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ABSTRACT 

The extracellular matrix (ECM) is defined as the many different proteins and secreted 

substances between cells. The ECM plays a major role in the signaling pathways that 

stimulate cells to perform many varied functions, ranging from control of gene 

expression at the cellular level to differentiation and development of tissues, organs, and 

ultimately the entire organism. A portion of this work describes the identification of the 

division abnormally delayed gene, which encodes a proteoglycan, that is involved in 

growth factor reception with important developmental consequences in Drosophila 

melanogaster. The remainder of this work deals with three Drosophila homologs of 

vertebrate proteins that may interact with integrins, a family of cell surface receptors for 

extracellular matrix ligands. The three integrin-interacting proteins are referred to by 

their vertebrate names, and include CD81, a member of the tetraspanin family, ILK, 

integrin-linked kinase, and CD98hc, a type II transmembrane glycoprotein which is the 

heavy chain of a multi-protein complex. In this work, the mutant phenotype of CD98hc 

is larval lethal and not temperature sensitive. Clonal analyses of CD98hc mutants show 

no phenotype of mutant clones in the eye. Genetic interactions in adult tissues or 

interactions affecting larval lethality between CD98hc and Drosophila integrin mutants 

were not observed, and it remains unclear whether CD98hc physically interacts with 

Drosophila integrins in tissue culture cells. Since no correlation was seen between the 

interactions of CD98hc and integrins in vertebrate cells and similar putative interactions 

in flies, this raises the question as to what role, if any, does CD98hc play as an integrin 

modulator in this organism. 
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CHAPTER 1 

CHARACTERIZATION OF THE division abnormally delayed (dally) GENE 

Note: The following chapter includes work that has been published in Nakato et al, 1995, 

and Tsuda et al, 1999. All the figures included are my data, and unpublished work I 

completed is noted. 

INTRODUCTION 

Scientific research is performed for a greater understanding of the world within and 

around us. At the present time, we are at a point of discovering that fields previously 

thought unrelated to each other can be instructive for both of them. Basic research, 

which is often defined as research for which there is no obvious medical application, has 

become more applied as we learn that many functions are conserved throughout 

evolution. It is often valuable to use model systems and then apply what was learned to 

higher organisms. Drosophila has many advantages as a model system. It has been 

studied for almost a century, and has become one of the most valuable of organisms in 

biological research, particularly in genetics and developmental biology. Drosophila is 

relatively cheap and straightforward to maintain, with a generation time of two weeks at 

21°C, allowing for multigenerational studies. As Drosophila is small, many cultures can 

be maintained, but mutant characteristics can still be seen fairly easily. At the same time, 

Drosophila has a complex developmental pathway, and many genes discovered in 

Drosophila have been found to act in human development as well. The goal of the 
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project described here is to identify and characterize genes in Drosophila that are known 

to interact with integrins in vertebrates. By studying genes and the proteins they encode 

in Drosophila, we can learn more about how those proteins act, interact and their 

importance for both Drosophila and their vertebrate cousins. 

BACKGROUND 

Introduction 

Regulation of cell division is an important task for a cell. Inappropriate regulation can 

lead to negative consequences on an organismal level, including cancer. However, not all 

cells divide at the same time or in the same place, which gives rise to specific cell 

division patterns across cell layers, tissues and organs. Although there are elements of 

the cell cycle machinery that are common to all cells, such as the cyclins and cyclin 

dependent kinases (Kirschner, 1992; Norbury and Nurse, 1992), it remains unclear how 

the cell cycle apparatus in different cell types is regulated during development. The work 

described here investigates a gene which is involved in signaling that leads to specific 

cell division patterns during the development of the nervous system of the fruitfly, 

Drosophila melanogaster. 

Lamina Precursor Cells 



In the development of the visual system in Drosophila, the central nervous system 

components are the optic ganglia, which include lamina precursor cells, or LPCs. LPCs 

give rise to the lamina neurons, which are the targets of photoreceptor axons from the 

eye. LPC divisions take place in a very coordinated and stereotypical pattern during the 

time in which photoreceptor axons grow across the optic stalk to reach their synaptic 

target cells in the brain, the lamina neurons. The generation of lamina neurons from their 

precursor cells is coordinated with the arrival of photoreceptor axons. Earlier studies have 

shown that LPC divisions are controlled by an intercellular signal delivered by 

photoreceptor axons (Selleck and Steller, 1991). This signal is required for LPCs to enter 

their final S phase from the preceding Gl. The number and location of LPC divisions is 

dictated by the number and placement of photoreceptor axons arriving in the CNS 

(Selleck et al., 1992). LPCs are part of an epithelial sheet where the successive phases of 

two division cycles are found in sequence along the epithleium (Selleck et al., 1992). 

This allows easy indentification of genes that are required for the patterning of LPC 

divisions, and their progression through the cell cycle (Nakato et al., 1995) 

Identification of dally 

To identify genes involved in LPC cell cycle regulation, flies were mutagenized by 

random insertion of a transposable element which contains the lacz gene (Boynton and 

Tully, 1992). The progeny of these enhancer trap lines were screened for expression of 

iS-galactosidase in the lamina, followed by a behavioral screen for phototaxis defects. 



Two lines from independent enhancer trap collections that expressed /S-gal and showed 

severe phototaxis defects were chosen for further study. These enhancer traps affect 

transcription of the same gene (see molecular events below), which has been named 

dally, for c/ivision abnorma//y dela3;ed. Larvae homozygous for a mutant dally allele 

exhibit abnormal LPC division, with a delay in the transition from G2 to M in the second 

cell division. Furthermore, dally mutants have defects in adult structures such as eye, 

antennae, genitalia, and wing (Nakato et al., 1995). 

daily's genetic interactions 

In order to provide clues as to the function of dally, molecules that might be involved in 

the dally pathway were investigated by looking for genetic interactions. If two gene 

products interact directly or are in the same pathway, altering the dosage of one could 

enhance or suppress the phenotype of the other. Since dally has a cell cycle defect, other 

molecules involved in cell cycle were investigated for genetic interactions with dally, 

including the cyclin genes. Genetic interaction experiments show that removal of one 

copy of cyclin A partially rescues the dally LPC cell division phenotype, while removing 

one copy of cyclin E partially rescues the adult lethality associated with dally mutants 

(unpublished observations). In contrast, the expression pattern of dally in larval brain 

overlaps with that of mitotic cyclin B, although there is no evidence of genetic interaction 

from analysis of adult phenotypes. This shows dally interacts with specific cyclin genes. 

These results suggest dally functions in a pathway with the cell cycle machinery in the 
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larval brain. Currently, a collaborator, Dr. Hiroshi Nakato, is investigating other 

candidate genes, such as hedgehog and bFGF, which could interact genetically with dally 

based on results described below. 

Biochemical Characterization of Dally as a GRIP 

Glycosaminoglvcans: Structure 

By definition, a protein which contains at least one glycosaminoglycan chain (GAG) is a 

proteoglycan (Jackson et al., 1991). GAGs are highly negatively charged unbranched 

polysaccharide chains composed of repeating disaccharide units. GAG chains are 

attached to the core protein by a series of sugars that are 0-glycosidically linked to a 

serine residue. This glycosylation begins in the endoplasmic reticulum, and is completed 

in the Golgi. The identity of the chain is determined by the particular type of repeating 

disaccharide. For example, a particular GAG chain may be composed of heparan sulfate 

or chondroitin sulfate. Furthermore, a particular proteoglycan may have only heparan 

sulfate GAGs, only chondroitin sulfate GAGs, or a mixture of the two, while the exact 

composition of the GAG chain may differ depending on the cell type expressing the core 

protein (David, 1993). 

GRIPs are a specialized subset of heparan sulfate proteoglycans (HSPGs) because they 

have not only GAG chains, but also a special attachment called a 
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glycosylphosphatidylinsitol linkage, which connects the core protein via a lipid to the cell 

surface. Interestingly, the first GRIP identified had heparan sulfate GAG chains, leading 

to the designation of GRJPs as a family of the much larger HSPGs. However, the GAG 

chains on GRJPs may be heparan sulfate or chondroitin sulfate depending on the cell type 

that is expressing the protein (David, 1993). 
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Glvcosaminoglvcans: Function 

The function of GAGs found on GRIPs is unknown. But, putative functions have been 

suggested for the GAG chains of HSPGs, which may also be applicable for the 

specialized subclass of GRIPs. Studies in tissue culture show some HSPGs can bind 

ligands, such as fibroblast growth factors and vascular endothelial growth factor (Gitay-

Goren et al., 1992), through their GAG chains. On the other hand, some proteoglycans 

bind ligands through the core protein, as in the case where betaglycan binds TGF|3 

(Andres et al., 1992). Therefore, it is unclear which domains of the proteoglycans in the 

GRIP family are important for function, or just what that function is. 

In the literature, several assays to determine the effect of HSPGs on particular cell 

functions have been performed. To explore the effect of heparin (which is a specialized 

form of heparan sulfate) on signalling through the basic FGF (bFGF) receptor, a 

mammalian cell line was transfected with the bFGF receptor, so the cells respond to 

exogenously applied bFGF. Treatment of the cell line with enzymes that remove heparan 

sulfate chains resulted in no FGF-induced mitogenic activity of the bFGF receptor (a 

biological response, and not just absence of binding), even in the presence of bFGF. 

Addition of heparin to the supernatant restored this biological response (Omitz et al, 

1992). This suggests heparin or a heparan sulfate is necessary for the interaction between 

the bFGF and receptor. In addition, in cell lines that do not produce any heparan sulfate, 

exogenous heparin is needed for FGF receptor dimerization, tyrosine kinase activation, c-
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fos mRNA transcription, and cell proliferation (Spivak-Kroizman et al., 1994). These 

experiments have led to the hypothesis that HSPGs function as co-receptors for growth 

factors and other molecules that bind heparin, including wingless and hedgehog. In this 

scenario, the GAG chains bind the ligand, and these chains are required for delivery of 

the ligand to the receptor. The GAG chains may also act to place the ligand in an 

appropriate conformation for "recognition" by the receptor, or perhaps the GAG chains 

protect the ligand from degradation by proteases. In any case, in the absence of the GAG 

chains, the ligand is not able to bind its receptor. 

