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Chitin, an insoluble structural polysaccharide that occurs in the exoskeletal and gut linings
of insects, is a metabolic target of selective pest control agents. One potential biopesticide is
the insect molting enzyme, chitinase, which degrades chitin to low molecular weight, soluble
and insoluble oligosaccharides. For several years, our laboratories have been characterizing
this enzyme and its gene. Most recently, we have been developing chitinase for use as a biopes-
ticide to control insect and also fungal pests. Chitinases have been isolated from the tobacco
hornworm, Manduca sexta, and several other insect species, and some of their chemical, physi-
cal, and kinetic properties have been determined. Also, cDNA and genomic clones for the
chitinase from the hornworm have been isolated and characterized. Transgenic plants that
express hornworm chitinase constitutively have been generated and found to exhibit host
plant resistance. A transformed entomopathogenic virus that produces the enzyme displayed
enhanced insecticidal activity. Chitinase also potentiated the efficacy of the toxin from the
microbial insecticide, Bacillus thuringiensis. Insect chitinase and its gene are now available
for biopesticidal applications in integrated pest management programs. Current knowledge
regarding the molecular biology and biopesticidal action of insect and several other types of
chitinases is described in this mini-review. © 1998 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Transgenic plants and biological control agents offer
many opportunities to manipulate genes from a variety
of sources for the enhancement of host plant resistance
and pathogenicity, respectively, against insects and other
types of pests (Bonning and Hammock, 1996; Estruch et
al., 1997). Sources of opportunity include genes for pro-
teins that interact with chitin, a linear homopolymer of
2-acetamido-2-deoxy-D-glucopyranoside (N-acetylgluco-
samine, GlcNAc) connected by 3-1—4-linkages, which
is utilized as a structural polysaccharide in nature.
Because the occurrence of this carbohydrate as a struc-
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tural component is limited to a few organs, such as the
integuments of arthropods, nematodes, and molluscs, the
gut linings of insects, and the cell walls of fungi and
some algae, chitin metabolism is an excellent target for
selective pest control strategies (Kramer and Koga, 1986;
Cohen, 1987; Kramer et al., 1997). The chitin content of
an individual tissue varies markedly depending on the
type of structure and species and must be maintained at
precise levels for the proper development of the organ-
ism. The polysaccharide can occur in a number of crys-
talline forms, but only one, a-chitin, has been identified
in insects (Salmon and Hudson, 1997). In this form,
neighboring poly-GlcNAc chains run antiparallel to each
other (Neville et al., 1976).

Proteins that interact with chitin include various types
of chitin-binding lectins such as wheat germ agglutinin
(Harper er al., 1995; Peumans and Van Damme, 1995;
Zhu et al., 1996) and seed storage proteins such as the
vicilins (Firmino er al., 1996; Sales et al., 1996; Xavier-
Filho et al., 1996), as well as cuticle proteins and several
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types of chitin-catabolic enzymes including chitinase, 8-
N-acetylglucosaminidase, and chitin deacetylase (Baker
and Kramer, 1996; Kramer ef al., 1997). Because of the
importance of chitin and its metabolic enzymes in insect
growth and development, chitinolytic enzymes and their
genes have received a great deal of attention in recent
years. Their chemical, physical, kinetic, and regulatory
properties, as well as their potential for development as
biopesticides or chemical defense proteins in transgenic
plants and microbial biological control agents are being
explored (Kramer ef al., 1997). This mini-review focuses
primarily on the molecular biology of one type of insect
chitinolytic enzyme, namely chitinase, and its potential
applications as a biopesticide or as an enhancing agent
for biocontrol agents. Recent progress in the areas of:
(1) cloning and characterization of genes encoding insect
chitinolytic enzymes; and (2) gene expression in insect
and transgenic plant tissues, as well as in cell lines
infected with a recombinant baculovirus containing the
insect chitinase gene is summarized. A similar use of a
number of genes encoding plant chitinases primarily for
fungal control has been described previously (Broglie et
al., 1991; Vierheilig et al., 1993; Lin er al., 1995).

