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ABSTRACT

CrylAb proteins produced by the insecticidal bacterium Bacillus thuringiensis are mostly studied
and applied, facing the challenge of insect resistance. The 3-D structure of the toxic core for all
available 34 CrylAb proteins were constructed by the method of homology modeling. Based on the
secondary structure pattern, four different groups were identified and named as CrylAb T,
CrylAb1l, CrylAbIll, and CrylAbIV. The three CrylAb proteins, CrylAb2, CrylAb7 and Cry1lAb28
were recoghized as CrylAbIl, CrylAbll, and CrylAblV, respectively. The other 31 CrylAb
proteins were grouped as CrylAb I, and were further divided into three subgroups based on 3-D
structural differences, CrylAb I 3 (CrylAb33 only), CrylAb I 2 (CrylAb31 only), and CrylAbI1
(the rest of CrylAb I). The structural differences among different CrylAb groups and subgroups
were presented in details. The insecticidal activities of different Cry1lAb groups and subgroups were
also discussed. It was worthy to speculate that the only difference in 3-D structure, residues 447-
449 form B-sheet in CrylAb 1 vs loop in CrylAbI, resulted in CrylAb I inactive vs CrylAbIl
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active against mosquito. The data obtained from the present in silico study provided new insights
into structure-function relationship of CrylAb proteins.

Keywords: Bacillus thuringiensis; CrylAb;
relationship; mosquito-specific motif.

1. INTRODUCTION

Bacillus thuringiensis, commonly known as Bt, is
a Gram positive bacterium that occurs naturally
in the soil around the world. For decades,
bacteriologists have known that some strains of
Bt kill certain insects and that the toxic substance
responsible for the insects death is a protein
generally referred to as parasporal crystal
proteins (Cry proteins) [1]. These Cry proteins
produced by Bt is widely used in biopesticide
formulations and transgenic crops for insect
control. The mode of action of Cry toxins is still a
matter of investigation, generally, following
ingestion by insects, they are activated by gut
proteases and by binding to specific receptors on
midgut epithelial cells [2]. Receptor binding
induces the conformational change in the toxin
necessary for membrane insertion, where it
forms ion selective channels via oligomerization
of toxin monomers, leading to cell lysis and
finally to larval death [3,4].

The existing nomenclature ranks demarcate the
four levels, and the boundaries represent

approximately 95, 78, and 45% sequence identity.

To date, the Cry genes have been classified as
Cryl to Cry73, Cytl, Cyt2 and Cyt3 are ranked
according to their homology [5]. So far only eight
structures of Cry toxins from Bt namely CrylAa
(PDB ID: 1CIY) [6], Cry2Aa (PDB ID: 1I5P) [7],
Cry3Aa (PDB ID: 1DLC) [8], Cry3Bb (PDB ID:
1JI6) [9], Cry4Aa (PDB ID: 2C9K) [10], Cry4Ba
(PDB ID: 1wW99) [11], Cry8Ea (PDB ID: 3EB7)
[12] and Cry5Ba (PDB ID: 4D8M) [13] have been
determined by X-ray crystallographic methods.
However, Cryl1Bb [14], Cry5Aa [15], Cry5Ba
[16], Cry3A [1], Crylld [17], Cry30Ca2 [18],
CrylOAa [19], and Cryllb9 [1] have been
predicted by homology modeling methods.
Furthermore, Kashyap et al. [20-24]
predicted the structure of CrylAb15, CrylAb16,
CrylAbl17, CrylAb1l9 and CrylAb21 by
homology modeling. These reports have
supported the three domains hypothesis for the
toxic core of Cry proteins revealing domain I to
be consisting of a-helical bundle, domainll of
antiparallel B sheets and domainIll made up of 8
sandwich [6].

structure-based

nomenclature; structure-function

Although CrylAb have been mostly studied and
used, few efforts have been focused on the
structural relationships among CrylAb members.
To establish a new nomenclature which
provide structural relationships among Cry
proteins helping us to learn more about
the relationship between structural differences
and activities, the secondary structure and
3-D structure of all available 34 CrylAb
proteins were constructed by the method of
homology modeling, then different groups and
subgroups were identified based on the
secondary structure pattern and 3-D structure
comparison.

2. MATERIALS AND METHODS

The reviewed full length amino acid
sequences of all available CrylAb proteins were
obtained from the National Center for
Biotechnology Information (NCBI) database
(http://www.ncbi.nim.nih.gov/GenBank). The
sequence accession numbers were AAA22330,
AAA22613, AAA22561, BAAOOO71, CAA28405,
AAA22420, CAA31620, AAA22551, CAA38701,
A29125, 112419, AAC64003, AAN76494,
AAG16877, AAO13302, AAK55546, AAT46415,
AAQ88259, AAW31761, ABB72460, ABS18384,
ABW87320, HQ439777, HQ439778, HQ685122,
HQ847729, JN135249, JN135250, JN135251,
JN135252, JN135253, JIN135254, AAS93798,
KC156668, respectively.

