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Abstract

Bacillus thuringiensis Cry S-endotoxins have been demonstrated to act by forming a Iytic
pore in midgut epithelial cell membranes of the susceplible insect larvae. Previously, we have
employed single proline substitutions and demonsirated that o4 and a5 within the pore-forming
domain of the 130-kDa Cryd4Ba toxin are importan! determinants of toxicity against Aedes
aegypli mosquito-larvae, likely being involved in membrane-pore formation. Further analysis by
charged-to alanine scanning mutagenesis revealed a crucial role in toxin activity for fhe
positively charged side chain of arginine-158 in helix 4. In this report, an analogous effect on
larvicidal activity was also observed for Arg-138 in helix 4 of the 65-kDa dipteran-specific
Cry11Aa toxin. Interestingly, further conversions of this critical arginine residue to the most
conserved residue lysine also abolished the Cry11Aa wild-type activity. For Cry4Ba, we have
further found that the larvicidak-inactive Arg-158 mutant toxins (R158A and R158K) showed a
decrease in ion-channel conductance in planar lipid bilayers (PLBs), suggesting that this
residue is conceivably involved in the passage of ions through the pore. Unrestrained molecular
dynamics (MD) simulations were performed with a modelled pore comprising 6 copies of the
Cry4Ba od-a5 hairpin or ts derivatives placed in solvated lipid membrane bilayers
(POPCiwater). The MD results suggested that mutations at the critical Arg-158 residue affect
structural integrity of the toxin-induced pore. The 1-a5 fragment of CrydBa was shown to form




cation-selective channels in PLBs, supporting thal this fragment constitules the region
responsible for pore-forming activity of the toxin. Directed mutations within the loop linking a4
and a5 of Cry4Ba were also performed and revealed that Asn-166, Tyr-170 and Giu-171 play a
erucial role in mosquito-larvicidal activity, especially polarity at position 166 and aromaticity at
position 170. A crucial role in toxin activity was also revealed for the conserved aromalic
residue at position 202 within the ad-a5 loop of the Cryd4Aa foxin. These results support the
notion thal an aromaltic structure of the highly conserved tyrosine residue within the a4-a5 loop
is an essential prerequisite for toxic action of the Cry d-endotoxins.

Keywords: Bacilius thuringiensis, -endotoxin, jon channel, larvicidal activity, mutagenesis
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Introduction

Bacillus thuringiensis (81 has been used successfully as an alternative insecticide for
biological control of disease veclors and other pests. During sporulation, different Bt strains
produce larvicidal proteins in large quantities as cyloplasmic crystaliine inclusions that are
specifically toxic to a variety of dipteran, lepidopteran and coleopteran insecl larvae [Aronson et
al., 1986, Schnepf et al., 1998]. These parasporal crystalline incluslons are composed of one
or more polypeptides of varying molecular mass that have been classified as Cry and/or Cyt &-
andoloxins according to the similarity of their deduced amino acid sequences [Hofte & Whiteley,
1989; Crickmore et al., 1998].

The general mechanism of gul epithelial cell disruption by the different Bt -endotoxins
is evidenced to be the formation of lylic pores in the susceptible insect membrane [Knowles &
Ellar, 1887]. 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. It is belleved that the
activated toxins then bind to midgut epithelial cells via specific receptors, and insert into the
microvillar membrane to form lon channels or leakage pores that cause cell swelling and
eventually death by colloid-osmolic lysis [see Knowles, 1994 for reviews]. However, an entire
characlerisation at the molecular level of the poresforming 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 four different Cry toxins, Cry1Aa [Grochulski et al,, 1985],
Cry2Aa [Morse et al., 2001], Cry3Aa [Li et al,, 1891] and Cry3Bb [Galitsky et al., 2001), raveals
Cry proteins consisting of three distinct domains, and it is believed that each domain has a
defined function including pore formation and receptor recognition. Domain | is a group of
seven o-helices in which the central helix (a5) Is relatively hydrophobic and encircled by six
other amphipathic helices. Domain |l Is the most variable part of the Cry toxin family and Is
composed of three anti-parallel f-sheets, each terminating In a surface-exposed loop. Domain
Il is e tightly packed fi-sandwich of two anti-paraliel 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 [Hofle & Whiteley, 1989; Li el
al, 1991]. Structurally, it Is Immediately apparent that domain | is likely to be the
transmembrane pore-forming apparatus. This domain contains five amphipathic helices (a3,
ad, a5, ab and a7) that are theoretically long enough to span the bilayer lipid membrane and
form a Wytic pore [Li et al, 1991). The possibility that this a-helical bundie in domain | is



essential for ‘pore formation is supported by the feature that it is highly conserved in all Cry

toxins [Hofte & Whiteley, 1988]. This notion |s supporied by several studies with truncated
proteins comesponding to domain | of Cry1Ac [Walters et al., 1984), Cry3B2 [von Tersch et al.,
1994] and Cry4Ba [Puntheeranuruk et al,, 2001]

Molecular mechanism of membrane insertion and pore formation of the Cry toxins is
now described in an ‘'umbrella’ model [Knowles, 1994). In this model, a4 and a5 form a helical
hairpin to Initiate membrane penetration upon specific receplor-binding in which structural
rearrangement of the toxin occurs.  Afler insertion of this hairpin, the other helices spread over
the membrane surface followed by oligomerisation of the toxin [Gazit et al., 1998; Guereca &
Bravo, 1999], resulting in formation of an initial tetrameric pore [Schwartz et al., 1997].
Currently, this model is supported by a number of experiments demonstrating a crucial role of
a4 and o5 in membrane penetration and pore formation of different Cry toxins [Cummings et
al., 1994; Schwartz et al., 1997, Gazit et al., 1998; Kumar & Aronson, 1999; Masson et al,,
1899; Nunes-Valdes et al., 2001]. Recent studies have clearly demonstrated that the helix 4-

icop-helix 5 hairpin is more active in membrane pensltration than each of the isolated helices or
their mixtures, consistent with its function as the membrane-inserted portion of the Cry toxins
[Gerber & Shai, 2000).

Experimental Procedures

Construction of Mutant Toxin Plasmids

In vitro site-directed mutagenesis was performed using a Quickchange PCR-based
mutagenesis kit (Stratagene) following the manufacturer's instructions. The ful-length gene
encoding the 65-kDa Cry11Aa toxin from the recombinant plasmid pBTCB8A (a generous gift of
Or. Wattanalai Panbangred, Department of Biotechnology, Mahidol University, Thalland) was
subcioned into the pMExB expression veclor [Buticher el al., 1990]. This resultant plasmid
(PME4D) and the plasmid pMU388 containing the fulllenglth co«B8s toxin  gene
[Angsuthanasombat et al, 1987] were used as a template. Complementary mutagenic
oligonucieotides were purchased from Prooligo Inc. (Singapore). All mutations were verified by
DNA sequencing using an ABI prism 377 sequencer.