ENZYMOLOGY AND PHYSIOLOGY

Chitinases are enzymes (EC 3.2.1.14) with a specific
hydrolytic activity directed towards chitin. However,
some chitinases can also hydrolyse related polymers,
such as cell wall polysaccharides containing not only -
1—4-linked N-acetylglucosamine but also N-acetylmura-
mate. Enzymatic cleavages generally occur randomly at
internal locations over the entire length of the polymer.
The final products from chitinase catalysis are soluble,
low molecular mass multimers of GlcNAc, such as chito-
tetraose, chitotriose, and chitobiose, with the smallest
oligosaccharides being predominant (Kramer and Koga,
1986; Reynolds and Samuels, 1996). These oligosaccha-
rides then become substrates for another type of chi-
tinolytic enzyme, [B-N-acetylglucosaminidase (EC
3.2.1.30), which cleaves off GIcNAc units sequentially
from the non-reducing end of the substrate (Fukamizo
and Kramer, 1985). Both types of enzymes have been
detected in a variety of organisms, including those that
do contain chitin, such as insects, crustaceans, yeasts and
other fungi, and also in organisms that do not, such as
bacteria, plants, and vertebrates.

In bacteria, chitinases are probably involved in pro-
cessing and digesting GlcNAc-containing macromol-
ecules as a nutrient source. In plants, they appear to play
a role as defensive-response proteins targeted towards
pathogenic or pestiferous organisms (Boller, 1987). In
vertebrates, the role of chitinase-like proteins is uncer-
tain, but may include resisting infections caused by fungi
or nematodes (Boot er al., 1995).

In arthropods, chitinases are involved in cuticle turn-
over and mobilization and in nutrient digestion. The
enzymes have been found in molting fluids, venom

glands, and midguts of several insects, but only chitin-
ases from the former two sources have been charac-
terized extensively (Kramer and Koga, 1986; Fukamizo
and Kramer, 1987; Samuels and Reynolds, 1993; Krish-
nan ef al., 1994; Terra and Ferreira, 1994; Reynolds and
Samuels, 1996; Terra er al., 1996). Insects periodically
shed their old exoskeletons and either continuously or
periodically shed their peritrophic membranes and resyn-
thesize new ones (Lehane, 1997). This process is
mediated by the elaboration of chitinases in the molting
fluid that accumulates in the space between the old cuti-
cle and the epidermis and in the gut tissue. The GlcNAc-
containing products of hydrolysis are ultimately recycled
for the synthesis of a new cuticle. Often, the larvae will
ingest and digest the old cuticle or exuvium, the compo-
nents of which are also recycied. This behavior coincides
with the period of chitinase expression in the gut (Kramer
et al., 1993). Apparently, chitinases found in the gut have
a digestive function in addition to their role in breaking
down chitin present in the gut lining or peritrophic mem-
brane. In the venom of some Hymenoptera, chitinases
may expedite the spread of venomous compounds from
the site of delivery. In microfilarial infections, chitinases
may facilitate infection by breaking down chitin-contain-
ing structures of the nematode and/or the insect host. For
organisms such as fungi, chitinases apparently help 10
degrade and mobilize organic matter and possibly to
antagonize the growth of competitors. In yeast, chitinases
are important for cell separation (Sakuda er al., 1990;
Kuranda and Robbins, 1991).

BIOCHEMISTRY OF INSECT CHITINASES

Chitinases have been purified from the molting fluid
and integument of the tobacco hornworm, Manduca
sexta, and the silkworm, Bombyx mori, as well as the
venom gland of the endoparasitic wasp, Chelonus
(Kramer and Koga, 1986; Koga ¢t al., 1992; Krishnan et
al., 1994). The chemical, physical, and kinetic properties
of these and several other chitinases have been charac-
terized (Kramer and Koga, 1986; Koga ef al., 1992:
Krishnan et al., 1994; Reynolds and Samuels, 1996).
These enzymes have a size range of 40-85 kDa, which
is typically larger than the masses of plant (~25-40 kDa)
and bacterial (~20-60 kDa) chitinases. They can be
active in the pH range of ~4-8 and their isoelectric points
range from pH ~5-7. Insect chitinases have also been
purified after expressing cDNAs encoding these enzymes
in insect cell lines or transgenic plants (Gopalakrishnan
et al., 1995; Wang et al., 1996). Except for the protein
obtained from transgenic plants, these enzymes, as well
as the molting fluid enzymes, are glycosylated exten-
sively. Some of the smaller enzymes found in molting
fluid and transgenic plants appear to arise from protec-
lysis of larger forms.
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CDNA CLONES FOR INVERTEBRATE CHITINASES