The 3-D structure of target proteins was
predicted by using the server SWISS-MODEL
(http://swissmodel.expasy.org/) [25] which is a
fully automated protein structure homology-
modelling server. The Ramachandran plot
assessments were conducted by submitting the

PDB files to RAMPAGE server
(http://mordred.bioc.cam.ac.uk/). Alignment of
those structures that showed secondary

structure and 3-D structure similarities and
differences were directly performed in Pymol
software, and sequence alignment among the
four groups of CrylAb was generated using
ClustalX program. Insecticidal activity data was
obtained from the web of Toxin Nomenclature
(http://iwww.glfc.forestry.ca/bacillus/).
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3. RESULTS

3.13-D Structures of the Toxic Core of
Available 34 CrylAb Proteins were
Constructed by Homology Modeling

The structural models of the CrylAb toxic core
were obtained comprising of 578 amino acids out
of 1155 long primary structure, approximately.
Sequence alignment showed an average of
88.5% identity between each CrylAb and
CrylAa (PDB: 1CIY). All the 3-D structures of the
toxic core of 34 available CrylAb proteins were
constructed by homology modeling and
evaluated by Ramachandran plot. Comparison of
structures among the members of Cry toxin
family revealed that CrylAb shares similar
architecture with them and forming a wedge
shape. The predicted structure of toxic core is
comprised of three putative domains (Fig. 1). A
Ramachandran plot indicated that most (95 %)
residues have ¢ and y angles in the core and
allowed regions (Fig. 2).

In the absence of an experimentally determined
structure, comparative or homology modeling
can sometimes provide a useful 3-D model for a
protein that is related to at least one known
protein structure [26]. It is observed that a model
tends to be reliable if identity percentage
between the template and target protein is above
40%. Low degree of reliability arises when
identity decreases below 20% [27]. All 34 CrylAb
proteins shared more than 85 % identity between
them and template protein (CrylAa), and the
results of Ranachandran plot all surpass 95%,
hence, the models constructed in this study are
reliable.

3.2The 34 CrylAb Proteins are Divided
into Four Groups Based on the
Secondary Structure Patterns of Toxic
Core

The secondary structure pattern of the toxic core
of the 34 CrylAb proteins was characterized
based on the structural models (Table 1). Four
different groups were identified and named as
CrylAb I, CrylAbll, CrylAbIl, and CrylAbIV
(Table 2). The CrylAb I group included 31
CrylAb proteins, CrylAbl, CrylAb3, CrylAb4,
CrylAb5, CrylAb6, CrylAbS, CrylAb9,
CrylAb10, CrylAbll, CrylAbl2, CrylAbl3,
CrylAbl14, CrylAbl5, CrylAbl6, CrylAbl7,

CrylAb18, CrylAbl19, CrylAb20, CrylAb21,
CrylAb22, CrylAb23, CrylAb24, CrylAb25,
CrylAb26, CrylAb27, CrylAb29, CrylAb30,

Cry1lAb31, CrylAb32, CrylAb33 and CrylAb34.
The other three CrylAb proteins, CrylAb2,
CrylAb7, and CrylAb28, however, were
recognized as CrylAbIl, CrylAblll, and
CrylADbIV, respectively.

CrylAb I, CrylAbIl and CrylAbIll domain I

was composed of N-terminal 235 amino acid
residues folded into a bundle of 8 amphipathic a-
helices and 1 small B-strand. CrylAbIV
domain I, however, was composed of N-terminal
234 amino acid residues. As with other Cry toxins,
Domain Il of CrylAb consists of three Greek key
B sheets arranged in  prism topology. It was
composed of 205 amino acid residues, with 4 a-
helices and 11 8 strands in CrylAb I and CrylAb
IV, and 10 B strands in CrylAb III. DomainIl of
CrylAb1I, however, consisted of 211 amino acid
residues, with 5 a-helices and 8 B strands.
Domain II comprised residues 480-606 in
CrylAb I and CrylAb I, 479-605 in CrylAb 1V,
and 489-607 in CrylAb II. The amino acid
residues of all CrylAb Domain III are highly
conserved.

3.3The 31 Members of CrylAb I Group
are Further Divided into Three
Subgroups Based on 3-D Structural
Comparison

The 3-D structural comparison among the 31
members of CrylAb I indicated that 3-D
structure of CrylAb31, CrylAb33 are different
from the rest of CrylAb I (Fig. 3 and Fig. 4).
Thus, CrylAb I can be further divided into three
subgroups, CrylAb 13 (CrylAb33 only),
CrylAb I 2 (CrylAb31 only), and CrylAb I 1 (the
rest of CrylAb I, CrylAbl as the model)
(Table 2). The differences among the CrylAb I
group were found in loops of domainIl. The loop
B8-B9 in domainIlof CrylAb I 1 differ from that
of CrylAb I 2 resulted from residue 440 is Phe in
CrylAb I 1 vs Leu in CrylAb I 2. The loop B4-85
is different resulted from residue 369 is Arg in
CrylAb I 1 instead of Ser in CrylAb I 3. Both of
loops B4-B5 and B8-B9 are different between
CrylAb I 2 and CrylAb I 3, which resulted from
residue differences Arg369Ser and Leu440Phe.



