus thuringiensis through disulfide bond
enginecring. FEBS Lerr. 1997; 410: 397-402.

Ahmad, W. and Ellar, DJ. Directed mutagenesis of
selected regions of a Bacillus thuringiensis entomocidal
protein. FEMS Microbiol. Lert. 1990 56: 97-104.

Kumar. A.S. and Aronson. A.l. Analysis of mutations in
the pore-forming region essential for insecticidal activity of
a Bactthus thuringlemnsis delta-endotoxin. J. Bacieriol. 1999:
181: 6103 6107.

Chen, X1, Curtiss. A, Alcantara. E. and Dean, D.H.
Mutations in domain 1 of Baciflus thuringiensis delta-
endotoxin CrylAb reduce the irreversible binding of toxin

10 Manduca sexta brush border membrane vesicles. J. Biol.

Chern. 1955, 270: 6412-6419.

Uawithya, P.. Tunttippawan, T.. Katzenmeier. G.. Panym. S.
and Angsuthanasombat, C. Effects on larvicidal activity of
single proline substitutions in a3 or a4 of the Bucilius
thuringiensis CrydB toxin. Mol Biol. Inter. 19980 44:
§25-832.

[ 16]

(17

[8]

(19

{20]

193

Angsuthanasombat. .. Chungguupornchai, W
Kertbundit. S.. Luxanami. P.. Settasatian, €., Wikurat. 17,
and Panyim, S. Cloning and expression of 130-kd mos-
quito-larvicidal delta-endetoxin gene of Baeifius thurin-
giensis var. israelensis in Eschevichia coli. Mol Gen. Gener,
1987; 208: 384- 389,

Uawithya. P, Knittanai. C.. Katzenmeier, G, Lectachewa. S..
Panyim. S. and Angsuthanasombat. C. 3D models lor
Bacillus thuringicnsis CrydA and Cry4B inscecticidal protemns
based on homology modelling. Abstract 32nd Meeting.
Sacicty for Invertebrate Pathology, Irvine. USA, 1999, p. 75,
Schulman, B A. and Kim. P.S. Proline scanning mutagene-
sty ol a molten globule reveals non-cooperative formation
of a protein’s overall topology. Nat. Struct. Biol 1996; 3(8)
682-687

Angsuthanasombat, C.. Crickmore. N. and Ellar, 1.1
Companson ol Bucillus thurmgionsis subsp. fsraelensis
CrylVA and CrylVB cloned toxins reveals synergism
mvivo. FEAMS Microbiol. Lers. 1992.94: 63 68.

Nicholls. C.N.. Ahmad. W. and Ellar, D.J. Evidence (o
two different types of insecticidal P2 toxins with dual
speailicity in Baecdius thurimgionsis subspecies. J Bacieriol
1989171 SH41-5147.



NEWGEN
AUTHOR’S PROOF

78N 136 |oate; AR.9:80
9910%4

! Biochem Mol Biol & Biophys., Vol | pp -7 © 2000 OPA (Overseas Publishers Association) N V
Reprints available dwectly from the publisher Published by license under
Phintocopying permitted by license only The Harwood Academic Publishers wiprim,

part of The Gordon and Ercach Pubiishing Group

Charged Residue Screening in Helix 4 of the Bacillus
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The different Cry S-endotoxins produced by Bacillus thuringiensis have been shown to
kill susceptible insect larvae by forming a lytic pore in the target midgut epithelial cell
membrane. We have previously employved single proline substitutions via PCR-based
mutagencesis and demonstrated that helices 4 and 5 in the pore-forming domain of the
130-kDa Cry4B toxin are essential for mosquito-larvicidal activity against Aedes
aegypti. To further identify critical residues for toxicity, substitutions with al'anine of
cach of the charged amino acids (Arg-T43, Lys-156, Arpg-158 and Glu-159) and one
polar residue {Asn-151) in the transmembrane helix 4 were performed. Similar to the
wild-type Cry4B protoxin, all five mutant toxins were over-expressed as cytoplasmic
inclusions in Escherichia coli and were structurally stable upon solubilisation and
trypsin activation in carbonate buffer, pH 9.0. Interestingly, a complete loss of activity
against A. aegypii larvae was observed for the alanine substitution at Arg-158, while
replacements at the four other positions did not affect the toxicity. The results reveal a
crucial role in toxin function for the positively charged side chain of Arg-158 in helix 4
of the Cry4B toxin.

