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Abstract A 3882 nucleotides sequence including the complete crystal protein gene of
Bacillus thuringiensis (B. t.) dendrolimus T84A1 was determined by the dideoxy-chain termina-
tion method. It was revealed that the gene of B. & dendrolimus is highly homologous to that of
B. & sotto (Smmano ef al, 1986). According to the suggested nomenclature, this gene is
classified into cryfAfw) (Horre and Wurrerey, 1989). The open reading frame encoded a
133487.71 Da protein consisting of 1180 amino acid residues. The hydropathy of the predicted
crystal protein was also analyzed. When the crystal protein gene was expressed in E. coli
MV1184 using the vector pUC118, the lower cultivation temperature (25°C) yield larger ac-
cumulation of the crystal protein than that at ordinary temperature (37°C). Based on the se-
quence determined in this study, the functional structure of the crystal protein was discussed.

INTRODUCTION

Bacillus thuringiensis is a gram-positive bacterium, and is well known to produce an in-
secticidal protein crystal during sporulation (5-endotoxin). Some d-endotoxins have been
widely used to control certain species of insects.

Crystal proteins from a number of B. £ strains can be classified into four Cry protein
classes and one Cyt (cytolytic) protein, based on the host spectra of insecticidal activities
and the primary structures. The four Cry classes are (I) Lepidoptera-specific, (II)
Lepidoptera~and Diptera-specific, (III) Coleoptera-specific, (IV) Diptera-specific, and the
genes coding these proteins are called ¢7y genes. And the remaining cytolytic protein gene
is designated ¢ytA.

From its lepidoptera-specific spectrum, the crystal protein produced by B. t. dendrolimus
may belong to Cryl. Cryl proteins dissolve in the larval lumen and release smaller toxic
polypeptide fragments. A trypsin-resistant polypeptide (Fragment T, app. M. W, 60-kDa)
from B. 1. dendrolimus crystal protein is the minimum unit and its N-terminal sequence was
determined previously (Nacamarsu ef al., 1984). Several recent studies demonstrated the
correlation between the insecticidal specificity and the interaction of the toxic fragments
with the receptors in the brush border membrane of insect midgut (Hormanx ef al., 1988,
Rie ef al., 1989).

It is important to know the full primary structure of the crystal protein, because it may
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help to understand which part of the crystal protein interacts with the insect larval midgut,
and how their biochemical mechanisms are. To date, several ¢yl genes from different B. ¢,
strains were cloned and sequenced, but not B. {. dendrolimus. In this study, we present its
complete nucleotide sequence and the deduced amino acid sequence of the crystal protein.
Temperature influence on expression of the crystal protein in E. coli MV1184 was also ex-
amined.

MATERIALS AND METHODS

Hosts and Plasmids.

Escherichia coli MV1184 [ara, A(lac-pro), strA, thi, (¢80AlacZAMI15), A
(s7l-recA)306:: TnlOftet’);F’ :traD36, proAB, lacl'Z Aml5] was used as a host with plasmids,
pUC118 and pUC119. Plasmid pHP206 was used as the source of full length of the crystal
protein gene (SmBaTa ef al., 1989).

Nucleotide sequencing.

Plasmid pHP206 containing the 5 kb Psil fragment of B. £ dendrolimus was digested
with some restriction enzymes and the generated fragments were inserted into pUC118 or
pUC119 vectors to create subclones for sequencing. Some of them were further digested
with exonuclease III and Mung bean nuclease to generate overlapping deletion mutants
(Henikorr, 1984). The template single-stranded DNAs were prepared by infecting with
helper phage M13K07 (Viera and Messivg, 1987), and sequenced by the dideoxy chain-ter-
mination method (Sancer ef al., 1977).

Analysts of the open reading frame and the transcriptional terminator of the crystal profein gene,
and the hydropathy profile of the crystal protein.

Searching for the ORF (open reading frame) and the transcriptional terminator and
calculation of the average hydropathy indexes (Kyre and Doorrrrie, 1982) were carried out
by using the computer program (GENETYX: SDC software development inc.) at Center for
Gene Science Hiroshima University.

Construction of pPP03.

The 5 kb Pstl fragment containing the crystal protein gene on pHP206 was ligated with
pUC118 and introduced into E. coli MV1184.
Analysis of the crystal protein produced in E. coli.

