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ABSTRACT

MOLECULAR ANALYSIS OF THE STRUCTURE AND FUNCTION OF TWO
CHITIN-BINDING PROTEINS: BARLEY AND STINGING NETTLE LECTINS

BY

David Ross Lerner

Plants possess a family of chitin-binding proteins containing one or more
conserved domains, 40 to 43 amino acids in length, responsible for binding to
chitin. Stinging nettle and barley lectins consist of two and four repeated chitin-
binding domains, respectively. Besides binding chitin, both of these lectins can
inhibit the growth of insect larvae in vitro. Nettle lectin, however, can also inhibit
the growth of some chitin-containing fungi. The objectives of this dissertation were
to isolate and characterize barley and nettle lectin cDNA clones and to investigate
the expression and structure of these lectins as they relate to possible functions
in plant defense.

The barley lectin cDNA clone, isolated using a partial wheat germ agglutinin

(WGA) cDNA as a heterologous probe, was shown to be over 90% identical to



WGA. Expression of barley lectin mRNA was localized to the adult root tips and
the embryonic root cap and coleorhiza with RNA gel blot analysis and in situ
hybridizations. Barley lectin was also shown to be synthesized with a glycosylated
carboxyl-terminal propeptide not found in the mature protein.

A synthetic gene for nettle lectin was prepared and used as the probe for
cloning the nettle lectin cDNA. Although nettle lectin is only 86 amino acids long,
the cDNA encoded a 372 amino acid polypeptide containing a putative signal
sequence, the lectin, and a carboxyl-terminal domain with chitinase activity and
similarity to other plant chitinases. Southern and northern blot analyses were used
to determine that nettle lectin was encoded by a small multigene family expressed
in rhizomes and inflorescence.

To initiate investigations into the relationship between structure and
antifungal activity of chitin-binding proteins, modified barley lectin (mBL) genes
encoding approximately two chitin-binding domains, the size of nettle lectin, were
constructed using oligonucleotide directed mutagenesis. Analysis of mBL
expressed in either E. coli or tobacco revealed that the mBL retained chitin-binding
activity.

The results of these investigations are consistent with the hypothesis that
plant chitin-binding proteins have defense-related functions. The potential for
modifying chitin-binding proteins for investigating basic biological problems and

practical applications has also been demonstrated.
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CHAPTER 1

INTRODUCTION:

Chitin-Binding Proteins and Evidence for
Their Role in Plant Defense
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INTRODUCTION

A family of chitin-binding proteins in plants can be identified by the presence
of a distinct and conserved chitin-binding domain (figure 1, open boxes). This
domain is characteristically 40-43 amino acids in length and is rich in Gly and Cys
residues. The structure of the chitin-binding domain has been elucidated from
X-ray crystallography of wheat germ agglutinin (WGA) (Wright, 1977). WGA has
four tandem repeats of the distinct chitin-binding domain. Each chitin-binding
domain of WGA contains 8 Cys residues making up four disulfide bonds. This
maintains the tight globular structure of each domain since there are no distinct
regions of a-helix or B-sheet in the chitin-binding domains (for review see Wright
et al.,1991). Further studies of WGA crystallized with bound polysaccharides
revealed the specific amino acid residues directly involved in carbohydrate binding
(Wright, 1980). These residues and the Cys residues involved in disulfide bridges

are highly conserved in all chitin-binding proteins examined (Wright et al., 1991).

Chitin-binding proteins can be divided between proteins with multiple chitin-
binding domains repeated in tandem and proteins containing a single chitin-
binding domain. In both cases the chitin-binding domain is often fused to the
amino-terminal of a structurally unrelated domain (figure 1). Only proteins with
multiple chitin-binding domains (ie. Gramineae lectins) are able to agglutinate red
blood cells indicating the presence of multiple N-acetylglucosamine (GIcNAc), the

chitin monomer, binding sites.
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The wide distribution of both classes of chitin-binding proteins in monocots
and dicots indicates conserved and essential functions for these proteins. In spite
of this, the endogenous functions have yet to be conclusively demonstrated.
There are many indications, however, that these proteins are involved in plant
defense against microbial pathogens or insects (Chrispeels and Raikhel, 1991).
In this review | will describe the chitin-binding proteins, their processing, regulation
and in vitro activities (Table 1) with particular emphasis on properties related to

possible plant defense functions.

