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Abstract

Project Code: TRG4580107

Project Title: Crystallographic structural investigation of the CrydAa mosquitocidal 6-
endotoxin of Bacillus thuringiensis subsp. israelensis

Investigator: Dr. Panadda Boonserm
Institute of Molecular Biology and Genetics, Mahidol University

E-mail Address: mbpbs@mahidol.ac.th
Project Period: 2 years

The Cry4Aa toxin, isolated from Bacillus thuringiensis subsp. israelensis, is specifically
toxic to mosquito larvae. For a better understanding of the mechanism of toxicity, the 65-kDa
functional form of the mosquito-larvicidal Cry4Aa-R235Q mutant toxin has been crystallised.
The crystals belong to space group €222, with unit cell parameters a=91.2, 5=202.1, ¢=98.7 A
and contain one molecule per asymmetric unit. The crystals diffract to about 2.9 A using
synchrotron radiation and a complete native data set has been collected. The structure has been
solved using a molecular replacement method with the Cry4Ba toxin profein as a search model,
and refined to an R-factor of 20.9 % and Rgee of 26.3 %. The structure of the active CrydAa
toxin consists of three domains: domain I, a helical bundle; domain II, a B-sheet prism; and
domain I1I, a B:sheet sandwich. The Cry4Aa structure therefore provides an invaluable database
to investigate the structural basis of target specificity and membrane interaction of the toxins in

this family.
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1. Introduction

The naturally occurring crystal proteins of Bacillus thuringiensis (B.t.), known as
endotoxins (Cry and Cyt toxins), are bioinsecticides considered safe for human and the
environment. These proteins have been established as an altemative to chemical insecticides for
the control of insect pests in agriculture and disease vectors of some serious tropicall diseases
such as malaria, dengue fever, and encephalitis. Bt Cry proteins are foxic against insect larvae of
the orders Diptera, Lepidoptera, Coleoptera, and Hymenoptera (Schnepf et al., 1998; de Maagd
et al,, 2001). The Bt crystal proteins are produced as inactive protoxin inclusions during
sporulation which are subsequently dissolved upon ingestion under the alkaline conditions in the
larval midgut lumen. The soluble protoxins are further activated by midgut proteases which
remove C-terminal half of the toxins in addition to approximately 30 residues from the N-
terminus to yield the active protease-resistant fragments. The active proteins then specifically
bind to receptors on the brush-border membrane of midgut epithelium. So far, two families of
putative protein receptors, a GPI-anchored aminopeptidase N (APN) (Knight et al., 1995;
Masson et al., 1995; Sangadala et al., 1994} and a cadherin-like membrane protein (Vadlamudi et
al., 1995) in lepidopteran insects have been characterized as receptor proteins of CrylA toxins.
Upon receptor binding, a subsequent conformational change allows the activated toxins to insert
into the cell membrane to form pores that ’ﬁnally causes ion leakage, cell lysis, and eventual
insect death (Schnepf et al., 1998).

X-ray crystal structures of Cry toxins representing different insect specificities have been
elucidated, i.e. Cry3Aa (Li et al., 1991b), Cry3Bb (Galitsky et al., 2001), Cryl Aa (Grochulski et
al., 1995), CrylAc (Li et al., 2001), and Cry2Aa (Morse et al., 2001). More recently, the X-ray

crystallographic studies of Cry4Ba have been reported (Boonserm et-al,, 2003). All these Cry



toxins share the similar overall tertiary structure of the three domain organization. The N-
terminal domain I, an amphipathic helical bundle, has been shown to be responsible for
membrane insertion and pore formation (Walters et al., 1993; Von Tersch et al., 1994; Gazit et
al., 1998; Puntheeranurak et al., 2004). Domain II, a three anti-parallel B-sheet domain
containging apical hypervariable loops, has been demonstrated to participate in receptor binding
and hence is involved in insect specificity (Smedley and Ellar, 1996; Rajamohan et al., 1996;
Ballester, V et al.,, 1999; Jurat-Fuentes and Adang, 2001). The C-terminal domain 1II, a
sandwich of two anti-parallel P-sheets, has been implicated to involve in structural integrity of
toxin molecules, membrane permeabilisation (Masson et al., 2002) or receptor recognition (Lee
et al., 1995; Burton et al., 1999). The detailed mechanism involving a series of events from
receptor binding to membrane insertion remains unanswered.

