










DISULFIDE BONDS IN B. THURINGIENSIS SUBSP. ISRAELENSIS
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FIG. 4. Protease-resistant domains and sulfhydryl localization.
Alkali-solubilized (pH 11.75) B. thuringiensis subsp. israelensis
toxin proteins in 40%o methanol were radiolabeled with iodo[1-
'4C]acetamide as described previously (6) and incubated at pH 8.0
(with 50 mM Tris hydrochloride) with either chymotrypsin (25
p.g/ml) at 30°C for 2 h or thermolysin (25 ,ug/ml) at 38°C for 2 h. The
reactions were stopped by the addition of phenylmethylsulfonyl
fluoride (to 2.5 mM) and EDTA (to 5 mM), respectively. Samples (20
,ug per lane) were analyzed on 7.5 to 15% gradient gels and detected
by either Coomassie blue staining (A) or fluorography (B) with
En3Hance (New England Nuclear Corp., Boston, Mass.)-
impregnated gels. Lanes: 1, 14C-radiolabeled proteins without pro-
teolysis; 2, chymotrypsin-digested toxin proteins; 3, thermolysin-
digested toxin proteins. The numbers at the left indicate low-
molecular-size marker proteins (in kilodaltons). Arrows indicate the
25- and 65-kDa protease-resistant domains.

A further pH-induced modification evident in Fig. 5 is the
conversion of the 28-kDa protein to a form which migrates as
a 29-kDa protein. When the toxin was solubilized at pH 10.0,
the protein migrated at 28 kDa, whereas the protein from the
toxin solubilized at pH 12.0 migrated entirely at 29 kDa. The
protein migrated at 28 and 29 kDa in equal quantities when
crystals were solubilized at pH 11.0 to 11.25 (Fig. 5). The
28-kDa form is clearly the one present in native crystals
because no 29-kDa protein was detected after extraction
with 2% SDS at pH 6.8. The existence of the 28- to 29-kDa
derivatization explains why a broad 28-kDa band was ob-
served after alkaline (pH 11.0 to 11.75) solubilization (28).

Native crystals. Analysis of protein subunits by SDS-
PAGE requires prior solubilization of the crystal proteins.
However, the presence of sUbstantial free sulfhydryl groups
(2.01 per 100 kDa of protein), combined with the prevalence
of disulfide-sulfhydryl exchange reactions (12), raises the
question of whether the disulfide-containing proteins de-
tected in Fig. 1 and 2 are intrinsic proteins of native crystals
or artifacts produced during crystal olubilization. Three
variations of our standard alkaline-solubilization conditions
(pH 12) were used to identify such artifacts (Fig. 6). First,

TABLE 3. Solubility and toxicity of the B. thuringiensis subsp.
israelensis crystal proteinsa

Solubilization % Protein LCm 95% confidence
conditions solubilized (ng/mlp' interval (ng/ml)

2% SDS (pH 6.8) 50 ± 0.5 (2) nontoxic
pH 10.00 to 10.25 32 ± 5.0 (4) 124 (3) 96 to 152
pH 10.75 to 11.00 50 ± 4.0 (4) 95 (3) 71 to 119
pH 11.75 80c 108 (3) 100 to 116
pH 12.0 83 ± 6.0 (4) 141 (3) 119 to 163
pH 12.00, 2% 100

mercaptoethanol
a A 24-h bioassay was used to determine protein toxicity to third-instar

Aedes aegypti larvae. Because these larvae are filter-feeders, the solubilized
proteins were first attached to 0.8-pLm latex beads (30). Data reported are the
means ± standard error followed by the sample size in parentheses. SDS both
inactivated the toxin (26) and prevented its attachment to latex beads (6).

b LC50, Concentration at which 50%o of the larvae are dead.
c Data taken from a previous publication (28).

crystal solubilization and sample preparation were done
under an atmosphere of ntirogen to prevent the formation of
disulfide bonds by aerobic reoxidation. The protein profile of
crystals solubilized under nitrogen (Fig. 6, lane 2) was
identical to that obtained under standard aerobic conditions
(Fig. 6, lane 1). Second, 25 mM iodoacetamide was added to
the solubilizing buffer to trap free sulfhydryls and prevent
disulfide-sulflhydryl exchange reactions (Fig. 6. lane 3).
Under these conditions, more of the 52-kDa protein was
detected and the 26-kDa protein was not present. Addition-
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FIG. 5. B. thuringiensis subsp. israelensis crystal proteins
solubilized at increasingly alkaline pH values. The supernatants
from alkali-solubilized toxin were adjusted to pH 5.0 with 0.1 M
sodium phosphate-citric acid buffer (pH 3.75) containing 10 mM
EDTA and incubated at room temperature for 1 h. After centrifu-
gation (15,000 x g), the protein pellets were dissolved in 50mM Tris
hydrochloride-10 mM EDTA (pH 8.3) and centrifuged again, and
the protein concentration of the supernatants was determined from
the A2w,. Protein samples (5 ,ug per lane) were mixed with SDS
sample buffer containing mercaptoethanol, separated on a 12.5%
polyacrylamide gel, and detected by silver staining. Lanes: 1,
reduced protein from intact crystals; 2-8, proteins solubilized at pH
10.0, 10.25, 10.5, 10.75, 11.25, 11.75, and 12.0, respectively. The
numbers at the left are standard molecular-size markers (in kilodal-
tons), whereas those at the right indicate the toxin proteins of
greater interest.
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FIG. 6. Sulfhydryl-related and nonoxidizing variations on the
alkaline solubilization of B. thuringiensiq subsp. israelensis crystal
proteins. The supernatants from alkali-solubilized (pH 12.0) toxin
were mixed with an equal volume of 2x SDS sample buffer that
contained no mercaptoethanol. The proteins (30 ,ug per lane) were

