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Abstract: Thirty nine Bt Cryl subgroup protein sequences were retrieved from NCBI and analyzed for physico-
chemical properties, active site and relationship in relation to their variations in toxicity. Cryl proteins were found
to be hydrophilic and stable. SOSUI server predicted presence of two transmembrane regions in Ag and a single
transmembrane region from Aa to Ae. EMBOSS PepWheel tool analysis of the transmembrane regions showed
that there were 23 highly conserved residues towards the N terminal which are hydrophobic and more than half
of the residues were neutrally charged. No signal peptide was detected which classifies the Cryl group proteins
as non-secretory proteins. Cryl proteins have very high composition of neutral amino acids and might transform
into negative charge after solubilization in alkaline environment (insect midgut). The negatively charged protein
might misfold causing difficultly to digest and thereby be toxic to lepidopteran. Active sites of Cryl proteins
with more than 50% neutral amino acids showed wide insecticidal spectrum and further positive correlation (r =
0.7731) was observed between neutral amino acids and insect species affected (Y = —138.21 + 2.907X). Similarity
of sequences was found between Cryl proteins based on their high or low spectrum of insecticidal activity.

Key words: Bacillus thuringiensis, neutral amino acids, Cryl protein, receptor site, evolutionary relationship,

lepidoptera, protein misfolding, insecticidal spectrum.

1 Introduction

Bacillus thuringiensis (Bt) produces insecticidal crys-
tal proteins during its sporulation phase which be-
comes active in the insect midgut (Rowe and Mar-
garitis, 1987). Different classes of Cry proteins having
structural and functional similarities have been charac-
terized and are known to have high specificity against
particular group of insects (Schnepf et al., 1998; Crick-
more et al., 1998). Cryl toxins are the largest family
among more than 200 crystal proteins characterized so
far and cryptic genes are known to exist among Cry tox-
ins (Masson et al., 1998; Letowski et al., 2005). Cryl
protein has specific insecticidal activity against lepi-
dopteran insects and this activity is also found in Cry2
and Cry9 proteins (Schnepf et al., 1998; Nariman, 2007;
Bobrowski et al., 2002). Currently, there are about 12
different subclasses of Cryl protein group, each sub-
class has a specific range of activity against different
lepidopteran insects.

Bt has proved itself to exist in diverse environments

*Corresponding author.
E-mail: nskmzu@gmail.com

and has been shown to have interrelationships be-
tween habitat and their biological characteristics such
as serovar, Cry proteins and toxicity (Martinez and
Caballero, 2002). Moreover, PCR detection of cryl
genes indicated that Ab, Ac, C, D, I were present both
on chromosomal and plasmid DNA, whereas Aa was
present only on plasmid DNA (Thaphan et al., 2008).
In the present study, in silico analysis of the Cryl pro-
tein subclasses and their relationship with insecticidal
spectrum has been carried out.

2 Materials and methods

Cryl subclass proteins sequences were retrieved
from the National Centre for Biotechnology Infor-
mation (NCBI) database and Crickmore’s webpage
(www lifesci.sussex.ac.uk/home/Neil Crickmore/Bt/
intro.html) in FASTA format and used for analysis.
2.1 Computational tools and servers

ClustalW and BLASTp programs were used on in-
dividual subclass sequences for searching consensus se-
quences within each subclass. In total, 133 Cryl se-
quences were retrieved; out of which 38 sequences were
chosen, representing one consensus sequence per
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subclass, for further analysis (Table 1). The physico-
chemical parameters, theoretical pl, molecular weight,
total number of positive and negative residues, extinc-
tion co-efficient (Gill and van Hippel, 1989), aliphatic
index and instability index (Tkai, 1980), GRAVY (Kyte
and Doolittle, 1982), composition of charged amino
acids, hydropathicity, hydrophilicity and net hydropho-
bic content and half life (Bachmair et al., 1986; Gonda
et al., 1989; Tobias et al., 1991; Ciechanover and
Schwartz, 1989) were computed using PROT-PROP
software (Brindha et al., 2012).