Xiaoping and Yi; BMRJ, 12(2): 1-16, 2016; Article no.BMRJ.22892

Domain |

Fig. 1. Cartoon representation of the structure of Cry1Ab toxins
The colored boxes donotes the positions of the different domains
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Fig. 2. Evaluation of Cry1Ab1 model. Ramandren plot analysis showing placement of its

residues in deduced model

General plot statistics are:549 (95.3 %) residues in favored regions; 22 (3.8 %) of residues were in allowed
regions;the outlier residues totals to 5 (0.9 %) only. the plot was generated using RAMPAGE web server

(http://mordred.bioc.cam.ac.uk/)
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Fig. 3. The partial amino acid sequence alignment of the groups of Cry1lAb I
The residues highlighted in red color represent helix; those in yellow represent stand and turn and those in green
represent coli and are generated using Pymol software. a The partial amino acid sequence alignment of the
Cry1Abl with the Cry1Ab31. b The partial amino acid sequence alignment of the Cry1Ab1 with the Cry1Ab33.
¢ The partial amino acid sequence alignment of the Cry1Ab31 with the Cry1Ab33

CrylAb I 1 showed activities against Lepidoptera,
include Noctuidae, Lymantridae, Sphingidae,
Pyralidae, Pieridae, Plutellidae, Tortricidae,
Chrysopidae and Lasiocampidae (Table 3).
Although the insecticidal activity data of
CrylAb I 2 and CrylAb I3 were not available,
we speculated they had different insecticidal
activites compared to CrylAbI1 because

they differ in the receptor-binding loops in
domainlIl.
3.4 Structural Differences between

CrylAb I and CrylAbIl

The toxic core of CrylAb I was comprised of 13
a-helices, 22 B-stands and turns, however,
CrylAbIll was comprised of 13 a-helices, 21 B-
stands and turns. CrylAb I is the same as
CrylAbIIl in domain I and domainlll, and the
only difference between them is residues 447-
449 form B-sheet in CrylAbI wvs loop in
CrylAbIl (Fig. 5). Sequence alignment results
(Fig. 6) showed that different residues located in
450, 537, 545 and 568, respectively. The 3-D
structural difference  between CrylAb I and
CrylAbIll, however, resulted only from residue
450 which is Ala in CrylAbITand Pro in
CrylADbII.

CrylAbI had the unique activity against
mosquito (Diptera) while the other CrylAb were
only active against Lepidoptera (Table 3). We

speculated that Ala450Pro mutant of CrylAb I
might gain the activity against mosquito because
the mutant exhibited the same 3-D structure with
CrylAbIII.

3.5 Structural Differences between

CrylAb I and CrylAbIV

There are 610 amino acids in the toxic core of
CrylAb I and 609 in CrylAbIV. The additional
residue, which was Trp in residue 182 in
CrylAb I and no corresponding residue in
CrylAbIV (Fig. 7), resulting in a shorter a6 in
CrylAbIV than thatin CrylAb I (Fig. 8).

3.6 Structural Differences between

CrylAbID and CrylAbIV

There are 610 amino acids in the toxic core of
CrylAbIl and 609 in CrylAblV, the toxic core of
CrylAbIll was comprised of 13 a-helices, 21 -
stands and turns, however, CrylAbIV consisted
of 13 a-helices, 22 B-stands and turns. Results of
3-D structure comparison revealed the absence
of residue Trp in a6 and the additional of 39
(1446-R448) component in CrylAbIV (Fig. 9).
The amino acid sequence is different in 182, 450,
537, 545 and 568 according to sequence
alignment of CrylAbIll and CrylAbIV (Fig. 10).
Furthermore, the differences of residues 182 and
450 result in 3-D structural difference between
them.
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Table 1. Comparison among three domain structural components of Cry1Ab toxin

Cry1Ab I CrylAbll Cry1AbIIl CrylAbIV

Domain [ al P35-S48 P35-E49 P35-S48 P35-S48
a2 A54-W65 A54-G66 A54-W65 A54-W65
a3 P70-184 P70-184 P70-184 P70-184
a4 E90-A119 E90-A119 E90-A119 E90-A119
a5 P124-A149 P 124-A149 P 124-A149 P 124-A149
a6 Q154-W182 Y153-W182 Q154-W182 Q154-R181
a7 A186-V218 A186-V218 A186-V218 A185-V217
a8 S223-Y250 $223-Y250 $223-Y250 $222-Y249
B1 1267-T269 1267-T269 1267-T269 1266-T268

