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Figure 1. Crystals of Cry4Aa. Plate-shaped crystals (0.15 x 0.15 x 0.005 mm) can be seen

in the crystatlization drop.



Table 1.

Data collection statistics

Values in parenthesis are for the highest resolution shell (3.05-2.95 A).

Space group

Unit cell parameters (A)

a
b

¢

Resotution range (A)
Mosaicity (%)
Measured reflections
Unique reflections
Data redundancy
Completeness (%)

Average I/o(l)

Rmerge.[- (%)

222,

91.20

202.07

98.73
20.0-2.95
0.5

138542 (13838)
19646 (1896)
7.1 (7.3)

100.0 (100.0)
158 (3.7)

13.4 (47.4)

T Rnerge (%0) = (Z | L- | /Z5) % 100, where ; is an individual intensity observation, {J) is the mean

intensity for that reflection and the summation is over all reftections.
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Optimised expression in Escherichia coli and purification of the
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‘Abstract

Achieving high-level expression of the Bacillus thuringiensis Cry4dAa mosquito-larvicidal protein was demonstrated. The 130-kDa
CrydAa protoxin was overexpressed as an inclusion body in Escherichia coli under the control of the fac promoter together with the
cryd Bu promoter. The solubility of the toxin inclusions in carbonate buffer, pH 10.0, was markedly enhanced at a cultivation temper-
ature of 30 °C. Elimination of the tryptic cleavage site at Arg-235 in the loop between helices 5 and 6 still retained the high-level tox-
licity of E. coli cells expressing the Cry4Aa mutant against Aedes aegypti larvae. Trypsin digestion of the R235Q mutant protoxin
produced a protease-resistant fragment of ca. 65 kDa. A homogeneous product of the 65-kDa trypsin-treated R203Q protein was
ebtained after size-exclusion chromatography that would pave the way for the further crystallisation and X-ray crystallographic

studies.
© 2004 Published by Elsevier Inc.

Kevwords: Bacilfus thuringiensis; Toxin-inclusion; Interhelical cleavage; Larvicidal activity, Mutagenesis; Size-exclusion chromatography

During sporulation, the Gram-positive spore-forming
hacterium Bacillus thuringiensis (Bt} produces highly
ipecific insecticidal erystal proteins known as d-endotox-
Ins [1} which are classified into two main families, Cry
and Cyt -endotoxins, based on their deduced amino
ucid sequence similarity [2,3]. The Cry toxins have been
thown to be toxic towards a wide variety of insect larvae
It the orders Diptera, Lepidoptera, Coleoptera, and
Hymenoptera [1.4]. The native Bz 8-endotoxins are syn-
thesised as inactive protoxins deposited in the form of
parasporal crystalline inclusions which are soluble under
ukaline conditions. After ingestion by susceptible insect
lervae, the toxin inclusions are e¢xposed to the larval
midgut lumen that is highly alkaline in a number of dip-
gran and lepidopteran insects (for reviews, see [L4]).
The liberated soluble protoxins are then processed by
lirval midgut proteases to yield the toxic fragments. For
everal Cry toxins, it has been shown that the activated

. " Corresponding author. Fax: +662-441-9906.
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toxins bind to specific receptors on the brush-border
membrane of midgut cpithelium. A subsequent confor-
mational change allows the insertion of their pore-form-
ing portion into the cell membrane to form ion-leakage
pores. These leakage pores cause the target midgut cells
to swell and lyse by colloid-osmotic lysis [5], resulting in
extensive damage to the midgut and eventually larval
death (for reviews, see [6,7]). However, the precise mech-
anism of toxic activity at the molecular level of the Cry
toxins is still not completely elucidated.

The Bt Cry protoxins can be categorised into two
groups based on their molecular masses. It has been
shown that approximately half of the larger protoxins
{120-140kDa) is removed from the C-terminus during
proteolytic activation in vitro, leaving the N-terminal
half (ca. 65kDa) as the toxic component. Activation of
these protoxins is also accompanied by removal of
approximately 30 residues from the N-terminus [8]. The
smaller Cry protoxins (ca. 70 kDa) undergo little or no
proteolysis at their C-termini, but appear to be cleaved
to a greater extent than the larger Cry toxins at the
N-termini where about 50 residues are removed [9,10].
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To date, the X-ray crystal structures of several Cry
toxins, CrylAa [8), CrylAc[11,12], Cry2Aa [10], Cry3Aa
9], and Cry3Bb [13], have been elucidated, leading to a
better understanding of the molecular basis of insect
specificity and gut epithelial cell lysis. Although these
Cry toxins show different insect specificities, they all
share the similar overall tertiary structure of the three-
domain organisation. The N-terminal domain I, a seven-
helix bundle, has been shown to be respensible for
membrane insertion and pore formation [14-17].
Domain 11 is composed of three anti-parallel B-sheets,
each terminating in a loop at the bottom of the domain.
This domain has been demonstrated to participate in
yeceptor binding and hence is involved in insect specific-
ity [18~21]. The C-terminal domain I1I is a sandwich of
two anti-parallel §-sheets. The exact role of this domain
15 still unclear although it has been implicated in struc-
tural integrity of toxin molecules [9], membrane perme-
abilisation [22] or receptor recognition [23,24].

