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Abstract

Inlegrins are transmembrane proteins involved in cell adhesion and signal

transduction. This study reports findings on a possible integrin-like protein in an

enlomopathogenic fungus, Enlomophaga aulicae.

Extracts of Enlomophaga aulicae protoplasts contained a 71 kDa protein which

cross-reacted with antiserum raised against a Bl-chicken-integrin. The inclusion of OIT

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

significant 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 immuno[1uorescence 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.B.integrin like protein antibodies. Controls showed that

staining of the periphery of the nucleus and staining of the nuclear "oorc" were

non-specific. This conclusion is tentative hO\vever since we were unable to show

characteristic integrin staining in positive controls of monkey kidney fibroblasts.

[n cell adhesion assays, there was no evidence to support the hypothesis that

£.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.

iii



Acknowledgements

I want to express my sincere appreciation and gratitude 10 my supervisor, Dr.

Faye Murrin, for her guidance, inspiration, encouragement and patience throughout the

past three years. Without her help, it would be impossible for you to read this thesis now.

Also, I want to thank Dr. G. Fahraeus-Van Ree and Dr. Alan Whittiek, my

supervisory committee, for their encouragement, help, and thoughtful comments on my

thesis.

I want to thank Dr. D. Heeley and members of his lab for assistance with

immunoblotting; in particular I would like to thank Ms. Donna Jackson, Tanya and Shu

for their help and kindness. I would also like to thank Edward Archeapong for his help

with Candida albicans.

Thanks also to Dr. M. Grant and Mrs. Maureen Gallant of Memorial Univcrsity's

Faculty of Medicine who kindly supplied monkey kidney fibroblasts, Dr. S. Sohi of the

Great Lakes Forestry Center who supplied us with the insect cell lines, and Dr. Richard

Hynes, an investigator of Howard Hughes Medical Institute at Massachusetts Institute of

Technology, and Dr. Margaret K. Hostetter of the Yale Child Health Research Center of

the Medicine School of Yale University, both of whom kindly provided antibodies.

Thanks to Guido Caputo for the prompt reply and suggestion on culturing insect cells.

Also, I would like to thank lab-mates Stephanie Borden, Krista Pike and Robert

Kennedy for their help and kindness, especially in the first summer of my study at

Memorial University. They made the lab work mueh easier and more fun.



Lastly, I am grateful to my mother-in-law, Lucy Juan Li, for taking good care of

my little son while I was studying and hcr sacrifice for this family. And thanks to my son,

Lijia Xie, for his great patience and unconditional love to me, particularly when I was

writing my thesis at home; 1don't know how many times I asked him to leave me alone

and how bored he was when I was writing on the computer. I want to thank my dear

husband, Wei Xie, for he always encourages and spurs me on to make progresses in order

to catch up with him. Without their love and support, I could not hope to obtain this

degree.

Thank all of you vcry much!



Table of Contents

Page

Abstract .. ......iii

Acknowledgements iv

Table of CODtents vi

List of Figures .ix

List of Tables xi

List of Abbreviations xii

Chapter I Introduction

1.0 FungaJ Attachment J

l.llntegrin ... ....2

1.2Integrin-Like Proteins in Fungi 6

1.2.1 Candida species 6

1.2.2 Pneumocystis carinii 9

1.2.3 Uramyces appendicuJatus 10

1.2.4 SaproJegnia ferax 11

1.2.5 Neurospora ('rassa 12

1.3 Experimental organisms

1.3.1 Entomophaga au/icae, an insect pathogen 13

1.3.2 Choristoneurafumiferana. the eastern spruce budworm 15

1.4 Objectives and Approaches 19



1.4.llmmunoblotting(WestemBlotting) 19

1.4.2. Immunofluorescence Experiments 20

1.4.3. Attachment Experiments .. . 21

Chapter 2 Materials and Methods

2.1 Cell Lines and Culture Maintenance 25

2.2 Antibodies and Sources .. ................................................26

2.3 Chemicals and Buffers 27

2.4 Immunoblotting Experiments 30

2.4.1 Cell Cultures and Cell Extract Preparation 30

2.4.2 Immunobotting .. . 32

2.5 lmmunofluorecence Experiments .33

2.5.1 Cell Culture Preparation 33

2.5.2 Immunofluorescence Microscopy.. . 33

2.6 Attachment Experiments .. . .35

2.6.1 Attachment of Protoplasts to Coated Surfaces.. . 35

Collagen and Fibronectin Coated Surfaces 35

Peptide Inhibition .. . ....36

Effects ofFBS and Different Isolates 37

2.6.2 Attachment of ProlOplasts to Insect Cells 37

Growth Curves 37

Cell-Cell Attachment Experiments 38

vii



2.7 Statistical Analysis ..

Chapter 3 Results

3.\ Immunoblotting Experiments ..