E. coli MV1184 cells carrying the pPP03 were grown in 100 ml of L-broth at 37°C or
25°C for 48 hr. Cell concentrations of E. coli MV1184 in a medium were measured by the
absorbance at 600 nm.

The cells were harvested by centrifugation at 7000 X g for 10 min at 4°C, resuspended
with 20 ml PBS, and sonicated at 30 W for 10 min in an ice-bath. After centrifugation at
15000 X g and 4°C for 90 min, the crystal protein in the precipitate was prurified by selec-
tive solubilization in sodium carbonate buffer (Na*; 0.1 M), pH 10.2, including 10 mM
dithiothreitol. Samples prepared as described above were subjected to SDS (sodium
dodecyl sulfate)-7.5% PAGE (polyacrylamide gel electrophoresis) analysis (LaeMMLI ef al.,
1970). Protein bands were visualized by Coomasie Brilliant Blue stainning. The crystal
protein was immunodetected after electrotransfer to a polyvinylidene difluoride membrane
as described previously (SmiBaTa ef al., 1989).
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Transformation, media and other technigues.
Transformation of E. coli MV1184 was performed as described by Cuunc ef al., (1989).
Media and other techniques used in this study were described by Samsrook ef al., (1989).

RESULTS

SumBata el al., (1989) isolated a 9.91 kb Psfl fragment including the crystal protein gene
from the 51.1 kb plasmid DNA of Bacillus thuringiensis dendrolimus T84A1. The entire cry
gene resided on the 5.0 kb Hpal -Psil segment within the DNA fragment and it was the on-
ly cry gene in this B. ¢ strain. The 5.0 kb DNA fragment was attached with a Pstl linker
and inserted into vector pBR322 to generate plasmid pHP206.

Figure 1 shows the restriction enzyme map of the DNA fragment and the sequencing
strategy. By analyses of 48 partial sequences, a 3882-base continuous sequence from the
Hpal site to the second Kpnl site was determined.

In this sequence, two open reading frames (ORF) were found together with the two iden-
tical potential ribosome binding regions (Fig. 2). The shorter one (ORF2, 6 bases) is of
course too short to encode the crystal protein. The calculated molecular weight (133,487
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Fig. 1. Restriction enzyme map of the crystal protein gene and se-
quencing strategy.
Arrows represent the areas sequenced and their direction.
Bold lines show the portion confirmed by amino acid se-
quencing. Abbreviations for restriction enzymes: P, Psfl ;
H, Hindlll ; K, Kpnl ; Hp, Hpal.
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Fig. 2. Two ribosome binding sites and the structure of the transcrip-
tional terminator in the crystal protein mRNA.
Ribosome binding sites are indicated as Rbs. Translational in-
itiation sites and stop sites are indicated as Ini and Stop, respec-
tively.
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10 20 30 40 50 60
AACACCCTGGGTCAAAAATTGATATTTAGTAAAATTAGTTGCACTTTGTGCATTTTTTCA

70 80 g0 100 110 120
TAAGATGAGTCATATGTTTTAAATTGTAGTAATGAAAAACAGTATTATATCATAATGAAT

130 140 150 160 170 180
TGOTATCTTAATAAAAGAGATGGAGGTAACTTATGGATAACAATCCGAACATCAATGAAT
MetAspAsnAsnProAsnlleAsnGluCys

190 200 210 220 230 240
GCATTCCTTATAATTGTTTAAGTAACCCTGAAGTAGAAGTATTAGGTGGAGAAAGAATAG
IleProTyrAsnCysLeuSerAsnProGluvValGluValLeuGlyGlyGluArgIleGlu

250 260 270 280 290 300
AAACTGGTTACACCCCAATCGATATTTCCTTGTCGCTAACGCAATTTCTTTTGAGTGAAT
ThrGlyTyrThrProlleAspIleSerLeuSerLeuThrGlinPheLeuLeuSerGluPhe

310 320 330 340 350 360
TTGTTCCCGGTGCTGCATTTGTGTTAGCGACTAGTTGATATAATATGGGGAATTTTTGGTC
ValProGlyAlaGlyPheValLeuGlyLeuValAspllelleTrpGlyIllePheGlyPro

370 380 390 400 410 420
CCTCTCAATGGGACGCATTTCTTGTACAAATTGAACAGTTAATTAACCAAAGAATAGAAG
SerGlnTrpAspAlaPheleuValGlnlleGluGlnLeulleAsnGlnArglleGluGlu