PROTEINS CONTAINING ONLY CHITIN-BINDING DOMAINS

Proteins comprised solely of chitin-binding domains are of special interest
since their properties and characteristics are not influenced by the presence of an
unrelated domain. In all cases these proteins are highly resistant to heat and
proteases, and retain chitin-binding activity after heating to 70°C for 15 min.
These proteins range in size from 3 kDa monomeric polypeptides to 36 kDa

homodimers containing 8 chitin-binding domains.

Gramineae Lectins
The Gramineae lectins are, perhaps, the most studied proteins containing
chitin-binding domains. These lectins have been isolated from wheat, barley, rye,

rice and a number of other Gramineae species (for review see Raikhel and Lerner,



Table 1. Chitin-binding proteins properties and in vitro activities

6

PROTEIN MOL. WT.: # CHITIN- CARBOXYL- IN VITRO
MATURE/ BINDING TERMINAL ACTIVITIES
PROPROTEIN DOMAINS
i Gramineae 18 kDa/23 kDa | 4/monomer None Agglutination
| lectins 36 kDa 8/dimer Insecticidal
[ stinging 8.5 kDa/ 2 Chitinase | Agglutination
nettle lectin (38 kDa)' Fungicidal
Insecticidal
Class | 30 kDa 1 Chitinase Fungicidal
chitinase
Hevein 4.5 kDa/ 1 PR4-like Fungicidal
20 kDa
Solanaceae 30 to 68 kDa | 22/monomer HRGP-like Agglutination
lectins
Ac-AMP 3 kDa 2 ? Fungicidal

'Molecular weight shown in parenthesis is deduced from sequence data.
2Based on biochemical data only.
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1991). In addition, cDNA clones have been isolated for the three WGA isolectins

(Raikhel and Wilkins, 1987; Smith and Raikhel, 1989), barley lectin (Lerner and
Raikhel, 1989), and rice lectin (Wilkins and Raikhel, 1989). Mature Gramineae
lectins are 36 kDa homodimers with four chitin-binding domains in each monomer.
Biochemical studies, including subunit exchange experiments (Peumans et al.,
1982), show that the Gramineae lectins, and in particular the cereal lectins, are
very similar. Carbohydrate binding sites of these lectins have been localized to the
cleft between the subunits with both monomers contributing residues which
interact directly with the ligand. Although dimer formation is apparently essential
for the Gramineae lectin ligand binding, Wright and coworkers (1991) suggest that
dimer formation is not required for saccharide binding in other chitin-binding
proteins.

In all cases studied, the Gramineae lectins are expressed in specific cell
layers in both embryos and root tips of adult plants (for review see Raikhel and
Lerner, 1991). Immunolocalization (Mishkind et al., 1983) and in situ hybridization
to mRNA (Lerner and Raikhel, 1989; Wilkins and Raikhel, 1989; Raikhel et al.,
1988) allowed the determination that root tip expression is restricted to the root
cap cells and outer layer of cells at the root tip. These studies also show that
Gramineae lectins are expressed in tissues which protect the embryonic leaves,
the coleoptile, and roots, the coleorhiza, in the seed and while germinating.
Expression of the Gramineae lectins in the coleorhiza and progenitor root cap cell
of the embryo was found in all species studied (Mishkind et al., 1983). Gramineae

lectin expression in the coleoptiles, however, varies from species to species
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(Mishkind et al., 1983). In rice, the lectin is expressed throughout the coleoptile.

Rye contains lectin in the single outermost and innermost cell layers, while in
wheat, WGA is present only in the outermost cell layer of the coleoptile. Barley
lectin is not found in the coleoptile at all (Mishkind et al,, 1983 and Lerner and
Raikhel, 1989). Interestingly, root cap cells, the coleoptile and the coleorhiza are
all considered to be protective tissues and are the first to contact soil microbes as

the roots and germinating seedlings grow through the soil.

