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Abstract. The gene coding for the accessory protein P19 ofBacillus thuringiensis subsp.israelensis was
expressed inEscherichia coli and its product was characterized. To investigate its putative role in
�-endotoxin crystallization as a P20-like polypeptide, each of the two encoding genes,p20 andp19, was
cloned for inducible expression coordinatively withcyt1Aa. The latter is known to kill its transgenic host.
P20 but not P19 stabilized Cyt1Aa and protected the host cells from its lethal effect. Neither GroEL nor
GroES, expressed intrans, affected Cyt1Aa as did P20. The function of P20 is thus more specific than
that of the chaperones, but that of P19 remains enigmatic. The correct sequence ofp19, confirmed in all
five isolates ofB. thuringiensis subsp.israelensis, does not explain the slow electrophoretic mobility of
its 179 amino acids product.

Bacillus thuringiensis is a gram-positive soil bacterium
that produces during sporulation [27, 36] large amounts
of proteins in the form of crystals (�-endotoxin). The
insecticidal crystal proteins (ICPs) are toxic against a
wide variety of insect larvae, mostly of Lepidopteran,
Coleopteran, and Dipteran species. The ability to accu-
mulate such quantities of these proteins within the cell is
mainly due to their precipitation and aggregation, thus
rendering them protease-resistant [5]. All subspecies in-
clude at least one Cry polypeptide (for crystal) of 65–145
kDa, and some (with anti-Dipteran specific activity) con-
tain in addition a smaller protein, Cyt (for cytotoxic), of
25–28 kDa. The latter are less specific, hemolytic, and
cytotoxic in vitro [22, 39], and not homologous to any of
the Cry toxins, but may share a similar mechanism
involving colloid-osmotic lysis [24, 25].

The C-terminal half of the large ICPs (125–145
kDa) is conserved and participates in crystal formation.
These polypeptides spontaneously form biologically ac-
tive inclusions probably via inter- and intra-molecular
disulfide bonds [2, 3, 9, 14, 36]. The smaller ICPs (� 70
kDa), on the other hand, do not possess this conserved

domain [22] and may thus require assistance in crystal
formation. There is evidence that Cry2Aa (71 kDa) from
B. thuringiensis subsp.kurstaki, and Cry11Aa (72 kDa)
and Cyt1Aa (27 kDa) fromB. thuringiensis subsp.is-
raelensis, require the accessory proteins Orf2 and P20,
respectively, for crystallization [1, 15, 32, 40, 46]. The
apparent similarity in interactions between the Cry2Aa/
Orf2 and Cry11Aa/P20 systems is reflected in their gene
organization. They are organized in an operon and co-
transcribed with another gene not involved in toxicity,
orf1 andp19, respectively [5, 17, 43]. The function(s) of
the latter is(are) not known.

The presence of P20 seems to raise the levels of
Cyt1Aa and Cry11Aa by post-translational stabilization
in recombinantEscherichia coli [1, 40] and acrystallif-
erous strains ofB. thuringiensis [12, 13, 45, 46]. Simi-
larly, disruption oforf2 leads to dramatic reduction of
Cry2Aa and lack of Cry2Aa crystals in its original host
B. thuringiensis subsp.kurstaki [15]. Moreover, expres-
sion of clonedcyt1Aa is lethal to E. coli [19] and B.
thuringiensis subsp.kurstaki (cryB) cells [45]. Loss of
colony-forming ability without substantial lysis, associ-
ated with immediate inhibition of DNA synthesis, was
observed after induction of recombinantE. coli cells
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[19]. Thus, both Orf2 and P20 may act as chaperones to
initiate, facilitate, or stabilize crystal formation in their
original hosts, and protect E. coli and B. thuringiensis
strains from the lethal action of Cyt1Aa. The fact that
Cyt1Aa is not lethal to the acrystalliferous strain of B.
thuringiensis subsp. israelensis 4Q7 as it is to B. thurin-
giensis subsp. kurstaki raised the possibility [45] that
another protein with a function similar to that of P20
exists in subsp. israelensis. The newly discovered P19,
whose encoding gene is mapped upstream of cry11Aa
and p20 [17] may be involved in crystallization or sta-
bilization of Cyt1Aa [2, 5, 17]. This hypothesis implies
that P19 may also protect E. coli cells from the lethal
action of Cyt1Aa.

