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The 27-kilodalton (kDa) mosquitocidal protein gene from Bacillus thuringiensis subsp. israelensis has been
cloned as a 10-kilobase (kb) HindIII fragment from plasmid DNA; efficient expression in Escherichia coli KM1
depends on a region of DNA located approximately 4 kb upstream (K. McLean and H. R. Whiteley, J.
Bacteriol., 169:1017-1023, 1987). We have cloned the upstream DNA region and show that it contains a
complete open reading frame (ORF) encoding a protein with a molecular mass of 19,584 Da. Sequencing of
adjacent stretches of DNA revealed two partial ORFs: one has 55.2% identity in an overlap of 319 amino acids
to the putative transposase of 1S231 of B. thuringiensis subsp. thuringiensis, and the other, a 78-codon partial
ORF, may be the carboxyl terminus of the 67-kDa protein previously observed in maxicells of strain KM1. A
0.8-kb fragment containing only the 20-kDa protein gene greatly enhariced the expression of the 27-kDa protein
in E. coli. The introduction of nonsense codons into the 20-kDa protein gene ORF abolished this effect,
indicating that the gene product, not the mRNA or DNA, is required for the enhancement. The effect of the
20-kDa protein gene on various fusions of lacZ to the 27-kDa protein gene suggests that the 20-kDa protein acts
after the initiation of translation of the 27-kDa protein gene.

During sporulation, Bacillus thuringiensis subsp. israe-
lensis produces a parasporal inclusion that exhibits specific
toxicity to nematocerous dipteran larvae such as mosquitoes
and black flies (8, 10). Electron microscopy shows that the
inclusions contain three different components (6, 14). Elec-
trophoresis of the solubilized inclusions reveals four major
polypeptides with molecular masses of 135, 128, 67, and 27
kilodaltons (kDa) (2, 35). These polypeptides are glycosyla-
ted (27) and are mosquitocidal; the 27-kDa peptide is also
hemolytic and cytolytic (32). Many studies have also re-
ported the présence of several minor crystal components: a
230-kDa species (probably an aggregate of the 135- or
128-kDa peptide or both; 38), a toxic 58-kDa polypeptide
(derived from a 72-kDa peptide; 33), a 54-kDa peptide
(probédbly a dimer of the 27-kDa peptide; 7), and a nontoxic
38-kDa peptide (probably a breakdown product of the 67-
kDa peptide; 7, 19). The genes encoding the 135-, 128-, 72-,
and 27-kDa peptides have been cloned from plasmid DNA,
and the DNA sequences have been determined (29, 33, 39,
41).

We have previously reported the cloning of a 10-kilobase
(kb) HindIll fragment which encodes the 27-kDa crystal
peptide (24). Extracts of the Escherichia coli strain harbor-
ing the HindIlI fragment were toxic to Aedes aegypti larvae
and were hemolytic. Substantial levels of the 27-kDa peptide
were found in extracts made from E. coli cells containing
either the entire HindIII fragment or subclones that included
both the crystal protein gene and a region of DNA located 4
kb upstream, but not in extracts of cells that contained the
crystal protein gene alone. The upstream region could be
present in cis or in trans, and Tn5 mutagenesis showed that
the required DNA region spanned approximately 0.8 kb.
Maxicell analysis demonstrated that the 10-kb fragment
encoded peptides of 67, 20, and 16 kDa in addition to the
27-kDa peptide; studies of strains containing subclones of
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this fragment suggested that the 0.8-kb region encoded the
20-kDa polypeptide. Measurement of the amount of 27-kDa
protein gene-specific mRNA in strains containing either the
27-kDa protein gene alone or both the 27-kDa protein gene
and the 0.8-kb upstream region indicated that the effect of
the latter was posttranscriptional.

To better understand this mechanism of regulation, we
have cloned the 0.8-kb DNA fragment required for high-level
production of the 27-kDa crystal protein in E. coli. The
present paper reports the DNA sequences of this fragment
and of some of the adjacent DNA. The sequenced region
contains a complete open reading frame (ORF) encoding a
protein with a predicted molecular mass of 19,584 Da as well
as two truncated ORFs. Complementation experiments
showed that the presence of the 0.8-kb region in trans
resulted in a greatly increased amount of 27-kDa peptide.
The introduction of nonsense codons into the complete ORF
abolished the effect of the fragment, thus proving that the
gene product, and not the mRNA or the DNA, is required for
the increased level of the 27-kDa peptide in E. coli extracts.
This paper also presents data on fusions of the 27-kDa
protein gene to lacZ and discusses the possible role of the
20-kDa peptide in the production of the 27-kDa peptide in E.
coli.

MATERIALS AND METHODS

Media, bacterial strains, and plasmids. E. coli JM83 (36)
and MC1000 (4) were maintained on L medium. E. coli
MV1193 (37) and RZ1032 (dut ung; 17) were maintained on
M9 medium (25). All fragments from the original 10-kb
HindIII clone (24) were subcloned into pUC118 or pUC119
(37) or into a pACYC184 (5) derivative from which the 1.6-kb
Hincll-HindIII fragment had been removed.

DNA sequencing. Unidirectional nested deletions were
created by the method of Henikoff (12). Single-stranded
template was prepared by superinfection of insert-containing
pUC118 or pUC119 with the kanamycin-resistant helper
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phage M13 KO7 (37) and overnight incubation with ampicil-
lin (50 pg ml™') and kanamycin (70 pg ml™?!). Template
purification (43) was followed by an additional ethanol
precipitation in the presence of 2.5 M ammonium acetate
(final concentration). DNA-sequencing reactions were per-
formed according to Sanger et al. (28) using either Klenow
fragment (New England BioLabs, Inc., Beverly, Mass.)
according to the protocol of Williams et al. (43) or modified
T7 polymerase (Sequenase; U.S. Biochemical Corp., Cleve-
land, Ohio). Reaction mixtures were loaded on 0.4-mm-
thick, 40-cm-long 5 or 8% polyacrylamide-8 M urea gels and
electrophoresed at 55 W constant power.