Stinging Nettle Lectin

Stinging nettle lectin (Urtica dioica agglutinin, UDA) is a 8.5 kDa chitin-
binding protein which, like the Gramineae lectins, can agglutinate red blood cells
(Peumans et al., 1984). Unlike the Gramineae lectins however, stinging nettle lectin
does not effectively bind the chitin monomer, GIcNAc, which may account for its
lower agglutination specific activity (Shibuya et al, 1986). The amino acid
sequence of stinging nettle lectin, as determined by analysis of tryptic fragments
(Chapot et al., 1986) and the cloned cDNA (Lerner and Raikhel, 1992), shows two
chitin-binding domains in tandem. Proteins with multiple chitin-binding domains
therefore are not restricted to the Gramineae. This may be important evolutionarily
especially if the domain duplication occurred prior to divergence into monocots
and dicots as suggested by Wright, et al. (1991). Also, like the Gramineae lectins,
stinging nettle lectin is found in the seeds (Lerner and Raikhel, 1992) and in

underground tissues, in this case the roots and rhizomes (Peumans, et al., 1984).
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Localization of stinging nettle lectin to cell layers within these tissues has not been

determined.

Hevein

Hevein is perhaps the archetypical chitin-binding protein because it consists
of exactly one 43 amino acid chitin-binding domain. This domain, when found in
other plant proteins, has been referred to as the hevein domain’. Hevein
accumulates in the vacuole-like lutoid bodies of specialized cells, laticifers, of
rubber trees (Hevea brasiliensis) (Walgono et al., 1975). These cells form an
anastomosing system through the trunk, stems and leaves of rubber trees and are

responsible for latex synthesis (Esau, 1960).

Amaranthus caudatus Antimicrobial Peptides (Ac-AMP1 and Ac-AMP2)

Two very small, 30 and 31 amino acid, chitin-binding proteins have been
isolated from the seeds of amaranth (Amaranthus caudatus) (Broekaert et al.,
1992). Peptide sequencing data indicates Ac-AMP1 and 2 are identical except for
an additional Arg residue at the carboxyl-terminus of Ac-AMP2. Thus Ac-AMP1
and Ac-AMP2 may be derived from a single precursor polypeptide by differential
post-translational processing or degradation during the isolation procedure. These
chitin-binding proteins appear to be truncated variants of the chitin-binding
domain. Alignment of the Ac-AMP peptide sequences and chitin-binding domains
from other proteins shows that approximately 50% of the residues are identical

with the insertion of a 4 residue gap in the Ac-AMP sequence. Wright and
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coworkers (1991) refer to residues 3 to 30 of a consensus chitin-binding domain
as the "inner conserved core" and define it as responsible for ligand binding. Ac-
AMPs amino acid sequence corresponds to this “inner conserved core". It is not
surprising therefore that the shortened chitin-binding domains of Ac-AMPs do bind

chitin.

PROTEINS CONTAINING CHITIN-BINDING DOMAINS FUSED TO AN
UNRELATED DOMAIN

Ciass | Chitinases

The class | chitinases contain a single 40 to 43 amino acid chitin-binding
domain linked by a short hinge region to the chitinase catalytic domain (for review
see Boller, 1988). The chitin-binding domain generally gives these proteins a high
isoelectric point. Because of this, these chitinases are often referred to as the
basic chitinases. Proteins containing a homologous chitinase catalytic domain by
itself, the acidic or class Il chitinases are expressed from genes which do not
encode a chitin-binding domain. Thus the class Il chitinases are not derived from
the class | chitinases by removal of the chitin-binding domain. The class |
chitinases are expressed in many plant tissues including leaves, flowers, seeds,
and roots (Shinshi et al., 1987; Lotan, 1989). These chitinases have been identified

in virtually all plants examined (for reviews see Linthorst, 1991; Bol et al., 1990).
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Prostinging Nettie Lectin

The stinging nettle lectin mRNA encodes a polypeptide extending 174 amino
acids beyond the 86 amino acids encoding the lectin’s two chitin-binding domains
(Lerner and Raikhel, 1992). This carboxyl-terminal domain has approximately 45%
homology with class | and class Il chitinase catalytic domains. The identity of
prostinging nettle lectin’s carboxyl-terminal domain with these other chitinase
catalytic domains, however, is considerably less than the identity between the class
I and class |l chitinases. In spite of this, chitinase activity is observed when the 37
kDa prostinging nettle lectin or the 28 kDa carboxyl-terminal domain alone is
expressed in E. coli (Lerner and Raikhel, 1992). It is not known, however, whether
prostinging nettle lectin exists as a stable protein or is just a transient precursor

of stinging nettle lectin in the plant.