Of particular interest among bacterial insecticides, Bt
subsp. israelensis (Bti) has been widely used in control of
tisease-carrying insects, l.e., mosquitoes and blackflies.
This bacterium produces at least four major insecticidal
erystal proteins, Cry4Aa, Cry4Ba, CryllAa, and
Cytl Aa, which are highly specific to such dipteran larvae
[1). Among these Bti toxins, Cry4Aa, and Cry4Ba (both
of ca. 130kDa) are most closely related since the C-ter-
minal regions of their deduced amino acid sequences (ca.
465 residues) are nearly identical and their N-terminal
portions share about 55% amino acid scquence similar-
ity [25,26]. Interestingly, the Cry4Ba protein exhibifs
highly toxic activity towards mosquito larvae of the gen-
gra Aedes and Anopheles but has no significant activity
against Culex larvae, whilst the Cryd4Aa protein shows
high toxicity against all three genera [27]. In addition,
‘there is evidence of synergism in vivo between these two
toxins against Culex, Aedes, and Anopheles larvae [27].
However, the precise mechanism of the synergistic inter-
actions is still unknown. We have recently published
three-dimensional models for the 65-kDa-activated
CrydAa and Cry4Ba toxins which were consiructed by
homology modelling based on atomic coordinates of the
Cryl Aa and Cry3Aa crystal structures [28]. 1t can there-
fore be expected that the information of the protein
structures of Cry4Aa and Cry4Ba would provide consid-
erable insight into their insecticidal function, synergistic
mechanism and also facilitate the genetic improvements
of toxin activity via protein engineering.

Previously, protein crystallisation and X-ray diffrac-
lion studies of the 65-kDa-activated Cry4Ba toxin were
reported [29). In the present study, the high-level produc-
tion of the Cry4Aa mosquito-larvicidal protein was
achieved when the erydAa gene was expressed under the
tontrol of dual promoters (P, and P45, in E. cofi. In
wldition, the experimental procedures for obtaining a
Ihighly purified protease-resistant fragment representing

the 65-kDa Cry4Aa functional form were demonstrated
that would facilitate protein crystallisation and X-ray
crystallographic analysis of this toxin,

Materials and methods

Plasmids and construction of a trypsin-site deletion
mutant

The 3.65-kb DNA fragment of the full-length gene
encoding the 130-kDa CrydAa toxin was amplified via
polymerase chain reaction (PCR) from the pMUS500-1
recombinant plasmid [30]. By using a PCR-based splic-
ing by overlap extension (SOE) technique [31], the 160-
bp PCR-amplified fragment of the 5-untranslated region
containing the endogenous Bti-cryBa promoter and the
Shine-Dalgarno (8D) sequence for the ¢ry4Ba gene (see
Fig. 1) from the pM U388 recombinant plasmid [32] was
fused in-frame with the ATG codon of the crydda
structural gene from the former PCR-amplified frag-
ment. SOE amplification was performed using the pUC
universal forward primer 5-TTGTGAGCGGATAA
CAATTTC-3 and the pUC universal reverse primer
5“GTTTTCCCAGTCACGACGTTGTA-Y, incorpo-
rating BamH] and Safl sites on the 5’ and 3’ ends of the
SOE product, respectively. The fusion DNA fragment
was, respectively, treated with BamHI, Klenow blunting
fragment and S/, and was subsequently inserted into
the Safl and Klenow-blunted EcoRI sites of the pMExS8
expression vector [33]. The resultant plasmid, pMEx-
B4A (see Fig. 1), was used as a template for generating a
trypsin-site deletion mutant using a pair of mutagenic
oligonucleotides [forward primer, 5-TAAAAAACAAT
CAACAATTCGATTATCTAGAGCCTTTGC-3 and
reverse primer, 5-GCAAAGGCTCTAGATAATCGA
ATTGTTGATTGTTTTTTA-Y (bold letters indicate
changed nucleotides and underlined bases indicate an
Xbal restriction site)] which were purchased from Prol-
igo (Singapore). The trypsin site was eliminated by
replacing Arg-235 with glutamine by using Pfu DNA
polymerase via polymerase PCR-based mutagenesis
(QuickChange Mutagenesis Kit. Stratagene). Selected
clones with the required mutation were first identified by
restriction endonuclease digestion of the plasmids and
then verified by DNA sequencing, using a BigDye Ter-
minator Cycle Sequencing Kit (Perkin—Elmer).