Cloning the 20-kDa protein gene into pUC118 and
PACYC184. The 2.1-kb Accl-Accl fragment from pKM1 was
blunted at both ends by filling in with Klenow fragment and
was cloned into the Smal site of pUC118 to generate pLA4.
Orientation of the insert in pLA4 was determined by restric-
tion with EcoRI. The 2.1-kb insert was then deleted unidi-
rectionally from the 3’ end of the 20-kDa protein gene to 0.8
kb, generating pLAS. To place the 20-kDa protein gene into
pACYC184, the 0.8-kb insert in pLAS, containing either the
native or the mutated 20-kDa protein gene (see below), was
isolated as a Kpnl (blunted)-HindIII fragment and was
ligated to the larger, 2.4-kb HincII-HindIII fragment from
pACYC184 (5), generating pLA1S and pLLA15-89.

Detection of gene-specific mRNA. RNA samples were ap-
plied as dots on BA 83 nitrocellulose (Schleicher & Schuell,
Inc., Keene, N.H.) with a Bio-Dot apparatus (Bio-Rad
Laboratories, Richmond, Calif.). A single-stranded probe
was made by Klenow extension, in the presence of [a-
32p]dATP and deoxynucleoside triphosphates, of universal
primer bound to single-stranded pLLA6, which contains the
0.25-kb fragment downstream of the EcoRI site within the
20-kDa protein gene (see Fig. 1). After cleavage with EcoRI
to release the 0.25-kb fragment, the radiolabeled strand was
purified by denaturation in 60 mM NaOH, electrophoresis
through a 2% agarose gel, and electroelution onto NA 45
paper (Schleicher & Schuell). The probe was stripped from
the paper with 300 mM NaOH and was neutralized prior to
hybridization. Preparation of RNA samples and hybridiza-
tion conditions were essentially as described by Maniatis et
al. (23). RNA in hybridization assays was quantitated by
scanning with a laser densitometer (Ultrascan; LKB Instru-
ments, Inc., Rockville, Md.).

Alternatively, both 20-kDa and 27-kDa protein gene-spe-
cific mRNAs were detected by hybridization of complemen-
tary [y-32P]ATP-labeled oligonucleotides (see below) to 50 or
100 pg of total RNA and extension with murine leukemia
virus reverse transcriptase (Bethesda Research Laborato-
ries, Inc., Gaithersburg, Md.) according to the instructions
of the manufacturer. The reaction mixtures were treated
with 0.1 N NaOH (final concentration) to hydrolyze the
RNA and were then neutralized and precipitated with am-
monium acetate and ethanol. After suspension in a small
volume of 70% formamide, the cDNA was heated to 80°C
and then loaded onto 1.5-mm-thick polyacrylamide gels
containing 8 M urea. This method was also used to estimate
the location of the transcriptional start sites of both genes.

Oligonucleotide synthesis and oligenucleotide-directed mu-
tagenesis. Oligonucleotides were synthesized on a multiple-
column DNA synthesizer (model 8600; BioSearch, Inc., San
Rafael, Calif.). The 19-mer 5'-CCC TTT CTA ACA AAG
TAG G-3' was complementary to coding nucleotides 64
through 82 of the 20-kDa protein mRNA. The 16-mer 5'-
GAG GGG TTT TCC ATG G-3' was complementary to
coding nucleotides 46 through 61 of the 27-kDa crystal
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protein mRNA (nucleotides 554 through 569 in Fig. 2 of
reference 40). The mutagenic 34-mer 5'-CTG TTG TGA
ATA TTT ACT AAA ACA CTC CAT TIT C-3' was
complementary to coding nucleotides 7 through 40 of the
20-kDa protein gene, except that AC replaced TA where
indicated (boldface). This replacement resulted in the inser-
tion of GT instead of TA at nucleotides 24 and 25, changing
tyrosine 8 and lysine 9 to consecutive amber and ochre
nonsense codons. The 34-mer was hybridized to single-
stranded DNA from uracil-containing pLAS (purified from
E. coli RZ1032 cultures superinfected with M13 KO7), and
the complementary strand was synthesized with T4 DNA
polymerase in the presence of deoxynucleoside triphos-
phates and ATP (17). Mutations were confirmed by dideoxy
sequencing with Sequenase as described above.

Isolation of 20-kDa protein and antibody production. The
20-kDa protein was isolated from E. coli JM83 harboring
pLAS. In this construction, the 20-kDa protein gene is
transcribed from the lacZ promoter of pUC118 and the
protein is overproduced and accumulates as inclusions visi-
ble by phase microscopy. Substantial purification of inclu-
sions was achieved by centrifuging (25,000 X g) sonicates of
overnight cultures grown in L broth and washing once with
50 mM EDTA in 50 mM Tris (pH 7.5). To prepare antibod-
ies, the harvested inclusions were electrophoresed through a
12% polyacrylamide-sodium dodecyl sulfate gel (18), and
rabbits were immunized with the 20-kDa protein band cut
from the gel (24). ‘

Immunoblotting. B. thuringiensis subsp. israelensis crys-
tals were purified by repeated washing and centrifugation
through a Renografin gradient as described by McLean and
Whiteley (24). Whole B. thuringiensis subsp. israelensis cell
extracts (shown in Fig. 8) were prepared by treating cells
with lysozyme (5 mg ml™1), sonicating several times, and
boiling in sample buffer containing 1.5% sodium dodecyl
sulfate and 2.5 M urea. Protein samples from B. thu-
ringiensis subsp. israelensis and E. coli were electropho-
resed on 10% polyacrylamide-sodium dodecyl sulfate gels
and were transferred to BA 83 nitrocellulose filters by the
method of Towbin et al. (34). The filters were treated as
described by Henning et al. (13) and were reacted with
antibody to 20- or 27-kDa protein. Goat anti-rabbit alkaline
phosphatase conjugate (Boehringer Mannheim Biochemi-
cals, Indianapolis, Ind.) was used to detect the antigen-
antibody complexes.

lacZ fusions. The 3.0-kb BamHI-BamHI fragment from the
lacZ-coding sequence of pMC1871 (30) was inserted into
subclones of pKM1 cleaved at the BamHI site within the
27-kDa protein gene, yielding in-frame fusion plasmids
pKM2-lac and pKM24-lac. These plasmids were maintained
in E. coli MC1000 (with the lac operon deleted). Assays for
B-galactosidase activity in extracts of these strains were
performed as described by Miller (25). A fusion of the
carboxy-terminal portion of the 27-kDa protein gene to the
lacZ promoter and amino-terminal coding region, pKM25,
was constructed by inserting the HaellI-EcoRI fragment of
pKM1 into pUC119 and deleting the region between the
BamHI site in the vector and the BamHI site within the
27-kDa protein-coding sequence. The Haelll site is 130
nucleotides upstream of the BamHI site shown in Fig. 1; the
Haelll-EcoRI fragment contains the complete 27-kDa pro-
tein-coding region but none of the known promoters.

