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Abstract
Integrins are transmembrane proteins involved in cell adhesion and signal
transduction. This study reports findings on a possible integrin-like protein in an

haga aulicae.

ic fungus,
Extracts of Entomophaga aulicae protoplasts contained a 71 kDa protein which
cross-reacted with antiserum raised against a B;-chicken-integrin. The inclusion of DTT

in the cell extracts had no effect on the mobility of this protein indicating the lack of a

number of sulfur-sulfur bonds. A combination of eight protease inhibitors was
necessary to prevent protein degradation in order to obtain consistent results. Positive and
negative controls supported these results.

Using immunofluorescence microscopy, similar patterns of abundant peripheral
patches of staining were detected at the periphery of the protoplast when probed with four
different anti-integrin or anti--integrin like protein antibodies. Controls showed that
staining of the periphery of the nucleus and staining of the nuclear “core” were
non-specific. This conclusion is tentative however since we were unable to show
characteristic integrin staining in positive controls of monkey kidney fibroblasts.

In cell adhesion assays, there was no evidence to support the hypothesis that
E.aulicae protoplasts attach to either a host insect cell line, or to the integrin-binding
proteins, fibronectin and collagen. Future experiments using newly isolated protoplasts
and cell lines derived from insect fat body may be more instructive.

We conclude that while we have preliminary evidence for an integrin-like protein

in E. aulicae, strong support for integrin in any fungus remains elusive.
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Chapter1  Introduction
1.0 Fungal attachment

Attachment to the substrate is a critical prelude to a number of important fungal
activities including substrate utilization and substrate penetration. It is particularly
important during pathogenesis when fungi may form specialized attachment structures to
overcome host barriers, such as plant cell walls and insect exoskeletons. Fungi produce

specific molecules, usually proteins, glycoproteins or carbohydrates, which may

the ificity of to ligands on the host. Any of several modes of
adhesion may function in the first stages of fungal attachment, and the skillful pathogens
may use more than one type of adhesion to start the initial invasion Hostetter (1996).
Lectins, on pathogen or host cell, can recognize specific ligands (eg. Hamer et al., 1988).
In protein-protein interactions, a surface protein on the pathogen cell can contact a second
protein expressed by the host cell, for example, proteins of the extracellular matrix, as in
the putative integrin-like molecule of Candida albicans (Gale et al., 1996). Other

such as ipids or

p may also be i by some
other adhesions. Thigmotropic and chemical signals may be important in infection
structure formation, as exemplified by the formation of appressoria in Uromyces (Hoch et
al., 1987).

As a rule fungal attachment to a host involves the physical association of the
fungal wall material with the host wall, in the case of plants, or the exoskeleton, in the
case of insects. One striking exception to this is the case of the infection of insects by

fungi belonging o the order Entomophthorales after they enter the host. After passing



through the barrier of the host exoskeleton, several closely related entomophthoralean
species grow inside the host as wall-free protoplast cells and thus a unique dynamic
occurs. There is an absence of intervening wall layers between the fungal and insect
plasma membranes (Murrin and Nolan, 1987). In the present study, we examined the
possible role of the integral membrane protein, integrin, in the pathogenic relationship
between protoplasts of Entomophaga aulicae and its insect host, the eastern spruce
budworm.

1.1 Integrin

Integrins form a large group of transmembrane glycoproteins that are involved in
cell adhesion and cell signal transduction. Integrin structure, integrin-mediated adhesion
and integrin-mediated signaling have been the subjects of a number of excellent reviews.
These include Hynes (1992), Ruoslahti (1991, 1996), Yamada and Miyamoto (1995),
Howe et al. (1998), and Critchley (2000).

All integrins have two membrane-spanning polypeptide chains, called the o and B
subunits (Fig. 1). The o and P subunits are different from each other in terms of
molecular weight and construction. Sizes of o subunits fall in the range of 120 to
180 kDa, while the B subunits range from 90 to 110 kDa. The o and B subunits are not
homologous to each other, but each of them belongs to their own homologous group of
proteins.

The o and B subunits are linked to one another noncovalently, and this is
promoted by divalent cations. Both integrin subunits have a small cytoplasmic domain, a

single, short membrane-spanning segment, and a large extracellular portion.



On the inside of the cell, the small cytoplasmic domain of integrin interacts with a
variety of cytoplasmic proteins, including those that connect the integrin to the actin
cytoskeleton, such as talin, vinculin, o-actinin and filamin. This interaction links
integrins to the contractile apparatus necessary for cell migration, and also supplies a

surface for molecules that are involved in integrin signaling (Critchley, 2000). The

between the plasmic domains of integrin and the components of the
cytoskeleton may be regulated by phosphorylation of the B subunit on the cytoplasmic
side of the membrane (Tapley er al., 1989; Buck and Horwita, 1987).

On the outside of the cell, the large extracellular chains of the integrin have
binding sites for components of extracellular materials, such as extracellular matrix
proteins, substrates or other cells. The ligand-binding sites for extracellular materials
require the sequences from both the o and P subunits in order to function (Loftus ef al.,
1990; Vogel et al., 1990). Thus, integrins have the ability to act as a link between the
substances on both sides of the plasma membrane (Hynes, 1987). There is evidence that
integrin is colocalized with actin filaments as shown by immunofluorescence
microscopy. Integrin has a dispersed distribution pattern in vertebrate cells on the plasma
membrane, at scattered, discrete sites called focal adhesions (Karp, 1999), and these are
required for cells to adhere to their substratum.

Integrins are expressed on a wide variety of vertebrate cells and most express
several integrins (Hynes, 1992). There are 17 different o subunits and 8 B subunits
reported (Karp, 1999). Most of them have been sequenced at the cDNA level (Hynes,

1992). More than 20 different integrins have been identified on the surface of cells in



many different combinations of the o and B subunits, and the number is still rising.
Because of the great diversity of integrins, different cells can recognize many different
adhesive substrates and extracellular matrices (Ruoslahti, 1991).