430 440 450 460 470 480
AATTCGCTAGGAACCAAGCCATTTCTAGAT TAGAAGCACTAAGCAATCTTTATCAAATTT
PheAlaArgAsnGlnAlaIleSerArgLeuGluGlyLeuSerAsnLeuTyrGlnIleTyr

490 500 510 520 530 540
ACGCAGAATCTTTTAGAGAGTGGGAAGCAGATCCTACTAATCCAGCATTAAGAGAAGAGA
AlaGluSerPheArgGluTrpGluAlaAspProThrAsnProAlaleuArgGluGluMet

550 380 570 580 590 600
TGCGTATTCAATTCAATGACATGAACAGTGCCCTTACAACCGCTATTCCTCTTTTTGCAG
ArglleGlnPheAsnAspMetAsnSerAlaleuThrThrAlalleProlLeuPheAlavVal

810 620 630 640 650 660
TTCAAAATTATCAAGTTCCTCTTTTATCAGTATATGTTCAAGCTGCAAAT T TACATTTAT
GlnAsnTyrGlnValProLeuLeuSerValTyrValGlnAlaAlaAsnLeuHisLeuSer

670 680 690 700 710 720
CAGTTTTGAGAGATGTTTCAGTGTTTGGACAAAGGTGGGGATTTGATGCCGCGACTATCA
ValleuArgAspValSerValPheGlyGlnArgTrpGlyPheAspAlaAlaThrIleAsn

730 740 750 760 770 780
ATAGTCGITATAATGATTTAACTAGGCTTATTGGCAACTATACAGATTATGCTGTGCGET
SerArgTyrAsnAspLeuThrArgLeuIleGlyAsnTerhrAspTyrAlaValArgTrp

790 800 810 820 830 840
GGTACAATACGGGATTAGAGCGTCTATGGGGACCGGATTCTAGAGATTGGGTAAGGTATA
TyrAsnThrGlyLeuGluArgValTrpGlyProAspSerArgAspTrpValArgTyrAsn

850 8860 870 880 890 900
ATCAATTTAGAAGAGAGCTAACACTTACTGTATTAGATATCGTTGCTCTATTCTCAAATT
GlnPheArgArgGluLeuThrLeuThrValLeuAspIleValAlaLeuPheSerAsnTyr

910 920 930 940 950 960
ATGATAGTCGAAGGTATCCAATTCGAACAGTTTCCCAATTAACAAGAGAAATTTATACGA
AspSerArgArgTyrProlleArgThrValSerGlnLeuThrArgGlulleTyrThrAsn

Fig. 3. Nucleotide sequence and the deduced amio acid sequence of the crystal protein.
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970 980 990 1000 1010 1020
ACCCAGTATTAGAAAATTTTGATGGTAGTTTTCGTGCAATGGCTCAGAGAATAGAACAGA
ProValLeuGluAsnPheAspGlySerPheArgGlyMetAlaGlnArglleGluGlnAsn

1030 1040 1050 1060 1070 1080
ATATTAGGCAACCACATCTTATGGATATCCTTAATAGGATAACCATTTATACTCGATGTGC
IleArgGlnProHisLeuMetAsplleLeuAsnArglleThrIleTyrThrAspvallis

1090 1100 1110 1120 1130 1140
ATAGAGGCTTTAATTATTGGTCAGGGCATCAAATAACAGCTTCTCCTGTAGGGTTTTCAG
ArgGlyPheAsnTyrTrpSerGlyHisGlnlleThrAlaSerProValGlyPheSerGly

1150 1160 1170 1180 1190 1200
GACCAGAATTCGCATTCCCTTTATTTGGGAATGCGGGGAATGCAGCTCCACCCGTACTTG
ProGluPheAlaPheProlLeuPheGlyAsnAlaGlyAsnAlaAlaProProvValleuVal

1210 1220 1230 1240 1250 1260
TCTCATTAACTGGTTTGGGGATTTTTAGAACATTATCTTCACCTTTATATAGAAGAATTA
SerLeuThrGlyLeuGlyIlePheArgThrLeuSerSerProleuTyrArgArgllelle