However, using the experimental approaches described above, no single proteoglycan (or 

family of proteoglycans) can be identified as the putative co-receptor, as all GAGs on all 

proteoglycans are affected in the methods used. So, although it is clear that at least one 

HSPG can function in this manner, no particular proteoglycan can be identified directly 

as a co-receptor using these assays. Therefore, there is no evidence for the function of 

GAG chains in GRIPs, and only suggestive and indirect evidence for other HSPGs. 
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Dally and the function of GAGs 

The work described above has been done in mammalian tissue culture, and all the 

previously identified GRIP family members are from mammals, dally 's sequence 

homology to the GRIPs shows it is the first non-vertebrate GRIP. However, it is 

important to show that dally is a GRIP not only by sequence analysis, but also by 

biochemical tests showing that the important features of GRIPs are also present on Dally. 

Historically, there has been doubt that insects can make proteoglycans. However, non-

GPI-linked proteoglycans have been biochemically characterized in Drosophila. For 

example, the chemical b-D-xyloside competes with core proteins for the 

glycosaminoglycan synthetic apparatus. Addition of this drug to Drosophila embryos 

results in biochemical modifications to the proteoglycans in the extracellular matrix, as 

well as later behavioral defects in larval locomotion (Cambiazo and Inestrosa, 1990). As 

a specific example, Drosophila proteoglycan (DROP-1), is expressed throughout the life 

cycle and has been biochemically characterized as containing GAG chains, most likely 

heparan sulfate (Graner et al., 1994). In addition, the Drosophila syndecan has been 

characterized as a heparan sulfate proteoglycan by expression in a Drosophila cell line 

(Spring et al., 1994). This shows that Drosophila can make HSPGs, and that they 

function in vivo. 

GPI-linkage: Structure 
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Another defining characteristic of the proteins in the vertebrate GRIP family is that these 

are extracellular molecules that are attached to the plasma membrane via a 

glycosylphosphatidylinositol (GPI) linkage, which covalently attaches the protein to a 

phospholipid (Ferguson, 1992). This linkage is formed by cleavage of a largely 

hydrophobic signal sequence from the carboxy terminus, then subsequent transfer of the 

new carboxy terminus to a preassembled phosphatidylinositol. By this process, the 

protein is attached to the luminal side of the ER, which results in specific localization of 

the protein to the extracellular leaflet of the plasma membrane. 

GPI-linkage: Function 

Many diverse proteins are attached by a GPI linkage, including Drosophila 

acetylcholinesterase (Haas et al., 1988), human placental alkaline phosphatase 

(Micanovic et al., 1990), and the Thy-1 antigen on rodent thymocytes and neurons (Fasel 

et al., 1989). This linkage can be cleaved in vitro by particular phospholipases, and these 

enzymes are present and active in tissue culture (Metz et al., 1994; Ting and Pagano, 

1990). These results suggest a GPI-linked protein itself could act as a signaler to distant 

parts of a cell, or to another cell. In culture, it has been shown that treatment of human 

bone marrow stromal cells with phospholipase C releases bFGF as a biologically active 

complex with a phosphatidylinositol-anchored heparan sulfate proteoglycan (Brunner et 

al., 1991). In addition, there is evidence for GPI-linked proteins being transferred in 

culture, presumably by "jumping" from one cell type to another (Kooyman et al., 1995). 

However, since tissue culture systems do not necessarily allow extrapolation to the 
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situation in vivo, it remains unclear if this cleavage actually occurs in vivo for any GPI-

linked protein (not just GRIPs), or if the cleavage is necessary for proper function of any 

protein in any system. 

The objectives of the work presented here were to generate a means to identify the Dally 

protein and show biochemically that Dally has GAG chains as well as a GPI-linkage. 
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RESULTS 

Molecular biology of dally 

Genomic DNA of the dally gene was isolated, and a cDNA clone from the genomic DNA 

was identified (Nakato et al, 1995). Probing RNA from wild type larval brains with a 

riboprobe of the cDNA detects a single transcript of approximately 4.4 kb (Figure 1). 

This transcript is the only one that is present when probing with a reverse Northern with a 

lOkb fragment of genomic DNA (data not shown). Southern analysis of the genomic 

DNA from dally alleles resulting from P-element excision events shows a correlation 

between the amount of DNA deleted in the excision and the severity of the dally 

phenotypes of the allele (Nakato et al., 1995). This correlation holds on the RNA level as 

well. RNA from dally mutants (including P-element insertions as well as excisions) 

shows a decrease in both the size and quantity of the dally message corresponding to the 

severity of the phenotype (Figure 1). Finally, staining of the enhancer trap line with an 

anti-|(3-gal antibody and RNA in situ hybridization with the cDNA show identical 

expression patterns in the larval brain (Nakato et al., 1995). These results show that the 

dally transcript has been identified. 



Figure 1 RNA analysis of dally mutants 

dally mutants 

U) 
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Fig 1 Northern blot analysis of third instar larval brain RNA from several dally mutants: 

A single band of approximately 4.4kb is detected in RNA from wild-type brains. 

This transcript is truncated and at greatly reduced levels in the most severe alleles, 

dally^^ and dally"^^''^^. dally"^^'^^^ is a moderately severe allele that shows a 

reduction in the amount of transcript, but of the correct size. The mildest allele, 

dally''' shows a slight reduction in the level of expression of the 4.4kb transcript. A 

probe to ribosomal protein 49 (rp49) was used as an internal loading control. 
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Sequence Homology: Dally versus the GRJPs 

The dally cDNA and genomic DNA were sequenced (Figure 2). Comparison of this 

sequence to the existing database shows the deduced amino acid sequence of Dally has 

significant homology to a vertebrate protein called Glypican (Figure 3). From this 

sequence homology, Dally is therefore classified as a member of the glypican-related 

integral membrane proteoglycan (GRIP) family. The degree of sequence identity 

between the deduced amino acid sequence of Dally and the GRIP family members is 

around 25%, while the degree of sequence similarity is around 50%. This is 

approximately the same degree of homology as the vertebrate GRIPs have to each other. 

GRIPs are extracellular proteoglycans first identified in vertebrates (reviewed in David, 

1993). The family consists of four proteoglycans with four defining characteristics. 

First, each member of the family has a set of fourteen cysteine residues in highly 

conserved positions throughout the length of the protein, which are also present in the 

predicted amino acid structure of Dally. Second, the core proteins of this family are 

glycanated with glycosaminoglycan (GAG) chains. Dally has three sites of potential 

glycanation. Third, the proteoglycans are attached covalently to the extracellular leaflet 

of the plasma membrane by a glycosylphosphatidylinositol (GPI) linkage. Finally, the 

proteins have hydrophobic regions on both the amino and carboxyl termini needed for 

targeting to the endoplasmic reticulum 



Figure 2 Dally sequence 
CGAftT̂ TGrrCOOGTTTTTCGTCGTC ĜMMrTCGTTGCGCGCGOSGAAAAA-CTGAAAAGAAG'̂ OaAGTGCArrTCCTCGACCrGAGAA a 9 

CGCCGG-roGCCAAQGAGCrTrGCAArrAAATCTATrTTCCCCGACCTAAGrACACAAAACGTACGAGAAAATTAAAAAGAASAAAAAAAAAACAAATCTAATCGCTXXJCAAATCAArTSC 209 
TAAOOAAT'TCAGrACTATTOGTTaTTAKJrCATGGAAAGTCTXrrGAArAAGTTAAGAAAATACT'rcrGrcAAATTTAGCGACCTTTCAAAACrAGAAAGrAGAAAAGCAAAAAGrcCTTAG 329 
ACACGCGCrcrCKnrrTCGACCACCACCCACCACCACCCACTATCGCCATCCCACGTrrACTACCACGTTTAT'rcCTCACGCGTGTmTGGGGCCTTrTGT'rrTGTGCGCTCGTGTrr 44 9 
GTGGCCGTG'rcTGCCAGTG'nGTG'rc'rcOG'DG'rTAGCCGGCAAGTGCATTTGTGTaAGTGTGTGTGTGTrcCOGOGAACAGCTGTTCACCCAGACAGCATGCAaAAGTAAATACGAAGAAG 569 
•DGCTGCAAAArAGAGTAAATAAAATAACCGGCTAAAATAAAAArAAGAGAAGCAATCAAAGGCAAATCAAATrTAGCCCCATCATCCACTGTGTC'DGCACACAGAAArCACCCArCAAAA 689 

ATGGCGGCCAGGAGCGTXSCGGCTAGraCAGCiTrTGCTATTTACCCTGCTeTGCMCTTCGTCXSGCCTGTCAGCCGCCAAGCACCTGGACC'rcGA'rGGTATCCACCACCACCAGCACCAC 809 
M A A R S V R L A Q L L L P T L L C G F V G L S A A K H L D L D G I H H H Q H H  40 

CTiXyVCAGCGCCACCACGCACCACAGACGTCGCCTACAGCa3GRCTO3CX5G'G03AAGGACGCa3'nG03GGArCX5ACCCACCAGTGTaATGCCGTCAAGAGCTACT*TCGAATCGATCGAC 929 
L H £ A T T H H R R R L O R D £ R A K D A V G G £ T H O C D A V K £ Y P E £ I D  8 0  