Integrin-ligand i ions and adhesive ificities of indivi integrins have

been studied by different methods, including cell adhesion assays, monoclonal antibody
binding, and affinity chromatography. Usually, individual integrins can bind to more than
one ligand, and individual ligands can be recognized by more than one integrin (Hynes,
1992). Most ligands are extracellular matrix proteins involved in cell-substrate adhesion.
Those include fibronectin, laminin, various collagens, vitronectin, entactin, tenascin,
thrombospondin and von Willebrand factor (Ruoslahti and Pierschbacher, 1987; Hemler,
1990).

The integrins bind to extracellular matrix proteins at specialized cell attachment
sites. The target sequence for the integrin binding is often the specific amino acid
sequence, arg-gly-asp (RGD). Thus, most of these molecules have the RGD sequence
that can recognize and bind to the RGD binding site on the large extracellular portion of
the integrin molecule. RGD peptides that compete for the attachment site on the integrin
molecule may inhibit this binding and this experimental approach has been frequently
used to identify integrin activity (Pottratz ef al., 1991).

As reviewed by Ruoslahti (1991) and Hynes (1992), some integrins bind to cell
membrane proteins on the surface of another cell to promote cell-cell adhesion, and other
integrins promote cell-cell aggregation through soluble adhesion proteins such as

fibrinogen and von Willebrand factor.



In addition to the multiple functions of integrin-mediated cell adhesion, integrin is
also important in cell signaling events (Hynes, 1992; Yamada and Miyamoto, 1995;
Burridge and Chrzanowska-Wodnicka, 1996; Yamada and Geiger, 1997; Giancotti, 1997;
Howe et al., 1998). Its physical position linking cytoskeletal structures and the
extracellular matrix is crucial in this regard. Integrin-mediated cell signaling often affects
integrin-mediated cell adhesion and vice versa (Yamada and Geiger, 1997; Giancotti,
1997; Howe et al., 1998). Integrins transduce signals either into or out of cells (Hynes,
1992). Many cellular events can be influenced by integrin-mediated signaling, including
motility, cell division, differentiation, cell survival and proliferation, migration and
programmed cell death (Giancotti, 1997; Howe et al., 1998).

As discussed by Shyy and Chien (1997), experiments also have shown that
mechanical stress of cells and cell adhesion processes have many common
characteristics, and that integrins may act as mechanotransducers in cellular events.

Most of the work on integrins has been done with vertebrate cells, particularly

human tissue culture cells, such as platelets, leuk 3 ils and lympl
However, there is evidence that integrins arose at an early point in evolutionary history
(Hynes, 1992). Integrin homologs have been reported from Drosophila (MacKrell et al.,
1988), Xenopus (Ransom ef al., 1993), crayfish (Holmblad ef al., 1997), sea urchins
(Marsden and Burke, 1997), Caenorhabditis elegans (Gettner et al., 1995), Entamoeba
histolytica (Talamas-Rohana et al., 1998), and cyanobacteria (May and Ponting, 1999).

Thus, while the interpretation of some of these is not unambiguous, there is reason to



believe that the search for the origin of integrin should not be restricted to vertebrate cells
(Hostetter, 1999). This has been supported by the continued progress made in the study of
integrin-like proteins in some fungal organisms.
1.2 Integrin-Like Proteins in Fungi

For approximately 15 years, integrins have been documented as a commonly
expressed family of cell surface adhesion receptors that mediate cell-matrix and cell-cell
interactions. Because of their great diversity, scientists from many different fields have
studied integrins (Hynes, 1987). Although most of the work on integrin has been done
with animal cells and human tissue culture cells, there are several reports of integrin-like
molecules in true fungi: Candida species (Marcantonio and Hynes, 1988; Santoni ef al.,
1994; Gale et al., 1996; Gale et al., 1998), Pneumocystis carinii (Pottratz and Martin II,
1990; Pottratz et al., 1991), Uromyces appendiculatus (Corréa et al., 1996), and
Neurospora crassa (Degousée et al., 2000). With the exception of Newrospora, all of
these are important pathogens. An integrin homologue has also been reported from the
oomycete, Saprolegnia ferax (Kaminskyj and Heath, 1995).
1.2.1 Candida species

Among the studies of integrin-like protein in fungal pathogens, species of
Candida, especially Candida albicans, have been most thoroughly studied. C. albicans
causes candidiasis, more commonly called “thrush”. It is the leading opportunistic
pathogen of invasive fungal disease in premature infants, diabetics, surgical patients,
cancer patients and people with AIDS or other immunosuppressed conditions (Gale et al.,

1996). It can be found in healthy humans on the mucosal surface, and thus Candida is



one of several commensal eukaryotes found in the gastrointestinal tract of humans (Klotz,
1994). The ability of C. albicans to adhere to the endothelial basement membrane and/or
subendothelial extracellular matrix of its host plays a crucial role in the development of
candidiasis (Klotz, 1992).

‘There are several lines of evidence supporting the presence of proteins related to

integrin in C. albicans. A 95 kDa protein in lysates of C. albicans was detected using

ti-By-chicken integrin anti on i o io and Hynes, 1988). A
165 kDa protein in the lysates of C. albicans membrane and cytosol was identified on
immunoblots by a monoclonal antibody, raised against human complement receptor type
3, and later identified as an integrin (Hostetter er al., 1990). Another single protein of
185 kDa also was detected by the anti-aX (integrin) monoclonal antibody BU15. Thus,
both an o and B integrin homologue appear to present in C. albicans (Hostetter, 1999).
Some other investigators also reported integrin-like proteins in C. albicans
(Santoni ef al., 1994). When C. albicans yeast and germ tube phases were incubated with
several monoclonal antibodies directed against human o or B; integrin subunits, or two
different antisera to the fibronectin receptor, and analyzed by immunofluorescence
microscopy and fluorescence activated cell sorting, positive results were obtained
(Santoni ef al., 1994). An intensified immunoreactivity was found during transition from
the yeast to germ tube. Also, the binding of C. albicans yeast and germ tubes to

fibronectin containing the RGD sequence was noticeably (~60%) inhibited by GRGDSP,

but not GRGESP peptides. ti-integrin antibodies or anti

receptor antisera significantly blocked the binding of both C. albicans phases to



fibronectin. All these results suggested that a receptor antigenically related to osB;
integrin was expressed by C. albicans yeast and germ tube phases, and this receptor
might mediate their adhesion to fibronectin.