Kevwords:  Bacilius  thuringiensis,  Charged-ta-alanine  mutagenesis.  Delta-endotoxins,
LarviCidal activity

INTRODUCTION sporulation [1]. These cytoplasmic inclusions
) are composed of one or several polypeptides

Subspecies  of  the  Gram-positive  that have been classified as Cry and/or Cyt &
bacterium Bacillus thuringiensis (Bf) produce  endotoxins according to the similarity of their
insecticidal proteins  as different forms of  deduced amino acid sequences [2,3]. To date,
parasporal  crystalline  inclusions  during  the Cry toxins have been shown to be active

+ Corresponding author. Tel: (662)-441-9003 ext. 1278; Fax: (662)-441-9906; sicas@mahidol.ac.th



2 I. SRAMALA et al.

against the larvae of major insect crop pests and
disease vectors [4]. For instance, the 130-kDa
Cry4B toxin from Br subsp. israelensis is
specifically toxic to mosquito larvae [2,4].

In the Bt inclusion bodies, the &-endo-
toxins exist as inactive protoxins which require
solubilisation and proteolytic activation in the
insect tarval midgut [1]. It has been proposed
that after activation, the active toxins form pores
via a two-step receptor mediated mechanism, in
which the initial toxin-receptor interaction is
followed by membrane insertion of the toxins to
form transmembrane leakage pores. These pores
cause the midgut epithelial cells to swell and
lyse by colloid-osmotic lysis [5], resulting in
extensive damage to the midgut and eventually
larval death (see [6] for reviews). However, the
molecular mechanism of the Bt toxins is still not
entirely understood, although knowledge of how
these insecticidal proteins function has increased
substantially over the last decade.

Currently, the crystal structures of two
different Cry toxins, CrylAa and Cry3A, have
been determined by X-ray crystallography [7,8].
Both structures display a high degree of overall
structural similarity and are composed of three
structurally distinct domains [7.8]. It is apparent
that the N-terminal domain, a seven-helix
bundle, is clearly equipped for pore formation in
the membrane [8]. This suggestion has been
supported by studies that demonbstrated that this
helical domain is indeed responsible for pore-
forming activity [{9,10]. For the mechanism of
membrane insertion and pore formation of the
Cry toxins, an umbrella model seems to best
explain the molecular mechanism {6]. In this
model, helices 4 and 5 form a helical hairpin to
initiate membrane penetration. After insertion of
this hairpin, the other helices spread over the
membrane surface followed by oligomerisation
of the toxin [11,12}, resulting in formation of an
inttial tetrameric pore [13]. This umbrella model
is now noticeably supported by a number of
expertments demonstrating a crucial role of o4
and oS in pore-forming activity [14,15]. In

addition, recent studies have demonstrated tha
the o4-loop-ar5 hairpin is more active in mem-
brane penetration than each of the isolatec
helices or their mixtures, supporting its functior
as the membrane-inserted portion of the Cry
toxins [16].

In the previous studies, we have employec
single proline substitutions and demonstratec
that o4 and o5 of the Cry4B toxin are importan
determinants of larvicidal activity, likely to be
imvolved in pore formation rather than in
receptor binding [17,18]. As an extension of the
carlier studies, attempts have been made tc
investigate a possible involvement in toxicity of
charged-residues in the helix 4 and found tha
elimination of the charged side chain at Arg-158&
considerably affected larvicidal activity. Ou
results further support the important role of ¢4
in Cry toxin function.

MATERIALS AND METHODS
Site-Directed Mutagenesis

The plasmid pMU388 containing the full-lengtt
cry4B toxin gene from Bt subsp. israelensis ir
the pUCI2 vector [19] was used as a template
for site-directed mutagenesis. Complementary
mutagenic oligonucleotides were purchasec
from Genset Inc. (Singapore) as shown in Table
I All mutations were performed using :
Quickchange PCR-based mutagenesis ki
(Stratagene) following the manufacturer’s
instructions. All mutants were analysed by DNA
sequencing using a Perkin Elmer ABI prism 377
automated sequencer.

