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Bioassay of Solubilized Bacillus thuringiensis var. israelensis
Crystals by Attachment to Latex Beads

Abstract. Solubilized crystals of Bacillus thuringiensis var. israelensis were 7000
times less toxic to Aedes aegypti larvae than intact crystals, presumably because
mosquito larvae are filter feeders and selectively concentrate particles while ex-
cluding water and soluble molecules. A procedure is described whereby soluble
toxins are adsorbed to 0.8-micrometer latex beads, with retention of toxicity. The
latex bead assay should make it possible to analyze the structure and mode of action

of the mosquito toxin.

Control of several human diseases is
based on controlling their mosquito or
black fly vectors. Mosquitoes transmit
such devastating diseases as malaria, en-
cephalitis, yellow fever, dengue, and fil-
ariasis, while black flies transmit oncho-
cerciasis. Biological control of these dis-
ease vectors has been made possible by
the recent discovery of Bacillus thurin-
giensis var. israelensis (Bti). This bacte-
rium produces a protein crystal during
sporulation that is toxic to the larval
stage of many mosquitoes and black
flies. Purified particulate crystals are
toxic to larvae of the mosquito Aedes
aegypti at concentrations as low as 1 ng/
ml (I). However, it has not been possible
to determine the mode of action of the
Bti toxin and the subunit of the multi-
component crystal (I, 2) containing the
toxin. Larval toxicity disappears after
the crystal is solubilized, probably be-
cause mosquito larvae, as filter feeders,
selectively concentrate particles 0.5 to
10 wm in diameter while excluding water
and soluble molecules (3).

We report here a procedure whereby
potentially toxic soluble proteins are ad-
sorbed to latex beads with retention of
toxicity. The soluble toxin gains access
to the larval gut because the particles to
which it is attached are of the appropri-
ate size to be concentrated during filter
feeding. This procedure should prove
effective for use with other soluble, gut-
active compounds toxic to filter-feeding
mosquito and black fly larvae and to net-
making caddis flies, midges, and burrow-
ing mayflies.

We confirmed that solubilized Bti pro-
teins are still intrinsically toxic to mos-
quito larvae by adsorbing them to 0.8-
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wm latex beads (Table 1). The procedure
was adapted from that described for the
attachment of antibodies to latex beads
(4). Bioassays were performed with sec-
ond- to third-instar larvae of A. aegypti
(5). The bead concentration was kept
constant while the toxin concentration
was varied through six or more dilutions
covering the range from 100 to 0 percent
mortality. Microscopic examination re-
vealed larval guts gorged with ingested
beads. The presence of excess beads
minimized the effect of slight variations
in larval number and size. Values of
median lethal concentration (LCsy) were
calculated after 4 hours instead of the
more standard 24 hours because 4 hours
approximates the larval transit time for
nonnutritive particles in Culex pipiens
(6) and because we wanted to avoid
recycling of the beads. Values reported
were calculated from three or more inde-

pendent bioassays. Uncoated beads
were not toxic to the larvae for at least 48
hours.

We confirmed that the solubilized Bti
toxin was adsorbed by centrifuging the
beads and washing them three times with
0.1M NaPO, buffer (pH 7.4) containing
0.01 percent polyvinylpyrrolidone. Lar-
val toxicity remained constant even after
repeated washings. The amount of toxin
attached to the beads was determined by
labeling the proteins with '*’I and mea-
suring bead-adsorbed radioactivity after
the attachment and centrifugation proce-
dures (Fig. 1). The percentage of bead-
attached proteins decreased from 80 to
45 percent as the protein concentration
was increased from 2 to 37 pg/ml. How-
ever, there was no preferential attach-
ment of individual proteins to the beads.
Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) profiles
of the solubilized proteins before and
after attachment were virtually identical.

Further bioassays in the absence of
beads showed that solubilized Bti crys-
tals were about 7000 times less toxic than
intact crystals (Table 1). When the solu-
bilized proteins were adsorbed to latex
beads of the appropriate size, the LCs,
was reduced from 53,000 to 190 ng/ml, a
280-fold increase in toxicity. However,
the LCso for bead-attached toxin was
still 25 times higher than that for intact
crystals. This difference may reflect a
decrease in toxicity on solubilization or
an accumulation of physical factors due
to the presence of the beads. Three pos-
sible physical factors are (i) decreased
toxin ingestion due to the gut volume
occupied by the beads and the longer
transit time (6) caused by their nonnutri-
tive status [merely mixing intact crystals
with latex beads doubled their LCsy (Ta-
ble 1)], (ii) decreased toxin ingestion by
the bottom-feeding A. aegypti larvae be-