ATCAAGTCGAGTGGGACTrACAGCGAAAAAGQCGCCATTTGCOGCGGAAACTGCTGCAACAArGCCACGGAGC'KJGAGCTGOGGGACAAAGCCGCCGGAATGTTXXJAGCAACTG'rTTCAT 104 9 
I K S S G T Y S E K G A I C G G N C C N N A T E L B L R D K A A G M P E Q L L H  120 

CACCACACCAGCAGCCTXSCGCGGAGTCCTTĈ GAOGAATGCCAAAiZAGTTCCAAAGrCACGTCCTGGAATTOGCGCAGAT'rTCG'GAGAACA'rcACCCACrCGCTCTTrTCGAAGGTTTAT 11€ 9 H H T S S L R G V L E T N A K Q P Q S H V L E L A Q I S E N M T H S L F S  K V Y  1 6 0  

ACCCGTATGGTCCCTTCATOGCGAATGATGATCCATCAACTGTACACCGAAATCATGAACa^rCTGAT'rTACACCTCCAACTATACGAACAGCAATCGCCAGC'rXJGGCAGGCGAGGAArT 1289 
T R M V P S S R M M I H Q L Y T B I M N H L I Y T S H Y T N S N G Q L G R R G I  2 0 0  

GGCAGTGTCCAGAGCAACTTGGAGGAGGCTGTGAOGCAC'rTCT'rTGT'rZAGTTG'rTCCCCGTGGCCrACCACCAGATGGTCCATC'PGTCCAAGAACAATTTGĈ TGACTrGCACGAGGAC 14 09 
G S V Q S N L E E A V R H P P V O L F P V A Y H g M V H L S K N N L G D L H B D  2 4 0  

TACGTTAACTGCCTG'CAGCACAACTTCGAOGAGA'TCCATCCATTCGGGGACArTCCCCAGCAAG'IVGCAGTCCAACTTOGGCAAGAGTGTCCATATGTCCAATGTC'rrCArGAArGCCCrG 1S29 
Y V N C L Q H N F D E H H P P G D I P Q Q V g S N L G K S V H M S H V F M H A L  2 8 0  

CT'CCAGGCCGCCGAAG'rcCTCAGCGAAGCiGGAT'GCCC'rTTATXSGCGAACAACTCACiGGACACGTGCAAGCTOCA'nrTCCTCAAGATVGCACTAC'DGCCOCAACTGCAArQaACACrA'rTCA 164 9 L O A A E V L S E A D A L Y G E Q L T D T C K L H L L K H H Y C P H C N G H H S  320 

AGTTCTAOGAGCGAAACGAAA'TTGTGCTA'DGGCTAC'KSCAAGAAOGTAA'PGCGCGGCTGCrCGGCGGAATATGCCGGACTACTG'GACAGTCCCTGGTCAGGTCTAGTCGACTXrCCTGAAC 176 9 
S S R S E T K L C Y G Y C K N V H R G C S A E Y A G L L D S P W S G V V D S L N  3 6 0  

AArCTGGTCACCACCCATATTCTCT-CGGACACTGGCATCATTAATGTCATCAAACACCTGCAGACTTACT'TCTrTGAGGCAATCATGGCrcCCATGCACAATXJGGCCrGAAC'KJ-GAGAAA 1889 
N L V T T H I L S D T G I I N V I K H L O T Y F S B A I M A A M H N G P E L B K  400 

AA'GGTAAAGAAGACATGTGGCACGCCCAGCCTCACGCCCTATTCGTCCGGA'GAACCiGGATGCGCGGCCTCCGCCCCACAAGAACAACGTAAAGTGiGGCCACTGACC'DGGATCCG^G'G'ZATG 2009 
K V K K T C G T P S L T P Y S S G E P D A R P P P H K N N V K W A T D P D P G M  44 0 

GTOCTXrrTCCTOTCCACCATCGACAAGAGCAAGGAGTTCTACACGACCATrarcGACAACrTCTGOaATGAGCAACAGCACTCrCGTGAĈ ATCACTCCTGCTGGTCAGGCGATDSTTTC 2129 
V L F L S r r O K S K E F Y T T l V D N F C D E Q O H S R D D H S C W S G D R F  4 8 0  

GGGGACrACACTCAG:TOCT\3ATTAATCCGGGCACTCATAGCCAGCGATATAATCCCGAGGTGCCCnCAATGCGAAGGCTCAGACCi:;GCAAGCTGAACGAGCrGGTCGACAAGCTCTTC 224 9 
G D Y T Q L L I N P G T D S Q R Y N P E V P F N A K A Q T G K L N E L V D K L F  520 

AAiGArTCGCAAGAGCATTGGAGCT'GCGGCACCTTCCAACAGCATACAGGCGACGCACGACATCCAGAATCATATGOGTGAG53CTCCGGCGGCOTAGAC5GGrCAGATCGGCGACGATX;AG 2369 
K I R K S I G A A A P C N S i O A T H D I Q N D M G E G S G G G E G C I G D D E  5 6 0  

GAiGGAGrATO3AGGCGCACATGGTTCCi3GAGATGGrTCCGGCGA'l\3GACCCCATACGCCCATCGA(53AATCCGAAGGCACCACCACTAAOGAAGTiG'GAGrCGOGTGACAGCGGCAAGACC 2485 

E E Y G G A H G £ G D G £ G D G P H T P I E E 5 E G T T T N E V E C R D b G K T  5 0 0  

AGTXGTCCAACCCArTOGAAGGCACCGCGAO^'TCGA'rcCTCCTCAC'nrTAGTCACAArGCTCTrrAGrAGCTGrAGTTAAXATGC'rGCCCCAGCCCAAOGGAT'DGAACACAAAAAAra 26 09 
£ G £ N P L E G T A T K M L L T L V T M L F £ S C S *  6 2 6  

CAATG'CGCCCCAC'KJTGCGAGGGCAATGAATGATGTAACCAGARGAAGAGCAACAGCAGATVGCACACGAATrGAGTTAAA'rZATTAATTAATAACTA'rTATCArTATTA'rTATTATTTGT 2729 
GTAATTCTTAAGrTGTrACAAGTAATTTATAGGCCCTAAGOGCATTCATCTAGCAArCGACTAACAACrTTACAAACCAGAAGOGAACCGTGAAACCCTTGAAGTGCACCTCTCTrrCTA 284 9 
GCTTTTCCAAATTTGArGCTCATCGAACTTCCATGCaiAATCCAACTASACTTCrGTGCCATATAAATGCGTTOGATArTrSCATACGAATCGAGCAAT'rcCTAAACACAACTAACTATA 2969 
AACGAAAATTAAACTAAATAGGCTCGCAATCAAGCAGAATrCCTTTTCCArAGAGTGTGCAGTTTGTTCAGATACA'rc'rTAATATATATAGCGTACAGTACACAAAGCTCAATGrrCAAA 3089 
GCAAGTTCTTCCTTTTCOGTGrAATTACACAAGTAAACAGATCTAAAATCAGAGGCGTGGCACCACATTCAATTGCrAGGTTTrrTGAGiG'GOGATCACAATATATTArArACGTAAAGGA 3209  ̂
ÂTAAÂ CTGTTAGCTGTAGCTCAGT̂ 3AÂ 3̂rrAAACTAAAÂ \3AAATTÂ TGTT̂ GTĈ ACACĈ TTCGAAC•reATCGAAT3CGAACAArT•̂ TGAAA'̂ TGATCAA•̂ TGOGTAAT̂ GAAAT 3329 

GCGAAATGCATACGAATOGAATTTAaTTGAGTAAACGCACOGAAAAACTAGAAGACrrACAGCnTATACGCAAACAAAAAAAAAAAAAAAA 34 21 
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Fig 2 DNA sequence (GenBank accession number U31985) and conceptual open reading 

frame of the 3441bp dally cDNA clone. A single open reading frame of 626 amino 

acids begins at nucleotide position 690, with a termination codon at nucleotide 

position 2568, indicating the cDNA clone includes 5'and 3' untranslated sequences 
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Figure 3 Homology in the GRIP family: Predicted amino acid sequence of Dally aligned 

with the GRIP family member genes, rat cerebroglycan (R.CBGCN), rat and human 

glypican (GLPCN) and OCI-5. Residues that are similar or identical between at least 

four sequences are shown in colored boxes. Color scheme is as follows: blue, 

hydrophobic aromatic, aliphatic and sulfur residues; green, basic residues; red, acidic 

residues; purple, residues containing hydroxyl groups; yellow, residues containing 

amides; pink, hydrophilic aliphatic and cyclic residues. A set of fourteen conserved 

cysteine residues and the putative glycosaminoglycan attachment sites are shown in black 

outlines boxes. 
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(ER) as well as for formation of the GPI linkage. Dally has appropriate hydrophobic 

regions on the N and C termini. 

Generation of an antibody that recognizes Dally 

For the biochemical experiments described above, the source of Dally protein was cell 

lysates. Larval brain would be the ideal tissue, as the cell division phenotype has been 

characterized in these cells. However, larval brains have relatively small total mass and 

isolation of this tissue is rather time-consuming, so a tissue culture system was chosen for 

practical reasons. Drosophila cell line S2, which is a line derived from minced embryos, 

was transformed with the dally gene under control of a heat shock promoter (for 

techniques, see Cherbas et al., 1994). 