Toxin Expression and Characterisation

The wild type and mutant toxin genes were expressed in £ colf strain JM108 under
control of the lacZ promoter. Cells were grown in LB medium plus 100 pug/mi of ampicillin until
ODggo reached 0.4-0.5 and incubation was continued for another 4 hrs after addition of IPTG fo




a final concentration of 0.1 mM. £ coff cultures expressing each mutant as inclusion bodies
were harvested by centrifugation, resuspended in 1 mi of distilled water and then disrupted in a
French Pressure Cell at 16,000 psi. The crude lysates were centrifuged al 8,000g for 5 min
and pellets obtained were washed 3 timas in distiled water,

Protoxin inclusions (1 mg/ml) were solubllised in 50 mM Na,CO,, pH 9.0 and incubated

at 37°C for 60 min as described previously [Angsuthanasombat et al., 1991), After
centrifugation for 10 min, the supernatants were analysed by SDS-15% (wiv) PAGE in
comparison with the inclusion suspension. The solubilised protoxins were assessed for thelr
proteolytic stability by digestion with TPCK treated) at a protoxin:trypsin ratio of 20:1 (wiw) for
16 hrs [Angsuthanasombat et al., 1991].

Toxin Purification via FPLC

E. cofi cells expressing the 130-kDa Cry4Aa toxin as a soluble form or the 130-kDa
CrydBa toxin as a cytoplasmic inclusion [Angsuthanasombat et al., 1987) were harvested by
cantrifugation, resuspended in distilled water and then disruptad in a French Pressure Cell at
16,000 psi. The crude lysates were centrifuged at 8,000g for 10 minutes and the supematant
containing the soluble Cry4Aa protoxin was collected for further purification via a size-exclusion
FPLC system (Superose 12 HR10, Amersham Blosclences Corp.) with a linear gradient of 10
mM sodium phosphate (NaH-PO,/ Na;HPO,) bufier, pH 9.0 at 0.5 mUmin. 1-ml fractions were
collected and analysed by SDS-15% whi polyacrylamide gel electrophoresis. The sediment
inclusions obtained from disrupted cells expressing Cry4dBa was washed 3 times in distilled
water. The inclusions (3 mg/mL) were solubilised in 10 mM sodium phosphate buffer, pH 9.0 at
37°C for 1 hour. Protein concentrations were determined by using a protein microassay (Bio-
Rad), with bovine serum albumin fraction V as a standard.

The FPLC purified CrydAa protoxin and the solubilised Cry4Ba protoxin were further
digested with trypsin (TPCK treated) al toxinienzyme ratio of 20:1 (wiw). Trypsin-treated
fractions were then purified on a size-exclusion FPLC system as described above.

Preparation of the a1-a5 Fragment

The 1—5 polypeptides were expressed as inclusion bodies produced from the cloned
af-as5 cydBa gene segment in E. coll They were partially purified as described earfier
[Puntheeranuruk et al., 2001). Since the a1-a5 fragment could not be solubliised in 50mM
Na,CO, buffer, pH 10.5, 50 mM Tris buffer, pH 8.8, was used. The solubilised protein was
passed through a Cenfricon-10 (Millipore, Billerica, MA, USA) for concenirating before injection
on a Superdex 200 FPLC column (Amersham Biosciences Corp.). The protein was detected in



the void volume as an oligomer larger than 200 kDa. Prior to use, toxin solutions were vortexed
and sonicated for about 1 minute to prevent aggregation.

Circular Dichroism (CD) Spectroscopy

CD spectra of the activated Cry4Ba toxin and the al-a5 polypeplide were measured
with a Jasco J-715 spectropolarimeter (Jasco Inc.). They were scanned between 185 and 280
nm at room temperature in a rectangular quartz cuvette with a 0.2-mm oplical path length. CD
measurameants of Cry4Ba (n=3) and of the a1-a5 fragment (n=5) were taken at a rate of 20
nevmin. The cancentrations of Cry4Ba and its a1-a5 fragment were 4.5 x 10° M and 3 x 10°
M, respectively, as determined by far UV absorbance. Specira were corrected for solvent
baseline obtained under the same conditions. The molar circular dichroism AE at a given
wavelength was calculated with the following formula: A& = (K x 8 x M,}(c x N x d); where K is
equal to 3298 x 10°, O is the measured ellipticity (in millidegrees), M, is the molecular weight of
the sample, ¢ is the sample concentration (in g/ml), N is the number of peptide bonds of the
sample and d is the oplical path length of the sample cell (in cm). Reference spectra wers
obtained and scale calibration at 290 nm was performed with camphorsulfonic acid (CSA,
Sigma-Aldrich Corp.) and the 0 value of CSA was measured at the beginning of each
experiment. The helical contents of the protein and its fragment were derived from their AE
determined at 222 nm.

Planar Lipid Bilayers

Planar lipid bilayers were formed from the 7:2:1 (wifwt) lipid mixture of PE, PC and Ch
[Schwartz et al., 1993]. The final concentration was 25 mgimi dissolved in decane, The 200-um
orifice drilled in a Delrin cup was pretreated with the same lipid mixture. The lipid bilayer was
painted using a pre-pulled glass pipette dipped in the decane-lipid solution. Membranes had a
typical capacitance of 150 to 250 pF and remained stable for several hours. Before toxin
polypeptide reconstitution, the bilayer was monitored under non zero holding voltage conditions
for more than 30 minutes to ensure that no contaminant-induced channel activity was present.
Incorporation was performed by adding allquots of the protein or its fragment direclly lo the as
chamber, which was stired using a small magnelic flea until channel activity was observed.
The insertion process was facilitated by applying a 100-mV holding potential across the bilayer.
Channel activity was observed by the presence of distinct current jumps recorded during test
voltage steps applied across the planar lipid bilayer. Activated Cry4Ba was used at
concentrations between 150 and 300 nM, whereas the fragment concentration ranged from 4.3
to 430 nM. All experiments were performed at room temperature (25°C).




Single channel cuments'were recorded with an Axopatch-1D patch-clamp amplifier
(Axon Instruments). Signals were digitized with a Digidata 1200 analog-to-digital converter
using the Axoscope 8.0 software (both from Axon instruments) at @ 50-kHz sampling frequency.
They were low-pass filttered at 600 kHz and analysed on a personal computer using the
Axoscope 8.0 software. The conductances (g) were determined as follows. In experiments
where channel cumrents returmed to the baseline, Le. to the current level observed at any
particular voltage in the absence of either the toxin or its fragment, the largest amplitude of the
current steps observed from, or to, the baseiine level was plotted against applied voltage
{current-voltage relations, or |-V curves). In experiments where channel currents never retumed
to the baseline, i.a. in which at least one channel remained always open, the main channel
current was obtained from the amplitude of the smallest current level observable for at least
50% of the duration of the recording. Finally, all observable current steps were measured for
each voltage and the corresponding amplitudes were plotted versus voltage. For the three
approaches described above, the conductances were then derived from the slopes of the linear
regression lines to the data points. The conductances obtained for individual experiments were
then averaged over the number of experiments performed under the same conditions. Results
are expressed as means + SEMs,

lon selectivity was measured under 450150 mM KCl (cisArans) asymmetrical
conditions. The reversal potential (V) was obtained as the voltage for which the comesponding
linear regression intersected the horizontal axis of the |-V curves, and compared to the value
calculated for K according to Nemst equation. Channel selectivity for K over CI' was derived
from Py /Py permeability ratios calculated using Vg values and the Goldman-Hodgkin-Katz
aquation (GHK) [Hille, 1992].