Table 1. Toxicity of soluble and crystalline Bti toxin to Aedes aegypti larvae. Crystals were
prepared as described by Ang and Nickerson (9). The crystals (2 mg/ml) were solubilized
overnight at 4°C in 0.05M NaOH (pH 11.7) containing 10 mM EDTA and were then centrifuged
at 100,000g for 30 minutes (/0). The solubilized supernatant proteins were adjusted to 25 times
the desired bioassay concentration in 1 ml of 0.1M tris buffer (pH 7.4) and mixed with 10 wl of
latex beads (0.8 wm, 10 percent solids; Sigma). After incubation at room temperature for 1 hour
the beads were centrifuged at 15,000¢ for 10 minutes and the pellet was resuspended in 1 ml of
tris containing 0.01 percent polyvinylpyrrolidone (17). Test solutions were diluted with 24 ml of
deionized water for the bioassays. At least six dilutions of each toxin preparation were used;
whenever latex beads were employed their final concentrations were identical. Values of LCs,
were determined 4 hours after the addition of 10 to 20 larvae and are presented as means * 2
standard errors. All the experiments were conducted with crystal toxin from a single puri-
fication (/2). The LCs, values for crystals remained constant over at least a 10-month peri-
od.

Condition N* LCso (ng/ml)
Intact crystals S 7.5+ 1.6
Intact crystals mixed with latex beads 4 15.0 = 2.6
Solubilized crystals , 3 5.3 x 10* = 1.1 x 10?
Solubilized crystals adsorbed to latex beads 6 190 = 19.2

*Number of independent replications for each determination of LCs,.
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Fig. 1. Attachment of '’I-labeled Bti proteins
to latex beads. Solubilized Bti protein was
iodinated in vitro (13) to a specific activity of
4.9 x 107 count/min-pg. Unincorporated '*°1
was removed by chromatography on a Bio-
Gel P6 column. The iodinated proteins were
adsorbed to latex beads as described in the
legend to Table 1 and the amount attached at
each protein concentration was determined
after centrifugation by measuring the radioac-
tivity associated with the beads on a Beckman
5500 gamma counter. Assessment of bead-
adsorbed proteins by dye binding (/4) would
have been inappropriate because this method

Bti proteins bound

to beads (percent)
o -3
o o
T T

>
—

0 - 1 | i
10 20 30 40
Bti proteins (ug)

indicates protein concentrations only 20 percent as high as those of three other methods. This
difference is probably due to the fact that solubilized Bti proteins have a tendency to precipitate
at acidic pH values. Each point is the mean * standard error for four determinations. The
efficiency of attachment remained constant for five toxin purifications from three different Bti

strains over a 10-month period.

cause the latex beads remain suspended
during the 4-hour assay period while
intact crystals settle to the bottom, and
(iii) failure of the ingested toxin to be
released from the beads. These factors in
combination could account for most of
the 25-fold difference in LCsy values
between intact crystals and bead-ad-
sorbed proteins.

To determine the influence of these
factors, we measured the levels of in-
gested, iodinated crystal proteins neces-
sary to kill individual larvae (Table 2).
Larvae were fed intact crystals, a mix-
ture of beads and intact crystals, or
bead-adsorbed solubilized proteins. Af-
ter 4 hours the larvae were removed and
the amount of labeled proteins in the guts
of dead and live larvae was determined.
Table 2 lists the amounts of toxin found
in dead larvae that had been fed the three
toxin preparations at concentrations ap-
proximating their respective LCsy val-
ues. We chose these concentrations be-
cause the amount of crystal proteins
present in dead larvae decreased with
decreasing external toxin concentration
until leveling off near the LCsqy values. At
high toxin concentrations all the larvae
were dead within 4 hours, whereas at
concentrations near the LCs, values
both live and dead larvae were observed
in the same assay vessel. We draw three
conclusions from the data in Table 2:

1) The presence of latex beads in-
creased the lethal dosage for intact crys-
tals about 2.4 times.

2) In the presence of an equivalent
concentration of beads, solubilized Bti
protein required only about 2.6 times
more toxin than did intact crystals. Al-
though the cause of this difference re-
mains unknown, it is much less than the
25-fold difference in external LCsy val-
ues seen in Table 1.

3) Larval mortality was a threshold
phenomenon. Discrete threshold levels
of crystal protein were necessary to kill
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individual A. aegypti larvae. When ex-
posed to bead-attached solubilized pro-
tein, larvae that eventually died ingested
16.8 ng of protein at high Bti concentra-
tions and 5.0 ng at concentrations nearer
the LCs, value. In contrast, larvae that
survived always contained < 4.6 ng pro-
tein.