To make an anti-Daily antibody, an anti-peptide antibody strategy was attempted. The 

selected peptides were based on hydrophilicity and antigenicity prediction scores, as well 

as the homologous regions from other GRIP family members that generated successful 

anti-peptide antibodies. However, the specificity of the antisera from rabbits injected 

with the Dally peptide was not any higher than the preimmune sera, as tested by Western 

analysis. So an alternate strategy was used. The dally cDNA was tagged with a 

hemagglutinin epitope, and expressed in cells as above. These cells expressed a 96kD 

protein recognized by an anti-HA antibody, which was not present in non-transformed S2 

cells (Figure 4). 
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Biochemical testing for presence of GAG chains 

To prove Dally is the first non-vertebrate member of the GRIP family, a biochemical 

approach similar to that used to classify the established GRIP family members was 

employed. First, Dally must be shown to be a heparan sulfate proteoglycan. The 

methods that have historically been used to show a protein is a proteoglycan are as 

follows. Taking advantage of the specificity of certain endoglycosidase enzymes, 

glycosaminoglycan chains can be specifically cleaved from the core protein, which 

results in a protein with increased mobility on a polyacrylamide gel. The specific activity 

of the enzyme heparitinase for heparan sulfate is close to 100%, and it acts almost 

exclusively on heparan sulfate (<1% on heparin). Chondroitinase ABC acts on all forms 

of chondroitin sulfate, slowly on hyaluronic acid, and not at all on heparin, heparan 

sulfate, or keratan sulfate (Varki, 1996). Once the GAG chains have been cleaved, 

samples of the protein both before treatment and after treatment are run on a 

polyacrylamide gel, and Western blotted. The expected result is that before treatment, 

the proteoglycan runs as a high molecular weight smear, due to the flexibility and large 

size of the GAG 



Figure 4 
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Figure 4 Dally is a GPI-linked heparin sulfate proteoglycan: An HA-epitope tagged Dally 

expressed in Drosohpila S2 cells is released from the cell surface by PI-PLC, indicating it 

is GPI-linked. b. HA-Dally bears N-sulfated glucosamine residues. Low-pH treatment 

with nitrous acid removes heparan sulfate chains for HA-Dally, resulting in a more 

compact band. 
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chains. After digestion, the protein runs as a more compact, smaller band, representing 

only the core protein of the proteoglycan. 

These endoglycosidase enzymes were used to treat protein samples from lysed S2 cells 

expressing HA-tagged Dally. However, the expected gel shift was not seen, most likely 

due to lack of enzyme activity against the insect sugar chains (data not shown, for 

reference, see Graner et al, 1994). To avoid the complications of unpredictable 

endoglycosidase activity, a chemical modification technique was used, in which proteins 

were deaminated with nitrous acid, to chemically cleave N-sulfated carbohydrate 

residues, specifically heparin and heparan sulfate. This experiment involved a partial 

purification in which the proteoglycan fraction was enriched by performing a high-

salt/detergent extraction of the protein sample, followed by anion-exchange 

chromatography. The enriched proteoglycan sample was treated chemically by nitrous 

acid deamination as described above, and Western blotted using standard techniques 

(Lories et al., 1992). The results are shown in Figure 4b (Tsuda et al, 1999). After 

nitrous acid treatment, the Dally protein runs at a smaller molecular weight, and is a 

tighter band. This result shows that before treatment, the Dally protein contained GAG 

chains, and after treatment, the GAG chains were removed. 

Biochemical testing for a GPI linkage 
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In order to meet the second biochemical criterion for proof of membership in the GRIP 

family, Dally must be shown to be GPI-linked to the plasma membrane. In this case, 

another enzyme, phosphatidylinositol-specific phospholipase C (PI-PLC), was used to 

specifically cleave the glycosylphosphotidylinositol linkage that connects the Dally 

protein to the cell membrane. S2 cells expressing HA-tagged Dally were treated with or 

without PI-PLC, and then lysed. Using high-speed centrifugation, the lysates were 

separated into membrane (pellet) and soluble (supematent) fractions, which were 

analyzed by PAGE and Western analysis. If Dally is present on the cell surface, it will be 

in the pellet fraction. After PI-PLC treatment. Dally will be in the supematent if it is 

attached to the cell by a GPI-linkage. Figure 4a shows that without PI-PLC treatment 

Dally in the cell lysates is present in the pellet, which means that Dally is a membrane 

protein, as expected. In addition, after PI-PLC treatment, Dally is now present in the 

supematent, showing that it is attached to the membrane by a GPI-linkage. So the 

evidence presented here shows that Dally is the first non-vertebrate GRIP member both 

by sequence homology and biochemical features. 
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DISCUSSION 

The gene, dally, was originally identified in a screen for genes affecting cell cycle 

progression. The cloning and sequencing of dally described here suggested that the Dally 

protein was a new member of a class of proteoglycans called GRIPs. Biochemical 

analysis presented here shows that the Dally protein indeed is a proteoglycan attached to 

the cell membrane by a GPI-linkage. So Dally is the first non-mammalian member of 

this family of proteoglycans by both sequence and biochemical criteria. 

The cell division defects in dally mutants show that GRIPs can affect cell division 

patterning during development. The characterization of heparin-like cell surface 

molecules as co-receptors for secreted growth factors provides a model for how Dally 

might work. For example, FGF binds to heparan sulfate proteoglycans at the cell surface, 

and heparin has been shown to affect the biological responses induced by FGF (David, 

1993; Omitz et al., 1992; Rapraeger et al., 1991). It has also been demonstrated that 

heparin can mediate FGFR dimerization, and even is necessary for transmembrane 

signaling and FGF-mediated cell proliferation (Spivak-Kroizman et al., 1994). These 

findings suggest a model where Dally serves as a co-receptor for extracellular factors 

affecting regulation of cell cycle progression. 
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Since the work described here was completed, the model of Dally as a co-receptor for 

wingless, a member of the TGF-/5 growth factor family, has been supported by 

experiments in developing animals, dally partial-loss of function mutations compromise 

Wg-directed events, and disruption of dally function with RNA interference produces 

phenotypes comparable to those found with RNA interference of wg or frizzled. Ectopic 

expression of Dally potentiates wg signaling without altering levels of Wg, and can 

rescue a wg partial loss-of-function mutant. Dally also regulates Decepentaplegic (Dpp) 

signaling during post-embryonic development, and has tissue-specific effects on Wg and 

Dpp signaling (Tsuda et al., 1999). So Dally regulates cellular responses to Wingless 

(Wg) and Decapentaplegic (Dpp) in a tissue-specific manner, consistent with its proposed 

role as a growth factor co-receptor. Currently, two additional Drosophila GRJPs have 

been identified, and they also appear to be involved in wg signaling (Baeg et al., 2001; 

Khare and Baumgartner, 2000). So, the biochemical identification of Dally as a GRIP 

has opened a new door in the thinking of how growth signaling actually takes place. 
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CHAPTER 2: 

IDENTIFICATION OF POTENTIAL INTEGRIN-INTERACTING GENES IN 

DROSOPHILA 

BACKGROUND 

The Berkeley Drosophila Genome Project 

The Berkeley Drosophila Genome Project (BDGP) is an organization whose goals are to 

finish sequencing the Drosophila genome, perform a P-element mutagenesis designed to 

disrupt as many genes as possible, characterize the sequence and expression of cDNAs, 

and develop the tools needed to keep all of the information current and available to the 

community. When the work described here was initiated, the BDGP was just beginning 

to sequence the Drosophila genome, and had constructed PI clones of the genomic DNA. 

These PI clones were being aligned into a framework of the genome, so some of the Pis 

were localized to chromosomal positions, either by in situ hybridization, or by the 

presence of known small sequence tags. A dot blot containing 9,216 of these clones, 

which was estimated to be 80% of the euchromatic genome, was available commercially. 

In addition, there was one EST (Expressed Sequence Tags) cDNA library available from 

embryos. The P-element disruption project, whose goal is to disrupt every single gene in 

Drosophila with a transposon, had begun, but was limited in the amount of information 



available about the phenotype, expression, and location of the inserted P-elements (Hartl 

et al., 1994). 

Using Integrins as a Model for a Reverse Genetic Approach 

Integrins are a family of proteins that play roles in transplantation, angiogenesis, viral and 

bacterial infections, immune recognition, development, atherogenesis and "nearly every 

other complex physiological or pathological process in vertebrate organisms"(Schwartz, 

2001). Integrins are cell-surface glycoproteins in the form of a heterodimer with an a. and 

|8 subunit (Figure 5). Each subunit has a large extracellular domain, a single 

transmembrane spanning region, and a short cytoplasmic tail (Figure 5). In vertebrates, 

the integrin receptor family includes 18 distinct a subunits and 8 /3 subunits (Juliano, 

2002). The extracellular domains of integrins bind to extracellular matrix molecules, 

while the intracellular regions associate with the actin cytoskeleton and other proteins in 

the cell, such as vinculin, talin and a-actinin (Boudreau and Jones, 1999). Integrins can 

interact with other membrane proteins as well as cytoplasmic proteins. The interactions 

with proteins on both the inside and the outside of the cell can transmit signals that (in 

combination with other other information from the cell) regulate processes such as 

proliferation, differentiation and migration. Signals can be transmitted 



Figure 5 Vertebrate integrin structure 
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Figure 5 Model of integrin: This model is based on crystallography of the vertebrate 

integrin aVjSS by Xiong (2001). The cytoplasmic tails have been drawn in the 

appropriate position, but were not a part of the crystallographic structure. This model 

shows different conformations of the integrin heterodimer that may correspond to 

activation states of integrins. 
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from the outside to the inside, or in the reverse direction. (Dedhar and Hannigan, 1996; 

Howe et al., 1998). The binding affinity of an integrin for its ligand can be altered by 

other events in the cell (Fernandez et al., 1998; Hughes and Pfaff, 1998). 

In order to more fully understand how integrins function, Drosophila has been used as a 

model system (Brower, 2003). In Drosophila, several integrin subunits have been 

identified, including five a subunits and two j3 subunits. Using Drosophila and the 

BDGP, the work described here identifies three Drosophila melanogaster genes whose 

vertebrate counterparts interact with integrins. After identification of the Drosophila 

versions, one of the three genes was to be further characterized. The genes are integrin-

linked kinase (ILK), CD81, and CD98hc, and were chosen based on their sequence 

similarity to vertebrate homologs. One of the genes, CD98hc, was chosen for further 

characterization and tested for its interaction with integrins in Drosophila. 