separated on a 12.5% polyacrylamide gel and detected by Coomas-
sie blue, staining. Lanes: 1, proteins solubilized under aerobic
conditions (no modifications); 2, proteins solubilized under N2 by
using deoxygenated and degassed solutions; 3, proteins solubilized
in the presence of 25 mM iodoacetamide; 4, proteins solubilized in
the presence of 5 mM HgCl2. The numbers at the left are standard
molecular-size markers (in kilodaltons), whereas those at the right
indicate the toxin proteins of greatest interest.

ally, the 135- and 140-kDa proteins were not solubilized.
Lastly, 5 mm HgCl2 was added to identify the most stable
disulfide configuration, by using Hg(II) as a bivalent sulfly-
dryl cross-link. Again, more of the 52-kDa protein was
detected, and the 135- and 140-kDa proteins were not
solubilized. Unexpectedly, the 29- and 70-kDa proteins were

not present. However, a new band appeared at W0 kDa. This
band probably represents a complex of 70- and 29-kDa
proteins.

Toxicity. The role of disulfide cleavage in the formation or
release of active toxin was examined. As the pH increased
from 10.0 to 12.0, greater amounts of crystal protein were

solubilized (Table 3) and more disulfide bonds were cleaved
(Table 2). However, the larval'toxicity per milligram of
solubilized protein remained approximately constant. This
result is in agreement with our previous observation (26) that
the B. tharingiensis subsp. israelensis toxin does not require
free sulflydryl groups for biological activity. In contrast,
when the disulfide bonds of B. thuringiensis subsp. kurstaki
are reduced and blocked, there is a 160-fold reduction in
toxicity (29).

DISCUSSION

We have analyzed mosquito larvicidal B. thuringiensis
subsp. israelensis crystals with regard to the structural and

functional significance of their protein disulfide bonds. B.
thuringiensis subsp. israelensis crystals contained approxi-
mately 3.24 x 10- mol of disulfides per mg of protein (3.24
bonds per 100 kDa), located primarily in the 140-, 135-, and
52-kDa proteins. The latter is a distilfide-linked dimer of a
28-kDa monomer(s), as demonstrated by quantitative reduc-
tion of the 52-kDa protein to a 28-kDa protein(s) (Table 1)
and by the immunological relationship between the two
proteins (Fig. 1B). The 52-kDa protein is not a reoxidation
artifact, because it was also present after alkaline solubili-
zation under a nitrogen atmosphere (Fig. 6, lane 2). Simi-
larly, solubilized 26-kDa protein contained an intrachain
disulfide bond as established by its reduction to the 28-kDa
protein after alkaline solubilization under a nitrogen atmor
sphere (Fig. 6, lane 2). However, it is prQbably a disulfide-
sulfhydryl interchange artifact (and consequently not pre-
sent in native crystals), because it was present only in trace
levels after SDS extraction and it was not present after
alkaline solubilization in the presence of excess iodoacet-
amide (Fig. 6, lane 3).

Disulfide bonds in the 135- and 140-kDa proteins are
responsible for the biphasic solubility properties of the
crystal. Proteins of 70 kDa or less were solubilized by
conditions (2% SDS or pH lower than 11) which did not
cleave significant numbers of disulfide bonds (Table 2).
Alkaline disulfide cleavage becomes significant above pH 11,
and the 135- and 140QkDa proteins were solubilized only at
pH values of 11.25 or higher (Fig. 5).

Alkaline solubilization of the 135- and 140-kDa proteins
was prevented by the presence of excess iodoacetamide.
This indication that a disulfide-sulfhydryl interchange is
operative during solubilization is consistent with the pres-
ence of sulfhydryls in the pH 12-solubilized 140- and
135-kDa proteins (Fig. 3) and their absence in the highly
cross-linked insoluble pellet.
Even after incubation at pH 12, 60%o of the disulfide bonds

were still intact (Table 2). The pH 12-solubilized proteins
contained both intrachain and interchain disulfide bonds,
responsible for the 26- and 52-kDa entities, respectively. The
stabilities of these two bond types were compared by their
sensitivity to reduction by dithioerythritol (Fig. 2). The
greater stability of intrachain disulfide bonds had been
predicted on thermodynamic grounds (24), and these expec-
tations were confirmed by the lower levels (1 MM) of
dithioerythritol necessary for reduction of the 52-kDa dimer.
Confirmation of the stability of the 26-kDa protein intrachain
disulfide bond conmes from its formation by disulfide-
sulfhydryl interchange and its appearance as a Hg(II) cross-
linked product (Fig. 6, lane 4).
We have previously shown (26) that the disulfide bonds in