P19 includes over 11% residues of cysteine and
resembles Orf1 (with 33% identity) [17]. The latter is
encoded by the first gene of the cry2Aa operon [43], but
has no detectable effect on the synthesis of Cry2Aa in B.
thuringiensis subsp. kurstaki [15]. The role (if any) of
Orf1 and P19 in crystallization of Cry in B. thuringiensis
or in E. coli is not known yet.

In this study, p19 was cloned and its product char-
acterized. The correct sequence was confirmed by com-
paring all available isolates of B. thuringiensis subsp.
israelensis. Each of the genes, p20 and p19, was cloned
in E. coli together with cyt1Aa to investigate their pos-
sible interactions. The effect of GroEL and GroES chap-
erones on Cyt1Aa was also compared. Of the four, only
P20 protected E. coli cells from the lethal effect of
Cyt1Aa.

Materials and Methods

Bacterial strains and plasmid vectors. The following plasmids were
hosted in E. coli strain XL-Blue MRF� (Stratagene): PT7blue-2 (No-
vagen); pTG10 carrying groES and groEL [21; kindly provided by
Pierre Golobinoff]; pUC9 with 9.7 kb HindIII fragment [19] of pBtoxis
from B. thuringiensis subsp. israelensis [8]; pUHE-24S, a modified
pUHE-24 from which one NcoI site was removed, leaving a unique
NcoI site in the translation start codon. pUHE-24 is a descendant of
pDS [18] containing T5 ribosome-binding-site (RBS) [11], two tandem
lacO and the early T7 promoter PA1 (utilizing the usual E. coli RNA
polymerase).

The following strains of B. thuringiensis subsp. israelensis were
used as sources for the cry11Aa operon. 4Q5, IPS78, IPS 70, HD 567
(ONR60A), and HD 500 (kindly supplied by D. R. Zeigler of the
Bacillus Genetic Stock Center, Columbus, OH).

Recombinant DNA methods (34). DNA modifications were per-
formed and restriction enzymes were used as recommended by the
suppliers (mostly New England BioLabs and US Biochemical). Com-
petent cells were prepared and plasmids were isolated by standard
procedures. Transformants of E. coli strains XL-Blue MRF� were
selected on Luria-Bertani (LB) broth plates containing ampicillin (100
�g ml�1). DNA was visualized with ethidium bromide on horizontal
agarose slab gels (0.7%). If necessary, DNA fragments were purified
from the gels by phenol extraction [37]. The DNA of pBtoxis was
isolated as described previously [7].

Polymerase Chain Reaction (PCR). Amplification was carried out
with high fidelity Vent DNA polymerase (New England BioLabs),
which contains 3�3 5� exonuclease activity, in a DNA thermal cycler
(Hybaid Ltd., Middlesex Twll, England) for a 28-reaction cycle each.
The 9.7 kb HindIII fragment [19] from pBtoxis, which includes cyt1Aa,
p19, cry11Aa, and p20, was used as a template for all PCR reactions to
amplify these genes.

The two primers employed to obtain the reported p19 were: a 33-mer
5�-GGGAGAGAAGACCATGGGGAATATGAATTTTGA-3� contain-
ing an NcoI restriction site (bold-faced nucleotides (nt) 12–17), an inserted
triplet (GGG) of glycine (nt 17–19) for constructing the NcoI site after
ATG, and additional 25 nt of the p19 coding sequence; a 24-mer 5�-
ATAGTGAAGTGAAGCTTTCCTTTA-3� containing a HindIII restric-
tion site (bold-faced nt 12–17) and 18 nt additional of the coding se-
quence. Reaction cycle parameters consisted of 1 min at 94°C, 1 min at
50°C and 40 s at 72°C.

The two primers employed to obtain the correct sequence of p19
were: the same 33-mer as used above to obtain the original p19; a
32-mer 5�-CTAAAGAACAAGCTTGCATATAATTCATTCCA-3�
containing a HindIII restriction site (bold-faced nt 10–15), and addi-
tional 26 nt of the p19 coding sequence. Reaction cycle parameters
employed were identical to those above.

The two primers employed to obtain p20 were: a 30-mer 5�-
GGAGGATCCATGGGGACAGAAAATGGAGTG-3� with the NcoI
site at 8–13 nt, the inserted glycine triplet at 13–15 nt, and additional
22 nt of the p20 coding sequence; a 21-mer 5�-CTTGAAAGCTTA-
AACGTTCCG-3� with the HindIII restriction site at 6–11 nt, and
additional 15 nt of the coding sequence. Reaction cycle parameters
consisted of 1 min at 94°C, 1 min at 47°C and 40 s at 72°C.