1270 1280 1290 1300 1310 1320
TACTTGGTTCAGGCCCAAATAATCAGGAACTGTTTGTCCTTCGATGGAACCBAGTTTTCTT
LeuGlySerGlyProAsnAsnGlnGluLeuPheValLeuAspGlyThrGluPheSerPhe

1330 1340 1350 1360 1370 1380
TTGCCTCCCTAACGACCAACTTGCCTTCCACTATATATAGACAAAGGGGTACAGTCGATT
AlaSerLeuThrThrAsnLeuProSerThrIleTyrArgGlnArgGlyThrvValAspSer

1390 1400 1410 1420 1430 1440
CACTAGATGTAATACCGCCACAGGATAATAGTGTACCACCTCGTGCGGGATTTAGCCATC
LeuAspVallleProProGlnAspAsnSerValProProArgAlaGlyPheSerHisArg

1450 1460 1470 1480 1490 1500
GATTGAGTCATGTTACAATGCTGAGCCAAGCAGCTGGAGCAGTTTACACCTTGAGAGCTC
LeuSerHisValThrMetLeuSerGlnAlaAlaGlyAlaValTyrThrLeuArgAlaPro

1510 1520 1530 1540 1550 1560
CAACGTTTTCTTGGCAGCATCGCAGTGCTGAATTTAATAATATAATTCCTTCATCACAAA
ThrPheSerTrpGlnHisArgSerAlaGluPheAsnAsnllelleProSerSerGlnlle

1570 1580 1590 1600 1610 1620
TTACACAAATACCTTTAACAAAATCTACTAATCTTGGCTCTOGAACTTCTGTCOETTAAAC
ThrGlnIleProLeuThrLysSerThrAsnLeuGlySerGlyThrServValVallysGly

1630 1640 1650 1660 1670 1680
GACCAGGATTTACAGGAGGAGATATTCTTCGAAGAACTTCACCTGGCCAGATTTCAACCT
ProGlyPheThrGlyGlyAsplleLeuArgArgThrSerProGlyGlnlleSerThrLeu

1690 1700 1710 1720 1730 1740
TAAGAGTAAATATTACTGCACCATTATCACAAAGATATCGGGTAAGAATTCGCTACGCTT
ArgValAsnIleThrAlaProlLeuSerGlnArgTyrArgValArglleArgTyrAlaSer

1750 1760 1770 1780 1790 1800
CTACTACAAATTTACAATTCCATACATCAATTGACGGAAGACCTATTAATCAGGGTAATT
ThrThrAsnLeuGlnPheHisThrSerIleAspGlyArgProlleAsnGlnGlyAsnPhe

1810 1820 1830 1840 1850 1860
TTTCAGCAACTATGAGTAGTGGGAGTAATTTACAGTCCGGAAGCTTTAGGACTGTAGGTT
SerAlaThrMetSerSerGlySerAsnLeuGlnSerGlySerPheArgThrvalGlyPhe

1870 1880 1890 1900 1910 19820
TTACTACTCCGTTTAACTTTTCAAATGGATCAAGTGTATTTACGTTAAGTGCTCATGTCT
ThrThrProPheAsnPheSerAsnGlySerSerValPheThrLeuSerAlaHisValPhe

Fig. 3. Continued.
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1930 1940 1950 1960 1970 1980
TCAATTCAGGCAATGAAGTTTATATAGATCGAATTGAATTTGTTCCGGCAGAAGTAACCT
AsnSerGlyAsnGluValTyrIleAspArgIleGluPheValProAlaGluValThrPhe

1990 2000 2010 2020 2030 2040
TTGAGGCAGAATATCGATTTAGAAAGAGCACAAAAGGCGGTGAATGAGCTGTTTACTTCTT
GluAlaGluTyrAspLeuGluArgAlaGlnLysAlaValAsnGluLeuPheThrSerSer

2050 2060 2070 2080 2090 2100
CCAATCAAATCGGGTTAAAAACACATGTGACGGATTATCATATTGATCAAGTATCCAATT
AsnGlnIleGlyLeuLysThrAspValThrAspTyrHisIleAspGlnValSerAsnLeu

2110 2120 2130 2140 2150 2160
TAGTTGAGTGTTTATCAGATCGAATTTTGTCTGGATCGAAAAACAAGAATTGTCCGAGAAAG
ValGluCysLeuSerAspGluPheCysLeuAspGluLysGlnGlul.euSerGluLysval

