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Abstract We used site-directed mutagenesis to modify the
Bacillus thuringiensis cry3A gene in amino acid residues 350
354. Two mutant toxing, Al (RasA,Yis0F,Yi5F) and A2
(Ra45A,AY350,AY35,), showed significantly improved toxicity
against Tenebrio molitor (yellow mealworm). The mutant toxin
Al was also more potent against both Leptinotarsa decemlineata
(Colorado potato beetle) and Chrysomela scripra (cottonwood
leaf beetle), while A2 displayed enhanced toxicity only in L.

decemlineata. Competitive binding assays of L. decemlineata

brush border membrane vesicles (BBMYV) revealed that binding

affinities for the Al and A2 mutant toxins were ca. 2.5-fold -

higher than for the wild-type Cry3 toxin. Similar binding assays
with C. scripta BBMYV revealed a ca. 5-fold lower dissociation
rate for the A1 mutant as compared to that of Cry3A.

© 2000 Federation of European Biachemical Societies.
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1. Introduction

The naturally occurring crystal proteins of Bacillus thurin-
giensis (B.1.), known as $-endotoxins or Cry toxins, are insec-
ticida] agents considered safé for users, consumers, and the
environment. These proteins are long established for conven-
tional application throughout the world in agricultural, for-
ested, and aquatic ecosystems. Today, insect-resistant plants;
genetically engineered to express high concentrations of these
proteinaceous toxins, are commercially available. Develop-
ment of resistance to B/ toxins by target insects. such as
the diamondback moth, Plutella xviostella, after intensive
management with conventionally applied B.r. [1], thréatens
the efficacy of high expression §-endotoxins produced by
plants unless tactics to manage resistance are developed and
implemented [2,3]. Detailed structural and biochemical knowl-
edge of B.1. 8-endotoxins permits the redesign of these insec-
ticidal proteins to customize host range, alter activity, im-
prove stability. and delay or overcome resistance.

Molecular mechanisms of intoxication by 8-endotoxins are
the subject of intensive research, and a complex pathway is
gradually emerging. [3-5]. After ingestion by a susceptibie

insect, crystalline &endotoxm is solubilized and proteoiyii-

*Conespondmg author, Fax: (1)-614-202'6773,
E-mail: dean. |0@osu.edu :

Abbreviations: B.r.. Baciflus [hurmgaem‘as BBMV brush border mein-
brane vesicles :

cally cleaved from an inactive protoxin. to an active toxin
form within the insect midgut. The activated toxin binds to
receptors in the midgut and is believed 1o integrate into the
lipid bilayer of the brush border membrane. Ion channels are
formed, causing midgut cells to lose their membrane potential,
If the rate of damage to the midgut exceeds the rate of repair,
lesions form. bacteria invade the hemocele, and death results
from bacterial septicemia. The §-endotoxins from B.r com-
prisc a group of over 100 related proteins [5], which were
previously categorized by insecticidal activity [6] but currently
by amino acid similarity {7} The spectrum of toxicity for each
toxin is relatively narrow, while the collective activity of this
group of pesticidal toxins now spans seven orders of insect
and several other invertebrate groups mcludmg nematodes
mites and protozoans [8].

The Cry3A toxin, produced by B.t. var. tenebrionis [9,10]
and other strains [11,12], is toxic to coleopteran species in-
cluding the vellow mealworm, Tenebrio molitor [9,11], the
Colorado potato beetle, Leprinotarsa decemiineata [12,13]

and the cottonwood leaf beetle, Chrysomela scripta [14). The

comparatively simple structure of the Cry3A toxin [15], which
is remarkably similar to CrylAa [16], makes it a useful model
for exploring the structure—function relationship between k-
gand and receptor. The three-dimensional structure of the Cry
toxins consists of three functional domains: (I) a cluster of

seven o-helices predicted to be involved in membrane inter- ..

action [15]; (II) three antiparallel $-sheets involved in receptor
binding [15,17]; and (I1I) a B-sandwich implicated in receptor
binding [18-21] and ion channel activity [22-24] in related Cry
toxins. The use of oligonucleotide-directed mutagenesis 1o en-
gineer or alter the three-dimensional atomic structure of this
toxin is proving a powerful probe in the study of mechanisms
of toxicity.