CD81 

CD81 is a member of the Transmembrane 4 Superfamily (TM4SF) of proteins, also 

called tetraspanins. This family contains proteins that are very diverse, and most 

organisms have many different members. In vertebrates, 26 proteins have been identified 

as TMSF4 family members, while another 4 ESTs are present in higher eukaryotes. 

Based on sequence homology to the vertebrate family, sponges have at least 2 
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tetraspanins, while Drosophila may have as many as 37 different tetraspanins (Todres et 

al., 2000). 

Structure of Tetraspannins 

The tetraspanin family includes transmembrane proteins that have four predicted passes 

through the membrane (Figure 6). The amino and carboxy termini are predicted to be on 

the intracellular side of the membrane. The first extracellular loop is smaller than the 

second loop, and this large extracellular loop includes a CCG motif, as well as two to 

four additional cysteines. Other conserved residues, mainly in the transmembrane 

domains, set this family apart from other proteins with four transmembrane regions 

(Berditchevski, 2001). 

Function of Tetraspannins and CD81 

This vertebrate group consists of proteins that are ubiquitously expressed, and are 

involved in both normal and pathological processes, such as tissue differentiation, egg-

sperm fusion, tumor cell metastasis and virus-induced syncytium formation. However, 

there have been no normal physiological ligands or receptors identified for any of the 

tetraspanins. Because of the available data, the family is predicted to represent 

transmembrane scaffolds 



Figure 6 Vertebrate CD 81 
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Figure 6 Vertebrate CD81 cartoon showing four transmembrane domains, short 

cytoplasmic regions, and larger extracellular loops. Adapted from Levy (1991). 
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that control the presentation and spatial organization of various membrane complexes 

(Maecker et al., 1997). 

Vertebrate integrins and various tetraspanins have been identified in complexes in many 

different cell types. In general, immunoprecipitations of integrins and tetraspanins are not 

affected by the activation state or ligand-bound state of the integrin, so these complexes 

are very stable (Berditchevski, 2001). However, a recent study has shown that the 

glycosylation state of both the integrin and tetraspanin may affect the stability of the 

protein complex (Ono et al., 2000). Although TM4SF proteins often are associated with 

integrins (Zhang et al., 2001), they are not localized to focal adhesions, which are areas 

of contact between the cell and substrate, and are sites of integrin clustering 

(Berditchevski and Odintsova, 1999). 

It is believed the tetraspanins are not involved directly in cell-substrate adhesion because 

1) there are no tetraspanins in focal contacts, and 2) tetraspanins have no effect on 

integrin affinity for extracellular matrix ligands, integrin clustering, or linkages through 

integrins to the actin cytoskeleton. (Berditchevski, 2001). However, tetraspanins do 

have a role in cell-cell adhesion, both homotypic and heterotypic. These associations 

could play a role in cell migration, cell motility, or in processes such as wound closure or 

neurite outgrowth (Stipp and Hemler, 2000). At the present time it is not clear whether 

these functions would be through interactions with integrins, and/or other adhesive 

molecules. 
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For CD81 in particular, a little is known about its integrin partners in vertebrates. For 

example, the association of CD81 and oi4^\ is very robust, as it is stable in Triton X-100 

detergent, so is likely to be direct (Serru et al, 1999). Further supporting this idea, 

mutation of two metal binding sites in 04 did make the o^/S-CDSl complex less stable 

(Mannion et al., 1996). In addition, recent work has shown that overexpression of Q!3/3i 

causes malignant conversion of epidermal squamous papilloma cells, and that this 

conversion is correlated with the upregulation of CD81 (Owens and Watt, 2001). So 

studying CD81 to look at its interactions with integrins in Drosophila could give new 

information not only on the effects of mutation on CD81, but also on its interactions with 

integrins in situ. 

ILK 

Structure of ILK 

Integrin-linked kinase, or ILK, was first identified in humans as a cytoplasmic protein 

that interacts with the |S1 integrin cytoplasmic domain (Hannigan et al., 1996). The 

sequence of ILK has three regions of interest (Figure 7). The amino terminus contains 

four ankryn repeats, which are thought to be involved 
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Figure 7 Integrin-linked kinase in vertebrates: This model shows the functional domains 

with a serine/threonine protein kinase and a C-terminal kinase catralytic domain. The 

phosphoinositide-binding moltif is between the four ankyrin repeats and the catalytic 

domain. Adapted from Dedhar (1999) 



in protein-protein interactions. Moving more towards the carboxy terminus is a region 

containing a pleckstrin homology-hke motif, which is also thought to be involved in 

protein-protein interactions. Finally, the carboxy terminus contains a region with 

sequence similarity to the catalytic domains of protein kinases, although ILK's catalytic 

domain is somewhat divergent from the standard protein kinase sequences (Wu and 

Dedhar, 2001). 

Functions of ILK 

ILK directly phosphorylates serine residues in protein kinase B (PKB), glycogen synthase 

kinase 3 (GSK-3), and myosin light chain (MLC) (Deng et al., 2001). ILK is localized to 

the sites of focal adhesions, which anchor cells to a substrate, and fibrillar adhesions, 

which are contacts with the extracellular matrix. This localization suggests roles for ILK 

in cell adhesion, cell spreading, and fibronectin matrix assembly. In cell culture and in C. 

elegans, ILK anchors the actin filaments to cell matrix contact sites (Wu and Dedhar, 

2001). In addition, constitutive expression or overexpression of ILK suppresses 

apoptosis and anoikis, which is a specialized apoptosis that occurs when a cell loses 

contact with the extracellular matrix (Attwell et al., 2000; Persad et al., 2001) 

ILK has been implicated in other functions as well. It appears to control signaling 

pathways by stimulating kinases and transcription factors. These may activate or repress 

genes required for cell survival, regulation of the cell cycle, cell adhesion and 



extracellular matrix modification. ILK may also be involved in regulation of cell 

migration, cell motility and contractility. A recent review identified nine proteins known 

to bind ILK, including two 13 integrins, four adapter proteins, and three catalytic proteins 

(Wu and Dedhar, 2001). Since ILK's functions are multifaceted and far-reaching, using a 

system like Drosophila will provide a novel means of assaying the putative functions of 

ILK, as well as the interactions between ILK and integrins. 

CD98hc 

CD98hc was first identified in 1992 as one of the earliest T cell antigens that is 

upregulated upon stimulation. It was identified as a component of the 4F2 complex, 

which is a 120kD heterodimer consisting of two polypeptides chains. The 80kD 

glycoprotein was designated the CD98hc (CD98 heavy chain), and the unglycosylated 

40kD was called CD981c (CD98 hght chain). The 4F2 antibody recognizes CD98hc, 

which is disulfide-bonded to one of a family of light chains (see Chapter 4 for a 

discussion of light chains) (Haynes et al., 1981; Hemler and Strominger, 1982). 

Structure of CD98hc 

In vertebrates, CD98hc is a type II transmembrane protein of over 500 amino acids with a 

single transmembrane pass. The amino terminus is a short intracellular region of 

approximately 70 amino acids, while the large carboxyl terminus is extracellular. This 

larger region shows a significant homology to the bacterial a-glucosidases, although 

enzyme activity for CD98hc has not been shown. CD98hc is expressed ubiquitously in 
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vertebrates, and is localized to a basolateral location in epithelial cells (Chillaron et al., 

2001). 

Functions of CD98hc 

CD98hc and its light chains are involved in a number of different cellular functions. 

CD98hc is one of the earliest T-cell activation antigens, which suggests it is important for 

appropriate immunological response. However, the best studied function for CD98hc is 

in the y+L mammalian amino acid transport systems. Injection of complementary RNA 

for CD98hc into Xenopus laevis oocytes induces a system y"^-like amino acid transport 

activity which results in transport of dibasic amino acids with high affinity independent 

of sodium concentration. In addition, in the presence of sodium, zwitterionic amino acids 

are transported with high affinity, while in the absence of sodium, zwitterionic amino 

acid transport is dramatically reduced. Experimentally, CD98hc favors the efflux of 

cationic amino acids and sodium dependent influx of zwitterionic amino acids (Estevez et 

al., 1998). However, based on the structure of both CD98hc and its light chains, it is 

believed that CD98hc's role is to regulate the amino acid transporting activity of the light 

chain, whose sequence predicts it to be an amino acid transporter (Bertran et al., 1992; 

Wells etal., 1992). 

CD98hc has also been implicated in other cellular processes. CD98hc plays a role in cell 

growth, survival and death through apoptosis in hematopoetic cells. However, at this 

time it is unclear if CD98hc's role in controlling amino acid transport is the mechanism 
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by which it controls growth, or if there is direct control by CD9hc on growth and survival 

(Warren et al., 1996). CD98hc has also been shown to control calcium influx in human 

Jurkat cells (Dong and Hughes, 1996), and to be required for proper delivery of the light 

chain to the cell surface (Nakao et al., 1993). 

Another function of CD98hc is to modulate integrin activity. This idea is supported by a 

genetic screen in a cell culture system. Expression of a chimeric integrin (extracellular 

regions of and intracellular regions of Q^A/^I) in CHO cells results in consitutively 

active integrin determined by binding of integrin ligand. If the cells also express isolated 

/3i tails, the normally constitutively active integrin is dominantly suppressed (Fenczik et 

al., 1997). These results suggests a model in which one or more proteins normally 

interact with the /3i tail, which results in integrin activation. When /3i tails are present in 

excess, the cytoplasmic proteins are effectively sequestered, leading to inactivation of the 

integrin. Expressing the appropriate protein will restore the active state to the integrin by 

overcoming the dominant suppression of the /3i tails. 