Identification of transmembrane region was done us-
ing SOSUI server (Takatsugu et al., 1998). The pre-
dicted transmembrane region was visualized and ana-
lyzed using helical wheel generated by EMBOSS Pep-
Wheel program. The 3D structures of Cry 1 sub-
classes were generated by homology modeling using
Swiss Model. The model 3D structures were validated
using RAMPAGE (Lovell et al., 2003). The CastP sever
was used to visualize the active sites (Joe et al., 2006).
Active sites with maximum area and volume were only
taken into consideration for analysis of neutral amino
acids. FATCAT server (Ye and Godzik, 2003) was used
to align the structures based on pairwise alignment.
The secondary structure of the active site amino acid
sequences was obtained from YASPIN (Lin et al., 2005).

The number of insects screened against Cryl subfam-
ily of proteins was obtained (Diego and Graciela, 2008)
(Table 2). Cryl subgroup proteins were divided into
three categories based on their insecticidal spectrum:
high spectrum (Aa, Ab, Ac), moderate spectrum (Da,
Ea, Fa) and no spectrum (Ga, Ha, La). The selected
sequences were clustered using MEGA 5.0 software for
understanding their evolutionary relationship (Tamura
et al., 2007). All the aligned sequences were manually
checked and edited to minimize the gaps. Cry2 and
Cry9 sequences were used as an out group as they are
also toxic to lepidopteran insects (Nariman, 2007). The
SPSS software was used to determine regression corre-
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lation between percentage of neutral amino acids and
groups of insect affected (SPSS for Windows).

3 Results and discussion

3.1 Physicochemical analysis

The molecular weight of lepidopteran-active Cryl
protein is 125 kDa (Table 1). Extinction co-efficient
at 280 nm is 168,393 due to the poor concentration of
tryptophan and cysteine residues and cannot be ana-
lyzed using UV spectral methods (Gill and van Hippel,
1989). The instability index (IT) and Aliphatic Index of
Cryl proteins are less than 35 and 78, respectively and
are stable for wide range of temperatures. The average
theoretical pl is very low at 7.0 pH (—37.38) indicat-
ing that Cryl proteins are acidic, resulting in higher
number of negatively charged residues than positively
charged residues (Vasecharan and Valli, 2011) (Table
1; Fig. 1). Cryl proteins are not strongly hydrophilic
(GRAVY score: —0.418) resulting in moderate interac-
tion in water and hence, they are highly soluble in the
alkaline environment.

The Cry1 subclass proteins are rich in neutral amino
acids with a net composition of 541 amino acid residues.
The neutral amino acid residues of Cryl protein com-
prise leucine (95), valine (73), isoleucine (69), thre-
onine (77), serine (80), asparagine (74) and glycine
(73) (Fig.1). They are hydrophobic (237 amino acid
residues), hydrophilic (231 amino acid residues) and
aliphatic (73 amino acid residues) with a ratio of 3:3:1
(Fig. 2 and Fig. 3). According to Le Chatelier Princi-
ple, the neutral amino acids might donate a hydrogen
atom and become negatively charged in alkaline envi-
ronment (insect midgut) (Fig. 4). This may lead to sig-
nificant increase in net hydrophilic-negatively charged
residues in Cryl group proteins. Solubilization of Cry
proteins in alkaline environment is one of the significant
steps for exhibiting toxicity against lepidopteran insects
(Devendra et al., 2006). After solubilization, the high
negatively charged protein tends to misfold which

Neutral Amino Acids: Asn, Gly, Ile, Leu, Ser, Thr, Val

Negatively Charged Amino Acids: Glu, Asp
1001 positively Charged Amino Acids: Arg, Lys 95

901 87
801
701
601
501
401
301
201
10F

B Amino acids

80 -7

73

0
Ala Arg Asn Asp Cys Glu Gln Gly His Ile Leu Sys Met Phe Pro Ser Thr Trp Tyr Val

Fig. 1 Average amino acid composition of Cryl subclass proteins.
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Table 2
Lepidopteran