3.2 Immunofluorescence Experiments ..

.....39

............. .40

. .41

3.3 Attachment Experiments .43

3.3.1 Attachment of Protoplasts 10 Coaled Surfaces .43

Collagen and Fibroneclin Coated Surfaces .43

Peptide Inhibition .43

Effects ofFBS and Different Isolates.. . . .44

3.3.2 Attachment of Protoplasts to Insect Cells.. . 44

Growth Curves .44

Cell-Cell Attachment Experiments 45

Cbapter 4 Discussion ... . 63

4.1 ImmWloblotting 63

4.2 Immunofluorescence 65

4.3 Attachment Experiments 68

4.4Conclusions 71

4.5 Future work 73

References 75

viii



List of Figures

Figure I. Structure of integrin and its interactions other cell components.•..........•.....23

Figure 2. Asexual stages in the life cycle of Entomophaga aulicae 24

Plate One: Immunoblots of protoplasts of Entomophaga aulicae and monkey kidney

firbroblasts .. .............................47

Figure 3. Immunoblot of fibroblast extracts probed with rabbit polyclonal anti­

B1chicken integrin antiserum.

Figure 4. Immunoblot of freshly prepared protoplast extracts extractcd with cight

protease inhibitors and probed with rabbit polyclonal anti-chicken integrin

antiserum with and without DTT.

Figure 5. Negative control ofimmunoblots without the primary antibody.

Plate Two: Immunofluorescence images of monkey kidney fibroblasts 49

Figure 6. Immunofluorescence images of monkey kidney fibroblasts.

Plate Three: Protoplasts of Entomophaga au/icae probed with anti-integrin

antibodies.. .............................51

Figure 7. Protoplasts probed with rabbit polyclonal anti-Candida albicons

integrin antibody (UMN12).

Figure 8. Protoplasts of probed with rabbit polyclonal anti-l3l-chiken integrin.

Figure 9. Protoplasts probed with rabbit polyclonal anti-ill-chiken integrin.

ix



Plate Four: Controls for immunofluoresence staining of protoplasts of Entomophaga

aulieae . ...........................................................•.53

Figure 10. Control for fixation (short 10 min fixation)

Figure 1): Demonstration of fluorescence around nuclei. an artifact caused by

long fixation time (30 minutes).

Figure 12: Control omitting the primary antibody.

Plate Five: Controls for immunofluoresence staining of protoplasts of Entomophaga

aulicae . ..................55

Figure 13. Protoplasts showing very strong non-specific fluorescence around the

nudeus caused by pre-immune rabbit serum.

Figure 14. Protoplasts showing strong non·specific fluorescence of"cores"

within the nuclei

Figure 15. Protoplasts probed with rabbit polyclonal anti-13I-chiken intcgrin

antibody at a relatively high dilution

Figure 16. The growth of Entomophaga al/lieae protoplasts in GM (2.5% FBS) alone or

with insect cells. (Mean ± SD) . . ............................•.•..•.•.•59

Figure 17. The growth of insect cells CF-124Tin GM (2.5% FBS) alone (filled circles)

or with E. aulieae protoplasts (open circles) (Mean ± SD)....................•..•....•..•.• 60



List of Tables

Table I. Percentage attachment of Enlomophagaaulicae protoplasts, isolate FPMI-521,

in OM to surfaces coaled with collagen or fibronection after different incubation

times and treatments .56

Table 2. Effect of peptides on percentage attachment of Entomophaga aulicae

protoplasts. isolate FPMI 521, to surfaces coated wilh fibroneclin (25 J.lglml) after

3 or 9 hours incubation and treatments 57

Table 3. Percentage attachment of Enlomophaga aulicae protoplasts, isolates FPMI-52I

and FPMI-646, in OM with or without FBS to surfaces coated with collagen or

fibroncction after 3 hours incubation and trcatmcnts .. .....58

Table 4. Attachment of Enlomophaga aulicae protoplasts to host cells CF-124T in OM

.. 61

xi



List of Abbreviations

BSA = bovine serum albumin

OTT = OL·Oithiothrcitol

FBS = fetal bovine serum

FPMI = Forest Pest Managementlustitute, Sault Stc. Marie, Canada

OM'" Grace's insect cell culture medium

M = high molecular weight

PB = phosphate buffer

PBS = phosphate buffered saline

RT = room temperature

SOS = sodium dodccyl sulfate

TIBS '" Tween-20ffris buffer saline

Single letter abbreviations for amino acids:

A "'alanine

o = aspanic acid

E= glutamic acid

F = phenylalanine

G=glycine

K=lysine

P=proline

R=arginine

S=scrine

xii



Chapter 1 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, glyeoproteins or carbohydrates, which may

detennine the specificity of attachment 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 el af., 1988).

In protein-protein interactions, a surface protein on the pathogen cell can contact a second

prolein expressed by the host cell, for example, proteins of the extracellular matrix, as in

the putative integrin-[ike molecule of Candida a/bicans (Gale et aI., 1996). Other

components such as phospholipids or proteoglycans may also be recognized by some

other adhesions. Thigmotropic and chemicaJ 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 to 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 Emomophaga aulicae and its insect host, the eastern spruce

budwonn.