Molecular Dynamics Simulations

Coordinate of the putative transmembrane fragment (x4-aS) of Cry4Ba was obtained
from the Cry4Ba homology model which has been constructed using the Cry3Aa crystal
structure as a template. Models of pores formed by this helical hairpin were generated by
simulated annealmolecular dynamics (SA/MD) using Xplor V3.1 with the modified CHARMM
PARAM 19 parameter sel. Accessible surfaces of proteins were calculated by using Quanta
V3.2 (Molecular Simulations), MD simulations on solvated model were performed using
Gromacs 2.0 with the modified force field parameter set [Keer et al.,, 2000]. Display and
examinations of model were carrled out using Rasmol and Insight [I (Molecular Simulations).
Computations were performed om SGI Indigo, Cray 2000 or Linwd/intel Pentium II. 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.

Mosquito-Larvicidal Assays

Larvicidal activity assays were performed as previously described [Angsuthanasombat
el al., 1992] using 2-day old A 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
distilled water supplemented with 0.2-0.3 g of rat diet pellets. In the assays, 1 ml of £ coff
suspension (ca. 108 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 ol E col sample. E. coli 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.

Results and Discussion

Specific Mutations in Helix 4 of the 65-kDa Cry11Aa Toxin

Based on a multiple-amino acid sequence alignment with the known crystal struclures
of Cry1Aa and Cry3Aa [Li et al,, 1991; Grochulski et al., 1995] and the homology-based model
of Cryd4Ba, the predicted o4 and a5 were located within the pore-forming domain of Cry11Aa
(see Fig. 1A). Charged amino acids in helix 4 have been shown to be crilical for toxin activity
[Kumar and Aronson, 1899; Masson et al, 1999]. To Invesligate a possible role for toxicity of
charged and polar amino acids in a4 of CryiiAa, the PCR-basad mutagenesis strategy
previously employed for CrydBa (as shown previously) was applied to obtain substitutions
within Cry11Aa. We have Initially generated eight Cry11Aa mutants in which three charged and
five polar amino acids in helix 4 (Fig. 1B) were substituted with alanine. Most of the targeted
residues, Tyr-125, Asn-128, Gin-135, Arg-136 and Gin-139, but not Lys-123, Ser-130 and Glu-
141, are located at tha hydrophilic surface (see Fig. 1C).

Expression of the mutant toxins in £ colff was controfled by the fac promoter. Upon
addition of IPTG to mid-exponential phase cullures, all mutant toxins were predominantly
produced as sedimeniable nclusion bodies. Lysates were analysed by SDS-PAGE and
immunocblotting, and the protein expression leval of all mutant derivatives was found to be
comparable to the wild type. The 65-kDa expressed mutant proteins specifically cross-reacted
with antibodies ralsed against the Cry11Aa toxin (data not shown). However, two relatively
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Comparisons of structural models among Cry11Aa, Cry4Ba and Cry1Aa suggest that
although Arg-136 of Cry11Aa is located on the opposite side of helix 4 relative to Arg-158 of
Cry4Ba or Arg-131 of Cry1Aa, all these three crilical residues are oriented on the side of helix 4
furthest away from helix 5 (see Fig. 3A). It should be noted that Arg-136 and Arg-158 in both
of the dipteran-specific toxins, are situated near the C-terminal end of helix 4 while Arg-131 of
the lepldopteran-specific Cry1Aa toxin is located furthest from the C-terminus of this helix (Fig.
3B). Differences in the location of these critical residues may conceivably reflect the diversity in
the channel archilecture for each group of Insect-specific Cry toxins. Further studies are

required to elucidate the role of these positively charged residues in helix 4 whether they are
involved in the passage of ions through the pore.

len-Channel Activities of Cry4Ba-R158 Mutant Toxins

We have previously shown that when E. coll cells expressing each type of the Cry4Ba-
helix 4 mutant toxin were tested for their relative toxicity against A. segypti larvae, 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 no} active against the larvae. When this
critical arginine residue at position 158 was converled to Gin, Glu or evan to the most
conserved residue for positively charged side chain, ie. Lys, all R158 mutants (R158Q, R158E
and R158K) were shown lo be nontoxic to mosquito larvae (see Table 1). These resulls could

imply the requirement for the specific structure of the positively charged side chain at this
position. Perhaps Arg-158, which is likely to face the pore lumen, could interact with an
aqueous environment and thus somehow stabllise the functional pore. However, the precise
function of this residue remains to be elucidated. This notion is supported by experimental
resulls obtained with directed substitutions of helix 4 residues In other Cry proteins, Cry1Aa,
Cry1Ac Kumar & Aronson, 1999, Masson et al., 1899] and Cry11Aa (as shown previously).

In order to test whether the loss of larvicidal activity in the Arg-158 mutants arises from the
failure to form an aclive ion channel across lipid membranes of the larval midgut cells. A
receptor-free, lipid membrane system i.e. planar lipid bilayers (PLBs) was employed to
investigate ion channel properties of the mutant toxins in comparison with the wild type toxin.
When the 65-kDa FPLC-purified CrydBa mutanl toxins with substitutions at Arg-158 and/or Glu-
159 were subjected to PLBs, all of the mutant toxins (R158A, R158K and E159A) were still able
to form jon channels in the lipid membranes at the equivalent concentrations as that of the wild
type toxin (150-300 nM). However, the aclivated R158A, R158K and E159A mutant toxins
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formed ion channels in the lipid bilayers with a decrease In maximum conductance values of
ca. 200, 50 and 120, respectively (see Table 1),

Channel Properties of the Cry4Ba-a1-a5 Fragment

In symmetrical condition, PPF (a1-a5) channels were formed after a few minute (less
than 30 min). Representative current steps of the PPF channels are lllustrated in Fig. 4A & B.
it was found in all experimenis thal the channels remained al an opened stale. In some
experiment, the main opening levels had changed (increase or decrease) when they were
recorded for a period of time. When performed the experiment at 430 nM (or 10 pg/mlL) of the
PPF proteins, the channels showed very high conductance values, which were higher than
Cry4Ba channel. An attempt was performed to use low concentrations of protein (4.3 - 8.6 nM)
and it was found that most of the conductances were lower than 1000 pS.

The channel formed by the PPF fragment also showed multiple conductance levels, Le.
main opening states, between 148 and 3243 pS. Thus the conductances were categorized into
many levels. The criteria for sorting the conductances was the conductance thal gave the
standard error of means (SEM) more than 70 pS were sorted into different category, The |-V
curves were also rectilinear that indicated the channel did not rectify (Fig. 4C). The channel

formed by PPF fragment was remarked to have two different kinetics. Fast kinetic behavior
was observed in three experiments at some applied voltages (Fig. 48).

lon seleclivity was measured by conducling experiments under asymmaetrical condition
450/150 mM KCI (cisitrans). The |-V curves showed reverse potential (VR) at =17 £ 1.0 mV.
According to Nernst equation, the Nernst potential for K+ under this condition used was -17
mV demonstrating cationic selective channel. As calculated from VR using the GHK equation,
the Py / Pe, permeability ratio was 4.5, indicating selectivity for K over CI'. These results clearly
showed that a1-a5 of the CrydBa toxin could exerted ion-channel activity efficiently without the
remainder of the 65-kDa activated Cry4Ba toxin.