By screening with a ¢cDNA probe from the transmembrane domain of human
leukocyte integrin aM, the gene a/NTI was isolated from a library of C. albicans
genomic DNA (Gale et al., 1996). It was found that the predicted polypeptide of 188 kDa
had several motifs common to aM and X integrins. An internal peptide that had a RGD
sequence was also found. Although no immunofluorescent micrographs have been
presented, the surface localization of olntlp in C. albicans blastospores was shown by
the positive results in the binding experiments of polyclonal antibodies prepared against
the potential extracellular domains of antlp as analyzed by fluorescent activated cell
sorting. Among yeast tested, C. albicans, C. tropicalis and Saccharomyces cerevisiae,
@INT! was found to be unique to C. albicans by Southern blotting.

In haploid S. cerevisiae yeast cells and a ste/2 mutant (which lacks a yeast
transcription factor necessary for morphologic change in response to mating pheromones
and nutrient limitations), the expression of @/NT under control of a galactose-inducible
promoter resulted in the formation of germ tubes (Gale et al., 1996). Further study found
that @/NT1 expression in S. cerevisiae, which is normally a non-adherent yeast, resulted
in its adhesion to human epithelial cells. Furthermore, interruption of @NTI in C.
albicans led to the inhibition of three characteristics important in pathogenicity: hyphal

growth, adhesion to epithelial cells and virulence (Gale et al., 1998).



Results from another study (Bendel and Hostetter, 1993) also showed that there
were integrin-like proteins in C. albicans and C. tropicalis, and showed species-specific
and functional differences between them.

There is also evidence for a By integrin in C. tropicalis (DeMuri and Hostetter,

1996). It was found that the binding of soluble fik in to C. tropicalis bl

was saturated at a concentration of 1.8 x 10 M, and this binding could be inhibited
significantly by membrane extracts from C. tropicalis. A membrane protein of

125 + 25 kDa was ized by purified i ibodies to integrin ospy (the

fibronectin receptor on human placenta), and antibodies specific for the integrin B
subunit on immunoblots. A protein of 105 + 15 kDa was detected by
immunoprecipitation of radiolabeled proteins from C. tropicalis with purified human

fibronectin. All these results support the idea that a protein with antigenic and functional

properties common to the 1 integrin in receptor is d by
C. tropicalis (DeMuri and Hostetter, 1996).
1.2.2 Pneumocystis carinii
P is carinii causes ia in humans and is another main reason of
bidity and death in i ised hosts, especially in those with AIDS. It is

an extracellular pathogen that binds tightly to alveolar epithelium.
It was found that fibronectin binding to P. carinii was inhibited by the addition of
RGDS, a tetrapeptide of arginine, glycine, aspartic acid and serine, containing the active

site of the cell-binding domain of fibronectin (Pottratz and Martin II, 1990). Also,



attachment was decreased by the addition of an anti-fibronectin antibody. It was
concluded that the binding of P. carinii to fibronectin was an important initial step in the
attachment of the organism to cultured lung cells and P. carinii recognized and bound to
the RGD sequence of fibronectin (Pottratz and Martin II, 1990).

Further study (Pottratz e al., 1991) showed that a 110-120 kDa membrane
glycoprotein (gpl120) on P. carinii promoted the attachment of the organism to cultured
lung cells. This protein possessed the binding site for fibronectin. The gp120 isolated

from the whole P. carinii cells signifi reduced the of of

P. carinii to alveolar epithelial cells, from 44% to 22%. Pre-incubation of P. carinii with
a polyclonal antibody to gp120 also led to an obvious decrease in attachment of P. carinii
to lung cells, from 47 % to 21%. In addition, using free gp120 significantly reduced the
specific binding of '*I-fibronectin to P. carinii, and anti-gp-120 antibody also lessened
the fibronectin binding. Cell lysates of P. carinii separated by gel electrophoresis and

blotted with '’I-fibronectin displayed specific binding of the '*’I-fibronectin to gp120.

This gp120 protein could t with a specific anti-B-integrin antiserum. All of the
results suggested that gp120 served as a fibronectin binding protein and was necessary
for optimal P. carinii attachment to alveolar epithelial cells, an essential initial step in the

development of P. carinii infection (Pottratz et al., 1991).

1.2.3 Uromyces appendiculatus

The plant ic fungus, U. i is the cause of “bean rust”, a

disease of bean that usually can be recognized by the rusty-red powdery masses on leaves

and other plant surfaces. Germlings of urediospores of this fungus react to topographical



signals on the leaf surface by going through a cell differentiation process that leads to the
formation of a structure called an appressorium (Hoch et al., 1987). The appressorium
produces an infection hypha, which grows through the stomatal aperture after which
infection progresses (Hoch et al., 1987).

Corréa et al. (1996) found that germlings, grown on substrata which normally
induce the formation of appressoria, were inhibited from developing appressoria by
incubating with several synthetic peptides containing the amino acid sequence RGD. But
two non-RGD peptides and two RGD peptides (GRGDS and RGDSPASSKP) did not
affect appressorium formation. Normally, 0.5 pm diameter micropipettes are inductive
for appressorium formation when put between the germling apex and the substratum, but
‘when coated with the RGD peptide they were not. Those findings led to the hypothesis
that an integrin-like protein might be associated with the process of signaling which
initiates appressorium formation in Uromyces germlings. Additionally, one protein of
95 kDa isolated from Uromyces germlings by using an RGDSPC-affinity column was
shown to cross-react with two different antibodies of B;-integrin on immunoblots (Corréa

et al., 1996).