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 nwnber of excellent reviews.

These include Hynes (1992), Ruoslahti (1991, 1996), Yamada and Miyamoto (1995),

Howe et af. (1998), and Critchley (2000).

All integrins have two membrane-spanning polypeptide chains, called the a and Il

subunits (Fig. I). The 0. and Il subunits are different from each other in terms of

molecular weight and construction. Sizes of a subunits fall in the range of 120 to

180 kDa, while the Il subunits range from 90 to 110 kDa. The a and Il subunits arc not

homologous to each other, but each of them belongs to their own homologous group of

proteins.

The a and Il subunits are linked to one another noncovalently, and this is

promoted by divalent cations. Both inlegrin 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 ofintegrin interacts with a

variety of cytoplasmic proteins, including those that connect the integrin to the actin

cytoskeleton, such as talin, vinculin, a-actinin and filaroin. 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

interactions between the cytoplasmic domains of integrin and the components of the

cytoskeleton may be regulated by phosphorylation of the p subunit on the cytoplasmic

side of the membrane (Tapley et aJ., 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 a and p subunits in order to function (Loftus et al.,

1990; Vogel el aJ., 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 vertl;:brate cells and most expn::ss

several integrins (Hynes, 1992). There are 17 different a subunits and 8 f3 subunits

reported (Karp, 1999). Most of them have been sequenced at the eDNA level (Hynes,

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



many different combinations of the 0: and J3 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, 199\).

Integrin-ligand interactions and adhesive specificities of individual 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, entaetin, tenasein,

thrombospondin and von Willebrand factor (Ruoslahti and Pierschbacher, 1987; Hemler,

1990).

The integrins bind to extracellular matrix proteins at specialized ccll attachment

sites. Thc target sequence for the integrin binding is often the specific amino acid

sequence, arg-gly-asp (ROD). Thus, most of these molecules have the ROD sequence

that can recognize and bind 10 the ROD binding site on the large extracellular portion of

the intcgrin molecule. ROD peptides that competc 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 et al., 199\).

As reviewed by Ruoslahti (199\) 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 ofintegrin-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 aJ., 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; GiancoUi,

1997; Howe et aJ., 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

hwnan tissue culture cells, such as platelets, leukocytes, neutrophils and lymphocytes.

However, there is evidence that integrins arose at an early point in evolutionary history

(Hynes, 1992). Integrin homologs have been reported from Drosophila (MaeKreli et af.,

1988), Xenoplls (Ransom el al., 1993), crayfish (Holmblad el al., 1997), sea urchins

(Marsden and Burke, 1997), Caenorhabditis eJegans (Genner et al., 1995), Entamoeba

histolytica (Talamas-Rohana et ai., 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 bcen 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 el af.,

1994; Gale et af., 1996; Gale et af., 1998), Pneumocystis carinii (Pottratz and Martin II,

1990; Pottratz et aJ., 1991), Uromyces appendicuJalus (Correa el aJ., 1996), and

Neurospora crassa (Degouste et af., 2000). With the exception of Neurospora, all of

these are important pathogens. An integrin homologue has also been reported from the

oomycele, Saprofegnia ferux (Kaminskyj and Heath, 1995).

1.2.1 Candida sp«ies

Among the studies of integrin-like protein in fungal pathogens, species of

Candida, especially Candida albicans, have been most thoroughly studied. C. albieans

causes candidiasis, more commonly called "thrush". It is Ihe leading opportunistic

pathogen of invasive fungal disease in premature infants, diabetics, surgical patients,

cancer patients and people with AIDS or other immunosuppressed conditions (Gale el aJ.,

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



one of several commensal eukaryotes found in the gastroinlestinallract 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 Iysates of C. albicans was dctected using

anti-f3l-chicken integrin antiserum on immunoblots (Marcantonio and Hyncs, 1988). A

165 kDa protein in the Iysates of C. albicans membrane and cytosol was identified on

immunoblOls by a monoclonal antibody, raised against human complement receptor Iype

3, and later identified as an integrin (Hostetter el al., 1990). Another single protein of

185 kDa also was detected by the anti-oX (integrin) monoclonal antibody 8U15. Thus,

both an a and 13 integrin homologue appear 10 present in C. albicans (Hostetter, 1999).

Some other investigators also reported integrin-like proteins in C. albieans

(Santoni el al., 1994). When C. albieans yeast and genu tube phases were incubated with

several monoclonal antibodies directed against human as or 131 integrin subunits, or two

different antisera to the fibroneclin receptor, and analyzed by immunofluorescence

microscopy and fluorescence activated ccll sorting, positive results wcre obtained

(Santoni el al., 1994). An intensified immunoreactivity was found during transition from

the yeast to genn tube. Also, the binding of C. albieans yeast and genu tubes to

fibroncctin containing the RGD sequence was noticeably (-60%) inhibited by GRGDSP,

but not GRGESP peptides. Furthennore, anti-integrin antibodies or anti-fibronectin

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



fibronectin. All these results suggested that a receptor antigenically related to asB I

integrin was expressed by C. albicans yeast and germ tube phases, and this receptor

might mediate their adhesion to fibronectin.