The two primers employed to obtain cyt1Aa were: a 26-mer
5�-GGCCACTATTCTAATAAGCTTAAGGA-3� containing a Hin-
dIII restriction site (bold-faced nucleotides (nt) 16–21), and additional
20 nt of the cyt1Aa coding sequence; a 23-mer 5�-GGGGAATCTA-
GATTAACGCATGA-3� containing an XbaI restriction site (bold-
faced nt 7–12) and additional 17 nt of the coding sequence. Reaction
cycle parameters consisted of 1 min at 94°C, 1 min at 60°C and 1 min
at 72°C.

Construction of the plasmids. The blunt-end PCR products (525, 567,
and 873 bp fragments for p19, p20, and cyt1Aa, respectively) were
digested with NcoI/HindIII (p19 and p20) or HindIII/XbaI (cyt1Aa) and
inserted into the same sites of pUHE-24S to get pRM4-19, pRM4-R,
and pRM4-C, respectively (Fig. 1). The two combinations with cyt1Aa
were cloned as follows: cyt1Aa was removed from the MCS of
pRM4-C by HindIII/XbaI and inserted into the same sites of pRM4-19
and pRM4-R, respectively, downstream from p19 and p20, to yield
clones pRM4-19C and pRM4-RC.

DNA sequences. The p19 sequences were determined by two methods.
(I) Manually, by the dideoxy chain-termination method [35] using the
Thermosequenase radiolabelled Terminator Cycle Sequencing kit and
[33P]dNTPs (1500 Ci/mmole or 55.5 TBq/mmole; Amersham), follow-
ing the standard protocol supplied by the manufacturer. Briefly, 45 �Ci
of each of four Redivue a [33P] dideoxy nucleotide (G, A, T, C)
terminators were used to radiolabel four different DNA sequencing
reactions by the Thermosequenase™ DNA polymerase (Amersham).
Initial denaturation and subsequent cycling conditions were performed
as described in PCR with only one specific primer. The reaction
products were then denatured by stop solution containing 95% form-
amide and heating at 70°C for 2–10 min. The products were then
electrophoresed on DNA sequencing gels (6% acrylamide, 7 M urea
and 1�TBE) at 50 W constant power for 4–8 h. Autoradiography was
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carried out using Kodak BioMax MR films. In all cases, DNA se-
quences were confirmed by sequencing both DNA strands.

(II) Automatically, by ABI PRISM dye terminator cycle sequenc-
ing ready reaction kit with AmpliTaq DNA polymerase FS and DNA
sequencer ABI model 373A system (Perkin-Elmer) using the following
primers: from 5� of the multiple constriction site (MCS), D-pUHE,
CGAGGCCCTTTCGTCTTCACCTCG; from inside of p19 5� direc-
tion, p19-D-inside GCTGTGAGTTGCCAAGATACTGTCTGCG;
from 3� direction of MCS, Tz-1 primer, CTGGATCTATCAACAG-
GAGTCCAAGC; from 3� direction of p19 CTAAAGAACTATC-
CCGGGTATAATTCATTCCA.

In vitro transcription-translation system. The coding DNA was
cloned into PT7blue-2 that includes PT7 promoter with NcoI/HindIII.
The recombinant plasmid was obtained by High pure plasmid isolation
kit (Boehringer Mannheim) and further purified twice with chloroform/
ethanol to insure that it is RNAse-free. Single tube protein system 3
(Novagen) was used for a single step efficient in vitro synthesis of
proteins; transcription with T7 polymerase was directly followed by
translation in an optimized rabbit reticulocyte lysate. Plasmid DNA
(0.5 �g) was added to 8 �l of transcription mix and transcribed at 30°C
for 15 min, followed by addition of 40 �l translation mix and continued
incubation for 90 min. The product was analyzed on SDS polyacryl-
amide gel.