Simulations of Hexameric a4-a5 Pore Models of Cry4Ba and It Mutants

Simulated anneal/molecular dyanamics (SA/MD) of the Cry3Aa-a5 fragment suggesled
that this helical peptide was able to form a stable hexameric pore [Kerr et al., 1994). Mean field
Monte Carlo simulations showed that this conserved transmembrane helix also has high
competency of inserting into a continuum hydrophobic slab [Biggin & Sansom, 1996]. Here, MD
simulations were integrated with the previous experimental evidences 1o bulld a pore model
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mediated by the Cry4Ba-transmembrane helical hairpin, ad-loop-05, residues Q140-E198, (see
Fig. 5).

The Cryd4Ba-transmembrane ad-loop-a5 hairpin was successfully placed in an
equilibrated system of 128-molecule palmitoyl-oleyl-phosphatidyicholine (POPC) bilayers. After
the syslem was subjected to 100 psec of positional restrained MD simulations, unrestrained MD
simulations of the system were carried for 2 nsec. Trajectories of atom coordinates were then
examined for structural and energy changes. |t was found that after 1 nsec of MD simulations,
the RMS values of positional displacement and total energy of the system became fluctuating at
a certain value indicating thal the syslem has reached an equllibrium stage (data not shown).
The snapshots of the protein/POPC bilayers showed a stable helical hairpin-liked structure of
which the amphipathic a4 helix was stabilised by favorable interactions between pockets of
membrane-penetrating walter molecules and side chains of polar residues while the relatively
hydrophobic &5 helix appeared to unwind at its C-terminus (data not shown),

Models of 3-10 subunits of the CrydBa a4-loop-0t5 hairpin were initially constructed and
their internal radii were determined via HOLE 2.0. The hexameric model of which pore radius
corresponds to the experimentally estimated pore diameter for the CrylAc toxin [Knowles &
Ellar, 1987] was chosen as a representative for a pore model of Cry4Ba with Arg-158 pointing
inward to pore lumen, By using in vacuo SA/MD, 25 distlrﬂw models were generated. Self
RMSD values were calculated [Kerr et al, 1994] and the most symmetric pore model was
subjected to MD simulations. Unrestrained MD simulations were performed with the pore model
placed in an equilibrated POPC/water bilayer system within 2-nanosecond simulations. As can
be seen from the ribbon representative in Fig. 6, the hexameric models reveal that both a4
and a5 remain their helical conformation, but the predicted a4-a5 loop develops a helical
structure, suggesting that membrane Insertion and oligomerisation could induce structural
changes of the transmembrane fragments.

The equilibrated coordinates of the wild type Cry4Ba system were used as a template
for simulations of the mutant systems. Different amino acids were substituted into the Cry4Ba
pore model, generaling pore models of R158A, R158K and E159A. The simulated pore modeis
for both the CrydBa wild type and its mutant pore models were then subjected to MD
simulations for another 1 nsec. Resulting trajectories (. XTC) and energy (.EDR) files from sach
simulated system were subjected lo further analysis for frajeciory and energy changes. The
final coordinatles of the simulated models for the three mutants show a helical arrangement
similar to the wild type-pore model (data not shown). Analysis for the pore dimension showed
that the radius near the constriction in the R158A model is ~1 A larger than that in the wild type
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and E159A models, indicating that the mutations at the critical Arg-158 residue could
structurally affect the cavity of the pore models (see Fig. 7). Perhaps the lack of Arg-158 in a4
might destabilise the oligomeric structure of the Cry4Ba toxin-induced pore.

Specific Mutations within the a4-a5 Loop of Cry4Ba

As predicted from the homology-based 3D model of Cry4Ba, the a4-a5 loop comprises
eight amino acids of which one is charged i.e. Glu-171 and two are polar i.e. Asn-166 and Tyr-
170, With the exception of Asn-166, both Tyr-170 and Glu-171 are structurally conserved
among the known Cry toxins (see Fig. 8A & B) that these loop residues could play a crucial
role in Cry4Ba toxicity. In this study, we therefore initially generated three Cry4Ba loop mutants
in which Asn-166, Tyr-170 and Glu-171 were substituted with alanine via PCR-based directed
mutagenesis. When each mutant toxin was expressed in E. coff upon IPTG induction, they
were all predominantly produced as sedimentable inclusion bodies and the protein expression
level was comparable lo the wild type Cry4Ba toxin. In addition, all the purified mutant
inclusions were found 1o be soluble in carbonate buffer, pH 9.0, giving ca. 70% solubility which
resembles closely to the wild type Inclusions under similar conditions. The 130-kDa solubilised
mutant protoxins were also assessed for their proteolytic stability by digeslion with trypsin and
all found to produce two major trypsin-resistant pmdum'nf ca. 47 kDa and 18 kDa, identical to
the wild type. These resuils suggested that each point mutation of these loop residues had no
apparent effect on proteclytic processing and protein folding.

To determine an effect of the loop mutations on toxicity, £. colf cells expressing each
type of the mutant toxin were tested for their relative biological activity against 2-day old A.
aegypli larvae. All bioassays were carried out in ten replicas for each sample and repeated at
least three times, the mortality data recorded after a 24-h incubation are shown in Fig. 9.
Alanine substitutions of Asn-166 and Tyr-170 aimost completely abolished the Cry4B bioactivity,
although mutation at Giu-171 showed only a small decrease in larvicidal activity. These resuits
suggested thal Asn-166 and Tyr-170 play an important role in larvicidal activity of the Cryd4Ba
toxin.

When Asn-166 was further substituted with Asp, Gin, Arg, Cys or lle, it revealed that
substitutions of Asn-166 with polar amino acids could retain over 80% of the wild type toxicity
while substitution with a non-polar residue [e. isoleucine almost totally abolished the toxicity

(see Fig. 9). Al the Asn-166 mutant toxins were lested for toxin stability and revealed that

they all produced stable, trypsin-resistant products. These results suggested that the polarity at
position 166 located in the a4-05 loop is important for larvicidal activity of the Cry4Ba toxin.
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From molecular modelling of a putative toxin-induced pore consisting of six copies of the ad-a5
helical hairpin of Cry4Ba (see Fig. 10A), Asn-166 points toward the pore lumen and could
form hydrogen bonds with water molecules. A crucial role in toxin mechanism at this critical
position is conceivably to be involved in the formation of hydrogen bonds with water to stabilise
the loop structure or it may be involved in the passage of ions through the channel (Fig. 10A).
Whether these possibilities can be generalised remains to be elucidated.