By screening with a eDNA probe from the transmembrane domain of human

leukocyte integrin aM, the gene alNTI was isolated from a library of C. albicans

genomic DNA (Gale et aJ., 1996). 11 was found that the predicted polypeptide of 188 kDa

had several motifs common to aM and aX integrins. An internal peptide that had aRGO

sequence was also found. Although no immunofluorescent micrographs have been

presented, the surface localization of alntlp in C. aJbicans blastospores was shown by

the positive results in the binding experiments of polyclonal antibodies prepared against

the potential extracellular domains of alntlp as analyzed by fluorescent activated cell

sorting. Among yeast tested, C. aJbicans, C. tropicaJi.s and Saccharomyces cerevisiae,

alNTl was found to be unique to C. aJbicans by Southern blotting.

In haploid S. cerevisiae yeast cells and a slel2 mutant (which lacks a yeast

transcription factor necessary for morphologic change in response to mating pheromones

and nutrient limitations), the expression of alNTI under control of a galactose-inducible

promoter resulted in the formation of germ tubes (Gale el al., 1996). Funher study found

Ihat alNTJ expression in S. cerevisiae, which is normally a non-adherent yeast, resulted

in its adhesion to human epithelial cells. Furthermore, interruption of aINTJ in C.

aJbicans led to the inhibition of three characteristics important in pathogenicity: hyphal

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



Results from another study (Bendel and Hostetter, 1993) also showed that there

were integrin-like proteins in C. albicans and C. lropicalis, and showed species-specific

and functional differences between them.

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

1996). It was found that the binding of soluble fibronectin to C. tropica/is blastospores

was saturated at a concentration of 1.8 x 10-9 M, and this binding could be inhibited

significantly by membrane extracts from C. rropicalis. A membrane protein of

125 ± 25 kDa was recognized by purified fibronectin, antibodies to integrin U51l1 (the

fibronectin receptor on human placenta), and antibodies specific for the integrin III

subunit on immunoblots. A protein of 105 ± 15 kDa was detected by

immunopreeipitation of mdiolabeled proteins from C. tropicalis with purified human

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

propenies common to the vertebrate III integrin fibronectin receptor is expressed by

C. tropicalis(DeMuri and Hostetter, 1996).

1.2.2 Pneumocystis carini;

Pneumocys!is carinii causes pneumonia in humans and is another main reason of

morbidity and death in immunocompromiscd hosts, especially in those with AIDS. It is

an extracellular pathogen that binds tightly to alveolar epithelium.

It was fOWld that fibrollcctin binding to P. carinii was inhibited by the addition of

RODS, a tetrapeptide of arginine, glycine, aspartic acid and serine, containing the active

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



attachment was decreased by the addition of an anti-fibronectin antibody. It was

concluded that the binding of P. car/nii 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 ROD sequence offibronectin (pottratz and Martin II, 1990).

Further study (Pottratz el al., 1991) showed that a 110-120 kDa membrane

glycoprotein (gpI20) 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. carinil cells significantly reduced the percentage of attachment of

P. carinii to alveolar epithelial cells, from 44% to 22%. Pre-incubation of P. carinil with

a polyclonal antibody to gpl20 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 l251-fibronectin to P. carinil, and anti-gp-120 antibody also lessened

the fibronectin binding. Cell Iysates of P. carinii separated by gel electrophoresis and

blotted with ml-fibronectin displayed specific binding of the 12sl_fibronectin to gp120.

This gp120 protein could cross-react with a specific anti-BI-integrin antiserum. All of the

results suggested that gp 120 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. carinil infection (Pottratz el aI., 1991).

1.2.3 UromJces appendieuJatns

The plant pathogenic fungus, U. appendicuJalus, 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

10



signals on the leaf surface by going through a cell differentiation process that leads to the

fonnation of a structure called an appressorium (Hoch et al., 1987). The apprcssoriurn

produces an infection hypha, which grows through the stomatal aperture after which

infection progresses (Hoch et al., 1987).

Correa et al. (1996) found that gennlings, 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-ROD peptides and two ROD peptidcs (GRGDS and RODSPASSKP) did not

affect appressorium fonnation. Normally, 0.5 J.l.rn diameter micropipettes are inductive

for appressorium formation when put between the germling apex and the substratum, but

when coated with the ROD peptide they were nol. Those findings led to the hypothesis

that an integrin-Iike protein might be associated with the process of signaling which

initiates apprcssorium formation in Uromyces gerrnlings. Additionally, one protein of

95 kDa isolated from Uromyces gerrnlings by using an RODSPC-affinity column was

shown to cross-react with two different antibodies of fi]-integrin on immunoblots (Correa

eta/., 1996).

1.2.4 Saprolegniaferax

Although the water mold, Sferux, 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).