Toxin Expression and Preparation

All protoxins were produced as inclusior
bodies in E. coli strain JM109 under inducible
control of the lacZ promoter by addition ol
isopropyl--D-thiogalactopyranoside  (IPTG)
and partially purtfied as described earlier [17)
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Protein concentrations were determined using a
protein microassay (Bio-Rad) with BSA as a
standard.  The solubilised protoxins were
assessed for their proteolytic stability by
digestion with trypsin  (L-1-tosylamide-2-
phenylethyl  chloromethyl ketone treated,
Sigma) at a protoxin:trypsin ratio of 20:1 (w/w)
for 16 hours [20]. All samples were analyzed by
sodium dodecyl sulfate (SDS)-15% w/v
polyacrylamide gel electrophoresis (PAGE).

Mosquito-Larvicidal Assays

Larvicidal activity assays were performed as
previously described [18] using 2-day old Aedes

1)

aegypti larvae reared from eggs supplied by the
mosquito-rearing facility of the Institute of
Molecular Biology and Genetics, Mahido
University, Thailand. About 500 larvae were
reared in a container (22x30x10 cm deep) with
approximately 3 1 of distilled water supple
mented with 0.2-0.3 g of rat diet pellets. In the
assays, 1 ml of E. coli suspension {ca. 108 cells
was added to a 48-well microtitre plate (11.7
mm well diameter), with 10 larvae per well anc
a total of 100 larvae for each type of . col
sample. E. coli cells containing the recombinan
plasmid pMU388 and the pUCI12 vector were
used as positive and negative controls
respectively.  Mortality was  recorded  afte
incubation for 24 hours.

TABLET Complementary mutagenic oligonucleotides for substituting a coded residue with alanine

Primer Sequence” Restriction Site
O S Y A T A V I 7T
R143A-f CCAGTCCTATGCAACAGCTGTAATAACTC Pvull
R143A-r GAGTTATTACAGCTGTTGCATAGGACTGG
v I T ¢ F A L T § A
N151Aa-f GTAATAACTCAATTTGCGTTAACCAGTGCC HincII
N151A-r GGCACTGGTTAACGCAAATTGAGTTATTAC
L T |S A A L R E T A
K156A-£ CTTAACCAGTGCCGCACTCCGGGAGACCGCAG Hpall
K156A-1r CTGCGGTCTCCCGGAGTGCGGCACTGGTTAAG
T & A K L A E T A
R158A-t CCAGTGCCAAGCTTGCAGAGACCGCAG HindIIl
R158A-r CTGCGGTCTCTGCAAGCTTGGCACTGG cim
. A K L. R A T A V Y F 8§
E159A-f GCCAAACTTCGAGCGACTGCAGTTTATTTTAGC Pstl
E159A-1r GCTARAATARAACTGCAGTCGCTCGAAGTTTGGC

*Introduced restriction enzyme recognition sites are underlined, The mutated nucleotide residues are showed
as boldface. Deduced amino acid sequences arce shown on top of each pair of oligonucleotide primers.
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RESULTS AND DISCUSSION

As predicted from the homology-based mode] of
Cry4B [21], helix 4 is composed of 26 amino
acids of which four are charged (see Fig. 1A).
These charged residues, Arg-143, Lys-156, Arg-
158 and Glu-159, are widely distributed along

the hydrophilic surface (Fig, 1B). In the presen
study, five CrydB mutants, R143A, NI51A
K156A, R158A and E159A, were generated a
five different positions (see Fig. 1C) by
substituting each relevant residue with alanine
via PCR-based mutagenesis. The energy.

minimised models for these mutants suggestec

FIGURE | (A): A predicted pattern of helix 4 of Cry4B redrawn from (20] is composed of 26 residues of which th
encircled residues were substituted by alanine. (B): Helical wheel projections of helix 4 of Cry4B and CrylAa. Amine
acid residues are plotted every 100 degrees consecutive around the wheel, foliowing the sequences given in A and [15
for Cry4B and CrylAa, respectively. The following colour code is used: black is an amino acid with a charged sid
chain; gray is a polar side chain and white is a hydrophobic side chain. (C}): Top views of amino acid arrangement u
helix 4 together with the relative positions of helices 3, 5 and 6 in a 3D Cry4B meodel built by homology modelling [21
and the CrylAa structure [71. The labeled residues indicate the targeted positions. The structures were prepared usin;

Weblah viewer (Molecular Simulation Inc.).
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that each point mutation would not cause drastic
changes in the overall structure of the mutant
toxins.