Several recent reports indicate that amino acid substitutions
in the three surface-exposed loops at the molecular apex of

domain II, from residue 291 to 500 of related Cry toxins,

affect binding affinity and toxicity [17.18.22,25-29]. In
Cry3A. alanine replacements in the three major loops of do-

main IT result in' disruption of receptor binding or struciutal -
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instability [17].- The objectives of this study were 10 enhance_..
toxicity of the Cry3A &-endotoxin in beetle larvae by engineer: -
ing the specific residues. Rys. Yasp and Yis. of. ]oop Linthe: /

binding domain.

2 Materials and methods

2.4, Construction of loop mutants

The construction of pOS460} carr)mg the Ty ?Aa, gene (hereafter.. S
-referred to as er134) expressed in Escherrdzm coh was descnbed b\ PRI
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" Wu and Dean [17). We subcloned the BanrHi-HindIII fragment into
M13mpl8& RF DNA [30] to target the loop 1 region in domain I1. Site-
directed mutagenesis was carried out by the method- of Kunkel (3]
using the Bio-Rad M13 MuotaGene mutagenesis Kit; ohgonucleouqes
were kindly provided by T. Yamamoto, Sandoz Agro Corporation
{sequences available upon request). After n:lutagenes:s was complete,
sequencing of single-strand DNA was carried out by the method of
Sanger ¢ al. [32] following the manufacturer’s instruciions .(Unlted
States Biochemical). The mutated fragment was t_hen recioned into the
vector, pQS4601. Other molecuiar'.cioning_techniques were performed
according to Sambrook et al. [33] Restriction enzymes and ﬁne chem-
icals were puschased from Bochrimger Mannheim Biochemicals.

2.2. Purification and protedse. digestion of prorqxr’ns _

Wild-type and mutant genes were expressed in £. colf JM103. Cells
were grown for 48 h in-500 ml of LB medium [33] containing 30 pg/mi
ampicillin. Crystal extracts were prepared and solubilized in 50 mM
sodium carbonate buffer (pH 10.5) as described [34]. The concentra-
tion of solubitized protoxin was: determined by Coomassie prodein
assay reagent (Pierce). Protoxin was activated with diluted 7. moditor
midgut juice with a juice proteinfprotoxin ratio of 1:20 {w/w) for 15
min at 37°C. The activated toxin was used-immediately. Protoxin and
toxins were.analyzed by sodiuim dodecyl sulfate—polyacrylamide gel
(12.5%) electrophoresis (SD$-PAGE) according to Laemmli {33].

2.3. Texicity bioassays R :

Bioassays with T. mofitor latvae were used. 1o screen the mutant
1oxins for shifts in toxicity when compared to the wild-type Cry3A.
The force-feeding bioassay method and data analyses for each mutant
toxin screened for toxicity in 7. mofitor are described by Wu and
Dean [17]: Two of the mutant-toxing, Al and A2, showed enhanced
toxicity in T. meliter, and Were further assayed in C. seripta-and L.
decemiineata larvae, Cry3A-sensitive species.in the family Chrysome-
lidae. The latter bioassays were done by applying serial dilutions of
solubilized and activated: toxin-in.a.| yl droplet of sucrose solution
(22.5% final concentration}, onto 4 mmi. poplar.or potato leaf disks
placed on the surface of 2% agar (Gelcarin) in. 24 well tissue culture
plates. Second-instar C: scripia of -L décernfineata larvae were placed
individually-in each weli; allowsd to feed for 24 b, and placed on fresh
poplar or posato foliage, respectively:“Mortality was recorded daily.
Estimates of median-léthaf- conceptrations (LC3p)-and 95% fiducial
limits (FLos) for the Al,AZ mutants, and wild-type-Cry3A toxin in
C. scripta and L. decemlineata were determined %6 h after treatrent
by probit analysis {36). The lethal:dose ritio test was used to deter-
mine il there were sigificant:differences-in toxicity. between -toxin
pairs, Cry3A:Al. Cry3A:A2, and AltA2. This test is used when
-probit lines are not paraliel by analyzing the LC:q¢ and slope data {36].