In 1993, the first cDNA encoding an insect chitinase
was isolated from M. sexta and analysed (Kramer et al.,
1993). Cloning of two other insect chitinolytic enzyme
¢DNAs has been reported (Krishnan et al., 1994; Koga er
al., submitted), as well as two nematode chitinase cDNAs
(Huber et al., 1991; Fuhrman, 1995; Adam et al., 1996).
As expected for secreted proteins, the conceptual proteins
encoded hydrophobic leader peptides 19-22 amino acids
long, followed by a sequence corresponding to the
mature N-terminus of the corresponding chitinase. The
lengths of the mature conceptual proteins were 554
amino acids corresponding to a molecular mass of
approximately 62 kDa for the Manduca enzyme, 482
amino acids corresponding to a mass of 55 kDa for the
Brugia malayi chitinase, and 464 amino acids with a
molecular mass of 52 kDa for the Chelonus venom pro-
tein. Glycosylation results in native proteins with appar-
ent molecular masses of 70-85 kDa for the hornworm
and nematode enzymes, but the venom protein is appar-
ently not glycosylated.

STRUCTURAL CLASSIFICATION OF INSECT

CHITINASES
In the software and databases available on the Internet
(Structural  Classification of  Proteins (SCOP;
http://pdb.weizmann.ac.il/scop/index.html), SWISS-

PROT (http://expasy.hcuge.ch/sprot/sprot-top.html), and
BLASTP (http://www.ncbi.nlm.nih.gov/BLASTY/)),
which are designed to search for amino acid sequence
and structural similarities and also to classify proteins in
terms of both structural and evolutionary relatedness to
other proteins, Manduca chitinase is classified as a
beta/alpha-barrel protein consisting of mainly parallel
beta sheets similar to proteins in the superfamily of gly-
cosyltransferases and in family 18 of hydrolytic enzymes,
the members of which are noted for two conserved
regions of amino acids that contain putative active site
residues (Altschul er al., 1990; Henrissat and Bairoch,
1993; Murzin er al., 1995; Bairoch and Apweiler, 1996).
Included in this family are viral, bacterial, fungal, insect,
reptile, and certain plant proteins (Muzzarelli, 1997),
such as Serratia marcescens chitinase, Streptomyces
plicatus endoglycosidase, Hevea brasiliensis
chitinase/lysozyme, and several seed storage proteins
(narbonin, jack bean lectin, and concanavalin). A model
three-dimensional ribbon structure of the central portion
of the Manduca chitinase polypeptide backbone is shown
in Fig. 1. This structure is based on that of Serratia chi-
tinase A, whose three-dimensional crystal structure is
known (Perrakis et al., 1994). Residues 80-387 of the
Manduca chitinase were aligned with residues 227-534
of Serratia chitinase to generate the model insect enzyme
structure using Swiss-Model software, an automated
knowledge-based protein modelling server available on
the Internet (http://expasy.hcuge.ch/swissmod/SWISS-
MODEL.html). These two regions exhibit 81% similarity
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in amino acid sequence. The tertiary structure of family
18 glycosyl hydrolases i$ characterized by a (Sa)y barrel
fold, with the two consensus active-site regions roughly
corresponding to the third and fourth barrel strands that
form the substrate-binding site. A common example of
this type of protein structure is the TIM-barrel, named
after the archetype of this fold, triose phosphate iso-
merase. In TIM-barrel proteins, the internal barrel con-
sists of eight parallel $-strands and the outer shell con-
tains eight a-helices oriented with an external angle
relative to the axis of the barrel (Levitt and Chothia,
1976; Hubbard et al., 1997). All enzymes in this family
are expected to show a common tertiary structure, have
a common mechanism of hydrolysis (Henrissat and Bair-
och, 1993) and have an aspartic acid and a glutamic acid
in two of the active-site peptide locations (Van Schel-
tinga et al., 1996). Site-directed mutagenesis of anal-
ogous putative active-site residues in a chitinase from
Bacillus circulans resulted in either loss of activity or
drastic reductions in k., values (Watanabe et al., 1993;
Watanabe et al., 1994), supporting the notion that these
residues are very important for catalysis. The homolo-
gous residues in Manduca chitinase are aspartic acid 321
and glutamic acid 325 (Fig. 2).