For Tyr-170, it was also converted to Asp, Arg, Leu, Trp or Phe. Interestingly,
substitutions of this critical tyrosine residue with only the aromatic residues (Trp or Phe) were
shown to remain Cry4Ba toxicity against mosquito larvae (Fig. 9). Also, their protein expression
levels, inclusion solubility and proteolytic stability suggested that the drastic loss of toxicity
observed for the three other inactive mutants (Y170D, Y170R and Y170L) is unlikely to be
caused by misfolding of the protein. These results together with the fact that the tyrosine
residue al this position is a highly consarved amino acid among the Cry toxins strongly imply a
general requirement for an aromatic structure at this crucial position. In several membrane
proteins, a vanety of roles have been proposed for the aromatic residues, especially Tyr and
Trp In the transmembrane helices, which are preponderantly found at or near the membrane-
water Interface. These roles include facilitating translocation of the periplasmic portion of
proteins through the membrane, acling as determinants of protein orientation, introducing
rigidity to the periphery of the transmembrane segments, or allowing vertical mobility of the
transmembrane helical region with respect to the membranes. Considering all of the above, a
function for Tyr-170 within the 4-0t5 loop of CrydBa may conceivably be an interaction with
the phospholipid head groups for stabilising the oligomeric pore structure (Fig. 10B).

Directed Mutations within the a4-a5 Loop of Cry4A=

Based on multiple sequence alignments of the known B! Cry toxin structures and the
homology-based Cryd4 models, the interhelical loop connecting 04 and @5 of the Cryd4Aa toxin
is compased of sixteen amino acids with the majority being polar and charged residues (Fig.
8A). Praviously, we have shown thal polarity and aromaticity for Asn-166 and Tyr-170,
respectively, in the a4-i5 loop are critically involved in larvicidal activity of the Cry4Ba toxin
(see above). Here, we have also consiructed several mutants in the 04-a5 loop region of
Cry4Aa in order lo delermine a residue responsible for the toxin activity. Two negalively
charged (Asp-198 and Asp-200) and four polar (Asn-190, Asn-195, Tyr-201 and Tyr-202)
residues were selected for initially substitution with alanine wa PCR-based directed
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mutagenesis. The loop mutant toxine were expressed in £ colf under inducible control of the
fac promoter. Upon addition of IPTG 1o the mid-exponential phase cultures, all mutant Cry4Aa
protoxins were predominantly produced in the form of sedimentable inclusion bodies. When E
coll lysales were analysed by SDS-PAGE, the levels of protein expression for all mutants were
found o be comparable 1o that of the wild-type (data not shown).

To assess the solubility of the mutant protoxin inclusions in comparison with that of
the wild-type, experiments were carried out using carbonate buffer, pH 10.0. The amounts
of the 130-kDa Cry4Aa soluble proteins in the supernatant were compared with those of the
proteins Iinitially used so as to delermine the percentage of loxin solubilisation. The toxin
inclusions of the N180A, D198A, D200A and Y201A mutants were soluble in this buffer, giving
approximately 60-70% solubility, which |s comparable to the solubility of the wild-type inclusions
under similar conditions. On the other hand, a nearly complete loss of the inclusion solubility
was obsarved for the two remaining mutants, N195A and Y202A (see Fig. 11). However, toxin
Inclusions of the two closely related loop-CrydBa mutants, N166A and Y170A as mentioned
earfier, were found to be relatively soluble in this buffer (see above). Al this stage, the reason
for this difference in solubility between the two loop-mutants of CrydAa and Cry4Ba is unclear.
It does however lead to the interesting possibility that single-alanine substituions at Asn-185
and Tyr-202 of the Cry4Aa toxin could disturb the structural characteristics thal consequently
affect toxin-inclusion formation as shown by a drastic decrease in solubility.

To determine the effect of the a4-a5 loop mutations on the CrydAa bioactivity, £ cof
cells expressing each mutant toxin were tested for their biological activity lowards A, aegypt/
mosquito-larvae. Replacement at only Tyr-202 with alanine almost completely abolished
larvicidal activity, whereas alanine-substitutions at the other positions (Asn-180, Asn-185, Asp-
198, Asp-200 and Tyr-201) did not affect the CrydAa toxicity, Further analysis via specific
mulations revealed that conversion of this critical tyrosine residue o cysteine resulted in a
drastic loss of toxicity, whilst replacement with the aromatic residue ie. phenylalanine, still
retained the high level of larvicidal activity (see Fig. 12). The level of protein expression of
both Y202C and Y202F mutant toxins was approximately the same as that of the wild-type.
These results, together with the highly structural conserved level of the tyrosine residue at this
position among the Cry toxins (see Fig. 8B), suggest an essential feature of an aromatic
structure at this critical position for the toxin activity. The data further support our previous
findings that Tyr-170 in the a4-a5 loop plays an important role in larvicidal activity of the 130-
kDa Cry4Ba loxin, since substitutions with only the aromatic residues, ie. Phe or Trp, were
shown 1o restore the bioactivity towards mosquito-larvae (see above).
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For in vitro solubility, like the Y202A mutation, the substitution of Tyr-202 with Cys
reduced the solubility i vitro of loxin inclusions, while a conversion 1o Phe still exhibited the
same solubllity characteristics as that of the wild-type (data not shown). Although insolubility of
toxin inclusions and the loss of toxiclty are seemingly correlated for both Y202A and Y202C
mutants, the inclusion solubility in vifro may not necessarily reflect loxin activity in wiwo as
observed for the N195A mutant which was insoluble in the carbonate buffer, but still bicactive
(see Fig. 12). It has been demonstrated that single-proline substitution in a6 of Cry4Ba
dramatically perturbed the inclusion dissolvability, but did not affect its larvicidal activity
[Sramala ef af, 2000]. Also, it has been shown that the difference detected in solubilisation in
vitro for the cloned Cryd4Aa toxin Inclusions, which were purified form two different 8 recipient
strains, is not a factor for toxicity i7 wivo [Angsuthanasonbat ef af, 1992). Presumably, the larval
gut proteases /in wivo might facilitate the dissolution of the ingested toxin inclusions that would
negate the differences between the observed larvicidal activities of the bicactive N185A and
non-active Y202A or Y200C mutants.

Studies with several membrane proteins have indicated that the aromatic residues are
predominantly found at or near the lipid-water interface [Ulmschneider & Sansom, 2001). These
aromatic residues have been proposed to function in anchoring the proteins into the membrane
through interactions of their aromatic rings with phospholipid head groups [Yau ef al, 1998;
Killian & Von Heijne, 2000], maintaining rigidity in the periphery of the transmembrane
segments [Tsang & Saier, 1996], allowing vertical mobility of the transmembrane helical region
with respect to the membranes, facilitating translocation of the periplasmic portion of proteins
through the membrane, thereby acling as determinants of protein orientation [Schiffer ef al,
1992). Taken together, a function for Tyr-202 in the a4-a5 loop of the Cry4Aa toxin may
conceivably be an interaction with the phospholipid head groups for stabilising the oligomeric
pore structure.