Prohevein and Potato Wound Inducible Genes, winl and winll

Like stinging nettle lectin, the hevein mMRNA encodes a polypeptide
extending far beyond (141 amino acids) the single chitin-binding domain (43 amino
acids) which makes up hevein (Broekaert et al, 1990). Highly homologous
polypeptides are also encoded by two wound inducible genes from potato, winl
and winll (Stanford et al,, 1989). The 20 kDa prohevein, 4 kDa hevein and 16 kDa
hevein carboxyl-domain are all found as major protein constituents of rubber tree
latex (Lee et al., 1991) although these polypeptides have not been identified in
potato. Proteins with homology to the hevein carboxyl-domain alone have now

been identified as the pathogenesis-related protein from tobacco, PR-4, and
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tomato, PR-P2 (Linthorst et al., 1991). Cloning the PR-4 and PR-P2 cDNAs reveals

that they are encoded by mRNAs which do not encode the chitin-binding domains
(Linthorst et al., 1991).

Solanaceae Lectins

Chitin-binding proteins from potato tubers, tomato fruits, and thorn-apple
seeds have been identified which contain a Cys and Gly rich, chitin-binding,
domain linked to a highly glycosylated hydroxyproline-rich domain (Broekaert et
al., 1987; Allen, et al, 1978; Nachbar, et al, 1980). Although little protein
sequence data are available, the amino acid composition and chitin-binding activity
of these proteins suggests they contain chitin-binding domains homologous to
other chitin-binding proteins. In addition, the agglutinating activity exhibited by
these lectins suggests they contain multiple chitin-binding domains. Amino acid
and carbohydrate compositions of the hydroxyproline-rich domain indicate that this
region is very similar to other hydroxyproline-rich glycoproteins (HRGPs) such as
extensin. These unique lectins are the only chitin-binding proteins known to

contain a high amount of carbohydrate.

PROTEIN PROCESSING AND TARGETING

Chitin-binding proteins are secretory proteins which are synthesized on the

ER and processed through the Golgi apparatus before accumulation in the
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vacuole or cell wall (Chrispeels and Raikhel, 1991; Meins et al, 1992). The

analysis of cDNA clones of chitin-binding proteins indicates they all encode a
putative amino-terminal signal sequence which would target the nascent

polypeptides to the ER.

Carboxyl-Terminal Extensions and Vacuolar Targeting

In addition to the signal sequence, the cDNAs of several chitin-binding
proteins encode a short extension beyond the carboxyl-terminus of the mature
protein. The Gramineae lectins, for example, have well characterized carboxyl-
terminal propeptides (CTPP’s). The WGA isolectins and barley lectin have 15
amino acid CTPP’s which are almost identical in sequence (for review see Raikhel
and Lerner, 1991). Rice lectin contains a CTPP which differs in length (26 amino
acids) and amino acid sequence from the cereal lectin CTPPs (Wilkins and Raikhel,
1989). A common feature of the Gramineae lectin CTPPs is an asparagine-linked
glycosylation site which is utilized to yield a glycosylated precursor (Mansfield et
al, 1988). This glycosylated precursor is processed into the smaller,
unglycosylated, mature polypeptide. The tobacco class | chitinase is also
synthesized with a carboxyl-terminal extension which is not found in the mature
protein (J.-M. Neuhaus, Botanisches Institut der Universitat Basel, personal com-
munication). The chitinase extension is only 6 amino acids long and does not
contain a glycosylation site. Comparison of cloned class | chitinases indicates that

they all encode similar regions 6 to 10 amino acids long.
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The CTPP of barley lectin and the carboxyl-terminal extension of the

tobacco class | chitinase have recently been shown to be the vacuolar targeting
signals for these proteins. Bednarek et al. (1990) demonstrated that barley lectin
is secreted when expressed in tobacco plants without the CTPP while the wild type
barley lectin is faithfully targeted to the vacuole. The CTPP of barley lectin
(Bednarek and Raikhel, 1991) and the carboxyl-terminal extension of the tobacco
class | chitinase (Neuhaus et al,, 1991b) are sufficient for redirecting a normally
secreted protein, cucumber class lll chitinase, to the vacuole when expressed in
tobacco. Interestingly, the secreted class |l chitinases, which do not possess the
amino-terminal chitin-binding domain, also do not have the carboxyl-terminal
extension encoded in their cDNA’s. Mauch and Staehelin (1989) suggest that the
vacuolar localization of the class | chitinase and 8-1,3-glucanase in bean leaves is
directly related to their role as a last line of the plant’s defense against invading
pathogens.