2170 2180 2190 2200 2210 2220
TCAAACATGCGAAGCGACTTAGTGATGAGCGGAATTTACTTCAAGATCCAAACTTCAGAG
LysHisAlaLysArgLeuSerAspGluArgAsnLeuLeuGlnAspProAsnPheArgCly

2230 2240 2250 2260 2270 2280
GGATCAATAGACAACTAGACCGTGGCTGGAGAGGAAGTACGGATATTACCATCCAAGGAG
IleAsnArgGlnLeuAspArgGlyTrpArgGlySerThrAspIleThrIleGlnGlyGly

22980 2300 2310 2320 2330 2340
GCGATGACGTATTCAAAGAGAATTACGTTACGCTATTGGGTACCTTTGATGAGTGCTATC
AspAspValPhelLysGluAsnTyrValThrLeuLeuGlyThrPheAspGluCysTyrPro

2850 2360 2370 2380 2390 2400
CAACGTATTTATATCAAAAAATAGATGAGTCGAAATTAAAAGCCTATACCCGTTATCAAT
ThrTyrLeuTyrGlnLysIleAspGluSerLysLeulLysAlaTyrThrAreTyrGlnLleu

2410 2420 2430 2440 2450 2460
TAAGAGGGTATATCGAAGATAGTCAAGACTTAGAAATCTATTTAATTCGCTACAATGCAA
ArgGlyTyrlleGluAspSerGlnAspLeuGlulleTyrLeulleArgTyrAsnAlalys

2470 2480 2490 2500 2510 2520
AACATGAAACAGTAAATGTGCCAGGTACGGGTTCCTTATGGCCGCTTTCAGCCCAAAGTC
HisGluThrValAsnValProGlyThrGlySerLeuTrpProLeuSerAlaGlnSerPro

2530 2540 23530 2560 2570 2580
CAATCGGAAAGTGTGGAGAGCCGAATCCGATGCGCGCCACACCTTGAATGGAATCCTGACT
IleGlyLysCysGlyGluProAsnArgCysAlaProHisLeuGluTrpAsnProAspleu

2590 2600 2610 2620 2630 2640
TAGATTGTTCGTGTAGGGATGGAGAAAAATGTGCCCATCATTCCCATCATTTCTCCTTGG
AspCysSerCysArgAspGlyGluLysCysAlaHisHisSerHisHisPheSerLeuAsp

2650 2660 2670 2680 2690 2700
ACATTGATGTTGCATGTACAGACTTAAATGAGGACT TAGGTGTATGGGTGATATTCAAGA
IleAspValGlyCysThrAspleuAsnGluAspleuGlyValTrpValllePhelLysIle

2710 2720 2730 2740 2750 2760
TTAAGACGCAAGATGGCCATGCAAGACTAGGAAATCTAGAATTTCTCGAAGAGAAACCAT
LysThrGinAspGlyHisAlaArglLeuGlyAsnLeuGluPheLeuGluGluLysProLeu

2770 2780 2790 2800 2810 2820
TAGTAGGAGAAGCACTAGCTCGTGTGAAAAGAGCGGAGAAAAAATGGAGAGACAAACGTG
ValGlyGluAlaLeuAlaArgVallLysArgAlaGluLysLysTrpArgAspLysArgGlu

2830 2840 2850 2860 2870 2880
AAAAATTGGAATGGGAAACAAATATTGTTTATAAAGAGGCAAAAGAATCTGTAGATGCTT
LysLeuGluTrpGluThrAsnllevValTyrLysGluAlaLysGluServValAspAlaLeu

Fig. 3. Continued.
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2890 2900 2910 2920 2930 2940
TATTTGTAAACTCTCAATATGATAGATTACAAGCGGATACCAACATCGCGATGATTCATG
PheValAsnSerGlnTyrAspArgleuGlnAlaAspThrAsnIleAlaMetIleHisAla

29530 2960 2970 2980 2990 3000
CGGCAGATAAACGCGTTCATAGCATTCGAGAAGCTTATCTGCCTGAGCTGTCTGTGATTC
AlaAspLysArgValHisSerIleArgGluAlaTyrLeuProGlulLeuServallIlePro

3010 3020 30830 3040 3050 3060
CGGGTGTCAATGCGGCTATTTTTGAAGAATTAGAAGGGCGTATTTTCACTGCATTCTCCC
GlyValAsnAlaAlallePheGluGluLeuGluGlyArgIlePheThrAlaPheSerLeu