Domain II a9 P271-N275 P271-N275 P271-N275 P270-N274
al0  S283-5290 S283-S290 S283-5290 S282-5289
B2 1299-H310 1299-H310 1299-H310 1298-H309
B3 E313-S324 E313-S324 E313-S324 E312-S323
B4 Y359-R368 Y359-R368 Y359-R368 Y358-R367
B5 L.380-Y390 L.380-L390 L.380-Y390 L379-Y389
B6 A399-Y401 A399-Y401 A398-Y400
B7 T406-D408 T406-D408 T405-D407
all  S409-E412 S409-E412 S408-E411
al2  P422-G425 P422-G425 P421-G424
B8 H428-V433 H428-V433 H427-v432
B9 1447-R449 1446-R448
B10  F453-H457 F453-H457 F452-H456
B11l  N464-1466 N464-1466 N463-1465
B12  T472-P475 T472-P475 T471-P474
al3 -

Domain Il B13  T480-L482 T480-L482 T479-L481
Bl4  S487-v489 S487-V489 S486-V488
B15  1499-R502 1499-R502 1498-R501
B16  G506-1515 G506-1515 G505-1514
B17  Y523-S531 Y523-S531 Y522-S530
B18  L535-1541 L535-1541 L534-1540
B19  R544-F551 R544-F551 R543-F550
ald  S563-S565 S563-S565 S562-S564
B20  R567-G570 R567-G570 R566-G569
B21  S581-H589 S581-H589 S580-H588
B22  V597-P606 V597-P606 V596-P605

---lack of component,
The components highlighted in red color represent the main differences between CrylAb / and other types proteins;
those in green represent the main differences between Cry1Ab /7 and other types proteins; and those in blue represent
the main differences between Cry1Ab/V and other types proteins

3.7 Structural Differences between
CrylAbII and the other three Groups

There are significant differences among
CrylAbIl and other groups from
secondary structure and 3-D structure

comparison (Fig. 11). A few of the components
al, a2, a6 and some loops differ in their locations
in domain I . The other differences among them
in domain I is in CrylAbIl, the absence of (36,
B7and B8 and the presence of additional al3
components in comparison with CrylAb I and
CrylAblV, whereas the absence of 36, B7and 9
and the presence of additional al3 components

in comparison with CrylAblll, and a few of the
components all, al2, p9, 10, 11l and B12
differ in their locations in domainII. Compared to
other groups, CrylAbIl have different locations
of almost all components and the absence of
B13 in domainlll. The amino acid sequence
alignment can explain why CrylAbIl have so
striking differences, number of different points
where they locate in residue 207, 382, 383, 386-
400, 402, 403, 405, 406, 407, 411, 431, 433, 434,
439, 449, 454-456, 459-461, 466-468, 482-489,
495 and 504-508 between CrylAb I and
CrylAbIl, 207, 382, 383, 386-400, 402, 403,
405, 406, 407, 411, 431, 433, 434, 439, 449, 452,
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454, 455, 456, 459, 460, 461, 466, 467, 431, 433, 434, 439, 449, 454-456, 459-461,
468, 482-489, 495, 504-508, 540, 548 and 466-468, 482-489, 495 and 504-508
571 between CrylAbIland CrylAblIll, 182, between CrylAbIland CrylAblV, respectively

207, 382, 383, 386-400, 402, 403, 405-407, (Fig.12).

a

4‘

L
/T - “"4"‘ 4

i J-""-\" _/

Fig. 4. Structural comparison among the subgroups of Cry1Abl
The residues highlighted in red color represent helix; those in yellow represent stand and turn; and those in green
represent coli and are generated using Pymol software. a the 3-D structural comparison between Cry1Abl and
Cry1Ab31. b the 3-D structural comparison between Cry1Abl and Cry1Ab33. ¢ the 3-D structural comparison
between Cry1Ab31 and Cry1Ab33
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/lablh 431 d36 44l dde |d51 456 dBl de6 471 476
PP ROGF SHRLSHVSMF RSGF SNSSYIIIRAPHF .IIIHF"'HEFHHIIF“ OITOIFLT
/lab7h 431 436 441 4de |d51 456 46l 471 4;
P77 F SHRLSHYSHFRSGF SNSSYET TR PPHF SUTHRSAEFNNTIPSS

Fig. 5. Structural comparison between CrylAbl and Cry1Ablll
The residues highighted in red color represent helix;those in yellow represent stand and turn;and those in green
represent coli and are generated using Pymol software. a the secondary structural comparison between Cry1Abl
and Cry1Ablll. b the 3-D structural comparison between Cry1Abl and Cry1Ablll. The difference between them is
Cry1Ablll lack of one B-sheets in domainll.