Toxin expression and inclusion solubilisation

Escherichia coli JIM109 clones harbouring the wild-
type plasmid or its mutant were grown at either 30°C or
37°C in a Luria—Bertani medium containing 100 pg/ml
ampicillin until ODgy, of the culture reached 0.3-0.5.
Protein expression was induced with isopropyl-p-p-
thiogalactopyranoside (IPTG) at a final concentration
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Fig. 1. Schemaltic map of the pMEx-B4A plasmid. This recombinant plasmid was constructed as described in the text and used for overexpressing the
iryd Au gene under control of the tae promoter (P,,.) and the cry4Ba regulatory region. The nucleotide sequences of the regulatory region {expanded
wiew at the top of figure) are shown with the SD sequence (bold letters) and the putative o® regulon (underlined letters) as very similar to the B. sub-
sifiy o regulon [37]. Apip? indicates the ampicitiin resistance gene. For clarity, not all of the restriction endonuclease sites are shown.

wf 0.1 mM for 10 h and subsequently analysed by sodium
todecyl sulphate-{10% wiv) polyacrylamide gel electro-
wphoresis (SDS-PAGE). E. coli cultures, which overex-
press the CrydAa wild-type or mutant toxins as
sytoplasmic inclusions, were harvested by centrifugation
and resuspended in cold distilled water. Cells were then
disrupted by using a French Pressure Cell at 10,000 psi.
Afier centrifugation at 8000g, 4°C for 15 min, the pellets
were washed 3 times in cold distilled water and sus-
"fended by sonication. Protein concentrations of the par-
dal-purified inclusions were determined by using a
protein microassay reagent (Bio-Rad), with a bovine
serum albumin fraction V (Sigma) as a standard. Inclu-
sions (1-2 mg/ml) were solubilised by incubation at 37°C
jor 1 hin 50 mM Na,CO,, pH 10.0. Solubilised protoxins
were then separated from insoluble materials by centri-
fugation at 12,000¢ for 15 min.

Proteolytic activation and active-toxin purification

The 130-kDa solubilised Cryd4Aa protoxins werc
mixed with trypsin (L-1-tosylamide-2-phenylethyl chlo-
ssmethyl ketone treated, Sigma) at an enzyme:protoxin
sitio of 1:10 (w/w) and incubated at 37°C for 16h. The

proteolytic reaction was then stopped by adding 1 mM
tosyl-lysine chloromethyl ketone (TLCK). After being
examined by SDS-PAGE in comparison with the solubi-
lised protoxin fraction, the trypsin-activated fraction
was concentrated by ultrafiftration at 4 °C using a Cen-
triprep column (30-kDa cutoff, Amicon) and further
purified by a size-exclusion FPLC system (Superdex 200,
Amersham-Pharmacia Biotech) with a linear gradient of
50mM Na,CO,, pH 10.0, at a flow rate of 0.4ml/min.
Eluted fractions across the 65-kDa protein peak were
pooled and concentrated to 3-5mg/m! by ultrafiltration
as described above.

Larvicidal activity assays

Bioassays for mosquito-larvicidal activity were per-
formed as previously described [34], using 2-day-old
Aedes uegypti larvae (hatched from eggs supplied by the
mosquito-rearing facitity of the Institute of Molecular
Biology and Genetics, Mahidol University, Thailand).
Both rearing and bioassays were carried out at room
temperature (25 °C). The assays were done in 1 ml E. coli
suspension (10%cells suspended in distilled water) in a
48-well titration plate (11.3-mm well diameter, Costar,



b |

400 P. Boonserm et al. | Protein Expression and Purification 35 {2004) 397403

USA), with 10 larvae per well and a total of 100 larvae
for each type of E. coli sample. E. coli cells containing
the pMEx8 vector were used as a negative control. Mor-
tality was recorded after 24-h incubation period.