[n hyphae of Saprolegnia, a homologue of integrin was identified by an



anti-~l-integrin antiserum on immunoblots (Kaminskyj and Healh, 1995). There was a

178 kDa integrin in non-reduced samples, and a conversion from 178 kDa to 120 kDa in

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

integrin on Saprolegnia were illustrated by immunofluorescence images, and were

abundant at the hyphal tip. By differential resistance to plasmolysis-induced separation of

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

homologue of Saprolegnia might be instrumental in the attachment 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 (Degousee et at., 2000). By

cell fractionation and immunocytochemistry, these investigators found that one protein

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

- 120 kDa in an unboiled plasma membrane extract. The anti-~l-integrin antibody

showed a tip-high concentration of line plasma-associated spots. The authors suggested

that this putative integrin might playa rote in attaching the membrane skeleton to the

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

cytoskeleton-membrane-cell wall attachments subapically (Degousee el 01., 2000).
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1.3 Experimental Organisms

1.3.1 Entomophaga auJicae: 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, £. aulicae.

£. aulicae is an aggressive pathogen of the eastern spruce budwonn, Choristoneura

fumiferana, and the eastern hemlock looper, Lambdinafi.scellaria, both of which cause

serious economic loss due to softwood forest destruction in eastern North America,

including Newfoundland and Labrador. £. aulicae can cause the decline of natural

outbreaks of these forest pests (Otvos el 01., 1973). The development of this fungus as a

biocontrol agent offers an alternative to chemical pesticides against eastern spruce

budwonn 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 genu tube is

produced. Then an appressorium is produced at the genu 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 hemolymph. The protoplast 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 fonus a thick-walled hyphal body. This hypha!

body produces conidiophores, which penetrate outwards through the host cuticle to

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

13



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

internuclear constrictions. It exhibits undulating movement. 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 (Dtvos et al., 1973). Previous studies of this

pathogen have investigated its morphological development in vitro by light microscopy,

features of its physiology and biochemistry, and interaction with host immune systems

(reviewed in Nolan, 1985). Also, cytological work has been completed on its nuclear

ultrastructure (Murrin et at.. 1984), genome characteristics (Murrin et at., 1986), and

ultrastructure of the infection process in the host (Murrin and Nolan. 1987).

Microtubules. but not actin filaments, playa key role in cell shape and movement in

protoplasts (Murrin et al., unpublished data). Microtubules arc present throughout the

protoplast cytoplasm but are concentmted in the tenninal extensions and internuclear

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

protoplasts by immunoblotting; using rhodamine conjugated phalloidin, this actin appears

to be diffusely distributed throughout the cell (Murrin et al.• unpublished data). In genn

tubes, microfilaments out not microtubules are important in growth and shape of the tip

(Borden. 1998; Pike, 1999).
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There is evidence to support the hypolhesis that entomophthoralean protoplasts

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 et aI., 1993). In a study of the

attachment of protoplasts of E. au{icae, collagen was one of the attachment factors which

gave a high percentage of protoplast attachment (Lake, 1994). The attachment of

protoplaslS 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·Jike molecule.

J,3,2 CllOristoneurafumiferana, 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. lis appearance at epidemic

levels is cyclic, occurring at 25 to 30 year intervals, with five to ten years aI 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

diseasc-causing organisms of the larval stages (Sanders et aJ., 1984). Most of the natural

microbes causing disease in this spc1:ies, including several viruses, bacteria and a number

of protists, infect during insect feeding and thus gain access to the digestive tract. Unlike
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the foregut and hindgut, which are ectodennal in origin, the midgut is of endodennal

origin and as such lacks the protective cuticular lining of other parts of the digestive tract.

Despite the harsh environment oflhe midgut, and ils 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 fhuringiensis, or 01, is the mosl widely used biological insecticide in the

world (Piertrantonio and Gill, 1996) and it is often used to control outbreaks of eaSlem

spruce budwonn. It produces a variety of related crystalline proteins associated with its

spore which are lethal to lepidopterans, dipterdrtS, and coleopterans. The crystal is

solubilized and activated by protcases 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 et 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

Of 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 budwonn pathogens infect via the mouth,

entomopathogenic fungi are an exception to this rule and are the only potential biological

control agents which do not depend on the insect actively feeding. Fungi infect by

allaching 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

intcraction occurs. As a pan of thc non-specific insect immune response, host

granulocytes are stimulated to release components of the prophenoloxidase systcm,

which coats foreign matcrial triggering melanization and encapsulation by hemocytes

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

success of some of the most aggressive of the entomopalhogens, including Beau~'ar;a

bassiana, is based on their ability to out-grow the encapsulation process. On the other

hand, some entomophthomlcan fungi, including E. UlllictN, exhibit a different strntegy.

As they grow into the hemolymph, there is little or no activity of the enzymes for beta­

g1ucan and chitin production (Beauvais and LOlge, 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 hemolymph (Dunphy and Nolan, 1982a).