3070 3080 3090 3100 3110 3120
TATATGATGCGAGAAATGTCATTAAAAATGGTGATTTTAATAATGGCTTATCCTGCTGGA
TyrAspAlaArgAsnVallleLysAsnGlyAspPheAsnAsnGlyLeuSerCysTrpAsn

3130 3140 3150 3160 3170 3180
ACGTGAAAGGGCATGTAGATGTAGAAGAACAAAACAACCACCETTCGGTCCTTGTTGTTC
ValLysGlyHisValAspValGluGluGlnAsnAsnHisArgSerValleuValValPro

3190 3200 3210 3220 3230 3240
CGGAATGGGAAGCAGAAGTGTCACAAGAAGTTCGTGTCTGTCCOGGGTCGTGGCTATATCC
GluTrpGluAlaGluValSerGlnGluValArgValCysProGlyArgGlyTyrIleLeu

3250 3260 3270 3280 3290 3300
TTCGTGTCACAGCGTACAAGGAGGGATATGGAGAAGGTTGCCTAACCATTCATGAGATCG
ArgValThrAlaTyrLysGluGlyTyrGlyGluGlyCysValThrIleHisGlulleGlu

3310 3320 3330 3340 3350 3360
AGAACAATACAGACGAACTGAAGTTTAGCAACTGTGTACAAGAGGAAGTATATCCAAACA
AsnAsnThrAspGluLeulLysPheSerAsnCysvValGluGluGluValTyrProAsnAsn

3370 3380 3390 3400 3410 3420
ACACGGTAACGTGTAATGATTATACTGCCGACTCAAGAAGAATATGAGGGTACGTACACTT
ThrValThrCysAsnAspTyrThrAlaThrGlnGluGluTyrGluGlyThrTyrThrSer

3430 3440 3450 3460 3470 3480
CTCGTAATCGAGGATATGACGGAGCCTATGAAAGCAATTCTTCTGTACCAGCTGATTATG
ArgAsnArgGlyTyrAspGlyAlaTyrGluSerAsnSerSerValProAlaAspTyrAla

3480 3500 3510 3320 3530 3540
CATCAGCCTATGAAGAAAAAGCATATACAGATGGACGAAGAGACAATCCTTGTGAATCTA
SerAlaTyrGluGluLysAlaTyrThrAspGlyArgArgAspAsnProCysGluSeraAsn

3550 3560 3570 3580 3590 3600
ACAGAGGATATGGGGATTACACACCACTACCAGCTGGCTATCTGACAAAACGAATTAGAGT
ArgGlyTyrGlyAspTyrThrProLeuProAlaGlyTyrValThrLysGluLeuGluTyr

3610 3620 3630 3640 3650 3660
ACTTCCCAGAAACCGATAAGGTATGGATTGAGATCGGAGAAACGGAAGGAACATTCATCG
PheProGluThrAspLysValTrpIleGlulleGlyGluThrGluGlyThrPhelleVal

3870 3680 3680 3700 3710 3720
TGGACAGCGTGGAATTACTTCTTATGGAGGAATAATATATGCTTTAAAATGTAAGGTCTG
AspSerValGluLeuLeuLeuMetGluGlu

3730 3740 3750 3760 3770 3780
CAAATAAAGAATGATTACTGACTTGTATTGACAGATAAATAAGGAAATTTTTATATGAAT

3790 3800 3810 3820 3830 3840
AAAAAACGGGCATCACTCTTAAAAGAATGATGTCCGTTTTTTGTATGATTTAACGAGTGA

3850 3860 3870 3880
TATTTAAATGTTTTTTTGCGAAGGCTTTACTTAACGGGGTAC

Fig. 3. Continued.
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Da) of the ORF1 protein is well consistent with the apparent molecular weight 140,000
estimated on SDS-PAGE of the crystal protein. Among the several stem loop structures
(data not shown), the largest (20 hases) one locating behind the two ORFs was revealed to
be a potential transcriptional terminator because of the highest stability and its location.
The minimum free energy (AG) for the structure formation was calculated as -25.1
kcal/mol.