Two other chitin-binding proteins, prostinging nettle lectin and prohevein,
have carboxyl domains longer than homologous proteins which do not contain the
chitin-binding domain. Like the class | chitinases, the stinging nettle lectin chitinase
domain is 10 amino acids longer than the class |l chitinases. The intra cellular
localization and potential processing of this extension have not yet been
investigated. As stated earlier, the carboxyl-domain of prohevein is homologous
to tobacco PR-4 which does not contain a chitin-binding domain. Similar to the
chitinases, the vacuolar prohevein is 14 amino acids longer than the secreted PR-

4. The actual carboxyl-terminus of prohevein, however, is still unknown. Thus, a
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pattern is emerging wherein chitin-binding proteins containing an extensive
carboxyl-domain also have a short carboxyl-terminal extension which may be
responsible for their targeting to the vacuole. Homologous proteins lacking the
chitin-binding domain and carboxyl-terminal extension are found in the apoplastic
space outside the plasma membrane. It is important to note that chitin-binding
domains by themselves are not sufficient for targeting or redirecting proteins to the

vacuole (Bednarek and Raikhel, 1991; Neuhaus et al., 1991b).

Additional Processing Events

Several chitin-binding proteins undergo internal proteolytic cleavage events.
Approximately 85% of the rice lectin monomer (18 kDa) is cleaved into 8 and 10
kDa polypeptides (Stinissen et al., 1983). Rice lectin also contains an additional
pair of Cys residues (Wilkins and Raikhel, 1989) not found in the other Gramineae
lectins, which form a disulfide bridge between the 8 and 10 kDa pol\}peptides
(Wright et al., 1991).

Prohevein undergoes an internal cleavage to release hevein from the
carboxyl-domain (Lee et al., 1991). During this processing a 6 amino acid 'spacer’
region between the two domains is lost. It is interesting to note that, similar to rice
lectin, apparently not all of the prohevein is cleaved and all three polypeptides
(prohevein, hevein and the carboxyl-domain) are found in the rubber tree latex
(Lee et al., 1991).

Presumably, prostinging nettle lectin is also processed to release the 8.5

kDa lectin from the carboxyl-terminal chitinase domain. This processing event,
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however, has not been demonstrated experimentally. In light of the accumulation
of the 8.5 kDa lectin to high levels in the rhizomes and the processing events
demonstrated for prohevein, it is likely that prostinging nettle lectin undergoes a

specific proteolytic cleavage as well.

REGULATION OF GENE EXPRESSION

Developmental Regulation

Many chitin-binding proteins are expressed in specific tissues. As a result,
their expression is, in part, developmentally regulated. The Gramineae lectins, for
example, are expressed in developing embryos and accumulate as the embryos
mature. Raikhel et al. (1988) found WGA mRNA is first detectable at 10 days post
anthesis (DPA) and reaches maximum levels at 30 to 40 DPA. The WGA mRNA
level later decreases as the seeds desiccate and increases slightly as the seeds
germinate, due to increased lectin expression in the growing root tips (Raikhel et
al., 1988). Stinging nettle lectin is also found in seeds and not in leaves or stems
(Lerner and Raikhel, 1992) indicating developmental control over its accumulation.
Interestingly, stinging nettle lectin mRNA and protein are not found in aerial stems
but accumulate to high levels in stems which have been buried to generate
rhizomes (Lerner and Raikhel, 1992). The developmental conversion of these
stems to rhizomes must, therefore, induce expression of the lectin. The class |

chitinases have been found in many different plant tissues and developmental
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regulation of expression has been particularly noted by higher mRNA levels in

older leaves (Shinshi et al., 1987) and floral tissues (Lotan et al.,, 1989).