Table .7 -

‘Construction of loop | mutatis .-and-"mxicitya‘ssays-to- T. molitor larvae
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2.4, Preparation of brush Border membrane vesicles

Brush border membrane vesicles (BBMVs) were prepared from
whole,.thlrd instar C. seripta larvae or midguts of fourth instar L.
dec‘emlmeam larvae. The methods used for n;aking BBMVs were de-
sc_rlbcd by Maclntosh [37] and English and Readdy [38]. respectively.
with some modifications. Homogenization buffer (50 mM sucrose and
4 mM Tris at pH 7.5) included a protease inhibitor cocktail with a
ﬁnai_congenlralion in the bufler of 1.0 mM phenylmethylsuifonyl
ﬁuorlde: 3 mM benzamidine, 5 pg/ml each of pepstatin A. Ieupeplin
and antipain, and 1 lg/ml E-64. The buffer was made fresh and added
1o each stage of purification. The volume of ice-cold homogenizaiion
butft_:r fo_r use throughout the first precipitation procedure was equal
to nine times the weight of tissue to be processed. The initial BBMV
pellet was resuspended and reprecipitated with MgCl- one time for L.
decemlineara and twice more for C seripta. The final pellet was re-
suspended in 0.32 M sucrose, frozen in Hquid nitrogen. and siored at
—-80°C until wse. Protein concentration was determined by the BCA
protemn assay reagent (Pierce). Enrichment. determined by leucine
aminopeptidase activity (Sigma assay}, was 15-40 times greater than
the initial homogenate.

2.5. lodination of 1oxins

Protoxins were activated by midgut juice from T. molitor and ana-
iyzed for proteolysis with siiver-stained SDS-PAGE gel. The purity of
the activated Cry3A toxin used in the iodination was more than 95%
as determined by scanning densitometry. Iedination of toxins was
carried out according to Wolfersberger [39], and specific activities of
the wild-type Cry3A and mutant toxins ranged from 0.6 10 1.2 nCi/pg

protein.

2.6. Competition binding assuys
Homologous and heterologous competition binding assays were
performed as described by Lee et al. [40] with the following modifi-

" cations: BBMV (100 pg/m]) were incubated with '*llabeled toxins

{2.0 nM) in 100 pl of binding buffer (50 mM Tris. 0.9% NaCl. pH 8.0.
comtaining 0.5% bovine serum albumin and 0.15% Tween 20). Sam-
ples were assayed in duplicate for each data point. and binding data
were analyzed by the LIGAND program [41]. This program calculates
the relative binding affinity based on homologous competition. Acom
[17]. and binding site concentration, Buas. of bound ftgand as a best fit
of theoretical curves to the experimental data. The term Keom for the
binding constant was derived from competition siudies of Cry loxin
with BBMV. This term is proportional 1o ICss of classical Kinetic
analysis (median inhibition of binding by competitorh

2.7 Dissociation binding assays and calcwlation of ki )
The ST-labeled wild-type or Al mutant toxin was incubated with

LDg . {(FLys)" Relative activity

Mutant " ~Construction= =2 T UL o Expression
Wild-type AR LTR R P14 (8.5-14.9y - 1O

~ Single mutant L R AT e T T e 9.0 {5.9-13.5} 1.3
_Single mutant - = .- NYasgho T T — '

Single mutam LR AL i 12.2 (7.5-16.3) 0.9
Single mutant R P e - - ' ) )
Single mutant . YR e ST T L _ _ :

: Single mutant Dt 16.7 . (116435 0.7
Singie mutant et S 7.2 . (4.5-11.0) 16
‘Single mutant . 172 7. ¢ {12.3-432) 0.7

" Dotible inuiatii - " - .

- Double mutanit = g 20.0° <06
-Double mitant " 4 ND® T :

-7 Double muant " ; 44 "ND, S L
.- Triple mutane + 137 o 9.1-234 0.9

Al mutant + 1o (0614 - 104

A2 miutant O - B SUCRR N, ¢uJe 2 1} I 2.7

o 'Bl_o_ck mutant. ;

- #LDso-and FlLg: are expressed-as
:. ‘"The -bigassay data: for wild-type”
¢ fDouble . mutant NigA
9 Double: mutants ¥as

