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TABLE 2. Disulfide contents of insecticidal and noninsecticidal
B. thuringiensis protein crystals

No. of Disulfide content % Free No. of disulfide

Strain assays  (nmol/mg of protein)®  sulfhydryl bonc;i/olé ?;kDa
SHP 1-4 3 715+ 08 0 92+0.1
SHP 1-12 3 723 +2.00 0 94 +03
SHP 2-14 3 57.0 =04 0 74 *0.1
SHP 2-17 3 69.0 = 4.2 0 9.0 =05
SHP 2-19 3 731*14 0 95*0.2
GST 2-36 3 65.0 =33 0 8404
CHO 1-14 3 64.5 = 2.7 0 8404
HMN 1-36 3 583 +27 0 7.6 =04
HD-1 3 732+74 0 95*1.0
HD-73 4 58.7+38 ND*? 7.6 £0.5

“ By the HPLC method of Chang and Knecht (8).
2 ND, not done.

sis crystals (5, 13). Also, the protein disulfide contents of
noninsecticidal crystals ranged from 57 to 73 nmol/mg of
protein (Table 2), equivalent to 7.4 to 9.5 disulfide bonds per
130-kDa protein. The data in Table 2, obtained by the method
of Chang and Knecht (8), were confirmed for HD-1 and the
five SHP crystals by the NTSB method of Damodaran (10).
The disulfide contents of the insecticidal and noninsecticidal
crystals agreed within +20% (data not shown). Thus, the
altered solubility properties of insecticidal and noninsecticidal
crystals cannot be attributed to quantitative differences in the
numbers of disulfide bonds present.

Native, lyophilized, urea-dialyzed, and autoclaved crystals.
The solubility differences observed (Fig. 2) between HD-1
crystals and the five noninsecticidal SHP crystals do not
indicate which of them is typical and which is atypical. Evi-
dence that the insecticidal crystals exhibit atypical solubility
characteristics is presented in Fig. 3. When native HD-1
crystals were analyzed immediately after purification on so-
dium bromide gradients, they were completely solubilized at
pH values of =10 (Fig. 3). However, chemical or physical
perturbation of the native crystals greatly altered their solubil-
ity properties. Crystals which had been frozen (—80°C) and
lyophilized were only 50% solubilized at pH 10 (Fig. 3), while
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crystals which had been subjected to high temperatures (Fig. 3)
or 8 M urea (Table 2) were even less soluble. The temperatures
tested ranged from 75 to 121°C (Fig. 3). The autoclaved HD-1
crystals were biologically inactive (Table 1) and insoluble at pH
values of =12 (Fig. 3). Thus, in both regards the autoclaved
crystals and crystals dialyzed with 8 M urea were indistinguish-
able from SHP crystals. At the time the urea dialysis procedure
was introduced (20), the toxicity of the resulting crystals was
not examined (21). However, we found that the urea-dialyzed
crystals also were nontoxic (Table 1).

Interestingly, the HD-1 and SHP crystals which had been
autoclaved (121°C for 20 min) were morphologically indistin-
guishable from native crystals when examined by light micros-
copy; the denatured crystals were still distinctly bipyramidal in
shape. This point was studied in greater detail by electron
microscopy (Fig. 4). Crystals which had been denatured by
dialysis with 8 M urea (Fig. 4B) were indistinguishable from
native crystals (Fig. 4A), but those which had been autoclaved
while still bipyramidal were somewhat damaged in appearance
(Fig. 4C).

Toxicity to M. sexta. None of the eight noninsecticidal B.
thuringiensis strains had shown toxicity to larvae of the silk-
worm B. mori (24), and, as expected, purified crystals from six
of the eight strains (HMN 1-36 and all of the SHPs) were
nontoxic to larvae of the tobacco hornworm M. sexta (Table 1).
However, the more easily solubilized GST 2-36 and CHO 1-14
crystals exhibited limited toxicity towards M. sexta larvae. They
were 200-fold less toxic than HD-1 crystals and 50-fold less
toxic than HD-73 crystals. Because of the similarity of their
protein patterns to those of crystals from B. thuringiensis subsp.
israelensis, HMN 1-36 crystals were also bioassayed versus the
mosquito 4. aegypti. However, no mosquito larval mortality
was seen, even at crystal doses as high as 4 pg/ml.