In conclusion, this study additionally demonstrates that the aromaticity of Tyr-202 in the
ad-t5 loop plays a crucial role in the Cryd4Aa toxicity that further supports the notion that the
aromatic structure of the highly conserved tyrosine residue within the loop connecting the two
transmembrane helices, a4 and o5, is essential for toxic action of the Bt Cry d-endotoxins.
However, further sludies are still required to elucidate the exact role of this critical residue in
toxin function.
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Table 1 Effects of point mutations at charged amino acid residues in 4 of Cry4Ba

Sample a4 sequence Hﬂﬂlﬁt}" Gun'dm:tlnu
(%) (pS)

Wild type | Q,(0SYRTAVITQFNLTSAKLRETAVYFS;es | 9202 1.0 536

R158A | Qyqq----=-"===-c-===== Ao seive Sres 0.0 210
R158K | Quep-==r===mwmmmmmmu- | ZO—. Sies | 10206 51
R158Q | Qqp=====--=-mmm=m=u- Q---=--- Siss 13£07 -
R1HE Qllﬂ- """""""""""" l"‘""""""s].‘! 1.0 + ﬂ.ﬂ -

J E188A | Quyp---=-=r=cmomemnnn A----- Sies | 893:28 120
|

“ Mortality of A. aegypti larvae recorded after 24-hour incubation with partially purified protoxin
inclusions (5 mg/mL). The data represent the mean + SEM based on 4 or 5 independent

‘experiments.

The data represent the mean £ SEM of conductance values at maximum opening state

based on 3-5 independent experiments,
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Figure 1 {A) Multiple sequence alignment of helices 4 and 5 of Cry11Aa with the crystal structures of
CrylAa and Cry3Aa and the homology-based model of CrydBa. The sequences were aligned using the
program CLUSTAL W. The degree of conservation & represented by background shading of the residuas,
wilh the darkast shading for the most conserved: 100% conserved, 75% conserved and 50% consarved. The
posllions of secondary structure elememds of Cry1Aa and Cry3Aa are Hiustraled over and under the
alignments, respactively. (B): The predicted pattem of hellx 4 of Cry11Aa is composed ol 27 residues of
whigh the encircled residues were mutated. (C): A helical wheel projection of helix 4 of Cry11Aa. Amino acid
résidues are plotted evary 100 degrees consecutive around the wheel, folowing the sequences given in B,
The following colour code is used: black is an amino acid with & charged side chain; gray is a polar side
chain and white is a hydrophobic side chain,
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Figure 2 Mosquito-arvicidal activities of £ coli celis expressing the Cry11Aa wild-type toxin (pME4D) or its

mutants (K123A, Y125A, N128A, S130A, Q135A, R136A, R136K, R136Q. R138D, Q130A and E141A)
against A aegyptl larvae. Emor bars indicate standard error of the mean from three Independent

exparmments,
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Figure 3 Top (A) and side (B) views of the a4-(t5 halrpin of Cry4Ba, Cry1Aa, and Cry11Aa are llustrated
in ribbon representations. (14, G5 and loop reglon are shown, Charged residues are shown with balls and
slicks. Residues shown In bold indicate the biologically critical charged residues. Grey residues indicate non-
critical charged residue. There is no mutation study report for the residus shown in white,
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Figure 4 Channel cument traces of PPF channels observed in symmetrical condition 150mM KCI solution.
(A) and (B): Representalive records at various halding voltages (V) indicated next 10 the traces. The letter ¢
indicates the closed siate of the channels. {A) and (B) represant the low and high activiles of PPF channals.
Fast kinetic was pointed with the black amows. (C) Cument-voltage relations obtained from currents recorded
in symmetrical and asymmetrical conditions. Data points were filted by lineas regression. The conductance of
eath trace is shown direclly in the box. The reversal potential 5 shifled to —19 mV demonstrating cationic
channel selectivity.




Figure 5 (A) 3D maodel for Cry4Ba constructed by homology modeling. Shaded helices represent (14 and
05, respectively, Loop betwsen 4 and 05 s shown in gray. (B) Amino acid sequence of the
transmembrane fragment a4-loop-t5 hairpin which is shown in single-lefler code. The helical regions are
indicated with rectangular boxes.
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il:: Figure 6 Top and side views of hexameric pore models for Cry4Ba comprising 6 coples of the Cry4Ba oud-
! 05 hairpin in POPC bilayers before (A) and after (B) SA / MD which shows (4, &t5 and the 04-Gl5. Arg-158
residues are drawn explicitly In gray stick. Snapshots of the pore in POPC/water bllayers at 0, 1000 and 2000
psec (C-E) are shown in ribbon representatives. POPC molecules are shown in sticks, Water molecules are
omitted for clarity.
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Figure 7 The figure shows sffective radii along Z axis of the simulated Cryd4Ba hexameric pore modets.
The profile pore radius of each model Is averaged from 1000 psec simulations. Arrows indicale the
epprocdimated position of Arg-158.
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CrydAa 164 : POl RTQ QL ¢ NORVEF - 229
Cry4Ba 140 ; DE!IIT - 5 RETRVYF-~==~ SLLITIs VI R : 190
Crylha 124 : SER TQFHDMN PLL -~ -~~~ 2¥ b T Sl : 181
Cry2Aa 137 :WFHIWL HREPQF -~ = -~~~ ’ s \ s i ;197
Cry3ha 160 : FSORESHERNSEPSF- - - - - - > g ( gy : 217
Cry3Eb 958 : FSORESHFRNSEPSF----- - 5 | ids i FTEN KF : 158

voun

Figure 8 (A) Multiple sequence alignment of the tansmenbrane (4-loop-0t5 fragment of CrydAa with
thase of the crystal structures of CrylAa, Cry2Aa, Cry3Aa and Cry3Bb toxins and the homology-based
I Cry4Ba model. The sequenoces were aligned using the program Clustal X, The corresponding atd-loop-ai5 is
| shown above the sequences. (B) Side views of the (i4-loop-(t5 helical hairpins of the homology-basad
Cryd4Aa and CrydBa models, and the known structures of CrylAa, Cry2Aa, Cry3Aa and Cry3Bb. Gray
ribbons represent (14 and a5. The conserved loop-residue, Tyr, is shown In ball-and-stick In all six helical
hairpins.
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Figure 9 Mosquito-larvicidal activities of £ coff cells expressing the wild type toxin or mutant toxins
(N186A, Y170A, E1T1A, N1661, N166C, N166Q, N166D, N186R, Y170D, Y170R. Y170L, Y170W and Y170F)
against A aegypl larvee. Emor bars indicate standard emor of the means from three independent