Reagents and enzymes. Restriction endonucleases were
from Boehringer Mannheim, New England BioLabs, Be-
thesda Research Laboratories, or American Allied Biochem-
ical (Denver, Colo.). Exonuclease III and nuclease S1 were
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FIG. 1. Subclones of the 10-kb HindIII fragment (pKM1) used in this study. Lengths (in kilobases) are shown above each fragment;
vectors are indicated in parentheses. Restriction sites: H, HindIll; A, Accl; E, EcoRI; Pv, Pvull; T, Taql; B, BamHI; P, Pstl. For clarity,

not all Accl and Tagql sites are shown.

from Bethesda Research Laboratories. T4 polynucleotide
kinase, ligase, and DNA polymerase were from Boehringer
Mannheim. [a-32P]JdATP (3,000 Ci mmol™1; 10 pCi pl™b),
[y->?PIATP (3,000 Ci mmol™; 10 pCi pl™Y), and [a-
35S]dATP (1,000 Ci mmol™1; 17 nCi ul™!) were obtained
from New England Nuclear Corp., Boston, Mass.

RESULTS

Localization of the gene encoding the 20-kDa protein by
DNA sequencing; analysis of flanking ORFs. The sequence
was determined for the nearly 3,000 base pairs of DNA in
pLA2 and pLA3, extending from the left HindIII site to the
second EcoRI site from the left of the diagram shown in Fig.
1. This region contains one complete ORF flanked by two
truncated ORFs (Fig. 2 and 3). The complete ORF (Fig. 2,
boxed) spans the first EcoRI site from the left end and
encodes a protein whose predicted molecular mass is 19,584
Da. This protein has no significant similarity to others in the
National Biomedical Research Foundation library (data
bank 16). A ribosome-binding site (RBS, Fig. 2; 31) precedes
the presumed methionine start codon by seven nucleotides.
At the 3’ end of the gene, a G-rich sequence (underlined) and
potential stem and loop (double underlined) are located
downstream from the TAA (ochre) stop codon.

A truncated, 78-codon ORF, oriented in the same direc-
tion as the 20-kDa protein gene, starts within the sequenced
fragment at nucleotide 2 (Fig. 2) and terminates 13 nucleo-
tides before a stem-and-loop structure (nucleotides 252 to
283, Fig. 2) located 235 nucleotides upstream of the 20-kDa
protein translational start. The position of the 78-codon ORF
suggests that it may be the carboxyl terminus of the 67-kDa
protein observed in maxicells made from strains containing
pKM1 (24). The orientations of both the 20-kDa protein gene
and the upstream ORF are opposite that of the 27-kDa
crystal protein gene (Fig. 1).

A second partial ORF extends rightward from the HindIII
site at the left of Fig. 1 (nucleotide 2984) and contains 323
amino acids (Fig. 3). (Note that the nucleotide sequence
shown in Fig. 3 is inverted relative to the sequence presented
in Fig. 2.) Comparison of the deduced amino acid sequence
with others in the National Biomedical Research Foundation
library disclosed 20.9% identity in an overlap of 129 amino
acids with the transposase of IS4 and 22.3% identity in an

overlap of 139 amino acids with the transposase of IS186.
Greater similarity was found to the amino acid sequence of
the putative transposase of IS23! from B. thuringiensis
subsp. thuringiensis berliner 1715 (22). Comparison of the
ORF shown in Fig. 3 with the sequence from strain berliner
1715 showed 55.2% identity in an overlap of 319 amino
acids. The initial and optimized scores for the comparison
obtained by the FastP computer program (21) were 548
and 1,041, respectively, indicating a significant degree of
homology. The alignment of these two sequences suggests
that an additional 150 amino-terminal codons of the B.
thuringiensis subsp. israelensis transposase should lie di-
rectly upstream of the HindlIII site at nucleotide 2984 of
Fig. 3.

The 20-kDa protein gene is required for efficient production
of 27-kDa crystal protein in E. coli. To confirm that the
20-kDa peptide was involved in the production of the 27-kDa
crystal peptide, complementation experiments were per-
formed with plasmids of high (pUC118) and low (pACYC)
copy number containing the gene coding for the 20-kDa
peptide. The DNA inserted into these plasmids (pLAS and
pLAL1S, respectively) contained the 120 nucleotides between
the Accl site and the translational start of the gene encoding
the 20-kDa peptide, the 20-kDa protein gene ORF, and 26
nucleotides beyond the potential stem-and-loop structure
(see Materials and Methods).