Results and discussion

Previously, we have demonstrated that the high-lfevel
expression of the cloned cry4Ba gene in E. coli was
driven by both the endogenous Bti promoter (located
within the 160-bp 5-upstream region) and the facZ pro-
moter of the pUCI12 vector, yielding a cytoplasmic inclu-
sion of the 130-kDa Cry4Ba protoxin [32]. On the other
‘hand, the closely related At toxin, ie., the 130-kDa
' CrydAa mosquito-larvicidal protein, was produced at
lower amounts in a soluble form, despite the fact that its
expression is also under the control of the lacZ promoter
in the same plasmid vector and organism [30]. In this
study, an initial attempt was made to construct a fusion
DNA fragment in which the 160-bp ¢ry4Ba regulatory
fragment containing both the SD sequence (GGAGG)
and the putative Bti-¢” regulon (see Fig 1) was fused in-
frame with the translation start codon of the crydda
structural gene segment. The cry4Ba regulatory region
-was found to significantly increase the expression of the
' 130-kDa Cryd4Aa protein in E. coli cells regardless of
‘whether 1t 1s expressed in an expression (pUC12) or non-
‘expression (pUNI121) vector (data not shown). Despite
higher protein production, the expressed Cry4Aa pro-
loxin under regulation of the lacZ promoter together
‘with the ¢rp4 Ba regulatory element was retained mainly
in the soluble fraction. To improve the level of CrydAa
‘expression that would lead to a toxin-inclusion forma-
tion, the fusion DNA fragment which contains the
\ery4 Ba regulatory region and the erp4.4a structural gene
‘was therefore subcloned into the pMEx8 vector under
-control of the stronger promoter (P,,.). It was found that
'E_ coli cells harbouring the resultant recombinant plas-
‘mid (pMEx-B4A) were able to express the 130-kDa
Cryd4Aa toxin almost exelusively as a sedimentable inclu-
iiion body upon IPTG induction (Fig. 2, lanes 1 and 3).
' This indicates that the strong inducible rac promoter
together with the crydBa regulatory element could con-
‘fer the high-level expression of the Cry4Aa protein, lead-
ing to the formation of a toxin inclusion.

Dissimilar to the Cry4Ba protoxin inclusion, the
CrydAa inclusion isolated from the E. coli cultures that
\were grown at 37 °C was found to be scarcely solubilised
in the carbonate buffer, pH 10.0 (Fig. 2, lane 2). At this
stage, the reason for this difference in solubility in vitro
between these two closely toxin inclusions s not clear
snd no definitive correfation has been currently estab-
lished between the amino acid sequence of a protein and
ils propensity to form an insoluble aggregate in vivo,
Nevertheless, it was interestingly found that the solubil-
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Fig. 2. Coomassie-stained SDS-PAGE (12% gel) showing protein solu-
bility of the partially purified Cryd4Aa toxin inclusions extracted from
E. coli cultures grown at 37 °C (lanes | and 2) and at 30°C (lanes 3 and
4). Solubilisation was carried out in carbonate buller, pH 10.0, for 1 h,
Lanes 1 and 3, the total inclusion fractions; lanes 2 and 4, an equivalent
amount of the supernatant containing the 130-kDa solubilised protox-
ins after centrifugation. M indicates motecular mass standards.

ity of the Cry4Aa inclusion was enhanced by approxi-
mately 60- 70% when cultivation was at 30°C, albeit a
lower-level expression (Fig. 2, lane 4). This implies that
decreasing the growth temperature would reduce the
rate of protein synthesis which should disfavour misfold-
ing of the Cry4Aa toxin. Protein misfolding can be
attributed to the intracellular concentration of aggrega-
tion-prone intermediates that would consequently affect
inclusion body formation as demonstrated by a drasti-
cally perturbed dissolvability of the Cry4Aa toxin inclu-
sion produced from the cultivation at 37°C.

As previously demonstrated, both the 130-kDa
Cry4Aa and Cry4Ba toxins were cleaved by trypsin into
ca. 20- and 47-kDa fragments, in addition to the removal
of the C-terminal half of the protoxins [27,35]. These two
trypsin-resistant fragments were produced by the cleav-
age at Arg-235 and Arg-203 located in the exposed loop
connecting helices 5 and 6 within the pore-forming
domain of Cry4Aa and Cry4Ba, respectively. These two
fragments were also found associated to each other under
physiological conditions [27.35]. Additionally, alanine
substitution of Arg-203 resulting in blocking the tryptic
cleavage site of the Cry4Ba toxin was previously shown

Table |

Larvicidal activity of E. colf cells expressing CrydAa or its mutant
E. coli clones containing Percent
plasmids mortatity + SEM?
pMEx8 (negative control) 1.7£03
pMEx-B4A (wild type) 91.34£03

R235Q 89.7+1.2

“The dala represent means = SEM (standard error of the mean)
based on three independent experiments.
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fig. 3. Coomassie-stained SDS-PAGE (12% gel) showing proteolytic
fuocessing of Cryd4Aa and its mutant (R235Q). M, moiecular mass
flindards; lanes | and 2, the 130-kDa protoxin of R235Q mutant and
i 65-kDa mujor trypsin-activated product, respectively; and lanes 3
jmd 4, the 130-kDa protoxin of wild-type Cry4Aa and its trypsin-acti-
tited products, respectively.

to increase the larvicidal activity at least twofold [35,36].
Here, the same PCR-based mutagenesis strategy was
employed to eliminate the interhelical cleavage of the
Cry4Aa toxin by mutating Arg-235 to glutamine. Upon
IPTG induction at 30°C, the R235Q mutant was pre-
dominantly produced as a sedimentable inclusion body
and the protein expression level was comparable to that
of the wild-type toxin, In addition, the purified mutant
inclusion was found to be soluble in carbonate buffer, pH
10.0, giving ca. 70% solubility which resembles the wild-
type inclusion under similar conditions {(data not shown).