1.2.4 Saprolegnia ferax

Although the water mold. S. ferax, is recognized as phylogenetically distinct from
the true fungi (Kendrick, 1996), it exhibits hyphal growth and has been shown to be an
excellent model to study the hyphal cytoskeleton and tip growth (Heath, 1990; 1995).

In hyphae of Saprolegnia, a homologue of integrin was identified by an



ti-B-integri i on i blots (Kaminskyj and Heath, 1995). There was a

178 kDa integrin in duced samples, and a ion from 178 kDa to 120 kDa in

reduced samples as well. Distributions of plasma membrane-associated patches of

integrin on Saprolegnia were i by i images, and were

abundant at the hyphal tip. By di ial resi sorpihsmiysiiindiosd ion of

the plasma membrane from the cell wall, it was found that this putative integrin

of Saprolegnia might be ins| in the of the plasma

membrane to the cell wall.

1.2.5 Neurospora crassa
Neurospora crassa is one of the most studied fungi and is used widely in cell
biology studies. This includes the study of fungal tip growth (Degousée et al., 2000). By

cell i ion and i istry, these i it found that one protein

cross-reacted with an anti-B;-integrin antibody at ~ 63 kDa in the reduced sample and at

~ 120 kDa in an unboiled plasma extract, The anti-B-integrin antibody

showed a tip-high ion of fine p iated spots. The authors suggested
that this putative integrin might play a role in attaching the membrane skeleton to the

membrane, in forming cell wall at the hyphal apex and in retaining

et b 11 wall I i (Degousée et al., 2000).



1.3 Experimental Organisms
1.3.1 Entomophaga aulicae: an insect pathogenic fungus

The purpose of the present study was to determine whether integrin is involved in
disease progression during the infection of host larvae by the zygomycete, E. aulicae.
E. aulicae is an aggressive pathogen of the eastern spruce budworm, Choristoneura
fumiferana, and the eastern hemlock looper, Lambdina fiscellaria, both of which cause
serious economic loss due to softwood forest destruction in eastern North America,
including Newfoundland and Labrador. E. aulicae can cause the decline of natural
outbreaks of these forest pests (Otvos et al., 1973). The development of this fungus as a
biocontrol agent offers an alternative to chemical pesticides against eastern spruce
budworm and hemlock looper (Nolan, 1985).

Infection is initiated when a germinated conidium penetrates the larval cuticle
(Fig. 2). When a conidium lands on the cuticle of a potential host, a germ tube is
produced. Then an appressorium is produced at the germ tube tip, which enhances the
strength of the attachment of the fungus to the host cuticle. From the base of this
appressorium is produced a narrow infection hypha, which penetrates the host cuticle and

releases a protoplast into the host hemol The lacks a cell wall. In the

host hemolymph, the protoplast absorbs nutrients and divides rapidly. When the nutrients
are depleted, it lays down a cell wall and forms a thick-walled hyphal body. This hyphal
body produces conidiophores, which penetrate outwards through the host cuticle to

produce another round of infective conidia (Murrin and Nolan, 1987; Murrin, 1996).



The protoplast stage of E. aulicae is a unique cell type. It has a characteristic

spindle shape with two tapering terminal extensions and rounded nucleate regions with

1t exhibits i . The absence of a cell wall

allows the fungus to go undetected by the host insect’s immune system, and to rapidly

colonize in the hemolymph of host insects (Dunphy and Nolan, 1980; 1982a). During
infection, all internal organs of the insect are eventually destroyed.

Entomophaga aulicae has been identified as a potential biocontrol agent for use

against several serious forest insect pests (Otvos et al., 1973). Previous studies of this

pathogen have i igated its hological develop in vitro by light mi A
features of its i and h , and i ion with host immune systems
(reviewed in Nolan, 1985). Also, gical work has been on its nuclear

ultrastructure (Murrin et al., 1984), genome characteristics (Murrin et al., 1986), and
ultrastructure of the infection process in the host (Murrin and Nolan, 1987).

Microtubules, but not actin filaments, play a key role in cell shape and movement in

(Murrin et al., i data). Mi are present th i the

p! but are in the terminal extensions and internuclear

constructions (Taylor, 1992). Actin has been identified in extracts of E. aulicae

by i ing; using rh i ji idin, this actin appears
to be diffusely distributed throughout the cell (Murrin ef al., unpublished data). In germ
tubes, microfilaments but not microtubules are important in growth and shape of the tip

(Borden, 1998; Pike, 1999).



There is evidence to support the hyp is that
attach to insect host cells. Microscopy was used to show evidence of the attachment of
protoplasts of the closely related fungus, Entomophaga grylli, to the insect fat body at all
stages of infection in its grasshhopper host (Funk ef al, 1993). In a study of the
attachment of protoplasts of E. aulicae, collagen was one of the attachment factors which
gave a high percentage of protoplast attachment (Lake, 1994). The attachment of
protoplasts to collagen-coated slides started initially at their terminal extensions, then the
whole cells attached under favorable conditions. Such an interaction might be mediated
by integrin or an integrin-like molecule.

1.3.2  Choristoneura fumiferana, the eastern spruce budworm

The eastern spruce budworm is one of the most devastating defoliators of forest
trees in northeastern North America (Blais, 1984). A native lepidopteran species, it feeds
primarily on balsam fir and white spruce in boreal forests. Its appearance at epidemic
levels is cyclic, occurring at 25 to 30 year intervals, with five to ten years at maximum
population size. The spruce budworm normally produces one generation per year. The
early instar larvae feed on new leaves and buds, burrowing into them. Budworm damage
can range from a browning of infected foliage to loss of entire tree stands.