Complementation of the recombinant strain KM14 (the
27-kDa crystal protein gene on pACYC; Fig. 1) with pLAS
(the 20-kDa protein gene on pUC118) demonstrated that the
DNA fragment provided by the latter plasmid was necessary
and sufficient to enhance production of the 27-kDa protein,
as determined by immunoblotting (Fig. 4A). Virtually no
27-kDa peptide could be detected in E. coli harboring
pKM14 alone or pKM14 and pUC118 (Fig. 4A). However,
the amount of protein detected in extracts of the comple-
mented strain KM14(pLLAS5) was less than that in E. coli
harboring pKM1 (Fig. 4A). Phase microscopy demonstrated
that the cells of the complemented strain contained inclu-
sions, and immunoblotting showed that the 20-kDa peptide
was produced in large amounts (Fig. 4C). Therefore, a lack
of the 20-kDa peptide would not appear to be the cause of the
relatively low production of 27-kDa peptide unless insolubil-
ity of the inclusions somehow inhibited the effect of 20-kDa
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Eco RI
GAATTCGGGAAATAATAGAATGCTAGGCAGTTTTACTGCAAATGCTAATCCAGAATGGGTGGATTTTGTIC
N S G NNURMTULG S F T AN ANUPEWUVDF V

ACAGATGCATTTACATTTAACGATTTAGGGATTACAACTTCAAGTACAAATGCTTTATTTAGTATTTCTT
T DAF TV FNDULGTITTS S TN ATLTF S I S
CAGATAGTTTAAATTCTGGAGAAGAGTGGTATTTATCGCAGTTGTTTTTAGTAAAAGAATCGGCC -

S D S L NS GEEWZYULSQULVFULVUEKTESA ATFT
GACGCAAATTAATCCGTTACTAAAGTAGAAGTCATGTTAGCACAAGAGGAGTGAGTATTGTGGCTCCTCT
T Q I N P L L K stop

p2r—>
TGTAATTTTAATCGCTAATATTTCTAATAGATATAAATTATATATAATATTTAAAAAGTTATAATTATGT

Acc I
AATTGTAGAAAATCATGAATTTTTCAATTTTATTGACGAGGAAACAGAGTATACGAGTTTATAATTTCTA

-10
ATAATTGTTTAAAACATATGCTTAGAAGTCAATTTATATTAGCTTTACTTTTAGTAGAATTTATAATTAA

pi—® RBS GT
TATTTAGGATAAAATTGGAGGATAATTGATGACAGAAAATGGAGTGTTTTATAAAATATTCACAACAGAA

M T E NG V F Y K I F TTE

AATAATAATTTTTGTATAAATCCTACTTTGTTAGAAAGGGTTTTTAAAAATAATTTAGATGAATTTGATT
N NN F C I NP TULULEU RUVTF FI KNNILUDEFD

TTTCGCTAGTAAAAAAAAACTTAGAACATGAGAAGAATTGTGTGATTACTTCTACAATGAATCAAACAAT
F 8§ L V XK K NLEHEI KNTZCUVITSTMNZ QTTI

TTCTTTCGAGAATATGAATAGTACAGAAATGGGGCATAAGACATATTCTTTTTTAAATCAAACAGTATTA
S F ENMNSTEMGHI KTYSF L NGQTUVL

Eco RI
AATAATAAGGGGAATTCTTCTTTAGAGGAACAAGTCTCTAATATTTTTTATAGATGTGTATATATGGAAG
N N K G N S S L EEQV S NTIUVFUYURGCUVYME

TTGGAAAATCAAGTTCATATATTAAACCTCTTGAGCAGGATTCTAATAAAATAAGGTATGTTTGTAGTTT
V G K 8§ § S YI KPLEI QDS SNIKTIURYUVC S L

GCTCT TTATAGTGCCCTATAAGAATAACATAACATCAATTATTCCAGTAAATTTACAACTAACTTATTA
L F I VP Y KNNTITS SITIU®PVNILS QTILTTULIL

TCGAAAAATGTAAAACAATCCTCTTCTACAAATATATTTTCAGGAGATATACATTTTAATATGGTAACAA
S KNV KQ S S s TNIVF S GDTIHT FNMMUVT

TGACTTATTTAACTTAATCGGAACGTTTAACCTTTCAAGTAGAGATAGAAAAGCTATAACCGGACAATAT
M T Y L T stop

GAGCAGGGGGGGGGAGGATGATTTTTTTATTTATTATAAAAAAATTTATATGTARATTGAATGCACTGGA

AACATTAGTATGGGGGTAATAAATGTGAATCGATATAATAACTCAGATGAATTTGAAATAATTATGATAT
ATATATAGAATTAAATAATCAAATTCAACAAGCATTTTATCTATATGACGTTCGAAATTTTATTAAAAAT
GGTGACTTTAAATATGGCCTAGAGGAGTGGCATGTCAAAGGTGATGCAAACGTACAACAAATAAATGGTA
CACCTGTGTTAGTAATTCCTAATTGGAGTGCTCAAGTATCACAAAATATATGCTTAAACACGATCATGGA

TATGTATTGCGGGTGACAGCGAAAAAAGAAGGTCTGAGTAATGGAACGGTGACAATCTCCGGTGATGCAA
ATCAATAGAAACGATTTCATATACAACTTGTGATTATAATACAAGTTGTATATGAGCAAATAGAATACAC
e S
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FIG. 2. Nucleotide sequence of the insert in pLAS (nucleotides 403 to 1191) and deduced amino acid sequence of the 20-kDa protein gene
(boxed). The nucleotide and deduced amino acid sequences of the carboxy-terminal region of the presumptive 67-kDa protein gene, from the
EcoRlI site at nucleotide 2, are also shown. A G-rich region following the 20-kDa protein gene is underlined, and potential stem-and-loop
structures are double underlined. Start sites for transcription of the 20-kDa protein gene (P1 and P2) are indicated by arrows overhead; a
potential ribosome-binding site (RBS) is underlined. The nucleotide changes in tyrosine 8 and lysine 9 to consecutive stop codons, yielding
pLAS-89 (pLA15-89 in pACYC), are noted above the underlined region.

peptide. Instead, the lower copy number of the 27-kDa
protein gene on pKM14 (pACYC vector) relative to that on
pKM1 (pUC9 vector) seemed a more likely explanation.
To examine this possibility, we cloned the gene coding for
the 20-kDa peptide into pACYC to yield pLA1S (see Mate-
rials and Methods). This plasmid was then transformed into
E. coli KM4, which harbors the 27-kDa protein gene cloned
on pUC9 (Fig. 1). Immunoblotting showed a significant
increase in the amount of 27-kDa peptide, exceeding the
amount detected in strain KM1 (Fig. 4A and B), whereas
cells containing pKM4 alone or pKM4 and pACYC showed
no detectable production of the 27-kDa peptide antigen (Fig.
4B). No 20-kDa peptide could be detected in E. coli strains
containing pLA15 (Fig. 4C), probably because the plasmid
does not contain a suitable promoter region for the 20-kDa

protein gene. The enhancement observed in the comple-
mented strain KM4(pLA15) suggests that a very small
amount of the 20-kDa protein is sufficient for the effect and
also that pLA1S must contain a fortuitous, albeit weak, E.
coli promoter (see below).