Gene expression. Transgenic E. coli cells were grown at 37°C in
LB broth supplemented with 100 �g ml�1 ampicillin and induced by
isopropyl �-D thiogalactoside (IPTG; 0.5 mM) when the culture
reached optical density of 0.2–0.3 (Ca. 2�108 cells ml�1). Cells
were harvested by centrifugation 4 h later, re-suspended in distilled
water, and aliquots were boiled (10 min) in sample treatment buffer
(62.5 mM Tris-Cl, 2% SDS, 10% glycerol, 0.01% Bromophenol
blue and 0.1 M DTT). Protein profiles analyzed by discontinuous
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) using 4.5% and 12% acrylamide (pH 6.8 and 8.8) as the
stacking and separating gels, respectively [28]. For gels with 6 M
urea, 5% stacking and 15% separating acrylamide was employed. In
addition, pre-cast Tris-Glycine 10 –20% wide range gel (Novex) was
used. When DTT concentration was modified, it was stated in the
figure legend. Protease inhibitor AEBSF Hydrochloride was added
at 4 mM (final concentration) during sample preparations to prevent
proteolysis. The gels were stained with 0.1% Coomassie blue
R-250. Protein concentrations were measured [10] with bovine
serum albumin as the standard, and an equal amount of total protein
was loaded on each slot.

To block sulfhydril groups, they were alkylated [42]. Samples
were boiled in treatment buffer with higher ionic strength (0.4 mol/L)
at pH 8.0, and 10 �l of iodoacetamide solution (20%) was added per
100 �l and incubated in dark for 30 min at room temperature.

Western Blot. Proteins were electrotransferred from SDS polyacryl-
amide gel onto nitrocellulose membranes and exposed to specific
antiserum directed against Cyt1Aa (kindly provided by Sarjeet Gill,
University of California, Riverside) or P20 (kindly provided by David
Ellar, University of Cambridge). Protein A-alkaline phosphatase con-
jugate was used as a primary antibody detector. Visualization of the
antigen was done with sigma fast-5-bromo-4-chloro-3-indolylphos-
phate/nitro blue tetrazolium tablets (Sigma Chemical Co), the chromo-
genic substrate for alkaline phosphatase.

Necleotide sequence accession number. The full nucleotide sequence
of the correct p19 is available in EMBL and GenBank nucleotide
sequence databases under accession number AJ010753.

Results

Expressing p19 in E. coli. The putative 19-kDa
polypeptide encoded by the open reading frame p19 in
the cry11Aa operon [17] may be involved in crystalliza-
tion of Cyt1Aa similarly to P20 [2]. To find out whether
it protects E. coli cells from the lethal action of Cyt1Aa
[19], p19 was amplified with appropriate primers accord-
ing to the published sequence [17] and cloned, alone or
in combination with cyt1Aa. A parallel set of combina-
tions was cloned as well, of cyt1Aa, p20, and both of
them together (see Materials and Methods and Fig. 1).

Recombinant E. coli carrying pRM4-19 was grown
and induced with IPTG for 4 h and the protein content
analyzed on SDS polyacrylamide gel (Fig. 2). An addi-
tional polypeptide was detected, but its electrophoretic
mobility corresponded to molecular mass significantly
higher than the expected 19 kDa. The discrepancy in size
led us to sequence the encoding cloned gene. The pub-
lished sequence [17] predicts a polypeptide shorter by
nine amino acids due to an additional C, shifting the open
reading frame to yield an ochre codon (TAA) after the
170th amino acid. The additional C shifted the reading
frame from the 168th codon (Fig. 3). The predicted
molecular weight of the correct polypeptide containing
179 amino acids is 19,972 Da.

The sequence obtained by us did not derive of a
mutation in the template nor during PCR amplification.
The same C was missing in the gene repeatedly isolated
and sequenced from pBtoxis [8] of 5 different isolates of
B. thuringiensis subsp. israelensis, 4Q5, IPS78, IPS70,
HD500, and HD567 (the latter was the source of the
published gene). The same sequence was obtained by the
two methods employed, and from both strands, and in-
troduced into EMBL and GenBank nucleotide sequence
database (Accession number AJ010753).

Expressing the correct p19. Another 3� primer, designed
according the new sequence (Fig. 3B), was used to amplify
p19. The new gene was cloned as before to yield pRM4-
19N (Fig. 1), and its expression was induced similarly. The
mobility obtained with SDS-PAGE was also significantly
slower than expected (Fig. 4, lane 5). This could be affected
by the high-cysteine content (11.1%) in P19. To allow full
reduction of the many possible disulfide bonds, higher
concentrations of DTT (0.3–2 M) were used without a
significant change in mobility pattern (Fig. 4, lanes 1–4). A
systematic reduction of P19 abundance and simultaneous
formation of high molecular weight proteins near the slots
with increased DTT concentration (Fig. 4, lanes 1–3) are
obvious.