Eastern spruce budwonn was one of the earliest insects from which continuous

insecl cell lines werc developed (Sohi, 1973). The cell line II'RI·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 understanding of microbe-insect inter.K:tions, in the mass

production of viruses for biological control purposes. and is becoming increasingly

important in basic molecular biology ofviral gene expression (cg. Castro et of., 1999).

Integrins and their ligands .....ould be expected to occur in a broad spectrum of

insect cells, including those of the spruce budwonn cell lines. Early progress on the study

of insect extracellular matrix components was hampered by the inability to access

sufficient malerial and the low solubility of some of its comJXments compared to

mammalian sources (Ashhurst, 1984). Recent progress has been greatly facilitated by the

usc of the fruit fly, Drosophila melanogaster, a genetically tractable model organism with

a long history of study. Dro.fOphila shares with crayfish and mammalian cells at least two

inlegrins. Integrin adhesion in Drosophila is required for muscle-exoskelelon linkages

thaI translale into movement, and for cell mig.rnlion during morphogenesis (Drown,

2000). Drosophila imaginal disc cell lines, ....nich possess one of these intergrins. was

recently shown 10 attach to human fibronectin (Miller et al., 2000). While progress is

rapid in this area, knowledge of lhe suite of interacting molecules in this system remains

unknown, and its regulation is still under investigation. Interestingly, ccll-eell adhesion

via iotegrin is critical in the cellular immunc response in invenebrntes. In crayfish, a

peroxidase of the prophenoloxidase system interacts with imegrin molecules to mediate

hemocyte-hemocyte adhesion during encapsulation, and this interaction appears to be

widely conserved (Johansson, 1999).
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1.4 Objectives and Approa(hes

Three sets of experiments were designed to detennine whether inlegrin is present

in protoplasts of E. uulictM! and whether it is important in pathogenesis during infection

of host larvae: immunoblotting. imnllUlof]uorescence localization and attachment assays.

1.4.1ImmUDoblouing

Immunobloning was used to identify proteins that cross-react with anti-inlegrin

antibodies in extracts of E. aulicae protoplasts and to help detennine the specificity of

these amibodies. 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 solUlion conlaining the protein

of inlerest are necessary. The antibody should be able to specifically recognize the

protein, and this antibody can be either monoclonal or polyclonal 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 nOl 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 et af., 1996). Immunoblolting is a very

effective technique for idemifying a single protein when separated from a composite
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mixture by different methods. such as SDS-PAGE, nondenaturing gel electrophoresis,

isoelecuic focusing or two-dimensional gel electrophoresis (Bollag el al., 1996).

Differences in mobilities between reduced and non-reduced proteins due to the presence

of intrnchain 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

indispensable to prevent nonspecific adsorption of the probe to unrelated areas of the blot

(Gcrshoni, 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. au/icae. More than 30 immunoblolS were completed. Five different

anti-integrin antibodies and three different cell types were used, including E. 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.

1.4.2Immunofluoruccncc Experiments

The sub-<:ellular distribution of integrin in the protoplast was investigated by

immunofluorescence microscopy. Immunocytochemistry is a sensitive method for
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locating an antigen to a particular structure or subccllulor companment when an antibody

specific for the protein of interest is available (Spector er 0/.• 1998).

Usually the indirect technique is used sincc 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 IgOs of the species in which the first antibody was

raised, is added. The secondary antibody is conjugated to a fluorochrome, such as

fluoroscein isothiocyanate, 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

occupy 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 aJbumin

(BSA), and fetal calf serum. Proper negative and positive controls in the experimental

design are necessary 50 that the results can be interpreted correctly.

Immunofluoresance microscopy was conducted in this study in order to

detennine the sub<ellular distribution of inlegrin in E. au/kae 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 Attacbment Experiments

Attachment experiments were set up in order to detennine the involvement of

inlegrin in the adhesion of E. aulicae protoplaslS to host cells in vitro and if protoplasts

auach 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.
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1991}. Precise measurements are particularly useful when cell adhesion/attachment has

already been detennincd. In other cases, different methods are chosen or designed for the

special needs of specific studies. Fluorescence: activated cell soning and adhesion assays

were perfonned in the study of a fibronectin receptor in C. albicans (Santoni et al.,

1994). Flow chambers "''Cre used in the study of an integrin-like protein in U.

appendiculatlLf (ferhune and Hoch, 1993).

Previous experiments in our laboratory were conducted in an attempt to promote

attachment of protoplasts of E. ol//icoe 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.

1be results showed that attachment of protoplasts was influenced by both the medium

and attachment factor, and that these interact in a complex manner. Attachment levels

ranging from zero to 1()(1'10 were distinguished using the wicking and rinsing procedures

(Lake, 1994), and thus these protocols were judged to be well suiled for the examination

of prorop1ast attachment.

The attachment experiments were conducted in this study in order to detennine if

E. aulicae protoplasts attach to host insect cells or to the intcgrin-binding proteins

fibronectin and collagen. To detennine if adhesion occurs, we adjusted the attachment

protocols developed by Lake (1994) and used three different peptides in inhibition
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assays. We also examined the effect of fetal bovine serum and different isolates on

attachment.
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Figure I. Structure and interactions of imegrin (green) wilh fibronectin and olher cell

components (from Karp, 1999).