Thus it appears that the solubilized Bti
proteins retain their toxicity if they can
gain access to the larval gut and that
attachment to latex beads of an appropri-
ate size permits such access. We now
address some of the implications that
this bioassay has for research on mosqui-
to abatement.

As mentioned earlier, the solubilized
proteins were 7000 times less toxic than
the intact crystals. Previous estimates of

Table 2. Amounts of Bti proteins ingested by
dead Aedes aegypti larvae. Solubilized pro-
teins were iodinated as described in the leg-
end to Fig. 1. Intact crystals were labeled in
vitro with Na'?’l (13). After iodination the
crystals were dialyzed for 24 hours against

"0.1M NaPO, buffer (pH 7.4) to remove un-

incorporated '°I. A specific acticity of

5.0 X 107 count/min-wg was obtained for the
intact crystals. The LCs, value for labeled
intact crystals was identical with that of the
unlabeled crystals. The labeled toxin was
diluted with unlabeled toxin to concentrations
approximating their respective LCs, values
(Table 1) and fed to larvae for 4 hours. The
guts were dissected from dead larvae, which
had been washed in 0.5 percent NaCl contain-
ing 0.1 percent SDS, and radioactivity was
measured with a Beckman 5500 gamma
counter. Data are means + standard errors.

Ingested
proteins
Condition N* (nanograms
per dead
larva)
Intact crystals 15 0.8 0.3
Intact crystals mixed 9 1.9 £ 0.6
with beads
Solubilized crystals 7 5.0=*0.3

adsorbed to beads

*Number of larvae dissected.

the relative ability of water and particles
to displace visible gut contents, such as
activated charcoal, had put this factor at
only 50 for C. pipiens larvae (3). Assur-
ance that solubilized crystals are still
intrinsically toxic should allow more ac-
curate measurement of the larval filter-
feeding factor in all insect species sensi-
tive to Bti.

Analysis of the Bti crystal by SDS-
PAGE indicates that it consists of a
single band at 28 kilodaltons (kD); a
triplet at 38, 39, and 40 kD; a single band
at 53 kD; a doublet at 68 and 70 kD; and a
doublet at 135 and 140 kD, with the
percentage of each component varying
among strains and batches. Availability
of the latex bead bioassay will allow the
separated protein chains to be bioas-
sayed individually and in combination.
Once the identity of the toxic protein is
known, '?’I-labeled toxin can be used to
quantify the threshold level of toxin
needed to kill a larva at each instar stage.

We found that our standard solubiliza-
tion condition, 50 mM NaOH (pH 11.7)
with 10 mM EDTA, provided only vari-
able and incomplete solubilization of the
135- and 140-kD protein bands. These
bands could be completely solubilized by
including 0.5M dithioerythritol, but this
was not accompanied by enhanced larval
toxicity. In agreement with others (2),
we conclude that it is unlikely that the
high molecular weight components of
the crystal contribute to larval toxicity
).

We recently showed (8) that the toxici-
ty of intact Bti crystals to A. aegypti
larvae could be reversed up to 100-fold
by levels of K,CO; as low as 0.15 per-
cent. At the time there was no way to
determine whether this reversal was di-
rectly related to the crystal’s mode of
action or was merely preventing solubili-
zation in the larva by lowering the gut
pH below a critical value. However, the
fact that K,COs5 achieved a similar toxic-
ity reversal with bead-attached solubi-
lized proteins indicates that the carbon-
ate does not act by preventing eventual
crystal solubilization.

Long-term control of mosquitoes with
Bti is currently impractical because Bti
does not persist in nature more than 1 or
2 days. Apparently the toxin settles into
the mud or is consumed by other micro-
organisms. Attachment of the toxin to
nonnutritive particles with a greater ten-
dency to remain dispersed in water
should enhance its persistence.
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The Enzymatic Synthesis of 5-Amino-4-Imidazolecarboxamide

Riboside Triphosphate (ZTP)

Abstract.

5-Amino-4-imidazolecarboxamide riboside

triphosphate (ZTP) s

thought to play a regulatory role in cellular metabolism. Unlike other nucleoside
triphosphates, ZTP is synthesized in a oie-step reaction in which the pyrophosphate
group of 5-phosphoribosyl-1-pyrophosphate is transferred to the riboside monophos-
phate (ZMP) in a reaction catalyzed by 5-phosphoribosyl-1-pyrophosphate synthe-
tase; reversal of this reaction leads to dephosphorylation of ZTP to ZMP. This
unusual route of synthesis (and catabolism) of ZTP may be important in defining its

metabolic effects in the cell.

