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Bacillus thuringiensis Cry4Aa toxin was previously shown to be much more toxic to Culex mosquito-larvae
than its closely related toxin - Cry4Ba, conceivably due to their sequence differences within the p10-g11
receptor-binding loop. Here, single-Ala substitutions of five residues (Pro®'°, Thr®'2, Tyr®!3, Lys®'* and
Thr>'®) within the Cry4Aa p10-p11 loop revealed that only Lys®'# corresponding to the relative position

Keywor ds: o of Cry4Ba-Asp*>* is crucial for toxicity against Culex quinquefasciatus larvae. Interestingly, charge-reversal
gacihtzs thuringiensis mutations at Cry4Ba-Asp*>* (D454R and D454K) revealed a marked increase in toxicity against such less-
ry4 toxins

susceptible larvae. In situ binding analyses revealed that both Cry4Ba-D454R and D454K mutants exhib-
ited a significant increase in binding to apical microvilli of Culex larval midguts, albeit at lower-binding
activity when compared with Cry4Aa. Altogether, our present data suggest that a positively charged side-
chain near the tip of the p10-B11 loop plays a critical role in determining target specificity of Cry4Aa
against Culex spp., and hence a great increase in the Culex larval toxicity of Cry4Ba was obtained toward
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1. Introduction

During the past several decades, the entomopathogenic bacte-
rium Bacillus thuringiensis (Bt), particularly Bt subsp. israelensis
(Bti), has become one of the most promising bioinsecticides for
the control of mosquito-disease vectors which are annually
responsible for the transmission of parasitic and viral infections
to millions of people worldwide [1-4]. Bti produces insecticidal
crystal inclusions consisting of both crystalline (Cry) and cytolytic
(Cyt) 8-endotoxins, ie. Cry4Aa (~130kDa), Cry4Ba (~130 kDa),
Cry11Aa (~65 kDa) and Cyt1Aa (~27 kDa), which are, to various
extents, toxic to mosquito larvae of three medically important gen-
era, Aedes, Anopheles and Culex [1-3]. For instance, the two closely
related 130-kDa Bti toxins — Cry4Aa and Cry4Ba display compara-
ble toxicity against both Aedes and Anopheles larvae, but the
Cry4Aa toxin is much more toxic to Culex larvae [5].
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The native Bt-Cry §-endotoxins are synthesized as inactive pro-
toxins that are found within parasporal crystalline inclusions. Once
ingested by susceptible insect larvae, the Cry toxin inclusions are
dissolved under alkaline conditions of the larval midgut lumen
where the soluble protoxins are then cleaved by gut digestive pro-
teases to yield ~65-kDa active portions that are relatively resistant
to further proteolysis [2,6,7]. The activated toxins are believed to
first interact specifically with a variety of membrane components
(so-called receptors) located on the surface of the midgut epithelial
cells [6-8]. For example, in our previous findings, two different
membrane-bound proteins, ie. GPI (glycosylphosphatidylinosi-
tol)-anchored aminopeptidases-N and GPI-anchored alkaline phos-
phatases, were identified as potential receptors mediating toxicity
for Cry4Ba in Aedes larvae [9-11]. The toxin-receptor interactions
would facilitate toxin insertion into the cell membrane to form
ion-leakage pores, resulting in cell lysis and eventual death of
the target insect larvae [6-8]. Nonetheless, the exact toxic mecha-
nism underlying the specific effect at the molecular level of each
individual toxin still remains to be explored.