Upon induction with IPTG, E. coli cells
transformed with each mutant plasmid highly
expressed the 130-kDa Cry4B derivatives as
inclusion bodies with a yield comparable to the
wild-type toxin. After partial purification,
protein preparations were analysed by SDS-
PAGE and all shown to contain more than 90%
pure Cry proteins (Fig. 2, lanes 2,4,6,8, 10 and
12). In addition, all mutant protein inclusions
were found to be soluble in carbonate buffer, pH
9.0. giving at least 70% solubility which
resembles closely the wild-type inclusions under
similar conditions [17]. The solubilised mutant
protoxins were also examined for their
proteolytic stability by digestion with trypsin
and all found to produce protease-resistant
products of ca. 47 and ca. 21 kDa identical to
the wild-type protoxin (Fig. 2, lanes 3,5,7,9,11
and 13) [20]. These results suggested that all the
mutant protoxins containing alanine substi-
tutions had folded to their native conformation.

kDa

200
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E. coli cells expressing each type of the
mutant toxin were tested for their relative
toxicity against Aedes aegypti. All assays were
carried out in ten replicas for each sample and
repeated three times; the mortality data recorded
after a 24-hour incubation are shown in Fig. 3.
Compared with wild-type Cry4B, four mutants
with alanine substitutions at charged residues
(Arg-143, Lys-156 and Glu-159) or at one polar
residue {(Asn-151) exhibited no loss of larvicidal
activity. In contrast, one mutant with the
alteration of a charged amino acid at Arg-158
was not active against the larvae.

As suggested by solubilisation and trypsin
activation of the Cry4B protoxin, the mutations
did not induce structural distortions in the toxin
molecule. Therefore, the complete loss of
toxicity observed for the R158A mutant is least
likely to be caused by misfolding of the protein.
Considered as a whole, our results indicate that
the side of helix 4 containing Arg-i158 is an
important determinant for larvicidal activity of
the Cry4B toxin. This notion is supported by
experimental results obtained with directed
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FIGURE 2 Coomassie brilliant bjue-stained SDS-15% polyacrylamide gel comparing the yields of solubilised
protoxins and their trypsin-cleavage products. Lane 1 represents molecular mass standards. Lanes 2. 4, 6, 8, 10 and 12
are the solubilised 130-kDa Cry4B protein and its mutant protoxins R143A, N151A, K156A, R158A and E159A.
respectively. Lanes 3,5,7,9, 11 and 13 are trypsin-cleavage products of the above samples run in the same order.
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FIGURE 3 Mosquito-larvicidal activities of E. coli cells
expressing the Cry4B wild-type toxin (pMU388) or its
mutants (R143A, N151A, K156A, R158A and E159A)
against Aedes aegypti larvae. Error bars indicate standard
error of the mean from three independent experiments.

substitutions of helix 4 residues in other Cry
proteins, CrylAa and CrylAc [14,15].

Recently, Masson et al. [15] have constructed
a series of charged residue mutants in helix 4 of
the CrylAa toxin. The mutant toxins were
tested for toxicity against Plutella xvlostella
diamondback moth larvae and found that
mutants with alterations at Glu-129, Arg-131 or
Asp-136 showed a complete loss of larvicidal
activity. Based on conductance experiments
with planar lipid bilayers, the authors have
concluded that loss of toxicity was caused by
prevention of formation of ion channels in these
mutants and that the negative charge of Asp-136
and Glu-129 contributes directly to the passage
of ions through the transmembrane pore.
Interestingly, their positively charged non-toxic
mutant R131Q displayed reduced conductance,
albeit the structural basis for this observation is
not clear yet. For the Cryl Ac toxin, the R131L
substitution has been shown to cause a 10-fold
reduction in toxicity against Manduca sexta
tobacco hornworm [14]. We have recently
constructed a homology model for the Cry4B
toxin [21] in which Arg-158 is located on the
same side of helix 4 relative to Arg-131 in the
CrylAa toxin [7] (see Fig. 1B&C). Despite a

relatively high degree of similarity in both
structures, our experiment revealed that
elimination of the only negatively charged side
chain in helix 4, Glu-159, which corresponds to
Asp-136 in CrylAa (Fig. 1C), did not affect
toxin activity of Cry4B. It is conceivable that
these differences in response to modification of
charged residues reflect subclass-specific
variations in the channel architecture for
individual Cry proteins. Further experimentation
is required to answer the question whether
alanine substitutions at Arg-158 and Glu-159 are
conducive to alterations in the passage of ions
through the pore.
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SUMMARY