Chemical pesticides for control of budworm outbreaks have to some extent been
augmented by biological control agents, relying on naturally occurring predators and
disease-causing organisms of the larval stages (Sanders ef al., 1984). Most of the natural
microbes causing disease in this species, including several viruses, bacteria and a number

of protists, infect during insect feeding and thus gain access to the digestive tract. Unlike



the foregut and hindgut, which are ectodermal in origin, the midgut is of endodermal
origin and as such lacks the protective cuticular lining of other parts of the digestive tract.
Despite the harsh environment of the midgut, and its protective peritropic membrane and
mucins, the midgut is the main site of action of many microbes associated with the insect
gut (Wang and Granados, 1997). While there is a great deal known about the occurrence
and distribution of such microbes, there has been little work done on the mechanisms of
interaction and attachment (Douglas and Beard, 1996) with the clear exception of the
bacterium, Bacillus thuringiensis.

Bacillus thuringiensis, or Bt, is the most widely used biological insecticide in the
world (Piertrantonio and Gill, 1996) and it is often used to control outbreaks of eastern
spruce budworm. It produces a variety of related crystalline proteins associated with its
spore which are lethal to lepidopterans, dipterans, and coleopterans. The crystal is
solubilized and activated by proteases in the insect gut. The protein binds to receptors in
the membrane of the brush border of the midgut. The receptors are clusters of
animopeptidases associated with specific gycolipids (Adang ef al., 1997). The receptor-
toxin complex undergoes conformational changes, and inserts itself into the membrane,
causing the formation of ion channels. This leads to osmolysis and massive destruction of
the midgut cells. Insect death follows within hours or days. This mechanism of action of
Bt toxins, while extremely well studied, is quite complex: the exact modifications at the
cellular level are unknown and activity may vary depending on the specific insect and

toxins involved.



While the majority of budworm pathogens infect via the mouth,

ic fungi are an ion to this rule and are the only potential biological

control agents which do not depend on the insect actively feeding. Fungi infect by
attaching to the exoskeleton, forming infection structures and penetrating the cuticle and
underlying tissue layers to gain access to the nutrient rich hemolymph. Attachment of
fungi to their hosts at the initial stages of infection may be via a variety of methods (see
above) but once entomopathogenic fungi enter the insect hemolymph a different

interaction occurs. As a part of the non-specific insect immune response, host

are sti to release of the i system,

which coats foreign material triggering ization and ion by h

(Gotz, 1991). The beta-glucans in the walls of invading fungi trigger this response. The

success of some of the most aggressive of the including

bassiana, is based on their ability to out-grow the encapsulation process. On the other
hand, some entomophthoralean fungi, including E. aulicae, exhibit a different strategy.
As they grow into the hemolymph, there is little or no activity of the enzymes for beta-
glucan and chitin production (Beauvais and Latgé, 1989). This results in the formation of

the wall-free protoplast (as described above), which is not recognized by the host and

which grows unimpeded in the nutrient-rich (Dunphy and Nolan, 1982a).
Eastern spruce budworm was one of the earliest insects from which continuous

insect cell lines were developed (Sohi, 1973). The cell line IPRI-CT-124 originated from

neonate larvae and was subsequently developed to attach to tissue culture flasks

(Bilimoria and Sohi, 1977). The development of insect-cell lines has been crucial to



recent advances in our ing of microbe-insect i i in the mass
production of viruses for biological control purposes, and is becoming increasingly
important in basic molecular biology of viral gene expression (eg. Castro ef al., 1999).
Integrins and their ligands would be expected to occur in a broad spectrum of
insect cells, including those of the spruce budworm cell lines. Early progress on the study

of insect matrix was by the inability to access

sufficient material and the low solubility of some of its components compared to
mammalian sources (Ashhurst, 1984). Recent progress has been greatly facilitated by the
use of the fruit fly, Drosophila melanogaster, a genetically tractable model organism with
a long history of study. Drosophila shares with crayfish and mammalian cells at least two
integrins. Integrin adhesion in Drosophila is required for muscle-exoskeleton linkages
that translate into movement, and for cell migration during morphogenesis (Brown,
2000). Drosophila imaginal disc cell lines, which possess one of these intergrins, was
recently shown to attach to human fibronectin (Miller et al., 2000). While progress is
rapid in this area, knowledge of the suite of interacting molecules in this system remains
unknown, and its regulation is still under investigation. Interestingly, cell-cell adhesion
via integrin is critical in the cellular immune response in invertebrates. In crayfish, a
peroxidase of the prophenoloxidase system interacts with integrin molecules to mediate
hemocyte-hemocyte adhesion during encapsulation, and this interaction appears to be

widely conserved (Johansson, 1999).



1.4 Objectives and Approaches
Three sets of experiments were designed to determine whether integrin is present
in protoplasts of £ aulicae and whether it is important in pathogenesis during infection

of host larvae: i ing, i ization and assays.

1.4.1 Immunoblotting

Immunoblotting was used to identify proteins that cross-react with anti-integrin

antibodies in extracts of E. aulicae and to help ine the ificity of

these antibodies. Immunoblotting, also known as Western blotting, is an
immunochemical technique that is used to detect a protein immobilized on a matrix
(Towbin et al., 1979).