Plutella xylostella
Trichoplusia ni

Ostrinia nubilalis

Conopomorpha cramerella

Heliothis virescens

Choristoneura fumiferana

Cacyreus marshalli

Lymantria dispar

Bombyx mori

Choristoneura rosaceana, Pandemis pyrusana, Platynota stultan
Spodoptera exigua

Malacosoma disstria, Manduca sexta
Sesamia nonagrioides

Pectinophora gossypiella
Choristoneura occidentalis

Cydia pomonella

Argyrotaenia citrana

Helicoverpa zea

Pseudoplusia includes

Helicoverpa armigera

Orgyia Leu costigma

Pieris brassicae, Chilo supperssalis, Epinotia aporema
Thaumetopoea pityocampa

FEarias vitella, Marasmia patnalis
Spodoptera frugiperda

Spodoptera littoralis

Helicoverpa punctigera

Mamestra brassicae

Artogeia rapae

Cnaphalocrocis medinalis, Choristoneura pinus pinus
Sciropophaga incertulas

Maruca vitrata

Diatraea saccharalis

Agrotis ipsilon

Eldana saccarina, Busseola fusca, Danaus plexippus, Sesamia
calamistis

Spodoptera exempta

Spodoptera litura

Plodia interpunctella

Ephestia kuehniella, Rachiplusia nu, Agrotis segetum, Anticarsia
gemmatalis, Planotortriz octo, Ctenopusestis obliquana, Ephiphyas
postvitta, Phthorimaea operculella, Tecia solanivora, Spilosoma vir-
ginica

Hyphantria cunea

Mamestra configurata

Lambia fiscellaria

Wiseana cervinata, Wiseana copularis, Wiseana jocose

Ostrinia furnacalis

Interdiscip Sci Comput Life Sci (2013) 5: 127-135

Insecticidal spectrum of Cry1l class proteins

Cryl subclass Proteins
Aa, Ab, Ac, Ad, Ba, Bb, Bd, Be, Bf, Ca, Da, Ea, Eb, Fa,
Gb, Gc, Ia, Ib, Id, Ie, If, Ja, Jc

Aa, Ab, Ac, Ad, Ae, Ba, Bb, Bd, Be, Bf, Ca, Cb, Ea, Eb,
Fa, Gc, If, Jb

Aa, Ab, Ac, Ba, Bb, Be, Bf, Fa, Gc, Ia, If, Ja, Jb, Jc
Aa, Ab, Ac, Ba, Ca, Cb, Dd, Ea, Fa, Ia
Aa, Ab, Ac, Ae, Be, Ca, Fa, If, Ja, Jc
Aa, Ab, Ac, Ad, Ba, Ca, Da, Ea, Fa
Aa, Ab, Ac, Ba, Ca, Da, Ea, Fa, Ja
Aa, Ab, Ac, Ba, Bb, Ca, Da, Ja

Aa, Ab, Ac, Da, Db, Ea, Fa, Ia

Aa, Ab, Ac, Ad, Ca, Ea, Eb, Fa
Ab, Ad, Be, Ca, Da, Fa, If, Ja

Aa, Ab, Ac, Ba, Ca, Da, Ea

Aa, Ab, Ac, Ba, Ca, Da, Fa

Aa, Ab, Ac, Bb, Ca, Da, Ja

Aa, Ab, Ac, Ad, Ca, Ea, Fa

Aa, Ab, Ac, Ba, Da, Fa, Ia

Aa, Ab, Ac, Ca, Ea, Eb, Fa

Aa, Ab, Ac, Be, If, Ja, Jc

Aa, Ab, Ac, Ba, Bb, Jb

Aa, Ab, Ac, Fa, Ia

Aa, Ab, Ac, Ca, Da

Aa, Ab, Ac, Ba, Ca

Aa, Ab, Ac, Ba

Aa, Ab, Ac

Bb, Be, Ca, Da, Fa, If, Ja

Ca, Ea, Fa

Ab, Ac, Fa

Aa, Ab, Ac

Ba, Ia, Ka

Aa, Ab, Ac

Aa, Ac, Ca

Aa, Ab, Ca

Aa, Ab

Ge, Jc

Ab, Ac

Ca, Ea
Db, Ia
Ab, Ca
Ac

Aa
Ab
Da

Ie
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causes difficulty for the insect larvae to assimilate the
misfolded protein resulting in death of the larvae (Coen
et al., 2007). One main factor for causing protein
misfolding is strong interaction of negatively charged
residues with membrane phospholipids (Tran et al.,
2001). The widest spectrum insecticidal Cry 1 pro-
teins are Ac, Ab, and Aa which are rich in trypto-
phan and valine residues; threonine and serine; and
glycine and asparagines, respectively. These amino
acid residues might contribute to the toxicity against
wide range of insects because valine, threonine, serine,
glycine are neutral amino acids and asparagines is neg-
atively charged.