To eliminate the possibility that the unexpected size
of P19 is connected with expression in the host cell, an in
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Fig. 1. Construction of expression vectors pRM4-19, pRM4-R, pRM4-C, pRM4-19C, and pRM4-RC (as described in Results).
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vitro transcription-translation system was employed. In
this system, the only gene translated, p19 in this case, is
the one cloned into PT7blue-2 controlled by T7 pro-
moter. The resultant polypeptide had again the same size
as that expressed in E. coli (Fig. 5, lane 2). The slower
migration of P19 in SDS-PAGE thus seems to derive
from its unusual intrinsic structure.

The well-detectable band of P19 (Fig. 6A, lane 3)
disappeared on the same gel in unreduced conditions
(lane 5). In this last case, which was a pre-cast Tris-
glycine 10–20% wide range gradient gel, another phe-
nomenon was observed: P19 was now detected above the
31 kDa marker and not below it as in previous gels (Figs.
2, 4, 5). Would urea complete the unfolding of P19 on
SDS gel? In the presence of 6 M urea (Fig. 6B), P19
displayed a similar apparent molecular weight, and dis-
appeared in the absence of DTT (compare lanes 3 and 4
with lane 5), as it did without urea. A similar effect to
that observed under unreduced conditions was obtained
when samples boiled under reduced conditions were
further treated with iodoacetamide (Fig. 6C); the sulfhy-
dryl groups were thus apparently better protected by
alkylation.

Combinations of p19, p20, and cyt1Aa, and interac-
tions between their products. After addition of the
gratuitous inducer IPTG to an LB culture of the clone
with pRM4-C, the turbidity stopped increasing (Fig. 7A),
culminating in reduced viable counts by four orders of
magnitude (data not shown), as previously found [19].
Cells of E. coli expressing both cyt1Aa and p20 (harbor-
ing pRM4-RC) continued to grow at the same rate as
before induction (Fig. 7B), demonstrating that P20 pro-
tects them from the lethal effect of Cyt1Aa, as has been
demonstrated in B. thuringiensis subsp. kurstaki (cryB)

[45]. On the other hand, P19 failed to protect the host
cells from the lethal action of Cyt1Aa: the clone with
pRM4-19C, expressing both p19 and cyt1Aa, behaved
similarly to the one with pRM4-C, expressing cyt1Aa
alone (Fig. 7C).

Western blot analysis was performed for all clones
with polyclonal anti-Cyt1Aa (Fig. 8). The amount of
Cyt1Aa was higher when expressed together with P20,
and lowest with P19 (compare lane 1 with 2, and lane 5
with 6). Expression of P20 was similarly demonstrated
by polyclonal anti-P20 in strains carrying pRM4-R and
pRM4-RC (data not shown).

Effects of Gro-EL and Gro-ES on Cyt1Aa. P20 is
required to produce large amounts of Cyt1Aa in E. coli
[1, 32, 40] and is not required in strains carrying muta-
tions in rpoH, groEL, or dnaK [40], all of which reduce
the proteolytic ability of the cells [4]. To find out whether
this activity of P20 is chaperone-like, the effects of
GroEL and GroES on the level of Cyt1Aa and on killing
the host were tested. E. coli carrying pRM4-C was trans-
formed by pTG10 over-expressing groES and groEL
[21]. Excess GroESL did not prevent the lethal effect of
Cyt1Aa (Fig. 7D), neither did it affect dramatically the
amount of Cyt1Aa (Fig. 8), as might have been expected
from previous results [40].

Discussion

Structure of the enigmatic P19. Expression of p19
alone (from pRM4-19) resulted in a polypeptide (Fig. 2)
with an estimated size (by SDS-PAGE) significantly
higher than predicted by its known sequence [17]. Se-
quencing of our cloned p19 discovered a cause for the
discrepancy. The gene from five different isolates of B.
thuringiensis subsp. israelensis, 4Q5, IPS78, IPS70,
HD500, and HD567 (the latter was the source of the
published gene; [17]), had a missing C (compared to the
original sequence). The resulting polypeptide is longer
by nine amino acids than the published one (Fig. 3). The
same sequence was obtained by the two methods em-
ployed, and from both strands.