Site-directed mutagenesis was used to determine whether
the increase in the amount of 27-kDa peptide required the
20-kDa gene product rather than the DNA sequence or the
mRNA. Tyrosine 8 and lysine 9 of pLAS were changed to
consecutive stop codons, yielding pL.AS5-89 (the mutant gene
on pUC118); pLA15-89 (the mutant gene on pACYC) was
constructed as described for plLA1S (see Materials and
Methods). No detectable amount of the 27-kDa peptide was
found in extracts of pPKM14 complemented with pL.AS-89 or
of pKM4 complemented with pLLA15-89 (Fig. 4A and B),
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B. THURINGIENSIS SUBSP. ISRAELENSIS 20-kDa PROTEIN

HindIII
AAGCTTCTGGAGTGAAAATACAATTAGAATATGATTTACTGAGTGGTCAATTCTTACATGTTGCATTGGG

A 8§ GV KI QL EYDULULS G QF LHVATULG

ACCTGCGAAAGAAAATGATGTGAATTACGGCAAAGAAGTTCAACCTACCGTTGATTTACAAGATCTTTGT
P A K END VN Y G KE V QP TVDULQDTULC

Acc 1
ATACGGGATTTAGGTTATTTTAGTTTGATCGATCTAGATGGCATCCAACAAAAAGGAGCCTACTATTTAT
I RDUL G Y F S L I DULUDGTIOGQO QI KGA AY YL

CTCGGCTTAAAAATGAATACCAAACTGTTTCAAARAAATGAAGAGGCCCCTATTTTTAAAAATGGAGCAAG
S R L KNE Y QT VS KNETEA AUPTITFIKNGA A S

TAAAAAAAAATATCAATATACAATGATTGATTTAGAAACGATTATGGAACAGTTACAACCAGGGGAATTA
K K K Y Q Y TMIODULETTIMET GQULUOQUZPGEL

TATGAAATTCCTGTTGTCTATGTTGGGCGTGACTATCTACTTCCCGTAAGAGCTGTAATGTATAGGCTTA
Y E I P V V Y V GRD Y LLP VI RAVMYRIL

CTCCTGATCAGGAAACACAACGTAGAAAAGATCGAGCATACAAAGAAAAAAAGAAAAACATAACGTTTAG
T P D Q E T QU RIRIKUDIRAYI KEIZ KT KI KNTITTF S

Acc I
TGATCGAACAAAARAATTACAAGGCATCAATGTATACATTACGAATATTCCATTGGAATATGTTTCTARA
D RTXKKULQGINVYTITNTIUZPILETYUV S K

GAAGCTATCCATGAGTTCTACTCTCTTCGTTGGCAAATAGAAATTATCTTTAAAACATGGAAATCTATTT
E A I HEVF Y S LRWAOQTIUETITITFI KTWIEKS I

TTCGCATTCATTCCAATACAAATGTGAAGAAAGAACGATTAGAATGTCATATCTATGGAAAATTAATTGC
F R I HS NTNUVI KU KEI RTULET CHTIUYSGIKTULIA

TCTTTTACTCTCTTCTACTGTGATGTTCCAAATGAGACAAGTATTGCTGATAAAAAAACAAAAAGAATTA
L L L $ S T VMV FA QM®RUGQUVLULII KU KU QI KETL

AGTGAATGGAAAGCTATGTATATGATTCAGATTATTTCCGCGTATTATATCGACAAATACAAGAACAATC
S EW K AMYMTIHDY YT FRUVL Y ROQTIOQEQ

TGAAGCAACTAATAACAAGTTTTCTTCGTTTATTCCACTTACTTGATAAAAATGGACGAAAATCACATCG
S K Q L I TS F L RL FHULULUDIKNGU RIK S HR

TTATCGAAAAAAAACTGTATTTGATATTTTAGGTACTGCATACGAGCAGTATATAGAAAAATAAATCCGC
Y R K KTV FDIULGTA AYEAQYTI E Kstop

TTAAAAAAATTGTAGCCCGCTAGGGTTATTTCGTATGCACTTTTTTATAAAAAATTTTAATATTGGGTAA
AAGATACCCAATATTCCATAGTCGGAGAGGAATTTATACGTATTTTTGTAAGTTCAATTTCGTTAGCTTG
ATGGCGATGTTGCCGTACCCCTTCTATAAAAAAGGCGAAGTCTTCAATTAAACCTCGCCTTTACCATGTA
TATAGAATTATAACAATTATTAGCAGCTTCCGTTTTTACCTTTTAGGTCTTTAAAAATTAGAACCAATAA
TTTACTCTTCTTTACAAATTAACTCTACACTTTCTACTTTAAACATCTCTTACGTTTCGCTTATATCAAC

ACGAACTTGATCTGTATCTGGGAAAAGTTCTATGGTTTTCGTTGTGTATTCTATTTGCTCATATACAACT

TGTATTATAATCACAAGTTGTATATGAAATCGTTTCTATTGATTTGCATCACCGGAGATTGTCACCGTTC
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FIG. 3. Nucleotide and deduced amino acid sequences of the carboxy-terminal region of the IS23I-like transposase. Nucleotides
downstream of the putative transposase, including the stem and loop between nucleotides 1557 and 1596, are also shown in Fig. 2. (To display
the sense strand of the putative transposase, the nucleotide sequence in this figure is inverted relative to that shown in Fig. 2; however,

numbering of the nucleotides is the same in both figures.)

indicating that the 20-kDa gene product is required for
expression.