Tryptic activation of the 130-kDa Bacillus thuringiensis Cry4B &-endotoxin produced
protease-resistant products of ca. 47 kDa and ca. 21 kDa. The 21-kDa fragment was
identified to be the N-terminal five-helix bundle (a1-a5) which is a potential candidate for
membrane insertion and pore formation. In this study, we have constructed the recombinant
clone over-expressing this putative pore-forming (PPF) fragment as inclusion bodies in
Escherichia coli. The partially purified inclusions were composed of a 23-kDa protein which
cross-reacted with Cry4B antibodies and whose N-terminus was identical to that of the 130-
kDa protein. Dissimilar to protoxin inclusions, the PPF inclusions were only soluble when
the carbonate buffer, pH 9.0 was supplemented with 6 M urea. After renaturation via
stepwise dialysis, the refolded PPF protein appeared to exist as an oligomer and was
structurally stable upon trypsin treatment. Unlike the 130-kDa protoxin, the refolded protein
was able to release entrapped glucose from liposomes and showed comparable activity to the
full length activated toxin, although it lacks larvicidal activity. These results therefore
support the notion that the PPF fragment consisting of at1-a5 of the activated Cry4B toxin is
involved in membrane pore-formation.

Key words: Bacillus thuringiensis, 8-endotoxins, Liposomes, Pore formation, Refolding

INTRODUCTION

The different &-endotoxins that are produced as cytoplasmic inclusions during
sporulation by Bacillus thuringiensis (Bt) are variously active against the larvae of major
insect agricultural pests and disease vectors (1,2). These parasporal crystalline inclusions are
composed of one or more polypeptides of varying molecular mass that have been classified as
Cry and/or Cyt &-endotoxins according to the similarity of their deduced amino acid
sequences (3,4). For instance, the 130-kDa mosquito-larvicidal protein from Bt subsp.
israelensis is identified as the Cry4B toxin (2,3).

The general mechanism of gut epithelial cell disruption by the different Bt -endotoxins
is thought to be the formation of lytic pores in the susceptible insect membrane (5). Upon
ingestion, the inclusions are solubilised and the protoxins activated at the alkaline pH by
proteases of the larval midgut. The activated toxins then bind to insect specific receptors and
insert into the cell membrane to form leakage pores that result in cell death by colloid
osmotic lysis (see 6 for reviews). However, an entire molecular characterisation of the pore-
forming process mediated by these insecticidal proteins has not yet been obtained.

To date, two tertiary structures of different Cry toxins, CrylAa and Cry3A, have been
resolved by X-ray crystallography (7,8). Both structures display a possible apparatus for pore
formation in the form of a bundle of long amphipathic and hydrophobic helices in the N-
terminal seven-helix domain (at1-o7), which could penetrate the membrane to form a
transmembrane pore. The possibility that this helical structure is essential for pore formation
is supported by the feature that it is conserved throughout the Cry toxin family (3,8). This is
also supported by analogies with the pore-forming domain structure of two other well-
characterised bacterial toxins, colicin A comprising a bundle of ten helices and diphtheria
toxin consisting of a nine-helix bundle (9). Two studies with truncated proteins
corresponding to the seven-helix bundle of CrylAc and Cry3B2 have demonstrated pore-
forming activity in planar lipid bilayers (10,11). In addition, a number of studies via synthetic
peptides or site-directed mutagenesis have provided evidence to support that o4 and oS of
several Cry toxins are involved in membrane penetration and pore formation (12-17).



Recently, we have demonstrated that ¢4 and oS of the Cry4B toxin are important
determinants of mosquito-larvicidal activity, likely to be involved in pore formation rather
than in receptor binding (18,19). More recently, elimination of one charged residue (Arg-
158} in 04 of Cry4B was found to considerably affect the toxicity (20). We also found that in
addition to removal of the C-terminal half of the 130-kDa Cry4B protoxin, the activated
molecule had undergone proteolytic activation producing two main sets of cleavage products
at ca. 47 kDa and ca. 21 kDa (21). Aligning these positions with the Cry3A crystal structure
(8) suggested that one cleavage occurred in a region before the start of the N-terminal helical
bundle and the other one occurred in a predicted loop joining helices 5 and 6 in the bundle
(22). This putative N-terminal five-helix bundle (al-05) was isolated as a protease-resistant
fragment of ca. 21 kDa under denaturing conditions (22). At present, the role of this o1-0t5
fragment in the Cry4B mechanism of toxicity is still not clearly understood. In this report, a
recombinant clone that highly expresses this putative pore-forming (PPF) fragment has been
successfully constructed. Subsequent investigation revealed that the refolded PPF protein
was able to induce liposome permeability, suggesting that the ol-aS fragment is an essential
compenent for pore-forming activity of the Cry4B toxin.