23



~... :~ERMTU8E
..., v' QI ...

•
.~".".'~'...,
,.... '.'

INFECTlON HYPHA

host HEMLOCK LOOPER I..AFWA

CONDIUM

(f:!)..
b .. tl •. • . t).

HYPHAL80DY

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

(Modified by Murrin from Murrin, 1996)

24



Chapter 1: Materials and Methods

1:.1 CeU Lines and Culture Maintenant=e

PrOioplasts of Entomophago au/icoe, isolates FPMI·52I, and FPMI-646, wen:

obtained from the Forest Pest Management Institute, Sault Stc. Marie, Canada. Stock

cultures were maintained in Grace's insect cdl culture medium (GM, Canadian Life

Technologies Inc., Burlington, Canada) supplemented 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-I, were kindly supplied by Dr. M. Grant,

Faculty of Medicine, Memorial University of Newfoundland. Fibroblasts were grown in

Dulbecco's modified Eagle's mediwn (Sigma) supplemented with 2% bicarbonate. 1%

amino acids (GIBCO), 1% penicillin/streptomycin (GIBCO) and 10-10 fetal calf serum

(GIBCO). Cells were harvested by scraping from the flask surface: and centrifuged at

150xg.

The yeast Candida olbicons was obtained from the American Type Culture

Collection (ATCC# 10261). C. olbicons culture was maintained on yeast malt agar

(D1FCO) plates at 4 0 C.

The spruce budworm insect cell line, IPRl-CF·124T (hereafter referred to as

insect cells) was obtained from Dr. S. Sohi, Great Lakes Forestry Centre, Sault Stc.

Marie. This cell linc originated from neonate larvae of the sprucc budworm

Chorisloneura fumiferana (Sohi. 1995). Insect cell line stock culture was maintained in

GM supplemented with 0.250/. (w/v) Bacto Tryptose broth (DIFCO) and 10% FBS, and
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incubated at 25 °c in the dark. Before sub-culturing, overaJl cell condition was examined

under an inverted microscope. The mediwn 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 polyclonal anti-fll-chicken integrin antiserum was kindly donated by Dr.

R. Hynes, Massachusetts Institute of Technology. Freeze-dried antiserum was

resuspended at a concentration of 3 mg/mt. 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, UMNI2, UMN13 and cdNTl-600,

which recognize ditTerent domains of the integrin-like protein oJntp in C. albicans, were

obtained from Dr. M. K. Hostetter, Yale University. UMNI2 was raist-od against a peptide

containing the second divalent cation-binding motif of alntlp; UMN13 was raised

against alntlp amino acids 1143 to 1157 (a ROD region of the alntlp predicted to be
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extracellular); and etlntl-600 was raised against the first 600 amino acids ofetlntlp in C.

albicans (Gale et 01., 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.

Sincc 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 senun 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 senun (see above).

All antibody stock solutions were divided into 20 III 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 NaCI, pH 6.8).

2.3 Chemicals and Buffers

The following solutions were used in for inununoblotting: 0.2 M phosphate

buffer (PH; 39"10 0.2 M NaH2P04 and 61% 0.2 M Na2HP04, adjusted to pH 7.0);

Sample buffer I {65 mM Tris-Hel, 1.3% (w/v) SOS. 13% (v/v) glycerol, 0.02% (w/v)

sodium azide and a small amount of Bromophenol Blue (Schwarz-Mann Biotech), with

or without OIT (DL-Dithiothrcitol, Promega Corporation) in distilled deionized water

(hereafter referred to as water), and pH adjusted to 6.8}; Sample buffer 2 {as sample
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buffer I but using 0.5% Triton X·100 (Sigma) instead ofSOS}; Transfer buffer {to mM

CAPS p.[Cyciohexyamino)-I-propanesulfonie acid; Sigma) and IO"A methanol in water,

pH adjusted to II}; Tween-20 wash solution {lTBS, Tween-20fTri-buffered saline, 20

mM Tris. 500 mM aCI and 0.05% Tween-20 (Bio-RAO Laboratories) in water; pH

adjusted 10 7.5}.

Stock solutions of eight different protease inhibilOrs (hereafter referred to as

inhibitors) were purchased from Sigma and prepared /lS follows. I) AEDSF {12.5 mg/ml

(50 mM) in water}, stored at -70 °c and used at a final concentration of I mM.

2)Aprotinin (I mg/ml in water), stored at 4 °C, and used at a final concentration of

51Jg/mJ. 3) Leupcptin (1 mg/ml in waler), stored at -70 °c, and used at a final

concentration of21Jg/ml. 4)TLCK {3.7 mg/ml (10 mM) in I mM HCI (pH 3.0), stored at

-70 °c, and used at a final concentration of 0.1 roM. 5) TPCK p.5 mglml (10 mM) in

1000A methanol}, stored at -70 °c, and used at a final concentration 0.1 mM. 6) PMSF

{1.7 mglml (I M) in l000A methanol}, stored at -20 °c, and used at a final concentration

I mM. 7) EOTA (0.5 M in water). stored at RT, and used at 8 final concentration of I

mM. 8) Pepstatin (I mgfml in 100"1, methanol), stored at -20 °c, and used at a final

concentration I j.lg/ml.)