To eliminate the possibility that the mutated 20-kDa
protein genes in pLAS5-89 and in pLA15-89 were blocked in
transcription as well as in translation, a comparison was
made of the amounts of 20-kDa protein-specific mRNA
produced by the following strains: KM14(pLAS), KM14
(pLAS5-89), KM4(pLA1S5), and KM4(pLA15-89). Hybridiza-
tion with a single-stranded probe complementary to a down-
stream region (designed to detect full-length message)
showed that measurable amounts of 20-kDa protein-specific
mRNA were produced by all four strains (Fig. 5), although
synthesis of this mRNA was reduced approximately fivefold
in the strains containing the mutant genes. Similar reduc-
tions in the transcription of other genes have been ascribed
to polar effects on transcription resulting from premature
translation termination (1). As expected, large amounts of
mRNA were synthesized from the clones in the pUC118

vector (pLAS and pLAS-89), but synthesis of 20-kDa pro-
tein-specific mRNA from both of the pACYC-based plas-
mids (pLA15 and pLA15-89) was markedly less, perhaps
reflecting the lack of a suitable E. coli promoter as well as the
lower copy number of the parent plasmid. In spite of this low
level of 20-kDa protein gene expression, pLA1S greatly
enhanced production of the 27-kDa protein. If 20-kDa pro-
tein gene-specific mRNA were responsible for the enhance-
ment, then pLAS-89, which produces about fivefold more
mRNA than does pLAlS, should also enhance 27-kDa
protein synthesis. We observed, however, that neither of the
strains carrying the mutant 20-kDa protein gene produced
detectable amounts of 27-kDa crystal protein, suggesting
that the enhancing effect is due to the peptide and not to the
mRNA.

Timing of 20-kDa protein gene-specific RNA synthesis in B.
thuringiensis subsp. israelensis. The timing of transcription of
the 20- and 27-kDa protein genes and identification of the 5’
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FIG. 4. Immunoblots showing expression of the 27-kDa (A and B) and 20-kDa (C) peptides in extracts from recombinant strains of E. coli
JM83. The number above each lane refers to the plasmid content of the strain used in the assay. (A) Lane 14, pKM14 (27-kDa protein gene
on pACYC184); lane 14/118, pKM14 complemented with pUC118; lane 1, pKM1 (27- and 20-kDa protein genes on pUC9); lane 14/5-89,
pKM14 plus pLA5-89 (mutant 20-kDa protein gene on pUC118); lane 14/5, pkKM14 plus pLAS (20-kDa protein gene on pUC118); crystals,
purified crystals from B. thuringiensis subsp. israelensis. (B) Lane 4, pKM4 (27-kDa protein gene on pUC9); lane 4/184, pKM4 plus pACYC;
lanes 4/15-89a and 4/15-89b, pKM4 plus the mutant 20-kDa protein gene on pACYC (two isolates); lane 4/15, pKM4 plus pLA1S (20-kDa
protein gene on pACYC); lane 14/5, pKM14 plus pLAS. (C) Lane 5, pLAS; lane 5-89, pLAS5-89; lane 15, pLA1S, lane 15-89, pLA15-89.

ends of the transcripts were determined by reverse transcrip-
tase extension of oligonucleotides hybridized to the 5’ cod-
ing regions of the mRNA. No 20-kDa protein mRNA was
detected before T,, the onset of stationary phase (data not
shown). A transcript appearing at T, (Fig. 6A) was mapped
to a start site (P1 in Fig. 2) located approximately 23 * S base
pairs upstream from the translational start site. At T, 2 h
post-stationary phase) (Fig. 6A), longer transcripts were
observed which mapped to a position approximately 225 +
15 base pairs upstream from the translational start (P2 in Fig.
2), near the upstream stem and loop described earlier.
Surprisingly, 20-kDa protein mRNA synthesized in E. coli
KM1 mapped uniquely to the position within the upstream
stem and loop, and the bands were extremely faint (data not
shown). Transcription of the 27-kDa protein gene in B.
thuringiensis subsp. israelensis was first detected as a faint
band at T, and more strongly at T, s (Fig. 6B). Interestingly,
these transcripts mapped to two sites: PB1, a B. thu-
ringiensis subsp. israelensis start site identified earlier by
Ward and Ellar (40), and PBS1, a site previously reported
only for expression of the 27-kDa protein gene in Bacillus
subtilis (42).

Detection of 20-kDa protein in B. thuringiensis subsp.
israelensis crystals and cell extracts. Electrophoresis showed
that solubilized preparations of purified crystals contained
the 135-, 128-, 67-, and 27-kDa major crystal peptides, as
well as the 38-kDa peptide and the 54-kDa dimer, but the
20-kDa peptide could not be detected in gels stained with
Coomassie blue (Fig. 7A). Immunoblotting revealed the

FIG. 5. Hybridization of single-stranded 20-kDa protein gene-
specific probe to RNA samples from strains described in the legend
to Fig. 4C. Numbers at left indicate the total RNA (in micrograms)
applied to nitrocellulose.

presence of the 20-kDa peptide in crystal preparations (Fig.
7B, lanes 4 to 6), but detection of this protein required
electrophoresis of large amounts of solubilized crystals. In
contrast, purified crystal preparations contained easily de-
tectable amounts of 27-kDa peptide (Fig. 7B, lanes 1 to 3).
Analysis of cell extracts at various time points during growth
indicated that production of the 20-kDa antigen, beginning at
ca. T, and continuing through Tg s, was concurrent with
27-kDa crystal protein production (Fig. 8). However, the
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FIG. 6. Time of appearance of mRNA transcripts from (A)
20-kDa protein gene and (B) 27-kDa protein gene in B. thuringiensis
subsp. israelensis. Numbers above each lane indicate the time
post-stationary phase (in hours); numbers at left indicate the size of
the standards (stds; in nucleotides). The transcripts made from the
20-kDa protein gene (P1 and P2) and 27-kDa protein gene (PBS1 an¢
PB1) (42) are indicated.
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FIG. 7. Detection of the 27- and 20-kDa peptides in solubilized
preparations of purified B. thuringiensis subsp. israelensis crystals.
(A) B. thuringiensis subsp. israelensis crystal peptides stained with
Coomassie blue. Lane 1, 50 pg of total protein; lane 2, 100 pg. (B)
Immunodetection of 27-kDa (lanes 1 to 3) and 20-kDa (lanes 4 to 6)
proteins in B. thuringiensis subsp. israelensis crystals. Lane 1, 2 pg
of total protein; lane 2, 5 pg; lane 3, 10 pg; lane 4, 100 p.g; lane 5, 200
1g. Lane 6 contains approx. 1 pg of crude extract from pLAS, which
overproduces the 20-kDa protein. Molecular masses (in kilodaltons)
of major crystal polypeptides are indicated at left of each panel.