Bacillus thuringiensis subsp. israelensis (Bti) has been effectively used as a biopesticide
for mosquito and blackfly larvae control. The Bti mosquito-larvicidal activity is due to the
production of four major crystal proteins composed of Cryd4Aa, Cry4Ba, Cryl1Aa, and CytiAa
(Ward et al., 1984). Synergism of these Bti toxins has been demonstrated based on the analysis
of combination of cloned gene products (Angsuthanasombat et al., 1992). By comparison of the
primary structures among Bti toxins, Cry4Aa and Cry4Ba toxins are most closely retated which
share about 55% amino acid sequence simiI;rity in the N-terminal active protein portion (Ward
and Ellar, 1988; Chungjatupornchai et al., 1988). Despite their relatively high sequence
similarity, both toxins show variable levels of toxicity against mosquito species. The Cry4Ba
exhibits highly toxic activity towards Aedes and Anopheles larvae (vectors of dengue fever, and

malaria, respectively) but has no significant activity against Culex larvae (vectors of Nest Wile

virus), while the Cry4Aa toxin shows high toxicity against all three mosquito larvae



(Angsuthanasombat et al., 1992). Interestingly, there is evidence of synergism in vive between
these two toxins against Culex, Aedes, and Anopheles larvae (Angsuthanasombat et al., 1992),
however, the precise mechanism of synergistic interactions is still unknown. Recently, the X-ray
crystal structure of the Cry4Ba Bti toxin has been revealed (Boonserm et al., in press). Hence,
structural data of both Cry4Aa and Cry4Ba toxins will serve as critical information for
addressing the larvicidal and synergistic mechanisms. For the rational design of Cry toxins in
search of broadened insecticidal spectra, increased potency or prolonged toxin stability,
structural-based protein engineering would be the highly effective approach for the Bt-based
insect control.

Recently, we have reported protein crystallization and X-ray diffraction studies of the 65-
kDa-active fragment of the Cry4Aa mutant (R235Q) (Boonserm et al., 2004). Here we
determined the crystal structure of the active Cry4Aa-R235Q toxin from Bti which has been

solved by molecular replacement using the homologous Cry4Ba protein as a model, and refined

to 2.9 A resolution.

2. Materials and Methods
2.1 Protein expression and solubilisation

E. coli IM109 cells harbouring a sgngle amino-acid Cry4Aa mutant (see section 3.1
below) were grown at 30°C in a Luria-Bertani medium containing 100 ug ml” ampicillin until
ODgge of the culture reached -0.3-0.5. Protein expression was induced with isopropyl-B-D-
thiogalactopyranoside (IPTG) at a final concentration of 0.1 mM for 10 hrs and subsequently
analysed by sodium dodecyl sulfate-(10% w/v) polyacrylamide gel electrophoresis (SDS-

PAGE). E. coli cultures over-expressing the Cry4Aa single amino-acid mutant toxin as



cytoplasmic inclusions were harvested by centrifugation and resuspended in cold distilled water.
Cell suspension was then disrupted by using a French Pressure Cell at 10,000 psi. After
centrifugation at 8,000xg at 4°C for 15 min, the pellets were washed three times in cold distilled
water and resuspended by sonication. Protein concentrations of the partialty purified inclusions
were determined using a protein micro-assay reagent (Bio-Rad), with bovine serum albumin
fraction V (Sigma) as a standard. Inclusions at a concentration of about 2 mg mi” were
solubilised by incubation at 37°C for 1 hr in 50 mM Na,CO; pH 10.0. Solubilised protoxins were
then separated from insoluble materials by centrifugation at 12,000xg for 15 minutes.
2.2 Proteolytic activation and active toxin purification

The 130-kDa solubilised Cry4Aa protoxins were mixed with trypsin (Z-[-tosylamide-2-
phenylethyl chloromethyl ketone treated, Sigma) at an enzyme:protoxin ratio of 1:10 (w/w) and
incubated at 37°C for 16 hrs. Proteolysis was stopped by adding [ mM tosyl-lysine chloromethy!
ketone (TLCK). After analysis by SDS-PAGE, the trypsin-activated fraction was concentrated at
4°C using a Centriprep ultrafiltration device with a 30-kDa molecular-weight cutoff (Amicon).
The protein was further purified by size-exclusion chromatography on a FPLC system
(Su;:werclexqrM 200, Amersham Pharmacia Biotech) in 50 mM Na,COs, pH 10.0 at a flow rate of
0.4 m! min". In these conditions, the 65-kDa Cry4Aa toxin elutes as a monomer as shown by
using BSA (67-kDa) as a marker. Eluted fractions containing the proteins were pooled and

concentrated to 3-5 mg mi” by ultrafiltration as described above.