When E. coli cells expressing the mutant toxin were
tested for toxicity against 4. aegypti larvae, the mortality
data recorded after 24-h incubation revealed that the
R235Q mutant still retained high larvicidal activity simi-
lar to that of the wild type (Table I). This indicated that
the trypsin-site mutation had no adverse effect on the
Cryd4Aa toxin toxicity. The 130-kDa solubilised mutant
protoxin was also assessed for its proteolytic stability by
digestion with trypsin and found to produce a major
trypsin-resistant fragment of 65 kDa (Fig. 3). Upon puri-
fication using size-exclusion FPLC, the 65-kDa fragment
was eluted from the column in the peak corresponding
to the eluted fractions of the 67-kDa BSA protein
marker, indicating that it exists in a monomeric form. As
assessed by SDS-PAGE (see Fig. 4), high purity of the
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65-kDa CrydAa-R235Q protein was obtained after size-

“exclusion chromatography that would be favourable
for subsequent crystallisation. Recently, the 68-kDa
chymotrypsin-activated Cry4Ba toxin was successfully
erystallised and well-formed crystals difiracted X-rays to
1.75A resolution [29). By analogy with the previous
study, attempts will be undertaken to promote crystal
formation of the 65-kDa trypsin-activated Cryd4Aa
R235Q protein for further structural and functional
analysis of this mosquito-larvicidal toxin.
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Crystallization and preliminary crystallographic
study of the functional form of the Bacillus
thuringiensis mosquito-larvicidal Cry4Aa mutant

toxin

The 65 kDa functional form of the mosquito-larvicidal CrydAa-
R235Q mutant toxin has been crystallized. The crystals belong to
space group C222,, with unit-cell parameters a
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N2 b=2021,

¢ = 987 A, and contain one molecule per asymmetric unit. The
crystals diffract to ~2.9 Aus'mg 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 protein

as a search model.

1. Introduction

During  sporulation, the Gram-positive
bacterium Bacillus thurigiensis (Bt} expresses
insecticidal crystal proteins known as d-endo-
toxins, which are grouped into two major
families: Cry and Cyt §-endotoxins (Crickmore
et af, 1998). Depending on the bacterial
isolates, these crystal proteins are toxic
towards a variety of insect larvae of the orders
Lepidoptera (moths and butterflies), Diptera
{mosquitoes and blackflies), Coleoptera
(beetles and weevils) and Hymenoptera (wasps
and bees) (Schnepf et af, 1998). Bt §-endo-
toxins are synthesized as inactive protoxins
that are processed by larval midgut proteases
into their active form. The activated toxin then
binds to a specific receptor on the midgut
epithelial cells and inserts into the cell
membrane. creating ion-leakage pores that
cause cell swelling and eventually cell death by
colloid osmetic lysis {Knowles, 1994).

Several three-dimensional crystal structures
of Cry é-endotoxins, namely Cry3Aa (Li ef al.,
1991), CrylAa (Grochulski er al, 1995),
CrylAc {Li et af., 2001), Cry3Bb (Galitsky er
al, 2001} and Cry2Aa (Morse e al., 2001), have
been clucidated. Recenily, the crystallization
of the 68 kDa active fragment of the dipteran-
specific CrydBa was reported (Boonserm er o/,
2003). Active Cry toxins {(60-70kDa) are
composed of three globular domains: a helix
bundle (domain 1), a domain containing anti-
parallel S-strands with a Greek-key topclogy
(domain I} and a fB-sandwich with jelly-roll
topology (domain HI). Since the N-terminal
domain 1 contains amphipathic a-helices
surrcunding a central hydrophobic a-helix that
is long enough to span a lipid bilayer, it was
proposed that after a farge conformational
chanpe this domain could insert into the
membrane of the host cell to form a pore (Li ef
al., 1991; Grochulski et al., 1995). This predic-
tion was subsequently validated by expressing

isolated domain [ fragments or synthetic
helices that were shown to penetrate the
membrane and form ion-permeable pores
(Walters et al,, 1993; Von Tersch ef al., 1994;
Gazit er al., 1998; Puntheeranurak ef al., 2004).
Domain II plays a role in binding to receptars
at the surface of the insect midgut. Site-
directed mutagenesis targeting three exposed
loops at the apex of domain II identified the
residues that were involved in receptor binding
of several insect species (Smedley & Ellar,
1996; Rajamohan er al., 1996; Jurat-Fuentes &
Adang, 2001), suggesting a role of these loop
regions as the primary determenant of insect
specificity. The C-terminal domain 111 could be
involved in preserving the structural integrity
of toxin molecules {Li e af.,, 1991), in deter-
mining specificity (Lee ef af,, 1995; Burton e
al, 1999) and in the regulation of ion-channel
activity (Chen et al., 1993; Wolfersberger ef al.,
1996; Schwartz er af., 1997).