Hormonal Regulation

Exogenously applied plant growth regulators, abscisic acid (ABA) and
ethylene, have been shown to enhance the levels of message and protein for
several chitin-binding proteins. Gramineae lectin accumulation in embryos and
root tips of adult plants is increased by ABA (Raikhel et al., 1986; Triplett and
Quatrano, 1982). For example, WGA accumulation in root-tips is increased 2 to
3 fold by exogenous application of 10 mM ABA (Raikhel et al., 1986). Endogenous
ABA also accumulates in developing wheat embryos beginning just before the
developmental increase in WGA accumulation (Raikhel et al, 1987). This is
consistent with the hypothesis of ABA control over WGA expression. Exogenously
applied ABA (50 uM) also causes a several-fold increase in Hevein message in
rubber tree latex (Broekaert et al,, 1990). Hevein and chitinase have been shown
to accumulate upon application of ethephon which converts to ethylene. Hevein
mRNA in rubber tree leaves, stems, and latex increased several-fold in the
presence of 0.1% ethephon (Broekaert et al,, 1990). Broglie et al. (1986) found a
30-fold increase in chitinase activity of bean seedlings following exposure to

1mg/ml ethephon.
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Stress Induced Expression

Environmental stresses often result in the increased production of ABA or
ethylene by the plant. It is not surprising, therefore, that osmotic stress and
wounding can also cause the accumulation of chitin-binding proteins. The effects
of osmotic stress on expression of chitin-binding proteins have been examined
only for the Gramineae lectins. WGA and ABA accumulate when seedlings are
stressed by air drying or chemically with mannitol (0.5 M) or polyethylene glycol
(180 g/l) (Cammue et al., 1989). Under these conditions WGA levels increase up
to 10-fold, but only in tissues at the root tips where the protein is normally found
(Cammue et al., 1989). Similar results have been found for expression of chitin-
binding proteins after wounding. The proteins accumulate to higher than normal
levels in tissues where they are otherwise expressed. Within 24 hours of
wounding, dramatic increases in hevein message in rubber tree leaves is seen.
A slightly lesser increase in hevein mRNA accumulation is found in rubber tree
stems and latex (Broekaert et al, 1989). The results for latex expression are
somewhat difficult to interpret since latex is collected by 'wounding’ the rubber
tree. Because of this, the high levels of expression seen in 'unwounded’ latex may
also be due to wounding. As implied by their names, the hevein homologues in
potato, wound inducible mRNAs 1 and 2 (win1 and win2) accumulate in wounded
potato plants (Stanford et al,, 1989). Interestingly, these two genes seem to have
arisen through gene duplication and show differential expression in potato tissues
after wounding (Stanford et al, 1989). Specifically, win2 will accumulate in

wounded tubers while win1 does not. Both mRNAs accumulate in wounded leaves
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and stems but not in wounded roots. Class | chitinases have also been shown to
accumulate in leaf tissue in response to wounding (Hedrick et al,, 1988; Parsons
et al., 1989). Wounded stinging nettle leaves do not, however, accumulate the
stinging nettle lectin mMRNA which also encodes a chitinase (Lerner and Raikhel,

unpublished results).

induction by Plant Pathogens

Although plants contain no chitin, insect pests and many fungal and
bacterial pathogens do. Plant responses to these organisms by the accumulation
of chitin-binding proteins are strongly suggestive of the role chitin-binding proteins
may play in plant defense. Tobacco mosaic virus infection causes the systemic
induction of the classical acidic pathogenesis-related (PR) proteins, and the class
| chitinases (Legrand et al., 1987). The levels of tobacco class | chitinase, for
example, increase 20-fold after 3 days of infection by tobacco mosaic virus (TMV)
(Vogeli-Lange et al, 1988). In addition, the tobacco class | chitinase mRNA
increases 6-fold after infection by the bacterial pathogen Pseudomonas tabaci and
increases 200-fold after infection by the fungal pathogen Phytophthora parasitica
var nicotianae (Meins and Ahl, 1989). In bean (Phaseolus vulgaris), infection of
hypocotyls with the fungus Colletotrichum lindemuthianum causes an increase in
class | MRNA which peaks at approximately 7 days after inoculation (Hedrick et
al., 1988). A fungal cell wall elicitor causes an increase of the class | chitinases in
suspension cultured cells of tobacco and rice (Hedrick et al., 1988; Zhu and Lamb,

1991 respectively). WGA accumulation is also induced 2- to 5-fold in root-tips by
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infection with several different fungi and fungal cell wall elicitors (Cammue et al.,
1990).