2.3 Crystallisation and data collection

Crystals were grown by using the hanging-drop vapour diffusion technique. Sl of
precipitant solution were mixed with an equal volume of the purified Cry4Aa at a concentration

of 3 to 5 mg ml". The drop was equilibrated against a reservoir containing 1 ml of the



precipitant solution at 23°C. The purified protein in 50 mM Na,CO; (pH 10.0) was first mixed
with solutions of 0.1 M Tris-Acetate at pH between 7 and 9. Several precipitants including salts,
various MW of polyethylene glycol (PEG), glycerol, and 2-methyl-2,4-pentanediol (MPD) were
tested. However, crystals only appeared in the conditions containing salts. Clusters olf needle-
liked crystals were found in 0.1 M Tris-Acetate pH 7.0 and 0.3-0.4 M Li;S0O4. Microcrystals
appeared after two weeks in 0.1 M Tris-Acetate pH 7.0, 0.2-0.3 M LiCl. However, in both cases
crystals were too small and too poorly ordered for X-ray diffraction studies. Clusters of thin,
plate-shaped crystals were successively obtained with a protein concentration greater than 5 mg
ml” in the precipitant solution containing 0.1 M Tris-Acetate pH 7.0, 0.2-0.3 M KH,POq. This
condition was optimised by lowering the protein concentration to 3-5 mg ml”.

For data collection, crystals were briefly soaked in a cryoprotecting solution containing
20% 2-methy!-2 4-pentanediol (MPD), 10% polyethylene giycol (PEG) 400 and 0.1 M Tris-
Acetate, 0.3 M KH,POy at pH 7.0, before being mounted in a cryoloop and cooled to 100 K in a
nitrogen gas stream (Oxford cryosystem). Measurements were made at an X-ray wavelength of
0.976 A at the ESRF beamline ID29 with an attenuated beam of dimensions 0.1 x 0.1mm’,
Diffraction inteI;sities were recorded on an ADSC Quantum IV CCD detector. The crystal-to-
detector distance was set to 250mm and the oscillation angle for each of the 180 images recorded
was 1°. Integration, scaling and merging ch the intensities were carried out using programs
MOSFLM (Leslie, 1992) and Scala from the CCP4 suite (Collaborative Computational Project,
Number 4, 1994). Molecular replacement was carried out using Amore (Navaza, 1994).
2.4 Model Building and Refinement

The model building was done using the program O (Jones ef al., 1991) interspersed with

cycles of electron density map improvement. Refinement was done using programs arp-warp,



CNS and REFMAC from the CCP4 program suite (1994). DA4LJ (Holm and Sander, 1993) was
used to a three-dimensional structural similarity search and MAPS  (see

http://bioinfol.mbfys.lu.se/TOP/webmaps.html) was used to perform the protein structural

alignment.
3. Results and Discussion
3.1 Protein activation and purification

[t was reported that the Cry4Aa protoxin is processed into two protease-resistant
fragments of 20 and 45 kDa through the intramolecular cleavage of a 65-kDa intermediate and
these two fragments need to associate to exert toxicity (Yamagiwa et al,, 1999). The cleavage
site is after Arginine 235 (Angsuthanasombat et al., 1993). Recently, we investigated the effect
of the intramolecular cleavage on the toxicity of Cry4Aa toxin by constructing a Cry4Aa single
amino-acid mutant (R235Q) which is devoid of this internal cleavage site and is thus resistant to
proteolysis (Boonserm et al., 2004). The R235Q single mutant still retains high toxicity against
Aedes aegypti larvae at a level comparable to the wild type (Boonserm ef al., 2004), indicating
that the mutation at this trypsin-cleavage site had no adverse effect on the Cry4Aa toxicity. The
active R235Q mutant of Cry4Aa was used for the present crystallographic study. After trypsin
treatment of the R235Q active mutant, a major proteolytic fragment of 65 kDa was obtained
which was resistant to further proteolysis.’ N-terminal amino-acid sequencing after trypsin
activation indicated the first residue to be Gln-5 which is putatively located before helix 1 in

Domain I based on a sequence-alignment with Cry3Aa. The trypsin-activated 65-kDa fragment

was purified by gel filtration for subsequent crystallisation trials.



3.2 Crystallisation and data collection

The 68-kDa chymotrypsin-activated Cry4Ba toxin has been previously crystallised, and well-
ordered crystals diffracting X-rays to 1.75 A resolution were obtained (Boonserm er al., 2003).
By analogy with this study, a similar approach was used to promote crystal growth of Cry4Aa
toxin. Salts were effective precipitants and plate-shaped crystals of Cry4Aa with approximate
dimensions 0.15 x 0.15 x 0.005 mm (Fig. 1) were obtained using 0.1 M Tris-Acetate pH 7.0, 0.2-
0.3 M KH;POq as a precipitant.