Leu Arg Lys

Val
Glu W Positively charged residues
lle % Negatively charged residues

541 Asp Neutrally charged residues
Thr
Gly
Ser Asn
Fig. 2 Net composition of charged and neutral amino
acids.
237
9 Hydrophobic

N Hydrophilic
M Aliphatic

Fig. 3 Properties of neutral amino acids in Cryl proteins.

Gly

M Positively charged residues
Ser Asn [®] Negatively charged residues

Fig. 4 Neutral amino acids after solubilization in insect
midgut (alkaline environment).

One of the most increased and effectively absorbed
amino acids in lepidopteran larval midgut is leucine
(Giordana et al., 2002) and Cryl subgroup proteins are
very rich in leucine (neutral amino acid) which proba-
bly forms a good binding for Cryl proteins in the lar-
val midgut (Fig.1). The toxic nature of leucine was
enhanced in magainin 2, frog antimicrobial peptide, by
using leucine zipper like motifs (Pandey, 2011).
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3.2 Transmembrane and signal peptide analy-
sis

Even though all Cryl group proteins are membrane
proteins, 29% of them have one transmembrane region
(Aa, Ab, Ac, Ad, Ae and Ga). CrylAgl has two trans-
membrane regions (Table 3). The presence of trans-
membrane domain in CrylA subgroups may play a ma-
jor role in the stability of secondary and tertiary struc-
tures of proteins (Hormaeche et al., 2006). This along
with the presence of abundant neutral amino acids in
the transmembrane regions might also contribute to the
wide range of insecticidal spectrum of CrylA group.

Table 3 Transmembrane regions of Cry proteins

Name Transmembrane
CrylAa QFLLSEFVPGAGFVLGLVDIIWG
CrylAb QFLLSEFVPGAGFVLGLVDIIWG
CrylAc QFLLSEFVPGAGFVLGLVDIIWG
CrylAd QFLLSEFVPGAGFVLGLVDIIWG
CrylAe QFLLSEFVPGAGFVLGLVDIIWG
CrylAg QFLLSEFVPGAGFVLGLVDIIWG
AAFAVYTLRASLFLLVLLIHAR
CrylGa LLEAAVPEAGFALGLFDIIWGALG

Cryl subclass proteins do not show presence of sig-
nal peptide which classifies them as non-secretory pro-
teins. One of the properties of non-secretory proteins
in bacteria is low composition of cysteine and leucine
residues (Garg and Raghava, 2008). Though Cryl sub-
group proteins are non-secretory proteins and the com-
position of cysteine is low, leucine is very high which is
effectively absorbed in the insect midgut.

3.3 Active site analysis

The 3D structures having scores greater than 98%
accuracy in RAMPAGE were only used for active site
analysis. The result of regression analysis of Cryl sub-
group proteins (Y = —138.21 4+ 2.907X) revealed that
the number of insect species affected (Y) was positively
correlated with the neutral amino acids present in re-
ceptor site of Cryl proteins (X), having a regression
coefficient r = 0.7731, r2 = 0.5977, SD of residuals
—11.653, F137 = 54.97, p < 0.0001. The results of
regression analysis (95% confidence level) revealed that
the efficacy of the Cryl subclass protein increased with
the number of neutral amino acids present in the re-
ceptor site. Higher slope value (2.907) and lower fidu-
cial limits at 95% were observed for insect groups af-
fected (Fig.5). Interestingly, active sites which have
50% or more of neutral amino acids have high toxic
spectrum activity against lepidopteran insects as shown
with CrylA (54-73% of lepidopterous insects affected)
and 1C (43% of lepidopterous insects affected) subclass
proteins. The CrylB, 1F, 1E and 1D subclasses showed
medium (22-30%) toxic spectrum activity followed by
1J (14%) and 1I (12%). Low toxic spectrum activity
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was observed in CrylG (2-6%). The Cryl subclass
proteins having < 50% of neutral amino acids did not
exhibit toxicity against lepidopterous insects and can
be designated as non-toxicants (Af, Ag, Ah, Bc, Fb,
Ga, Ha, Hb, Ic, Jd, La) (Fig. 6). This shows that the
neutral amino acids may play vital role in Cryl pro-
tein toxicity. Elimination of the trypsin cleavage site of
Bt wild-type protoxin at position 164 by substitution