CHITINASE GENE ORGANIZATION

One of the structural features observed in chitinases
from several animals and microorganisms is a multido-
main architecture that includes catalytic domains, a cyst-
eine-rich chitin-binding domain distinct from the cata-
lytic domains, and a serine/threonine-rich domain that 1s
glycosylated (Tellam, 1996). The similarity of sequences
in fungal, bacterial, and insect chitinases suggests compa-
rable catalytic domains in all of these chitinases (Alam
et al., 1995). The 6-cysteine C-terminal structural motif
found in insect and nematode chitinases is also found in
several peritrophic membrane proteins (Tellam, 1996)
and a range of receptors and other proteins controlling
cellular adhesion (Tellam er al., 1992). Some chitinases
trom plants and microbes as well as several other pro-
teins with no chitinase activity have a similar chitin-bind-
ing domain containing several cysteines, but this domain
may be located near either the N- or the C-terminal ends
of these proteins (Blaxter, 1996). The function of these
domains in the chitinases is presumably to anchor the
enzyme tightly onto the substrate, thereby facilitating the
hydrolytic process.

The structure of the insect chitinase gene is consistent
with the concept of a multi-domain architecture of the
protein. Analysis of the genomic clone of M. sexta chitin-
ase revealed that it is organized into at least 11 exons in
a region spanning more than t1 kb (Choi ez al., 1997).
A series of exons correspond to identifiable
structural/functional regions of the protein. For example,
exons individually encode the entire signal peptide; the
mature amino-terminal sequence of the enzyme; either of
two conserved motifs found in many chitinases, which
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FIGURE 1. Model ribbon structure of M. sexta chitinase (amino acid residues 80-387). This structure is based on the three-
dimensional structure of S. marsecens chitinase residues 227-534 and the amino acid sequence similarity (81%) with M. sexta
chitinase residues 80-387. It was obtained using SWISS-Model software available on the Internet at
http://expasy.hcuge.ch/www/expasy-top.html. Note that regions corresponding to amino terminal residues 1-79 and carboxyl
terminal residues 388-554 of M. sextu chitinase arc not included in this structure because there is not a high enough degree
of similarity in those regions with the sequence of S. marsecens chitinase. The yellow-colored ribbons show beta-sheet struc-
tures, red ribbons show alpha-helical segments, and blue ribbons show turn segments. The cleft visible at the bottom of the
structure may be part of the active site of the enzyme. The green-colored ribbons show conserved regions | (right) and 2
(left), which contain critical residues in the active site of the enzyme.

putatively contain critical residues found in the active
site; several regions of possible N-glycosylation and
phosphorylation sites; a serine/threonine-rich region;
either of two cysteine-rich regions; and a carboxyl-ter-
minal region. This exon organization is similar, at least
in part, to arrangements found in chitinase genes from a
yeast, Saccharomyces cerevisiae, and a nematode,
B. malayi (Kuranda and Robbins, 1991; Fuhrman, 1995).
Other than the chitinase gene of M. sexta , the intron—
exon organization of no other insect chitinase gene is
known. c¢cDNA clones coding for other chitinolytic

enzymes from insect sources have been isolated and
characterized only recently (Krishnan ez al., 1994; Naga-
matsu et al., 1995; Zen et al., 1996).

The amino acid sequence of M. sexta chitinase has
relatively little similarity with sequences of classes I and
Il plant chitinases, but does show limited similarity to
sequences of plant chitinases of classes IIl and V and
microbial chitinases (Choi ez al., 1997). In particular, two
highly conserved regions, including one proposed to be
a part of the active site of the enzyme, are present in M.
sexta and other invertebrate chitinases. The hornworm
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1: Manduca sexta chitinase
2: Brugia malayl chitinase

Human chitotriosidase
4: Bacillus circulans chitinase

S: Serratia marcescens chitinase

3:

Penaeus japonicus (prawn} chitinase

6:

—Continued.

FIGURE 2.

Kono, 1997); the venom gland of an endoparasitic wasp
(Chelonus sp., 37% identity; Krishnan et al., 1994)

enzyme shows a high degree of amino acid sequence

a
a

*

similarity with a recently reported chitinase encoded by
a ¢cDNA from the silkworm, B. mori (96% identity to a

]

nematode (B. malayi, 27%; Fuhrman et al., 1992)

fungus (26%; Blaiseau and Lafay, 1992); and a bacterium

(25%
s, 38%; Watanabe and proteins that have no apparent chitinase activity but exhi-

partial amino acid sequence; Koga et al., submitted) and

Perrakis et al., 1994), as well as to several glyco-

)

significant but lesser extents of similarity with chitinases

from a prawn (Penaeus japonicu