To search for proteins that can overcome this dominant suppression, hamster and human 

cDNA libraries were expressed in the cells. CD98hc was identified as the only gene 

product that complements the dominant suppression in this system. The authors suggest 

a model for the complementation in which the excess |3i tails bind to their normal 

partners in the cell, effectively soaking up these proteins which are needed for integrin 
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activation (Fenczik et al., 1997). How^ever, it is not known which of these functions 

require both CD98hc and the light chains, and which, if any, require only CD98hc. 
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RESULTS 

EST cDNA libraries from the BDGP were used to identify Drosophila gene products that 

are homologous to integrin-interacting proteins in vertebrates. Three proteins, CD81, 

CD98, and ILK, were selected. Each of these proteins interacts either by complexing 

with, or by genetically interacting with integrins in vertebrates. The three Drosophila 

cDNAs were sequenced, and localized to a chromosome if possible. Based on the 

genomic location and the available resources in that region, one cDNA was chosen for 

further study. 

CD81 

Searching a Drosophila cDNA EST library from the BDGP from embryos for coding 

regions similar to CD81 showed one clone, LD13250, that appeared to be homologous 

based on the sequence of the 5' end. The clone was obtained from the BDGP and fully 

sequenced, as shown in Figure 8. The cDNA codes for a protein 227 amino acids in 

length, and it is 29% identical and 52% similar to human CD81 cDNA on the amino acid 

level. The Drosophila version of CD81 has 10 of the 11 vertebrate amino acid residues 

that are found in the vertebrate relatives, and has varying degrees of homology in the four 

transmembrane regions. Transmembrane domains 1, 2, and 3 have 29%-39% identity 

and 71%-78% similarity to the human homolog. The Drosophila 
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Figure 8 Drosophila CD81 is 26% identical to human CD81: LD13250 is aligned with 

human CD81 (Genbank accession number 135303). dCD81 has 26% identity and 52% 

similarity to the human counterpart. The putative transmembrane domains based on the 

human sequence are shown. Asterisks represent the amino acids that are 100% conserved 

in the vertebrate CD 81 family. 



sequence in the region of transmembrane 4 is much shorter, and it is in this segment 

where the 11^'^ vertebrate amino acid residue found in other family members would be 

located. This region is not predicted to be a transmembrane segment by using TMpred 

and SOSUI programs (data not shown). It is unlikely, then, that the Drosophila version 

contains the fourth transmembrane domain. 

To determine the genomic location of this Drosophila version of CD81, tools from the 

BDGP were used again. The BDGP had constructed a genomic library of PI clones, and 

a dot blot containing 9,216 of these clones was available commercially though Genome 

Systems. The blot was divided into three grids, and each grid contained 384 small 

squares. Within each square, eight PI clones were dotted twice each, resulting in 16 

spots per square. The identity of the positive clones was determined by first, the location 

of the square containing the positive spots, and secondly, by the relative orientation of the 

two spots within the square. Upon determining the identity of the positive PI clone on the 

blot by location and orientation, the clone name was translated from the Genome 

Systems' name to the BDGP name. Using the PI framework on the BDGP, positive PI 

clones were localized either by the BDGP's in situ hybridization localization data on the 

PI itself, or by the BDGP's inclusion of that PI in an array where another PI had been 

localized to a chromosome. The positive PI clones were requested from the BDGP for 

further testing. 



To probe the PI blot, a radioactive probe was generated from the complete CD81 cDNA 

by random priming, and was hybridized to the PI blot, according to the blot 

manufacturer's recommendation. The results are shown in Figure 9. Using the method 

described above, it was determined that CD81 is located at either 76D1-4, or 96E10-F2 

(Figure 9). The PI clones that were positive by dot blot were retested by Southern and 

PCR assays, and only 96E10-12 remained positive (data not shown). Presumably, the 

false positive was due to incorrect mapping of the PI to a chromosome by the BDGP. 

Therefore, the Drosophila homolog of CD81 is located on the third chromosome at 

96E10-F2. 

Integrin Linked Kinase 

An embryonic cDNA with homology to ILK was identified from the EST database. The 

Drosophila cDNA clone LD2317 was fully sequenced, and is shown in Figure 10. It 

encodes a protein of 448 amino acids, and has about 60% identity to the human ILK. The 

kinase domains are highlighted in Figure 10, and it shows most of the Drosophila 

sequence is similar if not identical to the canonical kinase domains (Hanks et al., 1988). 
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Figure 9 Genomic locations of dILK and dCD81: A dot blot containing 9,216 PI clones 

was probed with cDNAs selected from the Berkeley Drosophila Genome Project's EST 

libraries. Each PI clone is spotted twice in a small area, so the identity of positive clones 
' X O  depends on the pattern of the dots (see insert). A P -labeled ILK probe (LD2317) was 

first hybridized to the blot and analyzed, then the procedure was repeated for CD81 

(LD13250). The location of the positive PI clones, according to the mapping by the 

BDGP, is given beneath the blot. The CD81 clone that also tested positive by PGR is 

indicated by an asterisk. 
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Figure 10 Drosophila ILK is 60% 
identical to human ILK 
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Figure 10 Drosophila ILK is 60% identical to human ILK: LD2317 is aligned with a 

human ILK (Genbank accession number U40282). The kinase domains (I-XI), (Hanks et 

al., 1988) are shown. 
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To determine the genomic location of the Drosophila version of ILK, a probe from the 

complete cDNA was hybridized to the PI dot blot (Figure 8), and positive PI clones were 

verified by Southern and PCR (data not shown). PI clones that contained the cDNA 

mapped to three locations, 78C1-C4, 91D1-2, and 98C1-C2. Using this method, the 

location of ILK in the genome could not be determined. While it was clear which spots 

were positive on the dot blot, the identification of the genomic location of those clones 

was inconsistent, presumably because of errors in mapping the PI clones to 

chromosomes by the BDGP. Subsequent work by another group has shown this cDNA 

is on the third chromosome at 98C1-C2 (Zervas et al., 2001) . 

CD98hc 

The BDGP tools were used to screen an embryonic cDNA library for Drosophila genes 

similar in sequence to vertebrate CD98hc. One clone, LD07787, showed significant 

homology to CD98hc from the 5' sequence, and the clone was obtained and fully 

sequenced. This clone, however, was not complete, as the reading frame had no stop 

codon. To obtain a full length clone, 3'RACE (rapid amplification of cDNA ends) was 

performed using two embryonic libraries (generously provided by Nick Brown), one 

from 0-12 hour embryos, and the other from 12-24 hour embryos. The same cDNA was 

isolated from both libraries. This cDNA encodes a protein of 566 amino acids, and has 

less than 20% identity throughout its entire length with the human CD98hc (Figure 12). 

Interestingly, the sequence identity of the Drosophila cDNA to the vertebrate homologs 
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on the just the 5' end, which contains the intracellular tail, membrane spanning region, 

and a small portion of the extracellular region, was approximately 50%. This shows a 

conserved 5' region with a divergent 3' extracellular tail (Figure 12). 

Using genomic PI clones from the BDGP, dot blot analysis was performed using the 5' 

end of Drosophila CD98 as a probe (Figure 11). Four PI clones hybridized to this probe, 

and they each mapped to 84E1-E5. This result was confirmed by Southern and PGR 

analysis of the PI clones (data not shown). So, it was determined that the genomic 

location of this gene is on the third chromosome at 84E1-E5. 



Figure 11 
Genomic location of CD98hc 

CD981 

PI clones containing CD98hc 
PI name PI location PI name PI location 

CD981 DS02588 84E1-E9 CD984 DS01655 84E1-E5 
CD982 DS03636 84E1-E5 CD985 DS03030 84E1-E5 
CD983 DS03082 84E1-E5 



67 

Figure 11 Genomic location of dCD98hc: A PI dot blot was probed with P^^-labeled 

LD07787 from the BDGP's EST library and analyzed. The location of the positive PI 

clones is given beneath the blot. 
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Figure 12 Alignment of dCD98HC with vertebrate CD98HCs: Overall sequence identity 

is less than 20%. Colors represent amino acids with similar biochemical properties 

(http://users.ox.ac.uk/~mwalter/biosyn_web/amino_acids/amino_acids_roughguide.shtml 

) as follows: blue, aliphatic residues; green, aromatic residues; red, residues with ether 

and thioether groups; pink, residues with acidic and amide groups; black, residues with 

basic groups; gray, glycine and proline. The transmembrane region is marked, and the 

arrow represents the conserved cysteines involved in the disulfide bond between 

CD98HC and l ight  chain.  Region of  highest  s imilari ty is  denoted by a  row of (^  

symbols underneath the aligned sequence. Two regions of lower similarity are denoted 

by (-). 



70 

DISCUSSION 

Identification of Drosovhila homologs of integrin interacting proteins 

A Drosophila homo log of CD81 has been identified by sequence homology to vertebrate 

CD81. The Drosophila version has 10 of the 11 100% conserved residues that identify 

vertebrate TMSF4 members, as well as the four transmembrane domains. The ll"' 

conserved residue is in the fourth transmembrane region, and this region is absent in 

Drosophila CD81. The overall sequence identity between the Drosophila CD81 and 

vertebrate TMSF4 is fairly low at 26%. This may show that the Drosophila version may 

be a more generalized form that performs multiple functions, whereas in vertebrates each 

TMSF4 may have more specific functions, for example. 

The Drosophila ILK has been identified by sequence homology, and is almost 60% 

identical to the human ILK. Based on its sequence alone, it is reasonable to expect the 

Drosophila ILK to have kinase activity, and that has been shown (Zervas et al., 2001). 

However, ILK in vertebrates has been shown to have activities distinct from this kinase 

activity, such as binding of integrins and other signaling or cytoskeletal component 

(Dedhar et al., 1999). Other groups are investigating the function of this Drosophila 

gene and its interactions with integrins. 