We currently know the X-ray crystal structures of numerous
Bt-Cry toxins [12-16], including the two mosquito-active toxins
- Cry4Aa and Cry4Ba [15,16]. All these 65-kDa activated toxin
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structures reveal a wedge-shaped form consisting of three struc-
turally and functionally distinctive domains which are, from the
N- to C-terminus, a bundle of a-helices (DI), a three-B-sheet
domain (DII) and a B-sandwich (DIII). Despite the fact that both
Cry4Aa and Cry4Ba structures bear a likeness to the other Bt-Cry
structures, their finer features are rather dissimilar as there is addi-
tional in vitro proteolysis by trypsin occurring at Cry4Aa-Arg2>> or
Cry4Ba-Arg?® located in the o5-06 loop within DI, generating two
non-covalently associated fragments of ~47 and ~20 kDa [17,18].
Thus far, although the precise role of the C-terminal DIII is not
yet evidently elucidated, the N-terminal o-helical bundle - DI
and the B-sheet prism — DII have been clearly demonstrated to
be membrane pore-forming and receptor-binding domains, respec-
tively [2,7].

In our previous studies, the role in toxicity for DI and DII of both
Cry4Aa and Cry4Ba has been intensively investigated (for reviews,
see [2]). Very recently, we have demonstrated the functional
importance of intrinsic stability toward the Pro-rich cluster
(Pro'3Pro’®*_Pro'%%) which is present exclusively in the Cry4Aa-
long loop connecting the two pore-lining helices — o4 and o5
[19]. We have also signified that the polarity of the Cry4Ba o4-
a5 loop residue - Asn!®® is implicated in ion permeation through
the toxin-induced pore and likely to promote the toxin-pore open-
ing [20]. For a functional role in receptor binding of DII, while most
other workers’ studies are restricted to only three p-hairpin loops,
i.e. B2-B3, p6-B7 and B10-B11 loops (originally assigned as loops 1,
2 and 3, respectively), we have shown that two other Cry4Ba-loops,
i.e. B4-B5 and B8-pI9 loops, are also implicated in receptor binding
[21,22]. More recently, we have demonstrated that the Cry4Ba
toxin specifically utilizes two receptor-binding loops - p2-p3 and
B4-B5 loops to interact with its alternative receptor-Cyt2Aa2 for
synergistic activity against Aedes larvae [23]. In the present study,
we have provided critical evidence for functional implications of
one oppositely charged side-chain, i.e. Cry4Aa-Lys®'* and Cry4Ba-
Asp®* located within the B10-p11 receptor-binding loop (see
Fig. 1) in view of the fact that these two closely related Bti toxins
are toxic to Culex mosquito-larvae at greatly different degrees of
toxicity.

2. Materials and methods
2.1. Constructions of mutant plasmids

pMEXx-B4A recombinant plasmid, encoding the 130-kDa Cry4Aa
toxin under control of the tac promoter in combination with the
cry4Ba promoter [24], was used as a template for single-Ala substi-
tutions of B10-B11 loop residues (Fig. 1A). p4Ba-R203Q plasmid,
encoding the 130-kDa Cry4Ba-R203Q mutant toxin in which one
trypsin-cleavage site at Arg?® was removed [25], was used as a
template for targeted mutations at Asp*** within the p10-p11 loop.
Complementary mutagenic primers (see Supplementary Table 1)
were designed according to the published cry4Aa and cry4Ba gene
sequences [26,27]. All loop-mutant plasmids were generated by
PCR-based directed mutagenesis using a high-fidelity Phusion
DNA polymerase (Thermo Scientific), following the QuickChange™
mutagenesis procedure (Stratagene). Selected mutant clones were
first identified by restriction endonuclease analysis and then veri-
fied by DNA sequencing (Macrogen, Inc., Korea).

2.2. Expression and partial purification of toxin inclusions

Cry4Aa and Cry4Ba toxins were over-expressed in Escherichia
coli strain JM109 as inclusions upon 4-h induction with isopro-
pyl-p-D thiogalactopyranoside (IPTG, 0.1 mM final concentration).
Cells expressing each individual toxin were disrupted by using a

French Pressure Cell (10,000 psi) and the inclusions were partially
purified from cell lysate by centrifugation (6000g for 10 min at
4 °C) and washing as described earlier [19]. Protein concentrations
of partially purified inclusions were determined with the Bradford-
based protein microassay (Bio-Rad), using bovine serum albumin
(fraction V, Sigma) as a calibration standard.