.
%
< ¥

Figure 10 (A) Bottom view of the model of a putative oligomeric pore cansisting of six coples of the ad-a5
hairpin of the Cry4Ba loxin. Asn-186, Tyr-170 and Glu-171 are shown. (B) The Tyr-170 residues are found
at the membrane-waler interface after oligomerization and pore formation. Rectangular boxes represent the
planar lipid membrane biayers. Helices 4 and 5 are shown as gray strands,
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Figure 11 SDS-PAGE (Coomassie brilliant biue-stained 10% gel) analysis of the partially purified 130-kDs
protein Inclusions extracted from E. colf expressing the wild-type (WT) and CrydAa mutant toxins and
eolubllised in carbonate buffer, pH 10.0. (T) and (S) represent total fractions and an equivalent volume of the
supematants afer centrifugation, respectively. (M) represants the molecular mass standards.
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Figure 12 Mosquito-larvicidal activities of £ coll cells exprassing the CrydAa wild-type or its mutant toxins
(N180A, N185A, D19BA, D200A, Y201A, Y202A, Y202C and Y202F) against A. ssgypll larvae. Emor bars
indicats standard emors of the mean from three indepandent experiments.
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Based on the currently proposed loxicity model for the
different Bacillus thuringiensis Cry S-endotoxins, their
pore-forming activity involves the insertion of the od-a5
helical hairpin into the membrane of the target midgut
epithelial cell. In this study, a sumber of polar or charged
residues in helix 4 within domain [ of the 65-kDa dipteran-
active Cryl1A toxin, Lys-123, Tyr-125, Asn-128, Ser-130,
Gin-135, Arg-136, Gln-139 and Glu-141, were initially
substituted with alanine by wiing PCR-based directed
mutagenesis. All mutant toxing were expressed as
cytoplasmic inclusions in Escherichia coli upon induction
with IPTG. Similar to the wild-type protoxin inclusion, the
solubility of each mutant inclusion in the carbonate bulTer,
pH 9.0, was relatively low. When E. coli cells, expressing
each of the mutant proteins, were tested for toxicity against
Aedes aegypti mosquito-larvae, toxicity was completely
abolished for the alanine substitution of arginine at
position 136. However, mutations at the other positions still
retained a high level of larvicidal activity. Interestingly,
further analysis of this critical arginine residue by specific
mutagenesis showed that conversions of arginine-136 to
aspartale, glutamine, or even to the most conserved
residue lysine, also abolished the wild-type activity. The
results of this study revealed an important determinast in
toxin function for the positively charged side chain of
arginine-136 in helix 4 of the Cry11A toxin.

solubility, Larvicadal activity, Site-directed mutagenesis
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Introduction

Bacillus  thuringiensis (Br), a Gram-positive endospore-
forming bacterium, produces insecticidal progeins in large
quantities as different forms of pamsporal crystalline
inclusions during sporulaion (Hofie and Whitcley, 1989).
These cytoplasmic inclusions are composed of one ar several
polypeptides that have been classified as Cry andfor Cyt §-
endotoxing on the basis of the similarity of their deduced
amino acid sequences (Hofte and Whiteley, 1989; Crckmaore
er al, 1998), Curvently, the Cry S-endotoxing have been
shown 1o be active against insect larvae in the orders Diptera
{mosquitoes and flies). Lepidoptera (moths and butterflies),
Coleopiera (bectles and weevils), and Hymenoptera (wasps
and bees) {Schnepfl e al, 1998; de Maagd er al., 2001). For
instance, the 65-kDa Cryl1A wxin and the 130-kDa CrydB
toxin that are produced from Br subsp. isvoelensis are
specifically toxic to mosquito larvae (Hofte and Whucley,
1989, Schnepl e al., 1998).

The Br S-endotoxins exist as inactive protoxins found
within inclusion bodies, which require alkaline solubilisation
and proteolytic activation in the insect larval midgut (Hofie
and Whitcley, 1989). It has been proposed that, after activation
by gut proteases, the active toxins kill the susceptibie larvae
via a two-siep receplor medisted mechanism, in which the
initial toxin-receptor ineraction is followed by membranc
insertion of the toxins to form ransmembrane leakage pores.
These pores cause the tarpet midgus epithelial cells 10 swell
and lyse by colloid-osmotic lysis (Knowles and Ellar, 1987),
resulting in exiensive damage to the midgut and evenmully
larval death (Knowles, 1994), However, the precise
mechanism of action of the Br toxins is still not completely
understood, although knowledge of how these msecticidal
protcins work at the molecular level has increased
substantially over the last decade.

To daie, the three-dimensional structures of two different
Cry S-endotoxins, CrylAa. and Cry3A have been solved by
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X-my crystallography (Li, Carroll and Ellar, 1991 ; Grochulski
& al., 1995). Both structures display a high degree of overall
structural similarity and are composed of three structurally
distinct domains. It is apparent that the N-terminal domain, a
seven-helix bundle (six amphipathic helices around a central
core helix), is clearly equipped for membrane insertion and
pore formation (Li, Carroll and Ellar, 1991; Grochulski et al.,
1995). This suggestion has been supponed by various stadies

_ that the isolated helical fragment from different
Cry toxins is responsible for pore-forming activity (Walters er
al, 1993; Von Tersch et al, 1994; Puntheersnurak e al,
2001).

The moleculas mechanism of membrane insertion and pore
formation of the Cry toxins is now described in an “umbrella’
model (Knowles, 1994). In this model. o4 and a5 form a
belical hairpin 1 initiste membrane penetration upon specific
receptor-binding in which structural rearrungement of the
toxin occuss. After insertion of this hairpin, the other helices
spread  over he membrane surface followed by
oligomerization of the wxin (Gazil er al., 1998; Guereca and
Bravo, 1999), resulting in formation of an initial 1etrameric
pore (Schwarnz et al, 1997). Currently, this model s
supporied by 2 number of experiments, which demonstrates
the crucial wle of o4 and @5 in pore-forming activity of
differed Cry toxing (Schwanz e al, 1997, Kumar and
Aronson, 1999, Masson et al, 1999; Nunes-Valdes ef al.,
2001). Recent stdies clearly demonstrated that the helix 4-
loop-helix § hairpin is more active in membrane penetration
than each of the isolated helices, or their mixtures. consistent
with its function as the membrane-inserted portion of the Cry
toxins (Gerber and Shai, 2000).

In carlier studies, we demonstrated that a4 and a5 of the
130-k>a CrydB toxin are essential deserminants of toxicity,
likely to be involved in pore formation rather than in receptor
recognition (Uawithya et al_, 1998; Sramala er al.. 2000). In
addition, afginine-158 in helix 4 was found fo play an
important ole in larvicidal activity of this woxin (Sramala er
al, 2001). In the presenw report. an analogous effect on
loxicity was observed for the 65-kDa dipteran-specific
Cryl LA toxin when charped, and polar residues in helix 4
were ghered. The results revealed that the specific structure
for the positively charged side chain of arginine-136 in this
helix is diractly involved in Cry 1 1A wxin activity, supporting
the notion that o4 is essential for pore formation by the Cry 8-
endotonins.

Materials and Methods

Plamids and site-directed mutagenesis  The full-length gene.
encoding the 65-kDa Cry11A soxin from ihe recombinat plasmad
pBTCGBA (8 generows gift of Dr Watsnalsl Pashangred.
Depariment of Biotechnology. Mahidol University, Thailand), was
subcloned into the pMExS expression vector (Buticher o7 al., 1990),
This resubiat plasmid (pME4D) was used as a template for site-
oligonecieotile primers was  purchased from Genset Inc.