" *ND. not. determined

anty have been ‘reported [17). Those data -are lis
fvae even at the highest dose iested.
aded soon after solubilization in 50.m

ted in..{_his't'abl_e_ for’ comparison.
20 ug perlarvi oo L
M sodium carbonate:buffer. pH 10.5.
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Fig. [. Proteolytic digestion of wild-type Cry3A and loop { mutants.
Coomassie biue-stained 7.5% SDS-PAGE gel is shown, Lane L. pro-
tein standards {Bio-Rad). Positions of molecutar weight markers (in
kDa} are indicated on the left: lane 2. wild-type Cry3A toxin puri-
fied from B.r. var. tenebrionis: fane 3. Cry3A purified from E. coli:
lane 4, Cry3A treated with T. molitor midgut juice: lane’5, Al mu-
tant, RuysAY:0F. Y5 F. punfied from £ cofi: lane 6. Al mutant
treated with I mofiror midgut juice: lane 7., Al mutant.
RisAAY350.AY 355, purified from £ coff; lane 8. A2 mutant treated
with T. mwolitor midgut juice. Each lane contained 8-10 ug of pro-
tein.

BBMV to achieve saturation binding. The reaction mixture was then
chased with corresponding untabeled toxin, These dissociation bind-
ing assays were similar to the methods of Thara et al. [42] with ihe
{oliowing modification: 2.0 nM '*I-Jabeled toxin {wild-type or mu-
tant toxin) was incubated with 100 pg/ml BBMV at room temperature
for 60 min to achieve association binding. After association binding,
the mixtures were difuted two-fold in binding buffer coataining 0.5
M corresponding unlabeted toxin. The reaction was stopped ar dif-
ferent time points (5-80 min} by centrifugation. The pellet was washed
three times with binding buffer and the final pellet was counted in a
gamma counter {Beckman}. Non-specific binding was subtracted from
total binding. )

The post-incubation time course of these dissociation reactions was
transformed to fit the single exponential equation [43]:

v {ATHI—exp{—kgsx)} + = {1
where y is fitted to the concentration of dissociated toxin, and AT is
the maximum dissociated toxin; fgs is the observed first-order disso-
ciation rate constant; x is time; and = is the correction factor, which is

near zero. Dissociation rate constanis were determined using Sigma
Plot software {Jandet Scientific Co.) to solve the rate equation, Eq. 1.

3. Results

3.1. Expression of loop I mutant proteins

A total of 15 novel mutant toxins were produced by site-
directed mutagenesis in the loop I region of domain IT and at
nearby Riys (Table 1). Except for the single mutant Yi5 A,
mutagenesis of two surface-exposed Yisp.and Yis did not
produce structurally stable protein (Table '[). Although the

Table 2

1~
[
N

Table }

Median lethal concentration )
A2 mwnant proteins for voung sccond iastar C.
cemiineata .
C. scriptu L. decemiineata

(1.Csy) ratio test* on Cry3A. Al and
seripta and L. de-

Toxin comparison

Ratio “_ELn_z Ratio  CLys
CrviA:Al mutant Tae" 135488 191° 1.28-2.85
\ 0043221 2200 144-3.36

Cry3A:A2 mutant 1.73
Al mutant:A2 mutant 0,68
“The lethal dose ratio test {36] was used lo determine significance
because the probit lines for the three toxing were 10t parallel.

PThe LCss of cach toxin comparison are not significantly different
at the P=< 001 level of significance if the CLys interval for their ra-
tio includes 1.

(0.38-1.20 1.15 0.77-1.73

double mutant. YisoF.Y:sF. and the double deletion,
AY1350.A4Y 351, expressed proteins in £ coli. these muiant pro-
teins were degraded soon after solubilization in 30 mM so-
dium carbonate buffer. pH 10.3. To suppress the unstable
mutants. a nearby mutation RaisA was made as reported ear-
fier [17]. Based on these results, the triple mutants Al
(RasA.Y350F. Y35 F)Y and A2 (R34sA.AY 350,AY 35)) were con-
structed to investigate the functional role of Yisp and Yisy. As
a control. the single mutant. RiisA. was constructed for com-
parison with triple mutants and wild-type Cry3A &-endotoxin.
These triple mutants produce structurally stable proteins, with
a vield of about 3 mg from 300 m! LB medium (Table 1).

To complete the analysis of loop [ residues. alanine replace-
ments were generated for Nis; and Djsy. For comparison,
Ni53D, Dis4E and D3saN were constructed. These mutants
produced stable S-endotoxins with a yield similar to wild-
type Cry3A (Tabie 1). Protein stabilities of wild-type Al
and A2 mutants were determined by incubation with T mo-
liter midgut juice, followed by analysis of the products by
SDS-PAGE (Fig. 1).