The correct sequence of p19 predicts a protein prod-
uct of 179 amino acids with a calculated molecular
weight of 19,972 Da. Yet, it is made in E. coli as a 28
kDa polypeptide (based on SDS-PAGE mobility; Fig. 4),
ca. 40% larger than predicted. A product with similar
mobility was observed in vitro when p19-specific mRNA
was translated in a cell-free system (Fig. 5), confirming
that this feature is an intrinsic property of P19 not influ-
enced by post-translational modification in E. coli. The
aberrant mobility of P19 does not seem to result from
some structural feature imposed by its high content

Fig. 2. SDS PAGE analysis of p19 gene expression in E. coli. Lane 1,
molecular size marker. Extract of the clone harboring pUHE-24S,
without (lane 2) or after 4 h induction (lane 3). Extract of the clone
harboring pRM4-19, without (lane 4) or after 4 h induction (lane 5).
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(11.1%) of cysteines: no change in migration pattern was
noted under high dithioerythritol (DTT) concentrations
(Fig. 4, lanes 1–3). The additional high molecular weight
band near the slots formed in excess of DTT is probably
caused by aggregation of P19 with itself or other proteins
(Fig. 4, lanes 1–3), as indicated by the lower abundance
in the P19 and other bands.

Orf2 from B. thuringiensis subsp. kurstaki displays a
similar anomaly: its electrophoretic mobility corresponds
to a molecular mass of 50 kDa despite a predicted size of
29 kDa [43]. This phenomenon was also recorded in
small spore-coat proteins of B. subtilis [47], and may
thus shed light on the nature of P19 and its function.

Higher apparent molecular weight may be due to
residual secondary structures retarding P19 migration on
the gel. Addition of urea for better dissociation did not
change its aberrant mobility above the 31 kDa marker
(Fig. 6B), as obtained with the Tris-glycine gradient gel
(Fig. 6A).

In the absence of DTT, P19 was no longer visible,
whether running with urea or without (Fig. 6, B and A,
respectively). This observation can be explained by the

high number (20 out of a total of 179 amino acids) of
cysteine residues as follows. Reduction of all disulfide
bonds by DTT forms a single P19 band of at least 28 kDa
(depending on the type of gel and running conditions).
Unreduced P19, on the other hand, smears by running as
multiple bands due to variation in disulfide bond confor-
mations and SDS binding capacity (depending on acces-
sibility to the amino groups), hence it would apparently
disappear due to bands’ dilution. Reformation of its
disulfide bridges during migration on the gel, which was
blocked by alkylation of the SH groups with iodoacet-
amide after reduction with DTT, caused its disappear-
ance, as happens under unreduced conditions (Fig. 6C,
compare lanes 2 and 3). The observed band of reduced
P19 may thus represent a single major conformation of
the re-oxidized polypeptide. We are currently involved in
purifying P19 for further characterization, to extend the
results obtained here.

P20 and P19 as potential accessory proteins. Crystal
formation in B. thuringiensis prevents proteolytic degra-
dation of the �-endotoxin. The resultant protease-resis-
tant crystalline body, which can account for up to 25% of
the dry weight of the sporulating cell, involves a high

Fig. 3. Nucleotide (and derived amino acids) sequences. Comparison between the 3�-end (and C-terminus) of the original published [17] p19 (A)
and of the real p19 (B). Numbers represent the codons. The additional C is labeled by an asterisk.

Fig. 4. SDS PAGE analysis of the correct P19 expressed in E. coli.
Lane 6, extract of the clone harboring pRM4-19N without induction.
Lanes 1–5, after 4 h induction, treated with different concentrations of
DTT in sample buffer:(2, 1, 0.7, 0.3, and 0.1 M, respectively). Lane 7,
molecular size marker.

Fig. 5. SDS PAGE analysis of in vitro P19 synthesis. Protein expressed
by Novagen’s transcription-translation system 3. Lane 1, PT7blue-2
alone; lane 2, PT7blue-2 that includes p19; lane 3, PT7blue-2 that
includes p19, without sodium-acetate precipitation. Molecular size
markers are indicated on the right.
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number of toxic proteins expressed from strong pro-
moters of the appropriate cry genes in the late station-
ary-phase [2, 5]. The C-termini of the largest ICPs
seem to be involved in packaging the polypeptides
within the crystalline inclusion [22]. Intermolecular
disulfide bridges between cysteine residues within the
C-terminal domains of Cry1 [9] support this hypoth-
esis. The ability of smaller �-endotoxins to form crys-

tals despite lack of cysteine-rich C-termini indicates
that other factors are involved in their crystallization.
Indeed, for assembly of inclusion bodies, Cry2Aa re-
quires the accessory protein Orf2 and both Cry11Aa
and Cyt1Aa require P20 [1, 15, 20, 32, 40, 46]. Their
respective genes are organized in strikingly similar
operons: cry2Aa is co-transcribed with orf1/orf2 and
cry11Aa is co-transcribed with p19/p20 [5, 17, 43].