Tahle 1. Complementary primers for substituting a coded residue
with differemt amino acids.

Primer

Soquence” Restriction Site

A T A A @ TF LN
E12MA-T B CTECAMCAD CRERITTATTTICTALATC 3° Pl
NLXMA-r §'CATTTACAARAMTANE CPSCACCTOTTOOM: 3°

S A I J @ AL P QT

BIMeA-1 8 GTOOTGC TRTAATM MSETTTACTTCRATTTS 3° Hiwmrial
FiMA-r 3 °CAMTTOAICTA AMBCTTOTATTNTAGCROCAS 1'
1 9 R L FOQgr avaeagerw
ELAIA~T S TANTACAM 3 Aerd
Eldla-r S RTCTTTIALS TOCAMATTCAS CTASACCTTUTATTA §°
L L% &€ AT X O B LW
RIJAR=1 3 CTAAMTCTAAT SURUCTATAATACKA AAATTACCTC 1° Tl
e L imﬂmmuwmmu »
L W L 5§ @ A ¢ I O @ L W
nEMg-F 8 GIPOOEATANTACAL CAATTACTTC §° Al
RENEQ-r B RACCTRATTRTTGTATTATGOCACCACTTRGATTTIAG 1°
€ A 1 1 @ » L P Q Fr =
(TR S » Egli
HlMD-z S ECTCAMATTCACGY i
E &8 € AT I AKELPFGQTF
plEa-¢ B 1° Bl & MY
Qi¥A-r B CAARTTGAGC N 3
A I T @ W L F BTFEVW
QIIRA-F S OCTATAATACAN (RCTACCTOCTTTTEAGETTC §° Ael
QUITA-r B OAMTTCRAL MMCNOCTRSACUTTCTATTATAGE §°
T A T &§ B F L W L
FLIZA-F B CRACAGCTAMGEETGOCTTICTAANTCTAMG 3 Ml
TII3A-r 5 CTTRGATTTAGLL SCACCTTTCOCTGTTS J°
& ¥ F L AL B ®©
WlliA-f 5 SCOTTATTTTOTA SCATTAMTOCTCE 3¢ Dl
HiltiA-r S*GERCEACTTAATGC TAGAAMATRALCE 3°
« ¥ F LW L AGATLTTI
Fl¥a-2 3 OTTATTTTCTAANTCT SOOCCOTOCTATALTAL 3° el

S1JA-r B OTATTATAGCADT GRCERGATTTAGARALTRAC 13-

The mutated muclootide retidues are shown as boldiace. Deduced
amdne acid sequences are shown on top of each pair of ofigonu-
cleotide primers.

(Singapone), as shown in Table 1. All muntions were genersbed by
PCR uung high Gdelity Pfr DNA polymemse following the
procedure of the QuickChange™ mutagenesis kit (Swamgene). All
mutant plasmids were analyzed by DNA sequencing ising a Perkin
Elmer AB1 prisin 377 amomated sequencer.

Toxin expression and characterization The wild type and
mutant CryllA wwin penes were expresied i the Ecoll strain
IMID? under control of the inducible fac promoter. Cells were
grown in a LB medwm that was supplemented with 100 pg mi*
amgicillin until 0D, reached 0.4-0.5. Incubation was continued
for another 4 b afier addition of isopropyl-f-D-hiogalacto-
pyrancside (IPTG) to the final concentration of 0.1 mM. Protein
expression was amalyzed by sodium dodecy] sulfide (SDS)-15%
wiv polyacrylamide gel ehectraphorssis (PAGE). Immunobloming
was performed with polyclonal rabbid amtibodies opsinst the
Cry1 1A wxin (kindly provided by Prof. David Ellar, University of
Cambridge, UK). Immunocomplenes were desected with an ami-
mbbit antibody-alialine phosplatase conjugate (Sigma).

E. voli cubtures, expressing each muant &s cytoplasmic inclusion
bodies. were larvesied by ceatnifugntion, resuspended b distilled
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d and S of CryllA with the crysml smocmres of CrylAa and Cry3A, mnd the
homology-based model of CrydB, The sequences were aligned using the
represented by background shading of the reskdues with the darkess shading for

CLUSTAL W, The degree of conservathon is
mast conserved: 100% comserved, 75% conserved,

and 50% conserved. The positions of secondary structure elements of CrylAa and Cry3A are illustred over and under the alignments,
respectively. (B) The predicted pattern of helix 4 of Cryl1A is composed of 27 residues of which the encircled residues were mmmmed.
(C) A helical wheel prajection of helix 4 of CryllA. Amino acid residues are plotied every 100 degrees consecutively around the

wheel, following the saquences given in B. The following color code is used: black is an amino ackd with a charged side chain, gray is

& polar side chain, and white is a hydrophobic side chain,

water, and disrupted in 4 French Pressure Cell a0 16,000 psi. The
cmde lysates were centrifuged at 8,000 g for 5 min and the pellets
obuined were washed 3 times in distlled wmer. Prosein
concentraions were determined by using 4 prosein mecrodssay
{Bio-Rad) with the bovine serum albumin fraction V (Sigms) as a
standand. Protonin inchusions (1 mg mi') were solubilized n
S50 mM NaCO, pH 90 and incubated & 37°C for 60 min, =
described previously (Uswithys ef ol 1998). After centrifugation
for 10 min, the supematants were amalyzed by SDS-PAGE in
comparison with the mclusion suspension.

Larvicidal activily assays Bioassays were performed, =
described previously (Angsuthanasombat &7 al., 1993), using 2-day
supplicd by the mosquito-rearing facility of the Institwe of
About 500 larvae were reared in a container (22 % 30 10 cm) with
approaimitely 3 Hives of distilled water that was supplemented with
2 amall amonnt of rat diet pelicts. Both rearing and binassays were
performed af room temiperature (25°C). The assays were cameed oul
in | milof E ool suspension (10" cells suspended in distilled weater)
in a 48-well micrometer plate (113 mm well diameter) with 10

lorvae per well and a wital of 100 larvae for cach rype of E coll
samples. £ coli cells, contaiming the recombinant plesmid pMEAD
and the pMExS vector, wene used as positive and negative controls,
respectively. Mortality was mecorded afier 8 24-hour incubation
pernd

Results and Discussion

Based on a multiple-amino acid sequence alignment with the
known crystal structures of CrylAa and Cry3A (Li, Camoll,
and Ellar, 1991; Grochulski ef al., 1995), and the homalogy-
based model of CrydB (Uawithya er al., 1999), the predicted
o4 and o5 were located within the pore-forming domain of
Cryl 1A (see Fig. 1A). Charged amino acids in helix 4 were
shown to be critical for wxin activity (Kumar and Aronson,
1999; Masson e« al., 1999, Smmala er al., 2001). To

mvestigate the possible role for toxicity of charged and polar
amino acids in ad of CryllA. a PCR-based mutagenesis
strategy, previously employed for Cry4B (Sramals ef al.,
2001), was applied 1o obtain substinutions within Cryl LA. We
initially gencrated eight CryllA mmstants in which three