Bacillus thuringiensis subsp. israelensis {Bti)
is highly toxic towards the larvae of Aedes,
Culex and Anopheles, which are vectors of
dengue fever, filariasis and malaria, respec-
tively (Roberts, 2002} This bacterium
preduces four major insecticidal proteins:
CrydAa, CrydBa, CryllAa and CytlAa
{Schnepf ef al, 1998). Of these, Cry4Aa and
Cry4Ba are most closely related, with about
55% sequence similarity. Although both
proteins are toxic towards mosquito larvae,
their level of toxicity towards the various
mosquito species vanes. In the absence of an
experimental  three-dimensional  structure,
putative loop residues from CrydAa (specific
against Culex and to a lesser exteni Aedes
larvae) were exchanged with the corre-
sponding residues from CrydBa (specific
against Aedes and Anaopheles larvae).
Exchanging loop 3 of domain II resulted in a
significant increase of toxicity towards Culex,
with no significant decrcase towards Aedes
larvae (Abdullah er af., 2003). It was reported
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that both CrydAa and CrydBa protoxins
were cleaved by trypsin into fragments of
ahout 20 and 45 kDa, in addition to the
removal of the C-terminal half of the toxins
(Yamagiwa er al, 1999, Angsuthanasombat
etal., 1992). These fragments were produced
by trypsin cleavage at Arg235 and Arg203
of CrydAa and Cry4Ba, rtespectively. As
previously reported, alanine substitution of
Arp203, resulting in blocking the tryptic
cleavage site of CrydBa, was shown to
increase  larvicidal activity (Angsuthana-
sombal er af., 1993; Abdullah er af, 2003).
Additicnally, elimination of the tryptic
cleavage site at Arg235 by glutamine
substitution {R235Q) led to retention of the
high-level 1oxicity of the CrydAa mutant
against Aedes acgypti larvae, indicating that
the trypsin-site mutation had no adverse
effect on the CrydAa toxin toxicity (Boon-
serm ef al., 2004).

Given the widespread emergence of
resistance towards conventional pest-control
agents, bacterial Cry proteins are of great
interest for the development of new specific
bio-insecticides. Thus, the availability of
experimentally determined three-dimen-
sional structures will be of great use in order
to help in the the design of rationally
modified toxins with ahered specificity and
improved potency. Here, we report the
purification, crystalfization, data collection
and structure determination of the CrydAa-
R233Q active mutant from B1i.

2. Materials and methods
2.1. Protein expression and solubilization

Escherichia coli IM109 cells harbouring a
single amino-acid CrydAa mutant {see §3.1
below) were grown at 303 K in Luria—
Bertani medium  containing 100 pug mi™!
ampicillin until the ODgy of the culture
reached 0.3-0.5. Protein expression was
induced  with  isopropyl-f-p-thiogalacto-
pyranoside (IPTG) at a final concentration
of .1 mM for 10h and the culture was
malysed by sodivm  dodecyl sulfate-
10%(wiv) polyacrylamide gel electrophor-
Cesis {SDS-PAGE). E. coli cullures over-
expressing the Cry4Aa single amino-acid
mutant toxin as cytoplasmic inclusions were
harvested by centrifugation and  resus-
pended in cold distilled water. The ceil
simpension was  then disrupted using a
French pressure cell at 69 MPa. After
cenirifugation a1 8000y at 277 K for 15 min,
tie peliets were washed three times in cold
distilled water and resuspended by sonica-
ton. The protein concemirations of the
partially purified inclusions were deter-

mined using a protein microassay reagent
(Bio-Rad}, with bovine serum albumin
fraction V {Sigma) as a standard. Inclusions
al a concentration of about 2 mg ml™" were
solubilized by incubation a1 310 K for 1 h in
50 mM Na,CO; pH 10.0. Solubilized pro-
toxins were then separated from insoluble
materials by centrifupation at 12 000g for
15 min.