One such crystal was used to obtain a 100 % complete native data set to 2.95 A resolution.
Data collection statistics are summarized in Table 1. Assuming one Cry4Aa molecule per

asymmetric unit, the ¥y (Matthews, 1968) is 3.60 A’/Dalton, giving a solvent content of 65%.

3.3 Solution of the structure

A preliminary model of the structure was found by molecular replacement using the
program AMoRe (Navaza, 1994). The rotation function calculation was performed between the
resolution limits of 20.0 A and 4.0 A using the Cry4Ba refined crystal structure as the search
model (Li, personal communication), and a Patterson integration radius of 30 A. This returned a
weakly contrasted solution with a correlation coefficient for the structure factor amplitudes of
0.160 compareél to 0.152 for the second highest solution (0.27 for the intensities compared to
0.24 for the second highest solution). This solution consistently appears as the first when varying
the Patterson integration radius between 30 and 35 A. The search model was then placed in the
unjt-cell using the Crowther-l":;low transiation function using data between 9.0 A and 4.0 A
resolution. This returned a solution with a correlation coefficient of 0.157 and an Rggror 0f 49.8%
compared to 0.117 and an Reewr of 51.0% for the second highest peak. As a control, a systematic

search using the Crowther Blow translation function was carried out for the first 50 independent



peaks of the rotation function both in space group €222 and C222,. This search unambiguously
returned the same solution for space group €222, with the same relatively weak but significant
contrast stated above. This is consistent with the rather low sequence identity between the search
model Cry4Ba and Cry4Aa (35.6% for 516 aligned positions). .

Rigid body refinement yielded a correlation coefficient of 0.17 and an Rpgior 0f 49.6% for
7201 reflections between 9.0 A and 4.0 A resolution. Examination of the crystal packing did not
reveal any steric hindrance with symmetry-related molecules. 1171 reflections randomly chosen
between 20 to 2.9 A (5% of the data) have been set aside to monitor the progress of the
refinement. Further refinement with each of the three protein domains treated as three
independent rigid bodies followed by one cycle of molecular dynamics in the space of torsion
angles was carried out using program CNS (Brunger et al., 1998). This returned an overall Reucior
of 34.1% for 13814 reflections between 20 to 3.24 A resolution and an Ry of 47.7%. Electron
density maps generated with phases from the partial model (516 residues) show several
indications compatible with the pattern of insertions and deletions as well as amino-acid
substitutions between Cry4Aa and Cry4Ba. The refinement of the structure is now in progress
using manual model building with the program O (Jones ef al., 1991) interspersed with cycles of
electron density. map improvement, and refinement with programs arp-warp, CNS and REFMAC
from the CCP4 program suite (1994). The c?zrrent values for Rucer and Ree. are 24.1 and 29.3%
for all data between 7 to 2.9 A,
3.4 Structure determination and refinement

The protein backbone was traced, and most of the side chains were fitted using the
motecular replacement map as described in the Experimental procedures. The final R-factor and

R-free are 20.9 % and 26.3 %, respectively, for 19646 unique reflections between 7.0 A and 2.8



A resolution. The root mean square deviation for the ideal for bond length is 0.0065 A and for
bond angles is 1.284°, There are 164 water molecules included in the final structure. The
average B-factor of all atoms is 34.86 A2,

The Cry4Aa molecule is a three-domain structure. The final model comprises 6 11 amino
acid residues. The electron density map showed a well-defined density for residues 68-679, but
the electron densities for residues 235-246, corresponding to the loop connecting helices S and 6,
and 483-488 ,corresponding to the loop connecting beta strands 9 and 10, are not visible,
probably as a result of being highly disordered. Previous observation showed that helix 5-6 loop
of Cry4Aa was highly susceptible to proteolysis by trypsin-like enzymes (Angsuthanasombat et
al., 1993). Previously, we have demonstrated that the elimination of the tryptic cleavage site at
Arg-235 in this loop by glutamine substitution (R235Q) had no effect on the toxicity against
Aedes aegypti larvae (Boonserm et al., 2004). A protease-resistant fragment of 65-kDa Cry4Aa-
R235Q protein was produced after trypsin digestion and was subsequently crystailized
(Boonserm et al., 2004). The disordered density in this region may be due to the highly

conformational flexibility of this loop rather than being cleaved by trypsin.
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