B. thuringiensis subsp. israelensis crystals can be cleaved
and blocked with greater than 90% retention of toNicity.
Thus, despite their structural significance, it is unlikely that
crystal disulfide bonds participate in larvicidal activity. This
conclusion is supported by two aspects of our present data.
Increasingly alkaline pH levels lead to greater disulfide
cleavage (Table 2) and greater protein solubilization (Table
3). However, they do not lead to increased toxicity (Table 3).
Furthermore, because of the intensely proteolytic nature of
the mosquitp larval gut (19), the ultimate toxin(s) most likely
resides in the protease-resistant domains, as is the case for
B. thuringiensis subsp. kurstaki (1) and Bacillus sphaericus
(3) toxins. However, the protease-resistant domains of
iodo[l-14C]acetamide-labeled Bacillus thuringiensis subsp.
israelensis toxin could not be detected by fluorography (Fig.
4B). The apparent absence of sulfhydryls in these domains is
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DISULFIDE BONDS IN B. THURINGIENSIS SUBSP. ISRAELENSIS
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FIG. 7. Structural relationships among the B. thuringiensis
subsp. israelensis crystal proteins. The roman numerals indicate
three lines of immunologically distinct proteins (27). Numbers
represent apparent size in kilodaltons. Symbols: a, proteolytic
degradation (data from reference 27); b, disulfide cleavage; c,
disulfide formation; d, high pH conversion; e, proteins migrating at
38, 39, and 40 kDa in 12.5% polyacrylamide gels (5) but at 31, 34,
and 36 kDa in 7.5 to 15% gradient gels (27). Numbers in boxes are
protease-resistant domains.

in agreement with amino acid analysis data reported by
Armstrong et al. (2) in which no cysteine was detected in a
25-kDa protein obtained after digestion with trypsin and
proteinase K. Preferential localization of cysteine and cys-
tine in protease-sensitive regions can lead to underestimates
of their presence if the analyses are done on protease-
contaminated crystals, an ever-present danger for products
released during bacterial sporulation (25). Recently, the
amino acid sequence of the 28-kDA protein from another
strain of B. thuringiensis subsp. israelensis has been de-
duced from the nucleotide sequence of its gene (35). The
sequence indicated a protein of 27,340 Da containing two
cysteine residues, one in the protease-sensitive region and
the other, surprisingly, in the protease-resistant region.
The actual identity of the B. thuringiensis subsp.

israelensis toxin(s) is still unresolved. The 28-kDa protein (2,
9, 18, 32), the 65- to 70-kDa proteins (16), and the proteins of
130 kDa and larger (34) have all been identified as being
responsible for larval mortality. More recently, Wu and
Chang (36) concluded that larvicidal activity was caused'by
a synergistic combination of the 28-kDa protein and proteins
65 kpa and larger. Ibarra and Federici (17) noted that the
initially low toxicity of purified 65-kDa protein increased
with 'increasing contamination by the 28-kDa protein. Defin-
itive resolution of this controversy requires protein separa-
tion under nondenaturing conditions. Unfortunately, the B.
thuringiensis subsp. israelensis toxin proteins have a high
affinity for one another (27), and the existence of a stable
dimer of the 28-kDa protein provides added complexity.
Larvicidal column fractions from size exclusion chromatog-
raphy can easily be enriched in the 65- to 70-kDa proteins
and still contain the 52-kDa dimer.
When combined' with our previous immunological and

proteolytic data (27), the present data allow us to generate a
unifying model for the structural relationships among B.
thqringiensis subsp. israelensis crystal proteins (Fig. 7). The
structural complexity depicted in Fig. 7 can also be related to
the observed morphological complexity of B. thuringiensis
subsp. israelensis crystals. Ultrastructural analyses have
shown the crystals to be composed of two (18), three (17), or
four (22) inclusion types. Significantly, all three research
groups (17, 18, 22) found an inclusion type composed pri-
marily of the 65- to 70-kDa and 38-kDa proteins, correspond-
ing to the second of our immunologically distinct protein

categories (Fig. 7). Furthermore, Lee et al. (22) distin-
guished two sizes of refractile bodies of similar protein
composition except that the larger refractile bodies con-
tained all the 52-kDa protein. We hope that the data pre-
sented in Fig. 7 will resolve controversies resulting from
observed differences in electrophoretic mobility of toxic
crystal proteins which may be caused in part by proteolysis,
disulfide interchange, or altered environmental conditions,
such as pH.
The structural diagram for B. thuringiensis subsp.

israelensis is far more complex than similar diagrams for the
insecticidal crystals produced by B. sphaericus (3) and the
Lepidoptera-active strains of B. thuringiensis (1), primarily
because of the presence of at least three immunologically
distinct lines of proteins (27) in the B. thuringiensis subsp.
israelensis crystals (Fig. 7). We have studied the structural
relationships among the crystal components in the belief that
such- knowledge will lead to structure-function correlations
for the toxin(s).
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