2.2. Proteolytic activation and active-toxin
purification

The 130 kDa solubilized Cry4Aa pro-
toxins were mixed with trypsin (e-1-tosyl-
amide-2-phenylethyl chloromethyl ketone-
treated, Sigma) at an enzyme:protoxin ratio
of 1:10{w/w) and incubated at 310K for
16 h. Proteolysis was stopped by adding
1 mM tosyl-lysine chloromethyl ketone
(TLCK). After analysis by SDS-PAGE, the
trypsin-activated fraction was concentrated
at 277 K using a Centriprep ultrafiltration
device with a 30kDa molecular-weight
cutoff (Amicon). The protein was further
purified by size-exclusion chromatography
on an FPLC system (Superdex 200, Amer-
sham Pharmacia Biotech} in 50 mM Na,CO;
pH 10.0 at a flow rate of 0.4 ml min~". Under
these conditions, the 65 kDa CrydAa toxin
elutes as a monomer, as shown by using BSA
{67 kDa) as a wmarker. Eluted fractions
containing the proteins were pooled and
concentrated to 3-5 mg ml™" by ultrafiltra-
tion as described above.

2.3, Crystallization and data collection

Crystals were grown using the hanging-
drop vapour-diffusion technique. 5 pl preci-
pitant solution was mixed with an equal
volume of purified CrydAa at a concentra-
tion of 3-5 mg ml™". The drop was equili-
brated against a reservoir containing 1 ml of
the precipitant solutien at 296 K. The puri-
fied protein in 50 mM Na,CO,; pH 10.0 was
first mixed with solutions of 0.1 M Tris-
acetate at pH values of between 7 and 9.
Several precipitants, including salts, various
molecular-weight  polyethylene  glycols
{PEG), glycerol and 2-methyl-2,4-pentane-
diol {MPD), were tested. However, crystals
only appeared in the conditions containing
salts. Clusters of needle-like crystals were
found in 0.F M Ths-acetate pH 7.0 and 0.3-
0.4 M Li;SO,. Microcrystals appeared after
two weeks in 0.1 M Tris—acetate pH 7.0 and
0203 M LiCl. However, in both cases
crystals were too small and too poorly
ordered for X-ray diffraction studies. Clus-
ters of thin plate-shaped crystais were
successively obtained using a protein
concentration greater than Smgml™ in

precipitant solution contzining 0.1 M Tris—
acetate pH 7.0 and (.2-0.3 M KH,PO,. This
condition was optimized by lowering the
protein concentration lo 3-5 mg ml™".

For data collection, crystals were soaked
briefly in a cryoprotectant solution con-
taining  20%  2-methyl-2,4-pentanediol
(MPDY), 10% polyethylene glycol (PEG)
400 and 0.1 M Tris-acetate and 03 M
KH,PO,pH 7.0 before being mounted in a
cryoloop and cooled to 100K in a
nitrogen-gas stream {Oxford Cryosystems).
Measurements were made at an X-ray
wavelength of 0.976 A at ESRF beamline
ID29 with an attenuated beam of dimen-
sions 0.1 x 0.1 mm. Diffraction intensities
were recorded on an ADSC Quantum 1V
CCD  detector. The crystal-to-detector
distance was set to 250 mm and the oscilla-
tion angle for each of the 180 images
recorded was 1°. Integration, scaling and
merging of the intensities were carried out
using MOSFLM (Leslie, 1992} and SCALA
from the CCP4 suite (Collaborative
Computational Project, Number 4, 1994).
Molecular replacement was carried out
using AMoRe (Navaza, 1994).

3. Results and discussion
3.1. Protein activation and purification

It has been reported that the CrydAa
protoxin is processed into two protease-
resistant fragments of 20 and 45 kDa by the
intrarmolecular cleavage of a 65 kDa inter-
mediate and that these two fragments need
to associate to cxert toxicity (Yamagiwa ef
al., 1999). The cleavage site is after Arp235
(Angsuthanasombat ef al., 1993). We have
recently investigated the effect of intra-
molecular cleavage on the toxicity of the
Cry4Aa toxin by constructing a Cryd4Aa
single amino-acid mutant (R235Q) that is
devoid of this internal cleavage site and is
thus resistant to proteolysis (Boonserm ef
al., 2004). The R235Q single mutant still
retains high toxicity towards Aedes aegypli
larvae al a level comparable 10 that of the
wild type (Boonserm ef af., 2004), indicating
that the mutation at this trypsin-cleavage
site has no adverse cffect on the CrydAa
toxicity. The active R235Q mutant of
CrydAa was used for the present crystallo-
graphic study. After trypsin treatment of the
R235Q active mutant, a2 major proteolytic
fragment of 65 kDa was obtained that was
resistant to further proteolysis. N-terminal
amino-acid sequencing after trypsin activa-
tion indicated the first residue to be Gin5,
which is putatively located before helix 1in
domain 1 on the basis of a sequence align-
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Table 1
Dauta-callection stalistics,

Walues in parentheses ate for the highest resoluiion shell
{3.05-295 A).