Detailed nucleotide sequence and the deduced amino acid sequence were shown in Fig.
3. ORF1 (#153-3692) encodes 1180 amino acid residues. The ribosome binding sequence
is located six bases upstream from the initiation codon. The N-terminal amino acid se-
quence of the crystal protein and the several partial sequences within the toxic trypsin-resis-
tant fragment (Fragment) were also determined (Nacamarsu ef al., 1984, and our unpublish-
ed data). The sequences underlined were identical with those deduced from the nucleotide
sequences, giving the evidence that ORF1 is the crystal protein gene. The N-terminal and
the C-terminal residues of Fragment T correspond to #29 and #618 amino acid residues of
the crystal protein, respectively. The minimum toxic unit resides on the N~terminal half of
the crystal protein. Compared with the N-terminal half and the remaining C-terminal half,
most of cysteine and lysine residues distributed in the latter region.

From the modes of action of several well-studied protein toxins, it was expected that
Fragment T could be consisted of several functional domains. A hydropathy profile of the
crystal protein was created based on the deduced amino acid sequence (Fig. 4). The N-ter-
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Fig. 4. Hydropathy profile of the crystal protein.
The location of the minimum toxic region (Fragment T) and the polypeptides generated
by subtilisin cleavage were shown by the boxes. Trypsin and subtilisin cleaving sites

are given by arrows.
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minal half of the crystal protein is more hydrophobic as than the C-terminal half. Trypsin
cleavage sites, the N- and C-terminals of Fragment T, are located in boundary regions bet-
ween the hydrophilic regions and the hydrophobic regions. Further digestion of the low
specific protease, subtilisin gave two (TS-35, TS-26) or three (TS-30, TS-5, TS-26)
polypeptides. The results from their N-terminal and C-terminal sequence analysis and the
sequence determined in this study, these polypeptides was positioned as illustrated in Fig.
4. These subtilisin cleavage sites were also positioned in the boundary regions between the
hydrophilic regions and the hydrophobic regions. These generated polypeptides associate
each other, making a nicked protein missing the insecticidal activity. Highly hydrophobic
region can be seen around #50 amino acid residue.

The expression of the crystal protein gene in E. coli was demonstrated, but the produc-
tivity was quite low (Sumsara, ef al., 1989). Using the recombinant plasmid pPP03 (vector
pUC118-host E. coli MV1184 system), influence of the cultivated temperature on expression
of the crystal protein gene was examined. Figure 5 shows the SDS-PAGE patterns of pro-
teins in the soluble and insoluble fractions. In the insoluble fraction (lane 5) from E. coli
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Fig. 5. SDS-PAGE analysis of the crystal protein produced in E. coli cultivated at 25°C
and 37°C.
E. coli carrying the recombinant plasmid, pPP03 (pUC118 containing the
crystal protein gene), was cultivated at 37°C (lanes 1, 4 and 7) and 25°C (lanes 2,
5 and 8) for 48 hr. As a control, E. coli carrying vector pUC118, was also
cultivated {lanes 3, 6 and 9). The cell suspension was disrupted by sonication
and fractionated into the soluble (lanes 1, 2, 3) and the insoluble (lanes 4, 5, 6).
Each of the insoluble fractions were extracted with the buffer, pH 10.2, contain-
ing 10 mM dithiothreitol (lanes 7, 8, 9).
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Fig. 6. Growth curves of E. colf MV1184 with pPP03 cultivated at 37°C {O) and 25°C
(@) and immunoblot analysis of the crystal protein produced (the insert).
The optical densities of cell cultures were measured at 600 nm. Immunoblot
analysis with anti-fragment T antibodies. Lane 1, E. ¢oli containing pPP03 in-
cubated at 37°C. Lane 2, E. coli containing pPP03 incubated at 25°C. Lane 3,
E. coli containing pUC118 incubated at 37°C. fractions. Lane C, the crystal
protein of B.i, dendrolimus.

carrying pPP03 cultivated at 25°C, a protein band of the same molecular size as that of
authentic crystal protein (lane C), was clearly detected. This band was not seen in the frac-
tion from E. coli carrying the vector (control, lane 6). The amount of the protein band from
the culture at 37°C (lane 4) was quite low comparing with the case of 25°C (lane 5). The
bulk of the crystal protein produced was recovered in the insoluble fraction, indicating its ac-
cumulation as inclusion bodies. The crystal protein in the insoluble fraction was selectively
extracted with sodium carbonate buffer (Nat; 0.1 M), pH 10.2, containing 10 mM
dithiothreitol (lane 8).