3.2. Toxicity assays of loop I mutants in coleopterans

Both triple mutants Al and A2 were significantly more
toxic to larvae of T, molitor than the wild-type Cry3A (Table
1. The Al mutant, with phenylalanine substitutions of the
two tyrosine residues in loop I, was ca. 10-fold more toxic

" than the wild-type Cry3A. The A2 mutant, with deletions of

the two tyrosine residues in loop I, was ca. three-fold more
toxic. Mutations at positions 353 and 354 had no significant
effect on toxicity in T. molitor, except for a reduction in tox-
icity for the double mutant, Nis3A,D3ssA (Table [).

Toxicity of the Al and A2 mutant toxins compared to
Cry3A in C scripta and L. decemlineata revealed a trend
toward lower LCss and steeper slopes for the mutants’
when compared to Cry3A (Tables 2 and 3). :

Maximum likelihood estimates of median lethat concentrations (LCsp) of Cry3A. Al and A2 mutant proteins for young second instar C seripla’

and L. decemlineata

Protein® C. seripta _ S L. decemtineara

LCY, FL; . Slope £ S.E.M. LCs . Flas Slope + S.E.M.
Cry3A S LT0 0.85-2.97 1.65+0.34 2.07 1.41-3.44 1.90 +0.27
Al mutant 0.66 0.38-0.97 2.29+047 1.98 0.64-1.63 2355041
A2 mutant © 098 0.63-1.42- 2141037 0.94 0.57-1.48 1.82£0.26

*Each protein assay was replicated three times. Each replicate assay included four to six protein concentrations and a control applied to the ap-"- :

propriate leaf disks (poplar or potato) with 10~20 insects per concentration.

PLCsp and FLgs are expressed as ngfmm”.
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Fig. 2. Competition binding of '*I-labeled Cry3A toxin to C. scrip-
ta (A) and L. decemiineqta (B) BBMVs as a function of the concen-
tration of untabeled loop | mutant proteins. Vesicles (100 pg/mi)
were incubated with. labeled wild-type toxin (2.0 nM} in the pres-
ence of increasing concentrations of unlabeted competitors, Binding
is expressed as percentage of the amount bound upon incubation
with labeled toxin alone. A: O, wild-type Cry3A toxin; @, Al mu-
tant (RassAY0F. Y FY €. ‘A2 mutant (RisAAY150,AY351). B:
O, wild-type. Cry3A toxin: @ Al mutant {(RusAYi0F Y F): €.
A2 mutant (RagsAAY350,AY35t). Results are obtained from the
. average of three experiments. Each point represents the mean of du-
plicate samples. ) :

3.3. Effects of mutations on membrane receptor binding
Competitive binding of ZI-labeled Cry3A in the presence
of unlabeled wild-type Cry3A was reduced to 13% for C
scripta (Fig. 2A) and 27% for L. decemlineata (Fig. 2B). Ho-
mologous competition binding assays, using '*I-labeled wild- .
type Cry3A toxin. determined that C. scripra bad a > 3-fold
higher binding affinity (Kcom} than L. decemiineata (Table 4).
In contrast, the binding site concentration (Bna) for L. de-
cemlineata was > 3-fold higher than C. scripra (Table 4).

Table 4 : o
_Binding properties of Cry3A dnd mutant proteins incubated with BBMVs of C. 3
~Protein - C. scripta : )
S 2 Keom (M) gL
- Cry3A. . AT9%k42a 23.3£33 b
Al muiant 4975564 - 32.7%21a
SCAX mutant C.463%5.1a 256+ 130

“Values. for Kiom 0f By within one $pecies and followed by the same letter ar

parisons. .-

The binding constants (Eeiom) and binding site concentrations
" periments. R e )
"The By valugs are expressed as pn_m_llmg of BBMV;__protem_-

(Bm;m) represent the cziEi:ulz_i.led

Sof W et el IFEBS Legrers 473 {20005 227-232

Binding affinities for both the mutant toxins (Al and A2
on C. seripra BBMV were similar and slightly lower than that
£o.r the wild-type Cry3A. although not significantly different
{Table 4). The binding site concentration of € seripia BBMV
was significantly greater for the Al mutaat than that for ei-
t]}ﬁ-‘r the wild-lype Crv3A or the A2 mutant (Table 4). The
binding assays with 4. decemiineara BBMV reveuled both
greater affinity and a lower concentration of binding sites
tﬁr the mutant toxins compared to the wild-type Cry3A {Ta-~
Dle 4).