Before applying this procedure, an antibody and a solution containing the protein
of interest are necessary. The antibody should be able to specifically recognize the

protein, and this antibody can be either | or antibody. A polyclonal

antibody is a mixture of antibodies produced by an organism exposed to an antigen, each
of which recognizes a different epitope on the antigen. A monoclonal antibody is
produced from a hybridoma and is not a mixture; it recognizes only one epitope. Thus,
while the specificity of the monoclonal antibody may be higher than that of the
polyclonal antibody, the polyclonal antibody may give a higher signal. The solution
containing the protein of interest can be either a crude cell extract/lysate or a more
purified preparation. Protease inhibitors may be necessary to prevent proteolysis and
improve the yields of protein activity (Bollag er al., 1996). Immunoblotting is a very

effective technique for identifying a single protein when separated from a composite



mixture by different methods, such as SDS-PAGE, nondenaturing gel electrophoresis,

focusing or i i gel is (Bollag et al., 1996).
Differences in mobilities between reduced and non-reduced proteins due to the presence
of intrachain disulfide bonds may be detected by the use of the reducing agent DDT.
Immunoblotting can be divided into two steps: transfer of proteins from the gel to
a solid support and detection by probing with the specific antibody. Blocking or
quenching agents are necessary in order to block all unoccupied binding sites of the filter

before the blot has been probed with selected antibodies. Sufficient washing is

to prevent of the probe to unrelated areas of the blot
(Gershoni, 1987). Also, proper experiment design including adequate negative and
positive controls are crucial for interpreting the experiment results. Positive controls can
indicate whether the system works or not, and the negative controls can help eliminating
the nonspecific results from the related ones.

Immunoblotting was conducted in this study in order to determine if integrin is
present in E. aulicae. More than 30 immunoblots were completed. Five different
anti-integrin antibodies and three different cell types were used, including £. aulicae
protoplasts (hereafter referred to as protoplasts), monkey kidney fibroblasts (hereafter
referred to as fibroblasts) and the yeast, C. albicans (hereafter referred to as yeast).

Fibroblasts and yeast were used as controls.

1.4.2 Immunofluorescence Experiments

The sub-cellular distribution of integrin in the protoplast was investigated by

y is a sensitive method for



locating an antigen to a particular structure or subcellular compartment when an antibody
specific for the protein of interest is available (Spector et al., 1998).

Usually the indirect technique is used since it is less costly and results in higher
signal. In this technique, the primary antibody is unlabeled and binds to the antigen. Then
a second antibody, made against IgGs of the species in which the first antibody was

raised, is added. The antibody is conj to a such as

thi and the distribution of the antigen can then be viewed in a
microscope equipped with the appropriate filters. Blocking is again important in order to
oceupy all non-specific binding sites in the cell prior to application of antibodies: dry
milk powder is one of the most useful blocking agents, as well as bovine serum albumin
(BSA), and fetal calf serum. Proper negative and positive controls in the experimental

design are necessary so that the results can be interpreted correctly.

was in this study in order to

the sub-cellular distribution of integrin in E. aulicae protoplasts. Four different
anti-integrin antibodies were used. One hundred and thirty eight semi-permanent slides

were viewed, including positive and negative controls.

1.4.3 Attachment Experiments

Attachment experiments were set up in order to determine the involvement of
integrin in the adhesion of E. aulicae protoplasts to host cells in vitro and if protoplasts
attach to surfaces coated with integrin-binding proteins. There are a wide variety of ways
to demonstrate and measure cell attachment/adhesion. For example, cell adhesion can be

measured directly by measuring shear flow or by micromanipulation (Curtis and Lackie,



1991). Precise measurements are particularly useful when cell adhesion/attachment has
already been determined. In other cases, different methods are chosen or designed for the
special needs of specific studies. Fluorescence activated cell sorting and adhesion assays
were performed in the study of a fibronectin receptor in C. albicans (Santoni et al.,
1994). Flow chambers were used in the study of an integrin-like protein in U
appendiculatus (Terhune and Hoch, 1993).

Previous experiments in our laboratory were conducted in an attempt to promote
attachment of protoplasts of E. aulicae to glass slides by supplying exogenous attachment
factors and by varying the medium in which protoplasts were resuspended (Lake, 1994).
Different tests were applied to test adhesive strength. These tests, with increasing force,
included tapping the slide, removal of medium by wicking, rinsing the slide by carefully
pipetting off the medium and adding a drop of the same resuspension medium as that

being tested, and dipping the slide in the same resuspension medium as that being tested.

The results showed that of was i by both the medium
and attachment factor, and that these interact in a complex manner. Attachment levels
ranging from zero to 100% were distinguished using the wicking and rinsing procedures
(Lake, 1994), and thus these protocols were judged to be well suited for the examination
of protoplast attachment.

The b i were in this study in order to determine if

E. aulicae protoplasts attach to host insect cells or to the integrin-binding proteins
fibronectin and collagen. To determine if adhesion occurs, we adjusted the attachment

protocols developed by Lake (1994) and used three different peptides in inhibition



assays. We also examined the effect of fetal bovine serum and different isolates on

attachment.
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Figure 1. Structure and interactions of integrin (green) with fibronectin and other cell

components (from Karp, 1999).



Figure 2. Asexual stages in the life cycle of E. aulicae (Entomophthorales, Zygomycetes)

(Modified by Murrin from Murrin, 1996)
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Chapter2  Materials and Methods

2.1 Cell Lines and Culture Maintenance
Protoplasts of Entomophaga aulicae, isolates FPMI-521, and FPMI-646, were
obtained from the Forest Pest Management Institute, Sault Ste. Marie, Canada. Stock

cultures were maintained in Grace’s insect cell culture medium (GM, Canadian Life

Technologies Inc., i Canada) with 5% fetal bovine serum (FBS,
GIBCO), and incubated in an incubator (Psycrotherm, New Brunswick Scientific, N. J.,
U.S.A.) at 19 °C in the dark. Logarithmic cultures were used in all experiments.

Monkey kidney fibroblasts, cell line CV-1, were kindly supplied by Dr. M. Grant,

Faculty of Medicine, Memorial University of Fi were grown in
Dulbecco’s modified Eagle’s medium (Sigma) supplemented with 2% bicarbonate, 1%
amino acids (GIBCO), 1% penicillin/streptomycin (GIBCO) and 10% fetal calf serum
(GIBCO). Cells were harvested by scraping from the flask surface and centrifuged at
150xg.