Fig. 6. SDS-PAGE analyses of P19 in extracts of the clone with pRM4-19N, under reduced and unreduced conditions, supplemented with urea or
treated with iodoacetamide. (A) Cultures growing exponentially and after 4 h induction, either treated with 0.1 M DTT in the sample buffers (lanes
2 and 3, respectively), or not (lanes 4 and 5, respectively). Lane 1, molecular size marker. (B) The SDS-PAGE was supplemented with 6 M urea.
Cultures growing exponentially (lane 2) and after 4 h induction (lanes 3–5). The samples were treated with the following DTT concentrations: 0.5
M (lane 4), 0.1 M (lanes 2 and 3), or none (lane 5). Lane 1, molecular size marker. (C) Extracts of exponentially growing culture (lanes 1 and 4)
and after 4 h induction (lanes 2 and 3), treated in the sample buffers with 0.2 M DTT and 4 mM iodoacetamide (lanes 1 and 2), or not (lanes 3 and
4). Lane 5, molecular size marker.

Fig. 7. Mass growth of exponen-
tially growing cyt1Aa-containing E.
coli (E) and after induction (F)
with IPTG. Clones (Fig. 1) harbor-
ing pRM4-C (A), pRM4-RC (con-
taining also p20) (B), pRM4-19C
(containing also p19) (C), and
pRM4-C plus pTG10 (containing
groELS) (21) (D). IPTG was added
(arrows) when the culture reached
25 K.U.
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cyt1Aa, on the other hand, is mono-cistronic but also
coordinatively regulated with cry11Aa [1].

Early studies concluded that P20 was required for
efficient Cyt1Aa production in E. coli [1, 32, 40], but its
lethal effect on the recombinant host was not detected.
The general cytotoxic effects of Cyt1Aa [22, 39] was
later extended to E. coli [19, 41] and B. thuringiensis
subsp. kurstaki [45]. The lethal effect was observed in
our clones: the dramatic loss (4 orders of magnitude) of
colony forming ability (data not shown, see [19]) was not
associated with cell lysis (Fig. 7).

Mass-growth inhibition of recombinant E. coli soon
after induction of cyt1Aa was not related to high level of
the heterologous protein: cell viability was lost quicker
than rate of protein accumulation (data not shown).
Moreover, cells remained viable when Cyt1Aa concen-
tration was higher in the P20-co-expressing strain (car-
rying pRM4-RC) (Fig. 8, lane 6).

We have previously proposed that P20 may protect
recombinant E. coli from the lethal effect of Cyt1Aa
[19], as it prevents proteolysis [1, 32, 40], by specific
interactions between them. This prediction has been con-
firmed in an acrystalliferous strain of B. thuringiensis
subsp. kurstaki [45], and is demonstrated here for the
first time in E. coli (Fig. 7B) by expressing both proteins
in the same cell (carrying pRM4-RC; Fig. 1) from the
inducible PA1 promoter. When produced together, P20
indeed stabilized Cyt1Aa (Fig. 8) and prevented growth
inhibition (Fig. 7B) and cell death (data not shown) by
this cytotoxic protein. These dramatic effects may be
associated with modified Cyt1Aa function rather than
level of expression (Fig. 8, compare lane 2 with 4, and
lane 6 with 8).

The mechanism(s) by which P20 and Orf2 exert
their effects on crystal formation is(are) not well under-
stood. It is generally claimed that P20 allows crystalli-