....... 430.......440.......450.......460.......470.......480
Cryl1Ab | PPRQGFSHRLSHVSMFRSGFSNSSVS| IRAPMFSWIHRSAEFNNI IPSSQI TQIPLTKST
Cry1Ablll PPRQGFSHRLSHVSMFRSGFSNSSVS| IRPPMFSWIHRSAEFNNI IPSSQITQIPLTKST
okl kol kool Frlolokdoor Hok
....... 490.......500.......510.......520.......530.......540
Cryl1Ab | NLGSGTSVVKGPGFTGGD I LRRTSPGQISTLRVNITAPLSQRYRVR IRYASTTNLQFHTS
Cry1Ablll NLGSGTSVVKGPGFTGGD I LRRTSPGQISTLRVNITAPLSQRYRVR IRYASTTNLQLHTS
.......................................... k- fokok
....... 550.......560.......570.......580.......590.......600
Cry1Ab | IDGRP INQGNFSATMSSGSNLQSGSFRTVGF TTPFNFSNGSSVFTLSAHVFNSGNEVY 1D
Cry1Ablll IDGR INQGNFSATMSSGSNLQSGSFR VGFTTPFNFSNGSSVFTLSAHVFNSGNEVYID

sk okskekekokskekokokskekokokkekokokokokokok  kekakokokokokskokokokkokokokkokokok

Fig. 6. The amino acid sequence alignment of CrylAbl and Cry1Ablll
The first line represent Cry1Abl and second line represent Cry1Ablll. The different residues located in 450, 537,
545 and 568, respectively

....... 190.......200.......210.......220.......230.......240
Cry1Ab | RWGFDAAT INSRYNDLTRL | GNYTDHAVRWYNTGLERVWGPDSRDW IRYNQFRRELTLTV
CryTAb VI R-GFDAATINSRYNDLTRL | GNYTDHAVRWYNTGLERVWGPDSRDW [ RYNQFRRELTLTV

¥ Sekbikklok ok kR kool ok

Fig. 7. The amino acid sequence alignment of Cryl1Abl and Cry1AblV
The first line represent Cry1Abl and second line represent Cry1AblV. There is Trp in residue 182 of Cry1Abl and
no corresponding amino acid residue in CrylAblV
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161

166 171

161 166 171

Fig. 8. Structural comparison between Cry1lAbl and C

rylAblV

The residues highlighted in red color represent helix; those in yellow represent stand and turn; and those in green
represent coli and are generated using Pymol software. a the secondary structural comparison between Cry1Abl
and Cry1AblV. b the 3-D structural comparison between Cry1Abl and Cry1AblV. the different is a shorter a6 in
Cry1AblV than in Cry1Abl

Table 2. Anew nomenclature of Cry1lAb proteins based on structure differences of core toxins

Group Subgroup Members
CrylAb I CrylAbI1 CrylAbl, CrylAb3, CrylAb4, CrylAb5,
CrylAb6, Cry1Ab8, Cry1Ab9, Cry1lAb10,
CrylAbl1, CrylAb12, CrylAbl13, CrylAbl4,
CrylAb15, CrylAb16, CrylAbl7, CrylAb18,
CrylAb19, CrylAb20, CrylAb21, CrylAb22,
CrylAb23, CrylAb24, CrylAb25, CrylAb26,
CrylAb27, CrylAb29, Cry1Ab30, CrylAb31,
CrylAb32, CrylAb33, CrylAb34
CrylAb 12 CrylAb31
CrylAb13 Cry1Ab33
CrylAbIl CrylAb2
CrylAbIll CrylAb7
CrylAbIV CrylAb28
There are many differences especially in these differences in CrylAb 1 have no
domainll  between CrylAbIl and the obvious influence on insecticidal activities,
other CrylAb groups, however, the or much more assays against various

available activity data showed that CrylAb II
had no special activities (Table 3). Either

insect targets should be performed in details.
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Table 3. The reported insecticidal activities of the four groups of Cry1Ab proteins

CrylAb I** CrylAbTl CrylAbII CrylAblV
Noctuidae Helicoverpa punctigera trichoplusia ni ND* ND*
Heliothis virescens heliothis
Mamestra brassicae virescens
Lymantridae Lymantria dispar Lymantria dispar ND* ND*
Orgyia leucostigma
Sphingidae Manduca sexta Manduca sexta ND* ND*
Pyralidae Ostrania nubilalis ND* ND* ND*
Pieridae Pieris brassicae ND* Pieris brassicae ND*
Plutellidae plutella xylostella ND* ND* ND*
Tortricidae Choristoneura fumiferana ND* ND* ND*
Choristoneura occidentalis
Choristoneura pinus
Chrysopidae Chrysoperla carnea ND* ND* ND*
Lasiocampidae = Malacosoma disstria ND* ND* ND*
Culicidae ND* ND* Aedes aegypti ND*
(Diptera)

*ND, not determined, **The insecticidal activity data of CrylAb /2 and CrylAb / 3 were not available.