34 Dissociation analysis of Al sant on C seripta BEMY
Since the Al mutant toxin had minimal effect on Kom and
B, but substantially increased toxicity to C scripta larvae.
dissociation assays were performed to further examine the
kinetic aspects of membrane receptor binding. We observed
that about 44% of wild-type Cry3A could be dissoctated from
the BEM V. reaching equilibrium after 10-20 min (Fig. 3A). In
contrast, only 24% of Al mutani toxin was dissociated (rom
its binding site in € seriprar by the addition of excess unia-
beled ligand, reaching equilibrium after 30 min (Fig. 3A). The
dissociation rate calculated for Al mutant. kg = 0.05 min™!,
was nearly five-foid lower when compared to the dissoctation
rate for the wild-type Cry3A, kg, =024 min~' (Fig. 3B).

4, Discussion

Our results support that site-specific changes in loop I of
the receptor binding domain of Cry3A S-endotoxin altered the
toxicily of this protein in coleopteran larvae. Of particular
interest were two mutant toxins, Al and A2, which were
more toxic than the wild-type Cry3A in bioassays of three
coleopteran species (Tables 1 and 2). These two mutants dif-
fered only slightly. in Al phenylalanines were substituted tor
tyrosines at residues 350 and 331 (R:33A.Y350F. Y35 F), and in
A2 those tyrosines were deleted (Rias A AY350,4Y55). Further-
more. receptor binding studies demounstrated that phenylala-
nine substitutions for Ysse and Y33 mostly affect dissociation,
apparently accounting for the enhancement of toxicity. Ulti-
mately, we hope to understand the structural role of loop 1
residues in insect toxicity and parameters of binding to insect
midgul receptors.

The similar toxicity of wild-type Cry3A in C. scripta and L.
decemlineata, both within the same family of Chrysomelidae,
was achieved through quite different receptor binding param-
eters. The wild-type Cry3A binding afinity {Keem) to C. scrip-
ta BBMY was greater than that for L. decemiineata BRMV,
whereas the Cry3A binding site concentration (Bpax) was
higher for L. decemlineata than that for C. seripra (Table 4).

eripta and L. decemlineata

L. decemiineata

Keom (M) Bb

1359+11.8 a 793564 a
544168 b 503329 ¢
53865 b 632519 b

= not significantly different using Student’s f-test with paired com-

mean £S.EM. of three competition binding ex-
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The mutant toxins. Al and A2, also displaved different recep-
tor binding parameters in the two chrysomelid species. In
BBMYV prepared from L. decenifineata. both mutant strains
showed enhanced binding affimity and fewer binding sites {Ta-
ble 4. The differences in toxicity between the two mutants
were similar to differences in binding site concentration. In
contrast. receptor binding parameters measured in C seripra
BBMYV revealed shightly lower binding affinitics for both mu-
tants, and a significantly greater number of binding sites for
the more toxic mutant At (Table 4).

Bioassays for the A2 mutant indicated that deletion of the
two tyvrosines in loop 1 showed greater toxicity in both
melitor and L. decemlineata {2.7- and 2.2-loid. respectively),
but only o minimal effect on toxicity in C scripra (Tables |
and 3). It is not clear how the adjacent Nis: and Disy residues
contribute to receptor binding and toxicity. but previous re-
sults indicated that alanine substitutions for Nisy and Disy
caused the loss of binding affinity and toxicity [17]. In addi-
tion, toxicity of the Diy E mutant was similar to that of the
wild-tvpe Crv3A (Table 1), Perhaps. the detetons of Yis and
Y allow the aliphatic side chains of Nis: and Phigy to make
better contact with the receptor. enhancing toxicity.