2.3. Solubilization of inclusions and proteolytic digestion of protoxins

Individual toxin inclusions (~1 mg/mL) were solubilized in
50 mM Na,CO3/NaHCO3 (pH 10.0) at 37 °C for 1h as previously
described [19]. Following centrifugation (6000g, 10 min, 4 °C),
supernatants containing soluble toxins were subjected to SDS-
PAGE analysis in comparison with their corresponding inclusion
suspensions. Each soluble protoxin was then tested for their prote-
olytic stability by digestion with trypsin (1-1-tosylamido-2-phen-
ylethyl chloromethyl ketone-treated, Sigma) at a ratio of 1:20
enzyme/toxin (w/w) in the carbonate buffer (pH 10.0) for 16 h at
37 °C prior to SDS-PAGE analysis.

2.4. Assessment of larvicidal activity of mutant toxins

To determine mutational effects on toxicity of mutant toxins,
bioassays were performed by using 2-5 day-old C. quinquefasciatus
mosquito-larvae. Larvae were fasted for 2-4 h before beginning the
assays performed using 24-multi-well plates (Costar) with twenty
larvae per well containing 2-mL aqueous suspension of E. coli
expressing each toxin (~2 x 10%cells). Larval mortality was
recorded after 24-h incubation period at room temperature. Statis-
tical analyses were performed by using t-test function via the Excel
software (Microsoft) for determining the significance differences
between mutants and the Wt.

2.5. Immuno-histochemical binding assays

Sections of paraffin-embedded histological tissues were pre-
pared from 5 day-old C. quinquefasciatus mosquito-larvae pre-fed
with individual tested toxins (~10 pg/mL per larvae) and
immuno-histochemical staining was accomplished following the
method described earlier [28]. For detection of bound toxins, the
larval sections were sequentially probed with rabbit anti-specific
toxin polyclonal antibodies (1:100 dilution), biotin-conjugated
goat anti-rabbit IgGs (1:8000 dilution) and peroxidase-conjugated
streptavidin (1:50,000 dilution). Color was finally developed with a
3,3’-diaminobenzidine-peroxidase substrate (SK-4100, Vector
Labs).

3. Results and discussion

3.1. Involvement in Culex toxicity of Cry4Aa-Lys>'* located in the 10-
p11 loop

In the present study, we started to explore a possible involve-
ment of the B10-p11 loop of Cry4Aa in Culex toxicity and five
Ala-substituted mutants (i.e. P510A, T512A, Y513A, K514A and
T515A) were initially constructed. Upon IPTG-induction, all
mutants were over-expressed in E. coli as cytoplasmic inclusions,
yielding the 130-kDa mutant protoxins at levels about the same
as the Cry4Aa-Wt toxin (see Supplementary Fig. 1A). When mutant
inclusions were assessed for their solubility in vitro, all were found
to be highly soluble in the carbonate buffer (pH 10.0), giving >90%
solubility which is comparable to that of the Wt toxin (see Supple-
mentary Fig. 1C). We also examined for trypsin digestion suscepti-
bility of the mutant protoxins as a presumptive assessment of
overall folding fidelity. All the 130-kDa soluble mutant toxins were
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Fig. 1. (A) Pairwise sequence alignment derived from B of the B10-B11 receptor-binding loop of Cry4Aa with that of its closely related toxin - Cry4Ba. Corresponding B-

strands of Cry4Aa and Cry4Ba are illustrated over and under the sequences, respectively. Mutated residues (Cry4Aa: Pro®'°, Thr*'2, Tyr>'3, Lys®'# and Thr>'®; Cry4Ba: Asp

454)

are indicated by *. (B) Superimposition of Cry4Aa-DII (shaded yellow/white) and Cry4Ba-DII (shaded blue/gray) crystal structures, revealing that Cry4Aa-Lys>'* and Cry4Ba-

Asp?st

correspond to each other and give the sequence alignment in A. All structures were generated by using MOLSCRIPT and PyMOL programs. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

found to produce two major trypsin-resistant fragments of ~47
and ~21 kDa as corresponding to the trypsin-treated Wt toxin
(see Supplementary Fig. 1C). This could indicate that all these
mutants were produced as structurally stable protoxins and that
each individual mutation introduced into the Cry4Aa B10-$11 loop
had no apparent effect on the structural characteristic of the
mutant protoxins.