#lab2

7h 141 146 ]

8h 141 146

Fig. 9. Structural comparison between Cry1Ablll and

CrylAblV

The residues highlighted in red color represent helix; those in yellow represent stand and turn; and those in green
represent coli and are generated using Pymol software. athe secondary structural comparison between Cry1Ablll
and Cry1AblV. b the 3-D structural comparison between Cry1Ablll and Cry1AblV. the differences are absence of

residue Trp in a6 and the additional of 39 (1446-R448) component in Cry1lAblV

10
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....... 190: i v 0200 & w2105 wane s 1220050 s 2300 v s 240

Cry1Ablll RWGFDAAT INSRYNDLTRL | GNYTDHAVRWYNTGLERVWGPDSRDW IRYNQFRRELTLTV

Cry1Ab VI R-GFDAAT INSRYNDLTRL | GNYTDHAVRWYNTGLERVWGPDSRDW IRYNQFRRELTLTV
*

....... 430.......440.......450.......460.......470.......480

Cry1Ablll PPRQGFSHRLSHVSMFRSGFSNSSVS | IRPPMFSWIHRSAEFNN | | PSSQITQIPLTKST

Cry1Ab VI PPRQGFSHRLSHVSMFRSGFSNSSVS | IRAPMFSWIHRSAEFNN| IPSSQITQIPLTKST

....... 490. i s 00oD000 ¢ i w8100 v v v 0920050 v $830iis 4 s 540

Cry1Ablll NLGSGTSVVKGPGFTGGD | LRRTSPGQISTLRVN I TAPLSQRYRVR IRYASTTNLQLHTS

Cry1Ab VI NLGSGTSVVKGPGFTGGD [ LRRTSPGQISTLRVN I TAPLSQRYRVR IRYASTTNLQFHTS

- skkok

....... 550.......560.......570.......580.......590.......600

Cry1Ablll IDGR | INQGNFSATMSSGSNLQSGSFR | VGFTTPFNFSNGSSVFTLSAHVFNSGNEVY ID

Cry1Ab VI IDGRP INQGNFSATMSSGSNLQSGSFRTVGFTTPFNFSNGSSVFTLSAHVFNSGNEVY ID

ok

Fig. 10. The amino acid sequence alignment of Cry1Ablll and Cry1lAblV
The first line represent Cry1Ablll and second line represent Cry1AblV. The amino acid sequence is different in
182, 450, 537, 545 and 568