The yeast Candida albicans was obtained from the American Type Culture
Collection (ATCC# 10261). C. albicans culture was maintained on yeast malt agar
(DIFCO) plates at 4 °C.

The spruce budworm insect cell line, IPRI-CF-124T (hereafter referred to as
insect cells) was obtained from Dr. S. Sohi, Great Lakes Forestry Centre, Sault Ste.
Marie. This cell line originated from neonate larvac of the spruce budworm
Choristoneura fumiferana (Sohi, 1995). Insect cell line stock culture was maintained in

GM supplemented with 0.25% (w/v) Bacto Tryptose broth (DIFCO) and 10% FBS, and



incubated at 25 °C in the dark. Before sub-culturing, overall cell condition was examined
under an inverted microscope. The medium was removed and the cell monolayer was
rinsed with 3-4 ml of room temperature 0.05% trypsin solution. The trypsin solution was
removed, and 3-4 ml of trypsin solution was added again and left for 2-3 minutes at RT.
The second trypsin solution was removed, and 5 ml of growth medium was added. The
flask was shaken to triturate the monolayer until all the monolayer had come loose. From
this cell suspension 0.5-0.8 ml was transferred into a new flask already containing
approximately 4.5 ml growth media. They were mixed gently and incubated at RT in the

dark.

2.2 Antibodies and Sources

Rabbit poly ti-B-chicken integrin anti was kindly donated by Dr.

R. Hynes, Massachusetts Institute of Technology. Freeze-dried antiserum was
resuspended at a concentration of 3 mg/ml. This stock concentration is 22 times less than
the suggested concentration, and thus our working dilutions are also comparatively
weaker than those reported in the literature.

Three different rabbit polyclonal antibodies, UMN12, UMN13 and aINT1-600,
which recognize different domains of the integrin-like protein alntp in C. albicans, were
obtained from Dr. M. K. Hostetter, Yale University. UMNI12 was raised against a peptide
containing the second divalent cation-binding motif of alIntlp: UMNI3 was raised

against alntlp amino acids 1143 to 1157 (a RGD region of the alntlp predicted to be
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extracellular); and aInt]1-600 was raised against the first 600 amino acids of alntlp in C.
albicans (Gale et al., 1996; Gale et al., 1998).

Goat anti-rabbit IgG-alkaline phosphatase (Sigma, A-3687) was used as the
secondary antibody in immunoblots. The secondary antibody, ALEXA 488 goat
anti-rabbit IgG (Molecular Probes, Eugene, Oregon) was used for immunofluorescence
microscopy.

Since all primary antibodies were raised in rabbits, non-immune rabbit serum
(Sigma, R-9133) and used in controls, replacing the primary antibody. The original
concentration of protein in the serum was 40-70 mg/ml, and thus was diluted as indicated
for the experiments. As a result, the protein concentration in the non-immune serum was
high relative to the concentration in the immune serum (see above).

All antibody stock solutions were divided into 20 pl aliquots and stored at ~70 °C.
For immunoblots they were diluted in Tween-20 wash solution (see below) before use.
For immunofluorescence microscopy, antibody dilution buffer was made by adding 1%

BSA (Sigma) and 1% sodium azide (Sigma) to 0.01 M PBS (0.15 M NaCl, pH 6.8).

2.3 Chemicals and Buffers

The following solutions were used in for immunoblotting: 0.2 M phosphate
buffer (PB;  39% 0.2 M NaHPO4 and 61% 0.2 M Na,HPOq, adjusted to pH 7.0);
Sample buffer 1 {65 mM Tris-HCL, 1.3% (w/v) SDS, 13% (v/v) glycerol, 0.02% (w/v)
sodium azide and a small amount of Bromophenol Blue (Schwarz-Mann Biotech), with

or without DTT (DL-Dithi itol, Promega Cq ion) in distilled deionized water

(hereafter referred to as water), and pH adjusted to 6.8}; Sample buffer 2 {as sample



buffer 1 but using 0.5% Triton X-100 (Sigma) instead of SDS}; Transfer buffer {10 mM
CAPS (3-[Cyclohexyamino]-1-propanesulfonic acid; Sigma) and 10% methanol in water,
pH adjusted to 11}; Tween-20 wash solution {TTBS, Tween-20/Tri-buffered saline, 20
mM Tris, 500 mM NaCl and 0.05% Tween-20 (Bio-RAD Laboratories) in water; pH
adjusted to 7.5}.

Stock solutions of eight different protease inhibitors (hereafter referred to as
inhibitors) were purchased from Sigma and prepared as follows. 1) AEBSF {12.5 mg/ml
(50 mM) in water}, stored at —70 °C and used at a final concentration of 1 mM.
2)Aprotinin (I mg/ml in water), stored at 4 °C, and used at a final concentration of
Sug/ml. 3) Leupeptin (1 mg/ml in water), stored at ~70 °C, and used at a final
concentration of 2 pg/ml. 4)TLCK {3.7 mg/ml (10 mM) in 1 mM HCI (pH 3.0), stored at
~70 °C, and used at a final concentration of 0.1 mM. 5) TPCK {3.5 mg/ml (10 mM) in
100% methanol}, stored at —70 °C, and used at a final concentration 0.1 mM. 6) PMSF
{1.7 mg/ml (1 M) in 100% methanol}, stored at —20 °C, and used at a final concentration
1 mM. 7) EDTA (0.5 M in water), stored at RT, and used at a final concentration of 1
mM. 8) Pepstatin (1 mg/ml in 100% methanol), stored at —20 °C, and used at a final
concentration 1 pg/ml.)