The results of our mutational. bieassay and receptor bind-
ing studies suggest that hydrophobic side chains for the resi-
dues in foop [ interact with the receptor. Hence. the fact that
phenylalanine can effectively substitute for Yise and Yis in
toxicity erthancement suggests that it is not the phenolic hy-
droxyl group of tyrosine at these positions. but rather its
aromatic phenol ring that is important for toxicity (Tables |
and 2). This ohservation implies that the hydrophobic inter-
action of aromatic resicdues with the contact interface on the
receptor side may be necessary for tight binding affinity. The
well-packed hvdrophobic contact residues may play an impor-
tant role in the insecticidal activity and binding affinity.

The invelvement of hvdrophobic interactions between re-
ceptors and ligands is well documented. Mutagenesis and
crystallographic studies have revealed that aromatic amino
acids. tyrosine, phenylaianine and tryptophan. were the major
determinants of binding affinity in human lysozyme [44], diph-
theria toxin {45], human growth hormone and the extracellu-
lar binding domain of its receptor [46,47}, and other insecti-
cidal Cry toxins [48]. In our study, the binding analysis of Al
and A2 mutants to C seripra and L. decemdineats BBMV
verified the correlation between hydrophobic interaction in
binding affinity and insecticidal activity. In L. decemliineata
larvae, competition binding analysis indicated that both the
deletions and phenylalanine substitutions for Yise and Yis
resulted in increased binding affinity. 2 c¢a. 2.5-fold tower Keom
value than wild-type toxin {(Fig. 2B and Table 4). These results
suggest that the more hydrophobic phenylalanine rings or
removal of the phenolic hydroxyl groups at residues 3350
and 351 can lead to higher binding affinity and higher toxicity.

Interestingly. there was no significant difference in the com-
petition analysis begween wild-type, Al and A2 mutant toxins
to O seripra (Fig. 2A and Table 4) or T7 miafitor (unpublished
data). despite enhanced toxicity of the Al mutant toxin in T
molitor and C. seripra larvae {ca. 11.4- and 2.6-fold. respec-

tively), Our investigations of the dissociation of the' Al mu-

tant toxin suggested that the hydrophobic phenylalanines sub-
stituted for Yip and Yiq reduced the dissociation rate by
nearly five-fold: as compared with wild-type Cry3A (Fig.
3B). This slower dissociation rate may account for its greatly
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Fig. 3. Dissociation of **1-labeled Cry3A wild-type and Al mutant
toxins from C seripta BBMV. A: 2.0 mM P ldabeled toxin (wild-
type or Al mutant) was incubated with 100 png/mi vesicles at room
temperature for 60 min. After incubation, the mixtures were diluted
two-fold i binding buffer containing 0.5 ud corresponding unla-
beled toxins. Non-specific binding was subtracted. @, wild-type
Cry3A toxin; M, Al mutant (RusA.Y350F. Y35 F). Each point repre-
sents the meantS.D. of triplicate experiments. B: Single exponen-
tial fits for dissociation binding curves give dissociation rate con-
stants. ki, for wild-type and mutant toxins. @, wild-type Cry3A
toxin: M, At mutant (R A YiF. Y F) ’

enhanced toxicity in C scripra. This result may have - direct
relevance to the enhancement of insecticidal activity, Qur re- .
sults are consistent with the tight binding affinity of CrylAb
toxin to Manduea sexia BBMYV, also caused by the hydro-
phobic phenylalanine, Fi71, in the surface-cxposed loop {29].

Gverall binding affinity can be considered a dynamic bal-
ance of association and dissociation reactions. Since the affin-
ity constant (Keom) is determined by competition binding
experiments. it reflects all binding events. Distinction of asso-
ciation and dissociation will be necessary 1o explain the subtle
quantitative differences in the toxicity of 8-endotoxins in their
hosts.

The implications of our findings are important for rational
design of S-endotoxins that overcome insect resistance to these
toxins and for altered or 1mpr0ved insecticidal activity, as has
been achieved in other Cry toxins (4.27]. For instance, the -
hydrophobic residues around the foop I region in dom‘un:
I1. F,QNYW 16 of C]‘\«i%ﬂ E,|3YYW11(, of Cf‘r]Ab and_.: ’
Y YYWas of CrylAc toxins, may be identified as the ho- .

‘mologue of YispYGNDssy of Cry3A by functional mapping
and sequence alignment [49). Identification of these hydropho= .

bic contact residues provides the poteatial for cons_trt_ict_mg__-



genetically enbanced and durable toxins for use as biological
pesticides,
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