Fig. 11. Structural comparison among Cry1Abl, Cry1Ablll, Cry1AblV and Cry1lAbll
The residues highlighted in red color represent helix; those in yellow represent stand and turn; and those in green
represent coli and are generated using Pymol software. a the 3-D structural comparison of domain | among
Cry1Abl, Cry1Ablll, Cry1AblV and Cry1Abll. A few of the components al, a2, a6 and some loops differ in their
locations in domain I. the other differences among them in domain | is in Cry1Abll, the absence of 86, S7and 38
and presence of additional a13 components in comparison with Cry1Abl and Cry1AblV. b the 3-D structural
comparison of domain Il and domain Il among Cry1Abl, Cry1Ablll, CrylAblVand Cry1Abll. the Cry1Abll absence
of 86, B7and B9 and presence of additional 13 components in comparison with Cry1Ablll and a few of the
components all, al2, 89, 10, B11 and B12 differ in their locations in domain Il. And Cry1Abll have different
locations of almost all components and the absence of §13 in domain IlI
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a
....... 190.......200.......210.......220.......230.......240
Cry1Ab | RWGFDAAT INSRYNDLTRL | GNYTDHAVRWYNTGLERVWGPDSRDW | RYNQFRRELTLTV
Cry1Ab Il RWGFDAAT INSRYNDL TRL | GNYTDHRVRWYNTGLERVWGPDSRDW | RYNGFRRELTLTV
370.. . ... 380.... ... 390.......400....... 410.. ... .. 420
CrylAb | TLSSTLYRRPFNIGINNQQLSVI.DGTEFAYE RKSGTVDS!DE | PPQNNN
CrylAb Il TLSSTLYRRPFN1GINNGQLSGFDGER | CLINLI TEKAEPVDSPDE | PPGNNN
sk o S Aok sRlolekokkek
4300 i vvs 440, . ... .. 450, ... ...460,...000 AT0: v 480
CrylAb | VPPRQGFSHR-LSHVSMFRSGFSNSSVS | IRAPH - SWI HRSAEFNN | IPSSQITQIPLT
CrylAb Il VPPRQGFSHRCLAYVSMFYSGFSNSSVSY IRAPNDSSWT Y CSAEFCDV IPSSQITQIPLT
seksokiooldok k- klolk dolokkioiolk Rk Rk - kRiok - - seRollllorsoRRk
. ] 1 Pt 41 e 530: 5w 540
Cry1Ab | KSTNLGSG SPGQISTLRVNI TAPLSQRYRVR IRYASTTNLOF
Cry1Ab Il KLOSW-LWNSVVKGLGFTGGD I LEEL T-GQI STLRVNI TAPLSQRYRVR IRYASTTNLGF
* .
b
....... 190.......200.......210.......220.......230.......240
Cry1Ab Il RWGFDAAT INSRYNDLTRL | GNY TDHRVRWYNTGLERVWGPDSRDW | RYNGFRREL TLTV
CrylAblll RWGFDAAT INSRYNDLTRL | GNY TDHAVRWYNTGLERVWGPDSRDW I RYNGFRREL TLTV
....... 370.......380.......390.......400.......410.......420
Cry1Ab Il TLSSTLYRRPFNI G INNQGLSGPDGGR | GLWNLLKFGOPPYTEKAEPVDSPDE | PPGNNN
CrylAblll TLSSTLYRRPFNI G INNQQLSVLDGTEFAYGTSSNLPSAVY-RKSGTVDSLDE | PPGNNN
Kk - .k ke kel skokskelokskokokk
....... 430.......440.......450.......460.......470.......480
CrylAb Il VPPRQGFSHRCLAYVSMFYSGFSNSSVSY IRAPNDSSWTYCSAEFGDV 1PSSQI TQIPLT
Cry1Ablll VPPRQGFSHR-LSHVSMFRSGFSNSSVS | IRPPI-FSW I HRSAEFNN | 1PSSQITQIPLT
serskkokkokkkk k. - kokkk Skekkkckkkkk -k k Kk - kekkk .- kkskekkkkckkkkk
....... 490.......500.......510.......520.......530.......540
CrylAb Il KLOSW-LWNSVVKGL GFTGED I LEEL T-GQI STLRVNI TAPLSGRYRVR IRYASTTNLQF
CrylAblll KSTNLGSGTSVVKGPGFTGED ILRRTSPGQI STLRVNI TAPLSQRYRVR IRYASTTNLQL
* . R
....... 550.......560.......570.......580.......590.......600
CrylAb Il HTS DGR | NQGNF SATMSSGSNLQSGSFRTVGF TTPFNFSNGSSVF TLSAHVFNSGNEV
Cry1Ab Il HTSIDGR | INQGNFSATMSSGSNLQSGSFR | VGF TTPFNFSNGSSVF TLSAHVFNSGNEV
c
....... 190.......200.......210.......220.......230.......240
Cry1Ab Il RVGFDAAT INSRYNDLTRL | GNYTDHRVRWYNTGLERVWGPDSRDW I RYNQFRREL TLTV
Cry1AbVI R-GFDAAT [NSRYNDLTRL | GNYTDHAVRWYNTGLERVWGPDSRDW I RYNGFRREL TLTV
o+
....... 370; i v 13805 w2 v
Cry1Ab Il TLSSTLYRRPFN I GINNQQLSGPDGER | O
Cry1AbVI TLSSTLYRRPFNIGINNQQLSVLDG]
ok
_______ 430, .. ... A40.. .. ...
Cry1Ab Il VPPRQGFSHRCLA Y VSMF Y SGFSNSSVSY | RAPNDSSWT Y CSAEFGDV IPSSQ I TQIPLT
Cry1AbVI VPPRQGFSHR-LSHVSMFRSGFSNSSVS | | RAPH-FSW | HRSAEFNN | IPSSQITQIPLT
sedckkokokdckok k- - dokodok soksklokokoRokok - kkokk kE - okokok - - Rskskskokokokokok Kok
....... 490.......500.......510.......520.......530.......540
Cry1Ab Il ~L WNSVVKGI GFTGGD | LEEL T-GQ I STLRVN I TAPLSGRYRVR | RYASTTNLGF
Cry1AbVI GSGTSVVKGPGFTGED LR

SPGQISTLRVNITAPLSQRYRVRIRYASTTNLQF

Fig. 12. The amino acid sequence alignment of Cry1Abl, Cry1Ablll, Cry1AblV and CrylAbll
a The amino acid sequence alignment of Cry1Abl and Cry1Abll. the first line represent Cry1Abl and second line
represent Cry1Abll. the number of different points where they locate in residue 207, 382, 383, 386-400, 402, 403,
405, 406, 407, 411, 431, 433, 434, 439, 449, 454-456, 459-461, 466-468, 482-489, 495 and 504-508. b The
amino acid sequence alignment of Cry1Abll and Cry1Ablll. the first line represent Cry1Abll and second line
represent Cry1Ablll. the number of different points where they locate in residue 207, 382, 383, 386-400, 402, 403,
405, 406, 407, 411, 431, 433, 434, 439, 449, 452, 454, 455, 456, 459, 460, 461, 466, 467, 468, 482-489, 495,
504-508, 540, 548 and 571. ¢ The amino acid sequence alignment of Cry1Abll and Cry1AblV. the first line
represent Cry1Abll and second line represent Cry1AblV. the number of different points where they locate in
residue 182, 207, 382, 383, 386-400, 402, 403, 405-407, 431, 433, 434, 439, 449, 454-456, 459-461, 466-468,
482-489, 495 and 504-508
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4. DISCUSSION

As showed in this study, all 34 available CrylAb
proteins, which were listed in the old
nomenclature on the basis of their full-length
amino acid sequences sharing at least 95%
homologies, can be divided into four groups and
subgroups based on toxic core structural
differences. This change from a sequence-based
to a structure-based nomenclature allows closely
related proteins to be ranked together and
provide researchers function information.