The following solutions were used in the immunofluorescence experiments:

0.1 M phosphate buffered saline (PBS) was prepared by adding 51 % 0.2 M NaH1P04 with

49% 0.2 M NalHP04, diluted I: I with water, 15 M NaCI was added, and it was liltercd

through a 0.22 IJm Nalgene filtration unit; pH adjusted to 6.8; TritonX·tOO solution

{0.5% TritonX-IOO (Sigma) in PBS; Blocking buffer {lO"Io FBS (Sigma), 3% BSA
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(Sigma), 0.02",. sodium azide (Sigma) in PBS; milk-blocking buffer (rio non-fat instant

skim milk po....'der in water); Tw~-20 buffer {O.I% Tween·20 (Bio-RAD Laboratories)

in PBS; mounting solution {~1. glycerol, IQI'1. Citifluor antifade solution (Marivac Ltd.

Halifax, Canada); protease inhibitors was used at the same concentration as used in

immunoblotting (above); formalin (31%) was diluted to a final concentration of3.7",•.

Fibronectin stock solution (Sigma, F.1141) was added to Tris buffer (0.5 M NaCI,

0.05 M Tris, pH 7.5) to make 100 and 25 Ilglml fibronectin solutions. Collagen solution

(Sigma, C-8919; type 1, from calf skin) was used at a conccntration of 1% collagen in

O.IN 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 Ilm Naigene filtration unit, and stored at 4 0C}; Tris buffer (0.05 M Tris,

0.5 M NaCI in water) pH adjusted to 7.5, filtered, and stored at 4 °C; fibronectin and

collagen solutions as described abo,-e. Each of the following peptides was dissolved

separately in water to make a stock solution ono roM, stored at 4 °c and used at a final

concentration of IroM: I) the RGD-containing linear peptide ARG-GLY-ASP (Sigma,

A-B052) hereafter called linear RGD), 2) the RGD-conlaining circular peptide I·

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-ROD peptide

ARG-PHE-A~P-SER(Sigma, A·1675); hereafter called non·ROD or RFD).
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2.4 ImmunobJotling Experiments

2.4.1 Cell Cultures and Cell Extract Preparation

Protoplasts: For culturing larger volumes of protoplasts, 10 III stock culture was

transferred to a 50·ml tissue culture flask cOnlaining 5 ml of OM supplemented with 5%

FDS, incubated for two days, and 0.8 ml of this culture transferred to each of 6 flasks

containing 10 ml OM 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 centriruge (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 cenlrifuged.

To prepare celllysates. an aliquot (-50-70 1-11) of cells was mixed with -300 III of

sample buffer 1 containing the eight inhibitors. and then briefly vortexed. This cell

extmct was divided inlo -50 III aliquots and stored at _70°C or used immediately.

Prior to electrophoresis and gel loading, an aliquot of cell extmct was placed in a

boiling water bath for 5 minutes and then clarified by centrifugation in a microcenlrifuge

at 14,000 x g for 1 minute.

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

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

Fibroblasts: The same procedure was conducted to make fibroblast Iysates as

described for protoplasts. but no protease inhibitors wcre used. Prior to electrophoresis
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and gel loading, the cell extract was placed in a boiling water balh for 5 minutes and lhen

clarified by centrifugation in a microcentrifuge at 14,000 x g for I minute.

Yeast: Yeast was grO\..n in a 250 ml Erleruneycr flask containing 100 ml sterile

Sabournud's Dextrose broth (DIFCO) on a rotary shaker (Gyrotory Shaker Model 02,

New Brunswick Scientific Co. Inc, Edism, N. J., U.S.A.) at 25°C for 2 days. The 100 mi·

inoculum was used to inoculate a 2 L Erlenmeyer flask containing I L sterile

Sabouraud's Dextrose broth. The culture was then incubated in a rotary shaker

(Psycrothenn Controlled Environment Incubator Shaker, New Brunswick Scientific, Inc.,

N. J., U.S.A.) al25 <>C at 150 x g for 5 days.

Cells ","'Cre harvested by centrifugation in a Sorval RC 5C Plus Centrifuge

(Dupont Sorvall Instruments., Delaware, U.S.A.) al 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 sluny of frreze.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 wilh 15 ml PB containing inhibitors and centrifuged in a Sorva! RC 5C Plus

Centrifuge (Dupont Sorvailinstrurnents, Delaware, and U.S.A.) at 16,500 x g at4 <>C for

30 minutes. Both the supernatant and the cell pellet were collected and stored at -70 <>C.

To prepare the cell extract, -100 III cell pellet was mixed with 100 III PH

containing eight inhibitors, and -200 III sample butTer 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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