The Drosophila CD98hc has been identified by sequence homology. However, in this 

case, due to the strategy used by the BDGP for constructing their EST libraries, a 
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complete CD98hc cDNA was not available. So RT-PCR had to be performed to fish out 

a cDNA with a polyA+ tail. This shows the limitations of using certain tools generated 

by the BDGP, which is that not every tool is necessarily complete. Sequencing of the 

complete cDNA shows the Drosophila version has a low identity to vertebrate version, 

due to a divergent 3' end. However, the Drosophila CD98hc does have the conserved 

cysteine just a few residues from the transmembrane domain on the extracellular side. 

This cysteine is necessary for the disulfide bond between CD98hc and a light chain. And 

the sequence homology is the highest on the intracellular and transmembrane regions, 

suggesting the function is likely to be conserved for this region of the protein, whereas 

the extracellular region probably does different things or binds different proteins in 

Drosophila compared to vertebrates. 

Using the BDGP 

In this study, tools available from the BDGP were invaluable in identifying the 

Drosophila homologs of the chosen genes. The EST libraries were necessary to know 

that the chosen genes were expressed in Drosophila, and gave a good idea of how similar 

they are to the vertebrate homologs by the amount of sequence divergence. The PI-based 

map of the genome allowed an investigator to identify the pieces of the genome he is 

interested in, without having to clone it himself And the linkages between the molecular 

map and chromosomal map saved time going from gene of interest to chromosomal 

location. 



However, at the time when these studies were performed, the BDGP tools were still in a 

draft version. Many of the PI clones were not mapped, and some were mapped to 

incorrect chromosomes. The manufacturer of the dot blot containing over 9,000 PI 

clones had some quality control issues, making what should be a trivial process of 

identifying the positive clones rather error-prone. The BDGP has since graduated to a 

BAC-based map, and now the genome has been completely sequenced. The complete 

sequencing of the genome has made much of the work here possible to do at a computer, 

without having to perform any experiments. 

Selection of a single gene 

Three genes whose products interact with integrins were identified in Drosophila, using 

resources available from the BDGP. The genomic locations of two of the three (CD81 

and CD98hc) were resolved, while the third, ILK, remained ambiguous. The next step 

was to choose one of the genes for further study. The choice was based on the available 

genetic stocks for each genomic region in which a cDNA was localized. The genetic 

stocks were needed to narrow the chromosomal position fi"om a polytene chromosome 

band to a genetic and/or molecular map, and to look for mutant stocks in the area that 

were candidates for affecting gene function. 

To determine which gene was to be examined further, analysis of the available genetic 

tools at the genomic locations of CD98hc and CD81 was undertaken. CD81 was 
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localized to a region that was close to the genes for bride of sevenless {boss) and 

enhancer of split (E(sp\)). These two genes were well characterized, and their sequences 

are known. Obviously, neither was CD81, but CD81 could be very close to them. 

However, although boss and E(spl) had been extensively studied, very little was known 

about the genomic region surrounding them. Choosing CD81 for further study likely 

meant constructing new deficiencies to narrow down the location of CD81 and 

performing new mutageneses to get a mutation in a fly. So CD81 was not chosen. 

On the other hand, CD98hc was localized to a region very close to the sex determining 

gene, doublesex (dsx). This genomic region had been studied extensively, and there were 

lethal complementation groups as well as a set of deficiency stocks available between 

84D-F (Baker and Wolfner, 1988), which would allow the genomic location of CD98hc 

to be determined relative to dsx and the lethal complementation groups. The EMS 

mutagenesis that had been performed was not to saturation, so there were some lethal 

complementation groups that only contained a single member. However, there were at 

least 26 lethal complementation groups that could be tested in this region. It was very 

possible that CD98hc was one of them, which would give at least one if not more 

independent mutations in the gene. So CD98hc was chosen for further study. 
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CHAPTER 3 

CHARACTERIZATION OF CD98hc IN DROSOPHILA 

BACKGROUND 

The 42F complex and Amino Acid Transport 

There are six different families of amino acid transporters in mammals. CD98hc is part 

of the only family that is comprised of a heterodimer, containing a heavy chain and a 

light chain. The antibody 4F2 recognizes an epitope on the heavy chain, and the light 

chain of the 4F2 complex is the actual amino acid transporter. The heavy chain, which is 

CD98hc, regulates the level of the light chain's amino acid transport. The specificity of 

which amino acids are transported, though, is dependent on the light chain. CD98hc and 

its light chain are covalently linked by a disulfide bond using a cysteine located in 

CD98hc a few residues from the transmembrane domain on the extracellular side. 

Heavy Chains 

There are actually two members in the vertebrate family of heavy chains, CD98hc and 

rBAT. The two show 25% amino acid sequence identity to each other, and this identity is 

scattered throughout the length of the protein. Two putative heavy chains have been 

identified in C. elegans, with one that looks like CD98hc throughout its length, and one 

that looks like rBAT throughout its length. In Drosophila, the BDGP has identified a 
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predicted cDNA sequence that has 35% identity to the vertebrate rBAT, but it is not clear 

if this is the Drosophila rBAT homolog, or a related protein. This putative rBAT 

homolog (BDGP id number CG8693) has less than 20% identity with the Drosophila 

CD98hc described in this work (Figure 13). 

In Drosophila, the overall sequence identity of CD98hc with vertebrate counterparts is 

25% over the length of the protein, but just looking at the 5' end gives much higher 

sequence identity (see Figure 12). Interestingly, this intracellular region of vertebrate 

CD98hc has been shown to be important for binding to integrins, as well as modulating 

the activation state of integrins (Zent et al., 2000). It seems likely that the Drosophila 

cDNA described here is the closest relative by sequence to vertebrate CD98hc. 

The 4F2 complex of heavy and light chain was identified as having amino acid 

transporting activity of the type y+L. In this system, dibasic amino acids are moved out 

of the cell, in exchange for the import of neutral amino acids, with or without sodium 

(Estevez et al., 1998). rBAT, on the other hand, is involved in regulation of a different 

family of amino acid transporters called system b^'"^, where neutral amino acids are 

moved out, and dibasic amino acids are moved 



Figure 13: Drosophila CD98hc and putative rBAT 
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Figure 13 Drosophila CD98hc and putative rBAT amino acid sequences using the 

ALIGN program. 



into the cell. This heavy chain has a much more limited expression than the ubiquitous 

CD98hc. rBAT is expressed in epithelial cells of the kidney proximal tubule, and in the 

brush border of the small intestine. 

Vertebrate CD98hc has been identified on the cell surface without a light chain in both 

oocytes and L cells, and overexpression of CD98hc results in its expression, presumably 

as a monomer, on plasma membrane. However, there are no studies that show any 

function of free CD98hc in the normal in vivo situation. 

Light chains 

The first light chain for a heteromeric amino acid transporter was identified in 1998. 

Since then, the light chain family has grown to include over 20 genes. In Drosophila, 

one light chain, encoded by the gene minidiscs, has been characterized, although more 

light chains can be found in the genome based on sequence homology. 

This vertebrate family of amino acid transporters has 12 putative transmembrane 

domains, and is not N-glycosylated. Due to its many hydrophobic regions, it runs on a 

gel as a small protein of 40kD, hence its name as the light chain. 

Mutations in light chains are known to cause genetic diseases in humans. Cystinuria, an 

autosomal recessive disorder, occurs in 1 in 7,000 births. The primary defect is a buildup 

of cysteine in the kidneys, causing blockage and damage. The majority of cases are 
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caused by one of many mutations in a light chain gene, SLC7A9. This light chain is 

partnered with rBAT, so it is involved with the system b"'^. Another genetic disorder in 

humans, lysinuric protein intolerance (LPI) is caused by mutations in the light chain 

y^LAT-1. This rare, autosomal recessive disorder includes reduced intestinal absorption 

of dibasic amino acids, and increased renal excretion. For this disease, CD98hc is 

thought to be the heavy chain partner. So, mutations in the light chain can have severe 

consequences, presumably due to the amino acid transporting function. But it is 

unknown how mutations in CD98hc affect this and other putative functions in an 

organism. 

Structure/ function studies of CD98hc 

Recently, work has been completed addressing which parts of CD98hc are required for 

both the regulation of amino acid transport, as well as to reverse the suppression of 

integrin activation by isolated /3IA integrin domains. Chimeric and mutated CD9hc were 

expressed in CHO cells, and the lines were tested both for amino acid transport, as well 

as complementation of dominant suppression. The results indicate that the cytoplasmic 

and transmembrane domains of CD98hc are necessary and sufficient for binding to |3IA 

and for the complementation activity, but these regions together fail to stimulate amino 

acid transport. Amino acid transporting activity was increased by increasing the 

expression of a light chain, but this had no effect on integrin activity. Removing the 

cysteines needed for dimerization of CD98hc with light chains abolished the transport of 

amino acids, while having no affect on integrin activation (Fenczik et al., 2001). So the 
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intracellular and cytoplasmic regions are important for interacting with integrins, while 

the extracellular region is involved in regulating amino acid transport. Given that the 

region of highest homology between Drosophila CD98hc to vertebrates is in the 

intracellular and cytoplamic domains, it appears that the integrin-interacting domain is 

what has been conserved. 
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RESULTS 

Mutations in CD98hc 

To find a mutation in CD98, genomic sequence analysis was performed on various 

Drosophila stocks from the cytological region of 84E1-E5. These included a known 

integrin-interacting mutation in this region called steamer duck (stk) (Prout et al., 1997), 

as well as P-element insertions resulting in lethal mutations. None of those available 

stocks had mutations in the CD98hc coding region by sequencing the genomic DNA 

using primers based on the CD98hc cDNA sequence (data not shown). 