MATERIAL AND METHODS
Construction of the Plasmid Expressing the PPF Protein

A gene segment encoding the PPF region (Met-1 to Leu-209; see Fig. 1) of the Cry4B
toxin was generated by polymerase chain reaction (PCR) using the plasmid template
pMU388 containing the full-length 130-kDa Cry4B toxin gene (23). Oligonucleotide primers
(universal primer-f: 5-TTGTGAGCGGATAACAATTTC-3"; H5PPF-r: 5-GTGTACTGCA
CCATGGTTTATTATAGTTGGTCACCAGA-3") were purchased from Genset Inc.
(Singapore). The introduced Ncol site is underlined and two stop codons are shown as
boldface. The PCR fragment with end-repaired BamHI-5' and Ncol-3' termini was
directionally cloned into end-repaired EcoRI and Ncol sites of the expression vector pMEx8
containing the tac promoter (24), giving the recombinant plasmid pM4BH1-5. The PPF-
coding sequence was verified by DNA sequencing using an ABI prism 377 sequencer.

Expression and Preparation of the PPF Protein

The PPF protein was over-expressed in E. coli strain IM109 by addition of isopropyl-f3-
D-thiogalactopyranoside (IPTG, 0.1 mM) to mid-exponential phase cultures, and partially
purified as described earlier (18). Protein concentrations were determined using a Bio-Rad
protein quantitation kit. The protein inclusions (1 mg.ml™) were solubilised at 37 °C for 1 hr
in 50 mM Na,CO; buffer, pH 9.0 supplemented with 6 M urea, and any insoluble protein was
removed by centrifugation in a bench minifuge at 16,000xg for 15 min. The proteins were
refolded by stepwise dialysis against 300 volumes of carbonate buffers with decreasing urea
concentrations of 3 M, 1.5M,0.75M,05M, 0.25 M and 0.1 M at 25°C for 2-3 hrs each, and
finally dialysed twice against 300 volumes of carbonate buffer.

Proteolytic stability of the refolded PPF protein was analysed by digestion with 1:50
(w/w) trypsin (L-1-tosylamide-2-phenylethyl chloromethyl ketone treated, Sigma): protein at
37 °C for 1 hr, and the samples were analysed by SDS 15% (w/v) PAGE. Immunoblotting
was performed with polyclonal rabbit antibodies against the full length activated Cry4B
toxin. Immunocomplexes were detected with an anti-rabbit antibody-alkaline phosphatase
conjugate (Sigma). An ABI 492 automated sequencer was used to determine N-terminal
sequences of the electroblotted proteins on a polyvinylidene difluoride (PVDF) membrane
(Problott, Applied Biosystems).



Liposome Entrapped Glucose Release Assays

Liposomes with trapped glucose were prepared by a modified method of Kinsky (25).
A lipid mixture (Sigma) of 12.5 pmole phosphatidylcholine (PC), 3.6 pmole dicetyl
phosphate and 1.8 pmole cholesterol in 3 m! chloroform/methanol (2:1, v/v) was placed in a
round bottomed flask and the solvent was removed under vacuum at 37°C. The resulting
lipid film was resuspended in 0.5 m! of 300 mM glucose/10 mM HEPES, pH 8.0. Small
unilamellar vesicles (SUVs) were prepared by squeezing the suspension through the extruder
membrane (0.1 pum in diameter, Avanti Polar Lipid) for a minimum of 11 passes.
Unentrapped glucose was removed from the SUV suspension by gel filtration on a PD-10
column (Sephadex G-25, Pharmacia) equilibrated 150 mM KCV/ 10 mM HEPES, pH 8.0. An
aliquot of washed liposomes (100 nmole PC) was placed in a 1 ml disposable polymethyl
methacrylate cuvette (Brand) containing 1 unit of hexokinase (Sigma), 1 unit of glucose-6-
phosphate dehydrogenase (Sigma), 1 mM ATP, 0.5 mM NADP, 2 mM Mg (OAc); in 150
mM KCl/ 10 mM HEPES, pH 8.0. Glucose release, detected as an increase in absorbance of
NADPH at 340 nm, was monitored at 25 °C on an HP 8453 spectrophotometer (Hewlett
Packard). The relative glucose-release activities are indicated as a fraction of maximum
release which is defined as the amount released by 0.1% Triton X-100.