70
651

551

<48

—25

Y=-138.214+2.907X

Interdiscip Sci Comput Life Sci (2013) 5: 127-135

with a neutral amino acid resulted in increased toxic-
ity against lepidopteran insects (Lambert et al., 1996).
CrylAa and Ac proteins comprised of 58 % and 67%
neutral amino acids in the active site showing a toxic
spectrum activity of 54 % and 73%, respectively (Fig. 6
and Table 5). There are interesting signature sequences
in different Cry protein sequences according to their in-
secticidal spectral activity (Fig. 7).

Y=Insect orders affected
X=Neutral Amino acids of Cryl

42 44 46 48 50 2 54

56 58 60 62 64 66 67

Neutral AAs

Fig. 5 Correlation between neutral amino acids of Cryl (neural AAs) and insect orders affected (% GIA). Solid line: linear

regression; Dashed line: 95% confidence limit.

80T
70t
60
50
40
30
201

10

0

0
A

m Cryl% Neutral AA in the Active Site
Cry1% of Insects Affected

54 5:
55 31 @

48

44 43

12

g
o

o o o 0, 0

aAb AcAd AeAf Ag Ah Ba Bb Be Bd Be Bf Ca Cb Da Db Ea Eb Fa FbGa Gb Gec HaHb Ia Ib Ic Id Ie If Ja Jb Jc Jd Ka La

Fig. 6 Percentage of amino acids in active site and insects affected.

Insect spectrum range |Cryl Active site Amino acids Alignment
Aa VYNLYNRRTLDALTREIYEIRQE SGT-—-—-KGHGIGGD| 39
High spectrum Ac VYNLY--RTLDDLTREIYEIRSFHMDSIVS—---——-G-{GTGGD| 34
Ab VYNLEY-RTLDS-TREIYEIRSFE ILORLSIFTKGHGIGGD| 41
LR E 23 ek tit*tt*i_it* * (ddddd
Ea | IRSPHMD SVKG--TGGD—-—— 29
Moderate spectrum Fa FVRPPHMDNHST - ————————————— AVRGPGTGGD———— 38
Da 5IRSPHVDFLFSSVPIRLCHTVFSTAVKKGPGFTGDPLTS 59
sk _kkak L% * ke
Nil Ha ~AFNL-—————-- RYL-DRTLDAf Q-———m—mm— - LREPHMDCHRVST-———~ 32
1l spectrum Ga RAYNLNEIGGISRRYLDDRTLDAN SPVANINFLSIALRAPHMDDQVTDTDECLA 59
La|  ——————— YLIPRTLDAL §-——--VVVAYEVRRAPHFCGVVVSG————— 36
wd ik d = * ‘l“l’: P

Fig. 7 Active site amino acids alignment of high, moderate and nil spectral insect ranges.
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Structures

CrylAc with CrylLa
CrylAc with CrylFa

Insect Spectrum Range

High Spectrum

Moderate Spectrum

Nil Spectrum

Table 4 FATCAT pairwise alignment for 3D structures

Cryl

Aa

Ab

Ac

Da

Fa

Ha

La

Ga

P-VALue (P-VALue < 0.05
RMSD Alignment Model

are significantly similar)

0.92 0.00
0.61 0.00

Flexible & Rigid

Table 5 Amino acids involved in the active sites of Cryl proteins

Amino Acids Involved in Active Site

VAL208 TYR211 ASN212 LEU215 TYR229 ASN230 ARG233 ARG234 THR237
LEU241 ASP242 ALA245 LEU263 THR264 ARG265 GLU266 ILE267 TYR268 GLU288
ILE291 ARG292 GLN293 PRO294 HIS295 MET297 HIS433 THR435 THR451 SER453
GLY 455 THR476 LYS489 GLY 490 PRO491 GLY 492 THR494 GLY 495 GLY496 ASP497