E. coli cells expressing each Cry4Aa-loop mutants were then
examined for their toxicity against C. quinquefasciatus larvae. It
was found that only the K514A mutant exhibited a marked decrease
in larvicidal activity (~50% of the Wt value) while four other
mutants (P510A, T512A, Y513A and T515A) still retained the high
larval toxicity (Fig. 2). These results suggested that Cry4Aa-Lys®!*
located within the B10-B11 loop is basically involved in toxin activ-
ity against Culex larvae. However, our previous replacement of this
critical residue with Asn (K514N) showed no effect on toxicity
against C. quinquefasciatus larvae [15], indicating that the
uncharged polar character of an Asn side-chain is sufficient to com-
pensate for the Cry4Aa-Lys®'* residue. Besides, our data demon-
strated here are rather contrary to other related studies where
Ala-substitutions at Thr®!? and Tyr>'3, but not Lys®'*, in the Cry4Aa
B10-B11 loop were claimed to have an adverse effect on toxin activ-
ity against Culex pipiens mosquito-larvae [29]. This apparent
discrepancy of the mutational effects observed between
C. quinquefasciatus and C. pipiens might reflect different types of
target receptors for Cry4Aa present in these two Culex species.

3.2. Effects on Culex toxicity of charge-reversal mutations at
Cry4Ba-Asp*>*

Although we have shown previously that the Ala-substitution of
Cry4Ba-Asp*>* showed no effect on toxin activity against Aedes
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Fig. 2. Larvicidal activities of E. coli cells (~10°® cells/ml) expressing Cry4Aa, Cry4Ba
or their mutant toxins against C. quinquefasciatus mosquito-larvae. Cells harboring
the pMEx-8 vector were used as a negative control (NC). Error bars indicate
standard errors of the mean from at least three independent experiments. Shaded
graphs represent larval toxicity of the K514A mutant (left panel), and RQ-D454R
and RQ-D454K mutants (right panel) that are marked different (p values <0.01)
from that of their Wt-toxins.

larvae [21], it was still interesting to check whether this residue
which is located within the B10-p11 loop has an adverse effect
on Culex toxicity since Cry4Ba is very less active toward Culex spe-
cies than Cry4Aa. Moreover, it can be clearly inferred from the
superimposed Cry4-DII structures (Fig. 1B) that the position of
Cry4Ba-Asp*** is located in close proximity to that of Cry4Aa-
Lys>!* which was demonstrated above to be crucial for Culex toxic-
ity (see Fig. 2). Attempts were therefore made to convert the neg-
atively charged nature of Cry4Ba-Asp*®* to be a positive charge
corresponding to Cry4Aa-Lys®'®. In this context, Asp*** of the
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Fig. 3. Immuno-histochemical staining of 5-day-old C. quinquefasciatus larval posterior midgut sections that were prepared from individual mosquito-larvae pre-fed with
toxin inclusions of either (A) Cry4Aa-Wt, (B) Cry4Ba-Wt, (D) Cry4Ba-R203Q, (E) RQ-D454E, (F) RQ-D454A, (G) RQ-D454R or (H) RQ-D454K. (C) Control slide omitting the

tested proteins. Arrows indicate apical microvilli (MV). BM, basement membrane.