Domain I of four CrylAb groups are similar
(Table 1), which have 8 a-helices and is thought
to be directly involved in membrane penetration
and pore formation after binding to the specific
receptor on surface of midgut [28]. In the pore
formation model of Cry toxin action, binding to
cadherin facilitates the proteolytic removal of
domain I a-1 promoting oligomer formation [29].
Nuria et al. showed the helix a-3 (the same to a-
4 in this study) in domain I that could form
coiled-coli structures important for
oligomerization [30]. In other reports the
mutations Arg-93 and Ala-92 (located at the
beginning of a-3) of CrylAb severely affected
toxicity and correlated with loss of pore formation
[31,32], and substitutions in residue Arg-99 also
resulted in a complete loss of pore activity [33].
In addition, characterization of domain I a-4 (the
same to a-5 in this study) mutants revealed that
in contrast to a-3 mutants described above, the
point mutations in a-4 were able to form
oligomeric structures [34]. Li et al. [8] suggested
that the helical hairpin a4-a5 (the same to a5-a6
in this study) act as the initiator of the membrane
related allosteric mechanism of penetration
commonly known as umbrella model, and
Thanate et al. [35] signified that the polarity at
the a4-a5 loop residue Asn-166 was directly
involved in ion permeation. All data revealed that
domain I was an essential component for pore-
formation so that the structure of four groups
CrylAb of domain I was conservative and
exactly alike. It is possible that mutation aimed to
an increase in these helices will improve the pore
forming activity of Cry1Ab toxin.

The main differences among the four CrylAb
groups in domainIl are the length and location
of one of the two loops joining the apical B-
stands. Loop a9-a10 represent loop a8 in other
papers and the other three receptor binding
loops called loops 1, 2 and 3, respectively. In this
study, loop a8, loop 1 (B2-B3) and loop 2 (B4-B5)
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are similar whereas loop 3 is different among the
four groups. Loop 3 of CrylAb I and CrylAbIV

loop ES B9 (residues:
843“MFRSGFSNSSVS4“) loop a12-B9 (residues:
F**’SHRCLAYVSMFYSGFSNSSVS*?) in
CrylAb 1T and loop [(8-B10 (residues:
S**MFRSGFSNSSVSIIRPPM*?) in CrylAbII,
respectively. Loops 2 and a8 of CrylAb are
reported to have a binding affinity for M. sexta Bt
receptor (BtR) [36], and loops 2 and 3 are
reported to have a binding affinity for
H. virescens BtR [37]. In addition, the mutations
G439A and F440A significantly reduced toxicity
toward M. sexta and H. virescens and in contrast,
mutants S438A, S441A, N442A, and S443A
were similar or only marginally less toxic to the
insects compared to the wild-type toxin [38]. Both
of CrylAb I and CrylAbIl have activity against
M. sexta and H. virescens (Table 2), so the
difference of loop 3 between CrylAb I and
CrylAbIl has no influence on activity. No data
reveal CrylAbIll and CrylAbIV have activity
against M. sexta and H. virescens, but the
structure of CrylAbIV is similar with CrylAb T,
so it is possible that CrylAbIV have activity
against M. sexta and H. virescens.

DomainIll, which consists of 2 B-sheets in a
jellyroll conformation, has been implicated in
determining specificity, then CrylAb II have
different structure of domainIll compare to other
three groups. Swapping domain Il between
toxins, such as CrylAb become more active
against Spodoptera exigua when its domain IIl
was replaced by part of that of CrylCa [39], this
result shows domain I have influence on
insecticidal activity. In addition, mutations in
domainlll of CrylAa had an effect on both ion
channel activity and membrane permeability [40].
DomainIIl could play a role in protecting the toxin
against further cleavage by gut proteases [41].

5. CONCLUSION

Based on the template of CrylAa, we have built
3-D structure models for all the current 34
CrylAb proteins. Based on the secondary
structure pattern, four different groups were
identified and named as CrylAb I, CrylAblI,
CrylAblll, and CrylAbIV. The three CrylAb
proteins, CrylAb2, CrylAb7 and CrylAb28 were
recognized as CrylAbIl, CrylAbIIl, and CrylAb
IV, respectively. The other 31 CrylAb proteins
were grouped as CrylAb I, and were further
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divided into three subgroups based on 3-D
structural differences. The structural differences
among different CrylAb groups and subgroups
were analyzed in details. The insecticidal
activities of different CrylAb groups and
subgroups were also discussed. It was worthy to
speculate that the only difference in 3-D structure,
residues 447-449 form B-sheet in CrylAb [ vs
loop in CrylAblIl, resulted in CrylAb [ inactive
vs CrylAblllactive against mosquito. The results
provided new insights into structure-function
relationship of Cry1lAb proteins.
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