VAL208 TYR211 ASN212 LEU215 GLU216 TYR229 ARG233 THR237 LEU241 ASP242
SER245 THR264 ARG265 GLU266 ILE267 TYR268 GLU288 ILE291 ARG292 SER293
PRO294 HIS295 MET297 ASP298 ILE299 LEU300 GLN353 ARG429 LEU430 SER431
ILE456 PHE462 THRA477 LYS490 GLY491 PRO492 GLY493 THR495 GLY496 GLY497
ASP498

VAL208 TYR211 ASN212 LEU215 TYR229 ARG233 THR237 LEU241 ASP242 ASP245
LEU263 THR264 ARG265 GLU266 ILE267 TYR268 GLU288 ILE291 ARG292 SER293
PRO294 HIS295 MET297 ASP298 SER431 ILE455 VAL476 SER488 GLY489 GLY491
THR493 GLY494 GLY495 ASP496

VAL206 TYR209 ASN210 LEU213 ARG232 THR236 LEU240 ASP241 SER244 LEU263
ARG264 GLU265 VAL266 TYR267 ILE291 ARG292 SER293 PRO294 HIS295 MET297
ASP298 SER427 VAL447 LYS483 GLY 484 THR488 GLY 489 GLY490 ASP491

THR203 ASN204 VAL207 ASP208 TYR210 ASN211 LEU214 ARG215 TYR228 ARG232
THR236 LEU240 ASP241 ALA244 THR263 ARG264 GLU265 VAL266 TYR267 SER291
ILE294 ARG295 SER296 PRO297 HIS298 VAL300 ASP301 PHE302 LEU303 PHE327
SER356 SER358 VAL359 PRO360 ILE361 ARG422 LEU423 CYS424 HIS425 THRA427
VAL441 PHE442 SER443 THR445 ALA449 VAL466 LYS467 LYS479 GLY480 PRO481
GLY482 PHE483 THR484 GLY485 ASP487 PRO549 LEU550 THR551 SER552

LEU206 TYR209 ASN210 LEU213 ASN228 ARG231 ARG232 THR235 LEU239 ASP240
ALA243 THR262 ARG263 GLU264 ILE265 TYR266 GLU288 VAL291 ARG292 PRO293
PRO294 HIS295 MET297 ASP298 ASN424 HIS425 SER447 THR449 ALA453 VALA470
ARG483 GLY484 PRO485 GLY486 THR488 GLY489 GLY490 ASP491

ALA210 PHE213 ASN214 LEU217 ARG226 TYR227 LEU228 GLN231 ARG232 THR235
LEU239 ASP240 ALA243 THR262 ARG263 GLU264 ILE265 TYR266 GLN282 LEU285
ARG286 GLU287 PRO288 HIS289 MET291 ASP292 CYS425 HIS426 ARG428 VALA446
SER448 THRA450 VALA471 LYS484 GLY485 PRO486 GLY487 THR489 GLY490
GLY491 ASP492

TYR213 LEU223 ILE227 GLN230 ARG231 THR234 LEU238 ASP239 ALA242 LEU260
THR261 ARG262 GLU263 ILE264 PHE265 SER267 VAL270 VAL271 VAL277 ALA278
TYR279 GLU280 VAL282 ARG283 ARG284 ALA285 PRO286 HIS287 PHE289 CYS422
GLY427 VAL441 VAL443 VAL468 SER480 GLY481 GLY483 THR485 GLY486
GLY487 ASP488