amount of 20-kDa protein produced was substantially less
than that of 27-kDa protein. A small amount of 20-kDa
protein was also produced during late exponential phase
(Fig. 8B), before the appearance of any 27-kDa protein.
The 20-kDa protein acts after the initiation of translation.
McLean and Whiteley (24) showed that an increase in the
steady-state level of mRNA produced from the 27-kDa

A 2

)2 4 6. 85

- —-— - |27

B 20248385

-20

FIG. 8. Times of appearance of 27- and 20-kDa peptides in B.
thuringiensis subsp. israelensis. Inmunoblots to detect (A) 27-kDa
and (B) 20-kDa peptides in whole-cell extracts from cells harvested
at indicated times (in hours) post-stationary phase are shown. Lanes
in panel B were loaded with seven times the amount of total protein
in the corresponding lanes in panel A. Molecular masses (in kilo-
daltons) of immunostained proteins are indicated at right of each
panel.
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crystal protein gene cannot account for the effect of the
DNA fragment encoding the 20-kDa protein. The mechanism
of action of the 20-kDa protein was further investigated by
observing its effect on fusions of the 27-kDa protein to lacZ.
First, a derivative of the lacZ gene lacking promoters and
translational initiation signals was fused to the promoter
region, the 5’-untranslated sequence, the ribosome-binding
site, and the first 30 codons of the 27-kDa protein gene
(pKM24-lac, Fig. 9). This translational fusion was expressed
in E. coli at a level sufficient for immunodetection with
antibody against the 27-kDa protein, which apparently reacts
efficiently with the first 30 amino acids of the peptide. The
substantial level of B-galactosidase activity in extracts of
these cells (Fig. 9) further demonstrated that a considerable
amount of the fusion peptide was being synthesized. When
the 20-kDa protein was also present, either in cis (pKM2-lac)
or in trans (pKM24-lac+pLA15), both immunodetection and
measurement of B-galactosidase activity indicated no signif-
icant increase in the level of production of the fusion protein.
These results confirm that the 20-kDa protein acts posttran-
scriptionally and also imply that it is not involved in the
initiation of translation.

A second type of fusion was used to further examine these
findings. The 5’-untranslated sequences and the first 30
codons of the 27-kDa protein gene were deleted, and the
carboxy-terminal 217 codons which remained were fused to
the promoter, the ribosome-binding site, and the first 16
codons of lacZ (pKM25, Fig. 9). Although this fusion did not
encode active B-galactosidase, its product could be detected
with 27-kDa protein-specific antibody. In the absence of the
20-kDa protein, the fusion protein was produced at a very
low level, but the addition of the 20-kDa protein in trans
(pPKM25+pLA15) resulted in a substantial increase in the
amount of protein (Fig. 9). Enhancement of 27-kDa protein
production in the absence of any wild-type transcriptional or
translational initiation signals clearly shows that the 5’
region of the 27-kDa protein gene is not required for the
function of the 20-kDa protein. It seems likely, therefore,
that the 20-kDa protein acts either during the synthesis of the
27-kDa protein or posttranslationally. In addition, the 20-
kDa protein had no effect on synthesis of the 27-kDa crystal
protein in an in vitro coupled transcription-translation sys-
tem (data not shown), which also implies a posttranslational
mode of action. .

Pfannenstiel et al. (27) have reported that B. thuringiensis
subsp. israelensis crystal proteins contain amino sugars. It
seemed plausible, then, that the 20-kDa protein might be
involved in the glycosylation of the 27-kDa protein either
during or after translation, thereby increasing the net syn-
thesis or stability of the 27-kDa protein. This idea was
investigated by reacting wheat germ agglutinin conjugated to
horseradish peroxidase with proteins transferred electropho-
retically to nitrocellulose filters. All four major polypeptides
from B. thuringiensis subsp. israelensis crystals were indeed
found to be glycosylated, but there was no evidence that the
27-kDa crystal protein produced by recombinant E. coli
strains contained amino sugars either in the presence of the
20-kDa peptide or in its absence (data not shown).

DISCUSSION

McLean and Whiteley (24) demonstrated that a region of
DNA located 4 kb upstream of the 27-kDa crystal protein
gene is necessary for efficient production of the latter in E.
coli. TnS insertions delimited a 0.8-kb required region;
subcloning and maxicell analysis suggested that this region
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FIG. 9. Effect of the 20-kDa protein on fusions of the 27-kDa crystal protein gene to lacZ. Synthesis of the fusion products was measured
by immunodetection with antibody specific to the 27-kDa protein; the products of the translational fusions pKM24-lac and pKM2-lac were
also measured by B-galactosidase activity in cell extracts and are reported in nanomoles of o-nitrophenol formed per minute per milligram of
protein. Three or more trials have been averaged in each case. Standard deviations are as follows: pKM24-lac, 190 U; pKM2-lac, 290 U;
pKM24+pLA1S, 95 U. Arrows representing the genes are drawn to scale. Only the restriction sites corresponding to sites in pKM1 are

indicated; abbreviations are as defined in the legend to Fig. 1.

encoded a 20-kDa protein. The presence of this region either
in cis or in trans greatly increased the amount of 27-kDa
protein which could be detected in E. coli extracts, but the
amount of 27-kDa protein mRNA increased only slightly,
indicating that the effect of the 20-kDa protein is posttran-
scriptional. In this study, we have sequenced the upstream
region and have identified an ORF that encodes a protein of
20 kDa. Analysis of strains carrying this ORF and the 27-kDa
crystal protein gene showed a significant increase in the
amount of the 27-kDa crystal peptide detected by immuno-
blot analysis. We have further shown, using site-directed
mutagenesis, that it is the protein product of the ORF, not
the mRNA or the DNA sequence, which is responsible for
the effect. We have also observed that the 20-kDa protein
mRNA appears 2 h earlier (T,) than the 27-kDa protein
mRNA (T,) and that the two proteins are synthesized
concurrently beginning at about T,. A small amount of the
20-kDa protein is also detectable during exponential growth,
before any 27-kDa protein has been synthesized. The timing
of transcription and translation of the two genes is consistent
with the idea that the 20-kDa protein enhances 27-kDa
protein production.