Mosquito-Larvicidal Activity Assays

Bioassays were performed as previously described using 2-day old Aedes aegypii larvae
(19). In the assays, 1 ml of E. coli suspension {ca. 10° cells) was added to a 48-well
microtitre plate (11.3 mm well diameter), with 10 larvae per well and a total of 100 larvae for
each type of E. coli samples. E. coli cells containing the recombinant plasmid pMU388 were
used as a positive control. Mortality was recorded after incubation for 24 hrs at room
temperature (25-30 °C).

RESULTS AND DISCUSSION

In preliminary experiments, the results of size-exclusion FPLC analysis under non-
denaturing conditions (carbonate buffer, pH 9.0) indicated that the 21-kDa N-terminal helix
bundle (at1-aS5) of the Cry4B toxin remains non-covalently associated with the C-terminal
portion (ca. 47 kDa) of the activated toxin after proteolytic activation with trypsin
(Angsuthanasombat, C., unpublished data). Attempts made to isolate this al-o5 fragment by
FPLC under denaturing conditiohs (8 M urea, carbonate buffer, pH 9.0) were unsuccessful.
In this study, cloning of the PPF fragment in E. coli and over-expression of the protein
allowed the isolation and biochemical characterisation of this PPF protein.

Upon induction with IPTG, E. coli cells harbouring the plasmid clone (pM4BH1-5)
expressed the PPF protein at high levels in the form of sedimentable inclusion bodies with a
yield of approximately 15 mg per liter of culture. Analysis of the inclusion preparation by
SDS-PAGE revealed a major band at 23 kDa (see Fig. 2A) which specifically cross-reacted
in Western blots probed with antibodies raised against the activated Cry4B toxin (Fig. 2B).
The N-terminal sequence of the 23-kDa protein obtained by automated Edman degradation
was found to be identical to the N-terminus of the 130-kDa protoxin (MNSGY). Since the
predicted molecular mass of the polypeptide encoded in the cloned PPF fragment is 23.587
kDa, these results provide evidence that the 23-kDa product we have obtained from over-
expressing E. coli corresponds to the N-terminal o1-0.5 segment of the Cry4B toxin.

Unlike the inclusions of the full length protoxin (1 mg.ml"') which are soluble (up to
80%) in carbonate buffer, pH 9.0 (18), the PPF inclusions (1 mg.ml™) were readily soluble
only in the presence of 6 M urea, giving at least 60% solubility. The PPF protein was
refolded by stepwise dialysis against buffers with decreasing urea concentrations and finally



the protein was obtained in urea-free carbonate buffer, pH 9.0 at a concentration of 0.5
mg.ml". The refolded PPF preparation (Fig. 3, lane 3) was subjected to size-exclusion FPLC
using a Sephacryl S-100 column (Pharmacia) with carbonate buffer, pH 9.0 as eluent at a
flow rate of 0.5 mL.min™". Elution of the protein was monitored at 280 nm and the 23-kDa
PPF protein was eluted in the void volume of the column (data not shown). This suggested
that a high molecular mass (> 300 kDa) oligomer or aggregate was present rather than the
monomeric form of the refolded PPF protein. Notwithstanding this observation, this
aggregate could represent a stable and functional oligomerisation state of the PPF fragment
with the ability to intercalate into lipid membranes to form a pore. Interestingly, treatment of
the refolded 23-kDa PPF protein with trypsin resulted in a 21-kDa protein fragment
detectable by SDS-PAGE (see Fig. 3, lane 4) which specifically cross-reacted with Cry4B
toxin antibodies (data not shown). We conclude that this 21-kDa PPF protein is structurally
resistant to further proteolysis and that the refolded 23-kDa PPF protein likely exists in its
native folded conformation. Proteins which are extensively resistant to proteolysis have been
shown to maintain a significant portion of native-like conformation (26).