ARG83 ALA206 TYR209 ASN210 LEU213 ASN214 GLU215 ILE216 GLY217 GLY218
ILE219 SER220 ARG221 ARG222 TYR223 LEU224 ASP225 GLN227 ARG228 THR231
LEU235 ASP236 ALA239 THR259 ARG260 GLU261 ILE262 TYR263 THR264 SER265
PRO266 VAL268 ALA269 ASN271 ILE272 ASN273 PHE274 LEU276 SER277 ILE278
ALA279 LEU282 ARG283 ALA284 PRO285 HIS286 MET288 ASP289 ASP349 GLN351
VAL377 THR397 ASP398 THR399 ASP401 GLU402 CYS419 LEU424 ALA436 ILE438
PHE439 TRP441 THR442 VAL463 VAL475 LYS476 GLY 477 PRO478 GLY 479 THRA481
GLY 482 GLY483 ASP484 ILE485 ASP546 LEU547 TYR585
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3.4 Structure and sequence alignment

The structures of three Cryl sequences which have
high (Ac), moderate (Fa) and no (La) insecticidal spec-
trum were taken for comparing structure and sequence
via their alignments. The N-terminal and catalytic do-
main regions of high insecticidal spectrum Cryl pro-
teins (Aa, Ab, Ac) were highly conserved, whereas there
was very few conserved regions between Ac, Fa and La
sequences (data not shown). The Cryl sequence align-
ments show that Ac and Fa have higher similarities than
Ac and La. But, Ac with Fa and Ac with La structures
were significantly similar having p-values 0.00 (less than
0.5; without twists). The Root Mean Square Deviation
(RMSD) values are 0.92 and 0.61 for the above case
for both rigid and flexible alignment models (Table 4).
Hence, CrylAc exhibits toxicity based on the active site
and its neutral amino acid composition but not based
on structures. The secondary structures of active site
sequences were similar in high, moderate and no insec-
ticidal spectrum crystal proteins.

3.5 Evolutionary tree analysis

The proteins clustered according to their toxicity
spectrum. Cryl subgroup radiated into six different
clades based on their toxic spectrum activity against
lepidopterous insects. Clade 1 consists of high spectrum
activity Cry proteins (Aa, Ab, Ac) and are grouped to-
gether. The Clades 2, 3 and 4 consisted of Cry1 proteins
Ea, Da and Fa having moderate spectrum activity. The
Cryl proteins having nil spectrum activity branched
into Clades 5 (La, Ha) and 6 (Ga) (Fig. 8). The out-
groups (Cry2Aa and Cry9Aa) rooted separately. The
sequence analysis of Cryl proteins showed that the
subclasses were more dissimiliar to each other. The
branch lengths reflect the number of changes taken
to evolve the proteins and nodes representing the an-
cestral divergence points. The relationship between
Cryl toxic spectrum activity and composition of neu-
tral amino acid as mentioned above was in corrobora-
tion with the phylogenetic tree. The high, medium and
nil range Cryl proteins have unique sequences in their
active site and they also cluster in the phylogenetic tree

92—CrylAa ] High
spectrum
activity
Moderate
spectrum
activity

CrylFa
CrylHa [Nil

76 CrylLa [ spectrum

CrylGa ‘d(,thlty

Cry9Aa
Cry2Aa

Fig. 8 Evolutionary relationship selected Cryl proteins by
Maximum Likelihood method based on the Poisson
correction model (500 replicates).
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within themselves according to their insecticidal spec-
tral range.

4 Conclusion

This study reveals that the neutral amino acids may
play a vital role in the Cryl subgroup proteins to
exhibit toxicity in the alkaline environment of insect
midgut. Based on neutral amino acid residues, the Cryl
subclass proteins are divided into toxicants (> 50%
neutral amino acids) and non-toxicants (< 50% neu-
tral amino acids). The amino acid residues are in neu-
tral charge before solubilization of Cryl proteins and
become negatively charged residues after solubilization
process in the midgut of insects. The N terminal and
catalytic domains are highly conserved. Variations in
the functional motif were observed in toxicant and non-
toxicant Cryl subclass proteins. The toxic spectrum
activity is based on active site and not on structure
of the proteins. CrylAc (exhibiting high insecticidal
spectrum) shows difference in sequence level but not in
tertiary structure level, the same as CrylFa (moder-
ate insecticidal spectrum) and CrylLa (no insecticidal
spectrum). The amino acids present in the receptor
sites of CrylAc, 1Ab, 1Aa may also be important for
its high insecticidal spectrum.
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