Many insect pests cause wounding-like injuries as they eat the plants. It is
likely, therefore, that hevein, the potato win genes, and the class | chitinases will
accumulate in response to insects since they are induced in wounding

experiments.
IN VITRO ACTIVITIES

Activities due to the Chitin-Binding Domains

Many chitin-binding proteins are made up solely of chitin-binding domains
and activities observed for these proteins can be attributed to these domains.
Besides binding chitin, a number of these proteins agglutinate red blood cells and
are therefore termed lectins. Agglutination of red blood cells requires the proteins
to crosslink the cells by binding to extracellular oligosaccharides. Two binding
sites are required for crosslinking, although a single chitin-binding domain will
potentially bind the same oligosaccharides. Stinging nettle lectin and the
Gramineae lectins, which have 2 and 4 chitin-binding domains respectively, are
able to aggiutinate red blood cells. Potato lectin, which also agglutinates blood
cells, should have multiple chitin-binding domains, although no direct evidence for
this is available. All chitin-binding proteins tested which contain a single chitin-

binding domain, however, do not show agglutination activity.
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Perhaps more significant is the finding that several proteins containing only
chitin-binding domains can inhibit the growth of fungi in vitro. Stinging nettle lectin,
hevein, and the Ac-AMPs have been shown to retard the growth of a number of
chitin-containing fungi (Broekaert et al., 1989; Van Parijs et al., 1991; and Broekaert
et al., 1992 respectively). A striking feature of all these proteins is their small size.
Stinging nettle lectin, the largest of these proteins, is only 8.5 kDa while hevein is
4 kDa and the Ac-AMPs are approximately 3 kDa. The Gramineae lectins, on the
other hand, form dimers of 36 kDa and do not show antifungal activity
(Schiumbaum et al.,, 1986). It is tempting to speculate that the small size of the
chitin-binding proteins with antifungal activity allows them to penetrate into, and
interact with, the fungal wall where the Gramineae lectins cannot. An estimate of
fungal wall pore size supports this hypothesis (Money, 1990). This study predicts
that proteins larger than 15 to 20 kDa will not be able to pass through the fungal
cell wall.

Several chitin-binding proteins have also been tested for their effect on
insects. WGA, rice lectin and stinging nettle lectin are all able to retard the growth
of cowpea weevil larvae in vitro (Murdock et al., 1990; Huesing, et al., 1991b).
WGA and rice lectin are similar in activity and two to four times more effective per
mole than stinging nettle lectin (Huesing et al., 1991a). In addition, WGA has been
shown to be deleterious to two major corn pests, the European corn borer and the
Southern corn borer when added to their diet (Czapla et al., 1991). While low
doses of these lectins don't kill the insects, they delay larval development time by

approximately 1.5 days per 0.1% (w/w) increase in lectin concentration (Huesing
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et al., 1991b). This may be significant since plants and their insect pests often

exist in an equilibrium where a delay in insect development may shift the balance

in favor of the plant.

Activities due to the Carboxyl-Terminal Domains

The chitinase activities observed for the class | chitinases and prostinging
nettle lectin are the most obvious in vitro activities which can be attributed to the
carboxyl-domain of chitin-binding proteins. In addition, the antifungal activity
exhibited by the class | chitinases differs from that observed for stinging nettle
lectin, hevein or Ac-AMPs. Microscopic examination reveals that the fungal hyphal
tips burst in the presence of chitinase while the other chitin-binding proteins slow
the growth of the hyphae and cause a characteristic swelling jUst behind the
hyphal tip (Broekaert et al., 1989; Broekaert et al., 1992; Van Parjs et al., 1991).

No function or activities have been ascribed to the carboxyl-terminal domain
of hevein, win1 or win2. This domain, however, is highly conserved in plants as
divergent as rubber tree, potato, tobacco and tomato suggesting an important
function within the plant.