Reverse transcriptase mapping of the 20-kDa protein gene
promoter indicated that two major transcripts are produced
in B. thuringiensis subsp. israelensis. The first transcript
maps to a start site 23 nucleotides upstream of the transla-
tional start, is preceded by a consensus E. coli —10 se-
quence, and appears only at T,. The second, less-abundant
transcript appears at T, and persists through Ts. This
transcript maps near or within the stem-and-loop structure
lying 235 nucleotides upstream of the translational start of
the 20-kDa protein gene. Curiously, E. coli KM1 uses this
same start site exclusively, although the region lacks appar-
ent consensus sequences for the —10 and —35 promoter
regions recognized by the predominant form of E. coli RNA
polymerase. Because the apparent start of the less-abundant
transcript lies near the upstream stem and loop, two expla-
nations are possible. (i) The actual sporulation transcrip-
tional start for the 20-kDa protein gene in B. thuringiensis
subsp. israelensis is located within or near the potential
stem-and-loop structure. (ii) The reverse transcriptase used

in the analysis to produce a ¢cDNA copy of the 20-kDa
protein stalled prematurely in the stem and loop, and the
actual start site for the second transcript in B. thuringiensis
subsp. israelensis, and the sole transcript in E. coli, lies
farther upstream. Additional experiments will be needed to
distinguish between these possibilities.

Earlier analyses (24) using maxicells demonstrated that
pKM1 encodes polypeptides of 67 and 16 kDa in addition to
the 20- and 27-kDa proteins. Experiments with subclones
suggested that the 67-kDa protein, which may be the same as
the mosquitocidal 67-kDa protein found in B. thuringiensis
subsp. israelensis crystals, was encoded within a 2.5-kb
segment immediately upstrearh from the 27-kDa protein (24).
It seems likely that the ORF immediately preceding the gene
coding for the 20-kDa protein is the carboxyl terminus of the
67-kDa protein observed in maxicells. The promoter-map-
ping experiments and sequence analysis discussed above
suggest that the two ORFs may be organized as one tran-
scriptional unit. The truncated ORF adjacent to the carboxyl
terminus of the 20-kDa protein gene has significant homol-
ogy to an IS231-like transposase previously found near a
Lepidoptera-specific crystal protein gene (22). IS-like ele-
ments have been previously shown to flank crystal protein
genes and may facilitate the movement of the latter from
plasmid to plasmid or to the chromosome (15, 16, 20).
Recently, Bourgouin et al. (3) have shown that one of the
large B. thuringiensis subsp. israelensis crystal proteins is
also associated with inverted repeats.

The data that we present here clearly indicate that efficient
production of the 27-kDa crystal protein in E. coli requires
the presence of the 20-kDa protein whose gene we have
sequenced. Our data also indicate that the 20-kDa protein is
expressed in B. thuringiensis subsp. israelensis and that it is
associated with purified crystals from this subspecies. At
present, however, we have no information regarding the
physiological function of this protein in B. thuringiensis
subsp. israelensis. The presence of the 20-kDa protein in
crystals suggests a possible role for the protein in crystal
synthesis (as a scaffolding protein, for example) or in the
protection of one or more of the crystal proteins from
proteolysis. In B. subtilis, at least, the 20-kDa protein may
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not be required for high-level synthesis of the 27-kDa pro-
tein: Ward et al. (42) observed the production of 27-kDa
protein inclusions in B. subtilis cells carrying the 27-kDa
protein gene but lacking the 20-kDa protein-coding region.
Furthermore, we were unable to detect any sequences
homologous to the 20-kDa protein gene by hybridization of
20-kDa protein gene-specific probes to whole-cell DNA from
B. subtilis 168S or B. subtilis BD170, although DNA from B.
thuringiensis subsp. israelensis or E. coli(pLAS) showed
very strong hybridization to the same probes (unpublished
observations). While these data suggest that no homolog of
the 20-kDa protein gene resides in B. subtilis, they do not
preclude the presence of a functionally analogous protein
lacking sufficient sequence homology for detection by this
method. It is also possible that the 20-kDa protein could
boost net synthesis of the 27-kDa protein in B. subtilis to still
higher levels.

Although the effect of the 20-kDa protein on 27-kDa
crystal protein expression in E. coli has been clearly dem-
onstrated, the mechanism by which this occurs remains
unclear. Most procaryotic systems appear to be regulated at
the transcriptional level, but there are also several examples
of posttranscriptional regulation in which a protein increases
mRNA stability (11) or in which either a protein (9) or, in
some cases, an RNA molecule (26) regulates the initiation of
translation. However, our demonstration that it is the pro-
tein encoded by the 20-kDa protein gene which enhances
production of the 27-kDa protein, the observation that this
effect cannot be explained by changes in mRNA synthesis or
accumulation (24), and our studies with fusions of the
27-kDa protein to lacZ seem to rule out these mechanisms.
Instead, the 20-kDa protein appears to exert its effect after
the initiation of translation, either during synthesis of the
27-kDa protein or after translation has been completed.
Preliminary experiments suggest that the 20-kDa protein
enhances the stability of the 27-kDa protein; we are pres-
ently examining possible mechanisms which might account
for such stabilization.
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