Space group i &2z,
Unit-cell parnmeters {A)

d .20

b 007

£ - 98,73
Resolution range {A) 200-295
Moxaicity () 05

Measured reflections 138542 (13838)

Unigue reflections 19646 (1896}
Dati redundancy 7.1 (73
Compleieness (%) 1000 (100.0)
Average Notl) 158 (3.7)
Ruserge (%)t 13.4 {47.4)

V Wi = (0 18 = (D1 X 4 = 100, where £, is an individial
imensity observation, (/) is the mean wilensity far thal
refleerian and the summation s over all reflections

menl with Cey3Aa, The trypsin-activated
65 kDa fragment was purified by gel filira-
ron for subsequent crystallization trials.

3.2. Crystallization and data coflection

The 68kDa  chymolrypsin-activated
CrydBa toxin bhas been crystaliized
previously and well ordered crysials

diffracting X-rays to 1.75 A resolution were
obtained {Boonserm ef af.. 2003). A sirnilar
approach was used in tThe presenl study to
promote the crystal growih of the CrydAa
toxin. Salis were cffective precipitants and
plate-shaped crystals of CrydAa with
approximate dimensions of 0.15 x 0.15 %
0.005 mm (Fig. 1) were obtained using 0.1 M
Tris-acetate pH 7.0 and 0.2-0.3 M KH,PO,
as precipitants.

One such crystal was used to obtain a
100% complere native dala set to 2.05 A
resolution. Data-collection  siatistics  arc
sumnmarized in Table 1. Assuming the
presence of ome CrydAa molecule per
asymmelric unil, Ihe value of Vi (Malthews,

el

Figure 1

Crystals of CrydAa. Plate-shaped crystals (015 »
0.15 = 0,005 mm) can be seen in the crystallizanon
drap,

1968) is 3.60 A*Da™!, giving a solvent
content of 65%.

3.3. Solution of the structure

A preliminary model of the structure was
found by molecular replacement using lhe
program AMoRe (Navaza, 1994). The rota-
tien-function calculation was performed in
the resolution range 20.0-4.0 A using the
Cry4Ba rcfined crystal struclure as the
search model {Li, 2004) and a Patterson
integration radius of 30 A. This model
returned a weakly contrasted solution wilh 2
correlation  cocfficient for the structure-
factor amplitedes of 0.160 (0.152 for the
second highesi solution) and a value of 0.27
for the intensities (0.24 for the second
highest solution). This solution cousistently
appears as the first when varying the
Patterson integration radius belween 30 and
35 A. The search model was then placed in
the wunit cell wvsing the Crowther-Blow
transiation function with data beiween 9.0
and 4.0 A reselulion. This mode) returned a
solution with a correlation coefficient of
0.157 and an R factor o€ 49.8% {Q.117 and an
R facior of 51.0% for the second highest
peak). As a control, a syslemaiic search
using the Crowther-Blow Lrapslation func-
tion was carricd out for the first 50 inde-
pendent peaks of the rowation function in
¢ach of Lhe space groups (222 and C222,.
This search unambigucusly returmned the
same solution for space group (222, with
the same relatively weak but significant
conirast’ as stated above. This result is
consistent wilth 1he Jow sequence identily
between the search model Cry4Ba and
CrydAa (35.6% for 516 aligned positions).

Rigid-body refinement yielded a corvela-
lion coelficient of 0.17 and an R factor of
49.6% for 7201 reflections between 9.0 and
4.0 A resolution. Examination of the crystal
packing did not Feveal any steric hindrance
from symmeiry-related molecules. 117)
reflections randomly chosen between 20 and
2.9 A (5% of the data) were sel aside to
monilor the progress of the refinemem,
Further refinement with each of the three
protein domains lreated as three indepen-
dent rigid bodies followed by one cycle of
molecular dynamics in torsion-angle space
was carried outl using CNS (Brlinger et al.,
1998). This refinement returned an overall R
factor of 34.1% for 13814 reflections
between 20 and 3.24 A resolution and an
Rpee of 47.7%. Electron-densily maps
generated with phases from the partial
model (516 residues) show severul features
compatible with the pattern of insertions
and deletions as well as amino-acid substi-

tutions between CrydAz and Cry4Ba.
Refinement of the structure is now in
progress using manual model building with
the program O (Jones er af, )991} inter-
spersed with cycles of electron-densily map
impravement and refinement  with Lhe
programs ARFP/WARP, CNS and REFMAC
from the CCP4 program suite {Collubora-
tive Computational Project, Number 4.
1994). The current values for the R faclor
angd Ry are 24.1 and 29.3% for all data in
the resalution range 7-2.9 A.
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