The discovery of S5-amino-4-imidaz-
olecarboxamide riboside triphosphate
(ZTP) in folate-deficient bacteria led to
the hypothesis that ZTP is an ‘‘alar-
mone,’’ providing a signal that governs
the metabolic ecoriomy of the cell during
folate deficiency (/). This ribotide has
also been observed in eukaryotic cells,
such as germinating purine auxotrophic
fungi (2), cardiac and skeletal muscle of
animals infused with S5-amino-4-imid-
azolecarboxamide riboside (Z-riboside)
(3), and mammialian fibroblasts (4) and
human erythrocytes (5) incubated with
Z-riboside. Although no specific biologi-
cal roles have been ascribed to ZTP in
eukaryotic cells, situations under which
this metabolite accumulates have been
associated with the arrest of growth in
mammalian fibroblasts (6). Administra-
tion of Z-riboside may be useful clinical-
ly in replenishing nucleotide pools (7)
and improving function (8) after myocar-
dial ischemia.

Nucleoside triphosp’hatcs are usually
synthesized from nucleoside monophos-
phates in a two-step sequence involving
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a monophosphate kinase that is specific
for the nucleobase and a nonspecific
diphosphate kinase (9). The failure to
detect Z-riboside diphosphate (ZDP) in
extracts of prokaryotic cells containing
the monophosphate and triphosphate of
this ribotide has led to speculation that
the synthesis of ZTP involves a pyro-
phosphate transfer to the riboside mono-
phosphate (ZMP) (/). Such a one-step
synthesis would not be without prece-
dent in nucleotide metabolism as a pyro-
phosphate transfer has been reported in
the synthesis of guanosine 5'-diphos-
phate 3’-diphosphate (ppGpp) (10), the
pleiotropic mediator of the stringent re-
sponse in bacteria [for a review, see
(DNl

The following preliminary studies sug-
gested to us that S-phosphoribosyl-1-py-
rophosphate (PRPP) might participate in
the synthesis of ZTP in mammalian cells.
(1) In extracts of Chinese hamster cells,
ZTP was synthesized from ZMP in a
PRPP-dependent reaction (12). (ii) Incu-
bation of Chinese hamster fibroblasts
with Z-riboside resulted in ZMP and ZTP

accumulation, and the PRPP content of
the cells was reduced (4, 6). (iii) At-
tempts to phosphorylate ZMP with ade-
nylate and guanylate kinase were unsuc-
cessful when adenosine triphosphate
(ATP) was used as the phosphate donor
under conditions in which the diphos-
phates, ADP and GDP, were synthesized
from AMP and GMP, respectively (13).
These observations indicated that ZTP
may be synthesized from ZMP in a
PRPP-dependent reaction. We therefore
undertook studies to determine whether
PRPP synthetase (E.C. 2.7.6.1) cata-
lyzed this reaction.

We utilized a preparation of human
erythrocyte PRPP synthetase purified to
homogeieity (/4). The usual reaction
catalyzed by this enZyme, namely,

ATP + rib-5-PO, & AMP + PRPP

where rib-5-PO, is ribose 5-phosphate, is
reversible in vitro, and the difference in
maximal velocities for the ‘‘forward”
reaction (PRPP synthesis) and ‘‘re-
verse’’ reaction (PRPP consumption) is
approximately one order of magnitude
(15). The proposed route of ZTP synthe-

sis,
ZMP + PRPP — ZTP + rib-5-PO,

would utilize the reverse PRPP synthe-
tase reaction, since PRPP is consumed.

A homogeneous preparation of human
PRPP synthetase incubated with PRPP
(300 wM) and ZMP (30 pwM and 300 pnM)
catalyzes the synthesis of ZTP in a reac-
tion that is proportional to the time of
incubation and amount of PRPP. synthe-
tase added (/6). Omission of PRPP or
PRPP synthetase from the reaction mix-
ture results in no detectable formation of
ZTP. Table 1 lists the kinetic properties
of the PRPP synthetase reaction with
adenosine ribotides and Z-ribotides. The
ratio of the forward to the reverse reac-
tion with ATP and AMP, respectively, as
substrates is 7:1. This is in agreement
with the previously reported ratios for
the forward to the reverse reaction (15).
When ATP is replaced by ZTP the maxi-
mal velocity (V) of the forward redc-
tion falls by 77 perceént and when ZMP
replaces AMP the V.« of the reverse
reaction falls by 42 percent. With Z-
ribotides, the ratio of V.. for the for-
ward reaction to V.« for the reverse
reaction is approximately 3:1. The value
of the Michaelis constant (K,,) for PRPP
in the ZMP reaction is 32 wM, which is
similar to its reported intracellular con-
centration in many mammalian cells (/7).
The K, for ZMP is 3.2 mM. These
kinetic data are consistent with the fol-
lowing observations made in intact cells
(I=5). No ZTP is formed in cells at the
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