No significant activity was observed in bioassays against Aedes aegypti larvae using F.
coli cells expressing the PPF protein. Lack of toxicity is most likely due to the absence of a
three-f-sheet domain (8) which is required for binding of the activated toxin to larval midgut
epithelial cells via specific receptors. It is still an open question whether after proteolytic
activation in vivo, the bundle of five helices remains associated with the 47-kDa fragment
containing the receptor-binding domain in the pore-forming process. In other studies with the
Cry4A cleavage products genetically fused with glutathione S-transferase (GST), significant
larvicidal activity was observed only when both of the fusion proteins, GST-20-kDa (ol-a5)
and GST-45-kDa containing the receptor-binding domain, were co-ingested by the larvae
(27).

The membrane lytic capability of the refolded PPF protein was assayed for its ability to
release glucose from receptor-free phospholipid vesicles. Under the conditions used in this
assay, the refolded PPF fragment was able to induce release of entrapped glucose from
liposomes and the release activity depended on the concentration of the protein used (see Fig.
4). Approximately 47% of maximum release (when compared to Triton X-100 as a positive
control) was observed within 10 min after addition of the protein (15 pg.ml™” or ca. 0.6 mM).
These results are consistent with former findings that the N-terminal o-helical bundles of the
CrylAc and Cry3B2 toxins were gble to mediate the release of *°Rb cation from phospholipid
vesicles and form cation selective channels in planar lipid bilayers (10,11). At the equivalent
molar concentration to that of the PPF protein, the full length activated Cry4B toxin (45 pn
g.ml") exhibited similar activity in the glucose release assays whereas the 130-kDa protoxin
(90 ug.ml'l) and a control sample containing carbonate buffer (50 mM Na,COs;, pH 9),
showed little glucose release (< 10%). Similarly, it was reported by other workers that the
full length activated toxins of CrylAa (ca. 65 kDa), CrylAc (ca. 55 kDa) and CrylC (ca. 67
kDa) were able to form channels in planar bilayers in the concentration range of 15-32 pg
.ml’! (15,28,29). However, the stimulus for channel formation is still unclear. High toxin
concentrations might be sufficient to obviate the requirement for a receptor, which might
favour spontaneous membrane insertion of the toxins.

In summary, our results demonstrate that the 23-kDa o]-a5 fragment is fully capable
of permeabilising the membrane liposomes ir vitro apart from the rest of the activated Cry4B
toxin, and therefore constitutes the region responsible for membrane insertion and pore
formation within the Cry toxin molecules. The cloned PPF fragment will facilitate further
investigations on the pore-forming mechanism of the Cry insecticidal toxins.
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Fig. 1. Tryptic processing of the 130-kDa Cry4B protoxin. An overview of the results
obtained from N-terminal sequencing of trypsin-treated products of Cry4B. The arrows
indicate the known cleavage sites within the toxin. The region between Met-1 and Leu-209
represent the PPF fragment.

Fig. 2. Expression of the PPF protein in E. coli. (A): A Coomassic brilliant blue-strained
SDS-15 % polyacrylamide gel showing the total crude extracts (T) of E. coli cells harbouring
the pMEx8 vector or the pM4BH 1-5 recombinant encoding the PPF protein. (B): Immunoblot
analysis of (A) showing the 23-kDa PPF protein cross-reacted with Cry4B antibodies. (M)
represents molecular mass standards. (S) and (P) are the supernatant and pellet fractions,
respectively.

Fig. 3. SDS-PAGE (15% gel) analysis of tryptic processing of Cry4B and the PPF
protein. M represents molecular mass standards. Lane | is the 130-kDa solubilised protoxin.
Lane 2 is the activated toxin. Lanes 3 and 4 are refolded PPF and the refolded protein treated
with trypsin (1:50 enzyme:protein, w/w), respectively.

Fig. 4. Effect on glucose release from liposomes. (A): Release of entrapped glucose was
monitored by using NADP-linked enzyme-linked assays at 25 °C. The traces represent
absorbance at 340 nm which was continously recorded for 5 min prior to adding each protein
sample as indicated by an arrow. The maximum release was obtained by adding 0.1% Triton
X-100 (indicated by a vertical bar) after 10 min incubation with samples; (a) 100 pl carbanate
buffer, (b) 15 pg.ml"' refolded PPF, (c and d) 15 and 45 g.ml” activated Cry4B and (e and f)
45 and 90 pg.ml”’ 130-kDa protoxin. (B): The relative release activities of each protein
sample with varying concentrations that are indicated as fraction of 100% release induced by
Triton X-100. Error bars represent standard error of the mean from five separate experiments.
The release in the control sample incubated with carbonate buffer rarely exceeded 10% and
these values have been subtracted in the figure.
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