The Solanaceous lectins have a domain reminiscent of other hydroxyproline
rich glycoproteins such as extensin. These HRGPs are thought to be involved in
strengthening the plant cell wall, especially in response to pathogens (for review
see Bowles, 1990). It is likely that the Solanaceous lectins have similar roles

(Casalongué and Pont Lezica, 1985).
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Synergistic Effects

A synergistic enhancement of antifungal activity between stinging nettle
lectin and chitinase is one of the most interesting findings from in vitro activity
experiments of chitin-binding proteins. Broekaert et al. (1989) found that although
stinging nettle lectin and chitinase would inhibit fungal growth individually,
combinations of the two acted cooperatively. The potential for enhancing plant
resistance against fungal pathogens by constitutive expression of class | chitinases
has been addressed by two groups. Broglie and coworkers (1991) found that
tobacco (Nicotiana tabacum cv. Xanthi) and canola (Brassica napus cv. Westar)
expressing a bean chitinase gene under control of the cauliflower mosaic virus 35S
promoter had an increased ability to survive in soils infected with Rhizoctonia
solani and showed delays in disease symptom development. These transgenic
tobacco plants however were only slightly resistant to Cercospora nicotiana. The
other group (Neuhaus et al., 1991a) found that high levels of a tobacco (N.
tabacum) class | chitinase gene expressed in Nicotiana sylvestris also did not
enhance resistance to C. nicotianae. Thus, these studies are inconclusive as to
the effectiveness of engineering fungal resistance in plants by overexpressing
chitinase alone. Since stinging nettle lectin acts synergistically with chitinase to
inhibit fungal growth in vitro, the possibility exists that overexpression of
prostinging nettle lectin, with its lectin and chitinase domains, will enhance
resistance to fungal pathogens not seen with the chitinase alone. Another
possibility is that stinging nettle lectin will work cooperatively with endogenous

chitinases in the transgenic plant.
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Ac-AMPs do not act synergistically with either chitinase or stinging nettle

lectin in inhibiting fungal hyphae (Broekaert et al., 1992). Unlike stinging nettie
lectin, however, the Ac-AMPs antifungal activity is strongly inhibited by divalent
cations indicating that these proteins may act in different ways. The chitinases
have also been found to act synergistically with glucanases for fungal inhibition
(Mauch et al., 1988). In this case it is likely that the two enzymes act on different

polysaccharides in the fungal cell wall to give the enhanced antifungal effect.

CONCLUSIONS

The biological function of chitin-binding proteins in plants have yet to be
conclusively demonstrated. There is, however, a wealth of circumstantial evidence
for functions in plant defense. First there is the lack of chitin in plants and its
presence in many plant pathogens and pests. Second, the conservation of amino
acid sequence and chitin-binding activity within this family of proteins indicates an
essential role in the plant’s interactions with organisms containing chitin. Especially
noteworthy is the distinct pattern of Cys residues and conservation of residues
directly involved in chitin-binding. Fusion of the chitin-binding domain to a number
of structurally unrelated domains suggests this domain may be genetically
recombined with other polypeptides by the plant to crgate new antimicrobial

proteins. The finding that the carboxyl-terminal domain of prohevein is
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homologous to tobacco and tomato pathogenesis-related proteins suggests
additional activities may be found for chitin-binding proteins.

Localization of the chitin-binding proteins in the plants also suggests they
may interact with plant pathogens. The Gramineae lectins are expressed in the
tissues which first expand into new areas of soil as the embryo germinates and the
root system grows. The intracellular localization of the Gramineae lectins and the
class | chitinases in the vacuole suggests that these proteins act after the invasion
of the plant tissue which releases the contents of the cell. Stinging nettle lectin is
also localized in underground tissues and seeds. Ac-AMPs are also found in
seeds. Similar tissue specific localization of similar proteins in divergent plant
species suggests important roles for these proteins.

Induction of chitin-binding protein expression by wounding, microbial
infection, and the plant 'stress’ hormones also indicates these proteins act as part
of the plant’s defense mechanisms. Chitinases, Gramineae lectins and hevein are
all induced under these conditions. Finally, and perhaps most importantly, are the
in vitro antifungal and insecticidal activities shown for chitin-binding proteins. Every

chitin-binding protein tested exhibits insecticidal, antifungal or both activities.
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