Figure 6 shows growth curves of E. coli cultivated at 25°C and 37°C. The growth rate
at 25°C was lower during the log phase than that at 37°C, but cell concentrations in the sta-
tionary phase were on a similar level at those two temperatures. Influence of cultivation
temperature on the crystal protein production was again examined by immunoblot analysis
with anti~Fragment T antibody. Expression of the crystal protein gene in this E. col
system was confirmed, and accumulation of the crystal protein was higher at the lower
temperature.

DISCUSSION

In this study, the crystal protein structural gene of Bacillus thuringiensis dendrolimus
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was found to be consisted of 3540 nucleotides encoding 1180 amino acid residues.

Comparison of the sequence for the dendrolimus strain with other sequences for several
B. t strains revealed its high homology with ¢rylA(e) genes. Between the kurstaki HD-1
Dipel gene (Scunerr ef al., 1985) and the dendrolimus gene, there are 57 nucleotides dif-
ferences; 19 amino acid residues are substituted and 4 residues are deleted in the kurstak:
protein. Within the toxin region (the N-terminal half of the crystal protein), only 3 amino
acids changes were seen. Compairng with the soffo gene (SmiBano ef al., 1986), only one
nucleotide difference at position 2795, C for sotto, G for dendrolimus was found. Structural
differences were revealed, in 5’-region (SuisaTa ef al., 1989). Subspecies sotfo is categorized
into the same serotype as subsp. dendrolimus.

Yamapa (1990) showed two transcriptional start sites of the B. f. dendrolimus crystal pro-
tein gene, Bt I (#83 base in early sporulation), and Bt II (#69 base in mid sporulation).
Results for the kurstaki HD-1 Dipel gene (Woneg ef al., 1983) were coincident with the case
of dendrolimus, and the promotor regions of both strains were well conserved.

A very short open reading frame (ORF2) with the identical ribosome binding sequence
was found in the 3’-terminal regions of the crystal protein gene (Fig. 2). Influence of the
second ribosome binding sequence on the crystal protein production remains to be studied.

The hydropathy and the distribution of certain amino acid revealed the differences in
protein structural features between the N~ and C-terminal halves. The C-terminal half con-
taining most of cysteine residues may be involved in crystal formation. Bierior ef al.,
(1990) suggested that the thiol groups of the crystal protein are exposed on the surface of
the molecule, and form symmetrical interchain disulfide bridges. Comparing with the C-ter-
minal half, several hydrophobic peaks were clearly seen in the toxic N-terminal half, sug-
gesting that the existence of several structural domains. Subtilisin digestion of the toxic
fragment gave three polypeptide fragments, generating no toxic protein. One of the
hydrophobic peaks locates between the two subtilisin cleavage sites, and this part correspon-
ding to TS-5 domain (Fig. 4). Comparison of many crystal protein sequences revealed two
hypervariable regions in the minimum toxic unit (Griser ef al., 1986). One of them located
from #286-457 corresponds to the boundary regions of three domains with TS-5 as the cen-
tral figure. The other one #466-618 corresponds to the C-terminal remaining part of
TS-26 region, and most of TS-30 region are well conserved. The combination of the
primary sequence analysis and the domain searching with limited proteolysis would be a
great help to study the relation between the function and the structure. Subtilisin-cleaved
nicked protein missed the insecticidal activity, suggesting some synergestic action of these
domains. Binding of this toxin to the receptor, a specificity-determining step, might be ex-
erted by the interface region or the C-terminal part of TS-26 polypeptide. In addition,
highly hydrophobic region is observed around #50 amino acid residue. Role of the potential
membrane-spanning sequence is very interested from the point of view that this protein is a
membrane-acting toxin.

The production of the crystal protein in E. coli was higher at 25°C than that at 37°C in
contrast to the growth rates at these temperatures. As the explanation of the preferential ac-
cumulation at the lower temperature, the following three factors could be considered; @ the
gene may has a temperature-dependent regulation system, @ the temperature difference
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would affect the protein synthesis rate, ® the degradation rate of the crystal protein might
change at different temperatures. B. { dendrolimus incubated at temperatures above 30°C
decrease the crystal productivity. So temperature-dependent expression of the crystal pro-
tein may be regulated under a similar mechanism in both organisms.
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