The following solutions were used in the immunofluorescence experiments:
0.1M phosphate buffered saline (PBS) was prepared by adding 51% 0.2 M NaH,PO, with
49% 0.2 M Nay;HPO, diluted 1:1 with water, 15 M NaCl was added, and it was filtered
through a 0.22 pm Nalgene filtration unit; pH adjusted to 6.8; TritonX-100 solution

{0.5% TritonX-100 (Sigma) in PBS; Blocking buffer {10% FBS (Sigma), 3% BSA



(Sigma), 0.02% sodium azide (Sigma) in PBS; milk-blocking buffer (2% non-fat instant
skim milk powder in water); Tween-20 buffer {0.1% Tween-20 (Bio-RAD Laboratories)
in PBS; mounting solution {90% glycerol, 10% Citifluor antifade solution (Marivac Ltd,
Halifax, Canada); protease inhibitors was used at the same concentration as used in
immunoblotting (above); formalin (37%) was diluted to a final concentration of 3.7%.

Fibronectin stock solution (Sigma, F-1141) was added to Tris buffer (0.5 M NaCl,
0.05 M Tris, pH 7.5) to make 100 and 25 pg/ml fibronectin solutions. Collagen solution
(Sigma, C-8919; type 1, from calf skin) was used at a concentration of 1% collagen in
0.1N acetic acid.

The following solutions were used in attachment experiments: Trypsin solution
{0.5g trypsin powder (Anachemia) in Rinaldini’s salt solution (Rinaldini, 1959), filtered
through a 0.22 pm Nalgene filtration unit, and stored at 4 °C}; Tris buffer (0.05 M Tris,
0.5 M NaCl in water) pH adjusted to 7.5, filtered, and stored at 4 °C; fibronectin and
collagen solutions as described above. Each of the following peptides was dissolved
separately in water to make a stock solution of 20 mM, stored at 4 °C and used at a final
concentration of ImM: 1) the RGD-containing linear peptide ARG-GLY-ASP (Sigma,
A-8052) hereafter called linear RGD), 2) the RGD-containing circular peptide 1-
adamantaneacetyl-CYS-GLY-ARG-GLY-ASP-SEP-PRO-CYS  (disulfide bridge 1-8;
Sigma A-1430; hereafter called circular RGD), and 3) the control non-RGD peptide

ARG-PHE-ASP-SER (Sigma, A-1675) ; hereafter called non-RGD or RFD).



2.4 Immunoblotting Experiments
2.4.1 Cell Cultures and Cell Extract Preparation
Protoplasts: For culturing larger volumes of protoplasts, 10 pl stock culture was

transferred to a 50-ml tissue culture flask ining 5 ml of GM 1 with 5%

FBS, incubated for two days, and 0.8 ml of this culture transferred to each of 6 flasks
containing 10 ml GM supplemented with 5% FBS, and incubated for 1-2 days.

Protoplasts were harvested by centrifugation at 150 x g for 5 minutes in a
DYNAC centrifuge (Dickinson and company, N.J.). Cell pellets were combined and
rinsed with PB containing all eight protease inhibitors (as above). Cells were centrifuged
in a microcentrifuge at 13,000 x g for 20 seconds. During this procedure, cells and PBS
were kept on ice except when being centrifuged.

To prepare cell lysates, an aliquot (~50-70 pl) of cells was mixed with ~300 pl of
sample buffer 1 containing the eight inhibitors, and then briefly vortexed. This cell
extract was divided into ~50 pl aliquots and stored at —70 °C or used immediately.

Prior to electrophoresis and gel loading, an aliquot of cell extract was placed in a
boiling water bath for 5 minutes and then clarified by centrifugation in a microcentrifuge
at 14,000 x g for 1 minute.

In the early trials, the procedures were the same as described above, except 1) no

inhibitors were used, or 2) only three inhibitors were used: Pepstatin, PMSF and EDTA.

Fil : The same was to make fibroblast lysates as

described for protoplasts, but no protease inhibitors were used. Prior to electrophoresis



and gel loading, the cell extract was placed in a boiling water bath for 5 minutes and then
clarified by centrifugation in a microcentrifuge at 14,000 x g for 1 minute.

Yeast: Yeast was grown in a 250 ml Erlenmeyer flask containing 100 ml sterile
Sabouraud’s Dextrose broth (DIFCO) on a rotary shaker (Gyrotory Shaker Model G2,
New Brunswick Scientific Co. Inc, Edism, N. J., U.S.A.) at 25 °C for 2 days. The 100 ml-
inoculum was used to inoculate a 2 L Erlenmeyer flask containing 1 L sterile
Sabouraud’s Dextrose broth. The culture was then incubated in a rotary shaker
(Psycrotherm Controlled Environment Incubator Shaker, New Brunswick Scientific, Inc.,
N.J., U.S.A.) at 25 °C at 150 x g for 5 days.

Cells were harvested by centrifugation in a Sorval RC 5C Plus Centrifuge
(Dupont Sorvall Instruments, Delaware, U.S.A.) at 12,000 x g for 15 minutes at 4° C.
Pelletted cells were collected and frozen at —50 °C, and then lyophilized and kept in the
refrigerator at 4 °C until use.

A thick slurry of freeze-dried yeast cells (15.4 g) in 30 ml PB containing eight
inhibitors, was broken by three passages through a French Pressure Cell (SLM
Instruments, Inc.. Urbana, IL. U.S.A.) operated at 32,000 PSI. Broken cells were mixed

well with 15 ml PB ining inhibitors and ifuged in a Sorval RC 5C Plus

Centrifuge (Dupont Sorvall Instruments, Delaware, and U.S.A.) at 16,500 x g at 4 °C for

30 minutes. Both the supernatant and the cell pellet were collected and stored at 70 °C.
To prepare the cell extract, ~100 ul cell pellet was mixed with 100 pl PB

containing eight inhibitors, and ~200 pl sample buffer 2 containing eight inhibitors was

added. The mixture was vortexed well and kept on ice for about 20 minutes. This cell
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