Considering the remarkable alkaline stability of the SHP
crystals (Fig. 2), we wondered whether in vitro, presolubilized
crystal protein would be toxic to M. sexta larvae. For SHP 1-12,
the answer was clearly yes. Presolubilized SHP 1-12 crystals
gave a 50% lethal concentration of 1.3 pg/cm? (Table 1).
Finally, in no case did heat treatments increase the toxicity of
the five SHP crystals. Intact and presolubilized crystals were
heated for 10 min at 60, 70, 80, 90, and 100°C. No toxicity was

% of solubility
8
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FIG. 3. Effect of temperature on alkaline solubilities of HD-1 protein crystals. Heat treatments were 10-min exposures to 75°C (]), 85°C (O),
90°C (), and 121°C (A) (autoclave conditions, 121°C for 20 min). B, native crystals; +, lyophilized crystals.
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FIG. 4. Reversed-image shadow-casting transmission electron micrographs of crystals from B. thuringiensis SHP 2-14. (A) Native crystals; (B)
crystals dialyzed with 8 M urea; (C) autoclaved crystals. Bar, 1 nm. Magnification, X14,000.

observed. Thus, we have no evidence for the heat activation of
noninsecticidal crystals.

DISCUSSION

There is a dichotomy in the solubility properties of the
crystals produced by different strains of B. thuringiensis. Even
though they had similar sizes and shapes and were composed
of proteins with similar sizes and disulfide contents, the
insecticidal and noninsecticidal crystals differed dramatically in
the pH at which they were solubilized. Highly insecticidal
crystals were solubilized at pH 9 to 10.5 (6, 14, 36), correspond-
ing to the highly alkaline midguts of mosquito and lepidop-
teran larvae, whereas six of eight randomly selected noninsec-
ticidal crystals were not solubilized until pH =12. Similarly,
Pietrantonio and Gill (33) reported that protein crystals from
B. thuringiensis subsp. shandongiensis were not solubilized until
the pH reached =12 and that these crystals were not toxic to
any insect larvae tested (T. ni, Spodoptera exigua, Helicoverpa
virescens and the mosquitoes A. aegypti and Culex quinquefas-
ciatus). It is likely that nonsolubility during passage through
the larval gut is a frequent feature of noninsecticidal B.
thuringiensis crystals. This idea is a variation of the earlier
observation that insects with only slightly alkaline midguts (pH
8 to 8.5), such as the Mediterranean flour moth (4nagasta
kiihniella), were not susceptible to intact crystals but were
susceptible to presolubilized crystals (43).

Our crystal solubility data are consistent with the existence
of two types of interchain disulfide bonds, one cleaved at pH 9
to 10.5 and the other cleaved at pH =12. However, these
solubility differences by themselves do not indicate which bond
type is typical and which is atypical. Evidence that it is the pH

9 to 10.5 labile disulfides which are atypical is provided by the
conversion of native HD-1 crystals to the form labile at pH
=12 when they were denatured by either high temperatures or
8 M urea. This conclusion is in agreement with previous studies
on disulfide bond stability in a wide range of protein model
systems which found that alkaline disulfide bond cleavage
occurred only at pH =12. The model proteins studied include
ovomucoid (11); chymotrypsin, chymotrypsinogen, trypsino-
gen, and RNases A and S (12); and lysozyme, a-lactalbumin,
and ag;- and B-casein (17). Denatured HD-1 crystals can now
be added to this list. Note that our work concerns the 130- to
135-kDa Cryl proteins, which are also known as the P1
proteins (42). The 70-kDa CryllI (P2) proteins also produced
by HD-1 are solubilized only at pH 11.5 to 12 (28, 42), even in
their native form. Indeed, this difference in crystal solubilities
is used as a convenient means to separate the P1 and P2
proteins (28).