Cry4Ba-R203Q mutant toxin (RQ), which retained high Aedes toxic-
ity and produced a 65-kDa active fragment upon trypsin digestion
[25], was further mutated to Lys, Arg, Ala or Glu. All four con-
structed RQ mutants, i.e. RQ-D454K, RQ-D454R, RQ-D454A and
RQ-D454E, were found to be highly expressed in E. coli cells as
inclusion bodies which could be easily solubilized in the carbonate
buffer (pH 10.0) and cleaved by trypsin to yield a single fragment
of ~65 kDa similar to the RQ template toxin (see Supplementary
Fig. 1B, D).

Interestingly, when E. coli cells expressing each Cry4Ba mutant
toxin were tested for their relative bioactivity against Culex larvae,
both charge-reversal mutants, i.e. RQ-D454R and RQ-D454K, dis-
played a striking increase in larval toxicity compared to Cry4Ba-
Wt and RQ-template (Fig. 2). However, the RQ-D454E mutant
showed a significant reduction of Culex toxicity while the D454A
mutant displayed a little positive effect on the larval toxicity
(Fig. 2). These results suggested that the positively charged charac-
ter of Cry4Ba-residue'%® corresponding relatively to the position of
Cry4Aa-Lys°'* near the tip of the $10-p11 loop is indispensable for
Culex larvicidal activity.

Our present data are in agreement to a certain extent with that
of Abdullah et al. [30] which also showed that replacements of
Cry4Ba-Asp*** with a particular variety of tripeptides (e.g. PAT,
AAT, GAT, GAV and PAA, but not AAA) can enhance toxin activity
toward C. quinquefasciatus larvae. However, the authors suggested
that the specific amino acid sequence in the p10-B11 loop is not
crucial for Culex larval toxicity, although their mutations at
Cry4Ba-Asp** have not been done yet with a charged residue
[30]. More recently, a similar positive consequence was observed
for GluA2 (ligand-gated ionotropic glutamate/AMPA receptors)
when a charge-reversal mutation (R628E) at Arg®?® located in its
linker region caused an increase in ligand-binding affinity [31].

3.3. Effects of charge-reversal mutations at Cry4Ba-Asp*>*

to Culex larval midguts

on binding

Attempts were further made to determine whether the positive
consequence toward Culex toxicity of the two charge-reversal
mutants (i.e. RQ-D454R and RQ-D454K) is correlated with their
efficiency in binding to the target receptors. Our previous binding
studies via immuno-histochemical staining showed that the pri-
mary site of action of Cry4Ba or its mutant toxins is located at
the apical microvilli of Aedes larval posterior midguts [22,23,28].
Herein, in situ binding analyses revealed that both RQ-D454R and
RQ-D454K mutants exhibited a marked increase in their binding
to the apical brush-border of Culex midguts (Fig. 3G,H) when com-
pared with Cry4Ba-Wt and RQ-template (Fig. 3B,D). The results
also revealed that while the RQ-D454A mutant showed no notice-
able increase in binding (Fig. 3F), the retained negatively-charged
mutant (i.e. RQ-D454E) exhibited an apparent decrease in the
immunochemical signal detected on the apical-brush border of
posterior midgut sections (Fig. 3E). As expected, Cry4Aa which is
much higher toxic than Cry4Ba toward Culex larvae showed an
intense-brown staining along the apical microvilli of Culex epithe-
lial cells (Fig. 3A). However, the control larval gut section in which
a test toxin was omitted displayed a very weak staining of non-
specific signals on the larval microvilli (Fig. 3C). These results cor-
roborated the potential involvement in receptor binding through
an increased Culex toxicity of an introduced positive charge at
the Cry4Ba-position*>* placed within the p10-11 loop. As demon-
strated above, Cry4Aa-Lys®!'* whose position corresponds rela-
tively to Cry4Ba-Asp®®* was essentially implicated in Culex
toxicity. Thereby, it is reasonable to postulate that the positively
charged character at this corresponding loop-position, Cry4Aa-
position®'* and Cry4Ba-position*>*, is involved in ionic interactions
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