zation of several �-endotoxins. Expression of cyt1Aa in
acrystalliferous strains of B. thuringiensis resulted in
large ovoidal, lemon-shaped inclusions only when p20
was co-expressed from a very strong promoter [13, 16,
45]. There is, however, more evidence that P20 allows
high yields and accumulation of crystal proteins rather
than takes a direct role in the crystallization process
itself. For example, more Cry11Aa was produced in
recombinant E. coli carrying p20 than in those without it
[40]. Induction of cry11Aa in E. coli yields larvicidal
activity only when produced together with P20 [6]. Ex-
pression of p20 in tandem with truncated cry1C in acrys-
talliferous B. thuringiensis subsp. kurstaki led to produc-
tion of greater amount of Cry1C without appearance of
inclusion bodies [33]. Likewise, inclusions of Cry4Aa
were not formed in acrystalliferous B. thuringiensis
subsp. israelensis even when p20 was co-expressed [16].
The yield of Cry2Aa in B. thuringiensis subsp. israelen-
sis was indeed higher in the presence of either P20 or
Orf2, and highest with both [20], but typical Cry2Aa
crystals were formed only in constructs including orf2
[20]. Disruption of orf2 led to reduction of Cry2Aa and
total lack of its crystals [15], or to aggregation of a
distinct lattice [20]. Involvement of Orf2 in Cry2Aa
crystallization seems to be due to its unique structure,
with 11 tandem repeats of a 15-amino acids sequence
[43]. This structure may provide the matrix, template, or
scaffold for crystallization [20].

All these observations support the view that P20
allows accumulation of toxic proteins but not crystalli-
zation. Among others, nascent Cyt1Aa is protected from
proteolysis before maturation [1, 40]. This hypothesis is
supported by the observation that E. coli strains (carrying
mutations in rpoH, groEL, or dnaK) with reduced ability
to degrade abnormal proteins produce the same amount
of Cyt1Aa without P20 as they do with P20 [40]. It is not
clear why E. coli identifies Cyt1Aa as an abnormal
protein targeted for degradation by the heat shock pro-
teins. In addition to protein folding function, the molec-
ular chaperones GroEL and GroES are required for rapid
degradation of certain abnormal proteins in E. coli, par-
ticularly heterologous [23]. On the other hand, high
levels of GroEL and GroES, well-established chaperones
[31, 38], did not stabilize Cyt1Aa as P20 did (Fig. 8,
compare lane 3 with 4, and lane 7 with 8) nor did it
prevent the lethal effect of Cyt1Aa (Fig. 7B, D; viability
data not shown).

The lethal effect of Cyt1Aa in E. coli may be due to
its activation by incomplete degradation by this system.
According to this view, P20 protects Cyt1Aa from such
degradation thus prevents its lethal effect. This is con-
firmed by the observed co-immuno-precipitation of P20
and Cyt1Aa in extracts of E. coli expressing both [40].

Fig. 8. Immunoblot of Cyt1Aa in extracts of cells expressing cyt1Aa
(Fig. 7). Cells with pRM4-19C (lane 1), pRM4-RC (lane 2), with
pRM4-C (lane 3), and with pRM4-C plus pTG10 (lane 4). Lanes 5–8,
the same as 1–4 but with fivefold higher extract concentrations.
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Cyt1Aa-P20 complex would then be a poor substrate for
proteolysis, or P20 would block a protease-susceptible
site of Cyt1Aa by binding to it. Alternatively, P20 may
help the mature protein to form a dimer [14], which is the
stable native pro-toxin, similarly to that found for
Cyt2Aa [30]. Whatever the mechanism is, P20 is con-
sidered to protect Cyt1Aa from unspecific full proteoly-
sis as well as from cleavage in specific site that activates
it to kill E. coli.

Hence, the role of P20 in ICP production is ques-
tionable as a chaperone. It is not necessary for crystalli-
zation of Cyt2Aa in E. coli, as Orf2 is not for Cry2Ac
crystallization in B. thuringiensis subsp. kurstaki [2, 44].
Their roles may not be of general nature and their des-
ignation as helper proteins [2, 26] may be more appro-
priate.

Being expressed coordinately with Cry11Aa and
P20 from the same promoter, P19 has been considered to
have some role in their crystallization, particularly when
that of P20 became less clear [2]. It may thus also protect
host recombinant cells from the lethal action of Cyt1Aa,
as does P20. This idea was precluded here: when the
respective genes were co-expressed, the real P19 (Fig. 3)
did not protect E. coli (Fig. 7C, and data not shown),
neither did it stabilize Cyt1Aa (Fig. 8), as did P20. The
amount of Cyt1Aa obtained in the clone (pRM4-19C)
with the genes for both was lower even than in the clones
without p19, whether alone or with groELS (Fig. 8).
Whether it can protect B. thuringiensis subsp. kurstaki
from the lethal action of Cyt1Aa [45] is still to be
determined.

Its function remains enigmatic, as does the function
of the highly similar (33% identity) Orf1 [17]. It is even
more intriguing since orf1 homologues have also been
identified as members of the cry2Ac and cry9Ca operons
[29, 44].
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