The values reported in Table 2 are for total disulfide bonds;
they do not distinguish between interchain and intrachain
bonds. However, Bietlot et al. (5) have shown that for two
crystal types, entomocidus and HD-1, all the disulfide bonds are
interchain bonds. We assume that this generalization also
holds true for the crystals that we have studied. Furthermore,
the interchain disulfides are thought to remain intact during
protein denaturation; they should not break and reshuffle. This
view is supported by the restoration of bipyramidal morphol-
ogy in denatured crystals (Fig. 4). We conclude that the
alignment of disulfide bridges in native bipyramidal crystals is
necessary and sufficient for the maintenance of that shape.
That is, if the disulfide bridges remain intact, the tertiary
structure of the protein subunits is irrelevant. This conclusion
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should be valid for any protein crystal held together by
interchain disulfide bonds, not just the B. thuringiensis crystals.
A bipyramidal crystal that is 1.6 wm in length and 0.8 pm per
side on the pyramid base should contain one million copies of
a 130-kDa grotein. This calculation is based on a crystal density
of 1.3 g/cm’ (1) and a crystal composition of 50% protein and
50% water.

Disulfide bonds are at an energy minimum (most stable)
when their two C-S bonds are at an angle of 90° to one another.
Any deviation from 90° destabilizes the disulfide bonds. Disul-
fide bond cleavage at pH 9 to 10.5 (6) indicates the likely
presence of distorted, comparatively unstable interchain disul-
fide bonds (29). How might those distorted disulfide bonds
arise? Two mechanisms seem feasible. The first involves
molecular chaperones (18). These proteins bind to and stabi-
lize otherwise-unstable conformers of another protein, and by
the controlled binding and release of that protein, they facili-
tate its fate in vivo, be it folding, oligomeric assembly, transport
to a particular subcellular compartment, or controlled switch-
ing between active and inactive conformations (18). They
could steer the B. thuringiensis Cry proteins to metastable,
more easily solubilized conformations. Two genes for pre-
sumptive chaperones closely associated with the genes for B.
thuringiensis crystal proteins have recently been found (9, 40).
The second mechanism involves the number of proteins
present in a given crystal type. Many crystals are composed of
multiple protein subunits which are closely related in size and
sequence homology. For instance, the three components of
HD-1 crystals, CrylA(a), CrylA(b), and CrylA(c), range in size
from 131.0 to 133.3 kDa and show more than 80% amino acid
identity (19). Significantly, the interactions of structurally
related protoxins within an inclusion are probably important in
determining its ease of solubility under alkaline conditions. As
an example, B. thuringiensis subsp. aizawai HD133 produces
inclusions containing three protoxins, CrylA(b), CryIC, and
CryID. Aronson et al. (3) observed that a plasmid-cured strain
of HD133 produced inclusions comprising only the CryIC and
CryID protoxins and that these inclusions were less toxic
because they were less soluble under alkaline conditions (3).
The protein composition of multisubunit crystals would deter-
mine their solubility if the homologous proteins were suffi-
ciently alike to cocrystallize into a single inclusion yet suffi-
ciently different to cause mismatches or torsional stress in the
resulting interchain disulfide bonds.

We do not yet know whether the nonsoluble-therefore-
nontoxic model should be considered a paradigm for all
noninsecticidal isolates or only for those isolates which pro-
duce bipyramidal crystals. Also, for the strains studied in this
paper, GST 2-36 clearly does not fit the nonsoluble-therefore-
nontoxic model (Table 1), and another explanation must be
sought. Our search will now focus on those noninsecticidal
isolates which produce amorphous, rhomboid, and irregular
parasporal bodies rather than bipyramidal parasporal bodies.
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