Next, Drosophila lines developed by Bruce Baker's lab in characterizing the genomic 

region surrounding doublesex (dsx) were obtained to search for existing mutants in 

CD98hc (Baker and Wolfner, 1988). dsx is located at 84E1-2, and deficiency lines as 

well as lethal complementation groups generated from an EMS screen were available. To 

determine the location of CD98hc using these deficiencies, Southern analysis was 

performed on genomic DNA isolated from 6 deficiency stocks, each with breakpoints in 

the region near dsx and presumably near CD98hc. These deficiency lines were carried 

either over a wild-type (+), or a balancer (TM6) chromosome, and the blot was probed 

with labeled CD98hc cDNA to identify the CD98hc coding region. 
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The results of the Southern analysis performed on the deficiency lines are shown in 

Figure 14. In all + and TM6 constructs, the upper band is present, suggesting this is the 

signal from the wild type CD98hc chromosome (Figure 14 and data not shown). On the 

other hand, the lower band is present in the dsx2M lanes as well as in other deficiency 

lines (Figure 14 and data not shown), which suggests the lower band is the signal from 

the deficiency bearing chromosome. The size difference is presumably due to a 

polymorphism that creates a new restriction site on the deficiency bearing chromosome. 

The lower band is missing in lanes with dsxl5, which suggests that this deficiency-

bearing chromosome does not contain the coding region of CD98hc, so the probe can not 

bind. Because deficiencies dsxl5 and dsx21 overlap, yet only dsxl5 removes the 

CD98hc coding region (data not shown), it is possible to narrow down the region in 

which CD98hc is located. Using these deficiencies, it was determined that CD98hc was 

present on the third chromosome between 84D10 and 84E1, as shown in Figure 14. 

The Baker group had identified three lethal complementation groups in this region, 

including dsx. To look for CD98hc mutations in these lines, PCR primers were made 

based on the CD98hc cDNA to amplify the genomic 
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Figure 14 Deficiency mapping and Southern analysis of the dCD98 region: A. Diagram 

showing the relative breakpoints of the most pertenent deficiency stocks. Black bars 

represent the genomic DNA, while white bars represent the DNA deleted. The 
• • • 32 breakpoints are identified. B. Genomic DNA from deficiency lines was probed with P-

labeled CD98hc cDNA probe. The deficiencies were tested over a wild-type 

chromosome (designated +) and a balancer chromosome (designated TM6). Arrows 1 

and 2 show the pattern of DNA with two copies of CD98hc. dsx 21 has both copies 

present (data not shown), while dsx 15 is missing the second copy (arrow 2). 



regions of CD98hc. The PCR products were then sequenced. Sequencing one allele 

from each of the two complementation groups showed that CD98hc is the locus the Baker 

lab had designated l(3)84Ea. Sequencing the two other alleles in this lethal 

complementation group revealed that each has a point mutation in CD98hc causing a 

premature stop codon. 

Figure 15 is a diagram showing the genomic DNA with intron/exon structure, and the 5' 

untranslated region as well as the predicted stop codons for each of the three alleles. 

Allele H5 has a stop codon at nucleotide position 454, which, if translated, would make 

only the intracellular region of the protein. H56 has a stop codon at nucleotide 574, which 

would make the intracellular, transmembrane and a small amount of the extracellular 

region. H38 has a stop codon at nucleotide 865, which would make the intracellular, 

transmembrane, and about half of the extracellular regions. The Baker group had 

identified these alleles as lethal, and that result was confirmed by complementation 

testing. Each allele was crossed to the others to verify that trans-heterozygotes did not 

survive (data not shown). However, when these alleles were homozygous, there were 

differences in the lethal phases between the alleles (see lethal phase section). This 

suggests that there are other lethal mutations besides CD98hc on the chromosomes, 

which are not surprising since these alleles were identified from a mutagenesis screen, 

and there had been no purposeful recombination to try to remove these other mutations. 
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Figure 15 Genomic structure of dCD98hc mutants: The diagram shows the wild-type 

genomic DNA of CD98hc (top line). Coding regions are black bars, introns in white, and 

untranslated regions are patterned. The nucleotide numbers begirming from the AUG are 

given for introns, transmembrane domain, and the stop codon. The members of the 

lethal complementation group (designated l(3)84Ea by B. Baker) are shown underneath. 

The locations of the nonsense mutations are identified. 
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Alternative transcripts 

The BDGP maintains a number of EST libraries from different Drosophila tissues and 

developmental stages. An EST is a cDNA that has been sequenced approximately 300 

bases from either the 5' or 3' end. Searching for CD98hc ESTs revealed ESTs in ovary, 

adult head as well as embryonic libraries. Interestingly, the 5' untranslated regions were 

different for the ovarian EST than the head and embryonic ESTs. Each of these ESTs 

was obtained from the BDGP, and the rest of the cDNA clone was completely sequenced. 

Sequencing genomic DNA from this region showed that the 5'UTRs are separated by 

non-coding regions, leading to the conclusion there are alternative start sites for the 

cDNAs (Figure 16). The rest of the cDNAs appeared to be identical, although the 3' end 

was missing in all of the CD98 cDNAs from libraries generated by the BDGP. To 

determine if the 5'UTR derived cDNAs are exclusive to those tissues, RNA was isolated 

from embryonic, head, and abdominal tissues, and RT-PCR was performed using primers 

specific for the 5'UTRs. As a positive control, a primer designed at the initiating 

methionine residue was also used. The results are shown in Figure 16. When using RNA 

from adult heads, neither the embryonic-derived primers A and D, nor ovarian derived-

primers B and D gave appreciable product. Only the positive control primer pair 

(primers C and D) amplified the cDNA, showing that cDNA was present in each reaction 

(Figure 16, lane 1 in each set). When using RNA from 
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Figure 16 Genomic structure of the dCD98hc gene, and cDNAs available from BDGP: 

The genomic structure of CD98hc is shown with the structure of the cDNAs from 

different tissues. Note the differing 5'UTRs, and the lack of the 3' end in all the cDNAs 

from the BDGP. Underneath are results of RT-PCR experiments using primers A-D. 

The source of RNA is the same for each primer pair, and is listed beneath the gels. All 

band sizes are approximately what was predicted based on the cDNA and genomic DNA 

sequences. 



embryos, all the primer pairs amplified cDNA (Figure 16, lane 2), showing that all the 

alternative transcripts tested for are present in embryo. Female abdomens as the RNA 

source show that transcripts from ovarian-derived primers as well as the embryonic-

derived primers were present (Figure 16, lanes 3 and 4). The presence of product using 

the ovarian-derived primers (B and D) in female abdomens while not in male abdomens 

is expected for an ovarian specific transcript. These 5'UTRs do have differences in 

expression in embryos and abdomens; however, further studies will be needed to show 

how these differences relate to function of the CD98hc protein. 

Lethal phase of CD98hc 

In order to determine the lethal phase of CD98hc, trans-heterozygous animals (meaning 

mutant for each of two different alleles of CD98hc), were used. Because the mutations in 

CD98hc were generated by a mutagenesis, it was possible that the chromosomes 

contained other mutations as well as the ones identified in CD98hc. These other 

mutations may be lethal when homozygous, so to avoid this issue, the trans-heterozygous 

animals were used. To characterize the mutations in CD98hc and their effects on 

Drosophila, the lethal phase of the trans-homozygous animals was determined. The 

genetic scheme for this experiment is shown in Figure 17. Using the green fluorescent 

protein (GFP) as a marker, CD98hc mutant animals can be identified from 
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Figure 17 Determining the lethal phase of dCD98hc mutants: This scheme illustrates 
t 

how the lethal phase of CD98hc was determined. CD98hc and CD98hc represent two 

of the three CD98hc alleles, TM3GFPSer represents the TM3 balancer chromosome 

which contains an actin driven-GFP and the dominant marker Serrate. The crosses were 

done in a white mutant background. 



their heterozygous sibUngs by the trans-heterozygote's lack of fluorescence, when 

excited by a light with wavelength 395nni which produces emitted light at 509nm 

(http://pps99.crvst.bbk.ac.uk/proiects/gmocz/gfp.htm'). The trans-heterozygotes can be 

compared to their recessive siblings for any morphological or behavioral differences due 

to lack of CD98hc. 

When the CD98hc alleles were crossed to each other, the trans-heterozygous embryos 

were normal in both appearance and hatching. As first instar larvae, their movement and 

growth was identical to their heterozygous siblings, and their molt into second instars 

gave larvae with normal morphology. After completing this molt, the trans-heterozygous 

larvae, while not having any gross morphological abnormalities, ceased to grow further, 

and eventually died (Figure 18). The lethal phase was not affected by high temperature, 

as the same results occurred whether development occurred at 25°C (which is a normal 

growing temperature) or 28°C degrees (which increases lethality in some integrin 

mutants) (Figure 18). Given that CD98hc is expressed in all tissues investigated in 

vertebrates as well as in this work in Drosophila, a reasonable expectation is that the 

trans-heterozygous animals would be lethal very early in development due to lack of 

viable CD98hc. A likely explanation for the survival up to second instar is the 

contribution of wild-type CD98hc to the embryos from their mothers. As development 

progresses, this maternal effect would eventually be diluted out, until the animal no 

longer has any functional CD98hc. 

http://pps99.crvst.bbk.ac.uk/proiects/gmocz/gfp.htm'
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Figure 18 Data from the lethal phase crosses. The x-axis is the number of days after 

embryo hatching, the y-axis is the number of CD98hc homozygous larvae expressed as 

the percent of total larvae. The notes at the bottom describe the typical progression 

through the instars for the wild-type larvae under these conditions. Increasing the 

temperature during development had no effect. 
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The presence of a CD98hc cDNA in the ovary gives support for this hypothesis, as it is 

reasonable to expect CD98hc to be present in the ovary, and therefore in the early 

embryo. 

The CD98hc lethal alleles over themselves as homozygotes died during embryogenesis, 

although the alleles over each other survived beyond embryogenesis. This indicates the 

presence of other lethals on the chromosomes in addition to CD98hc. This was not 

surprising, as the mutations had been generated in a mutagenesis, and therefore the 

chromosomes were likely to contain additional "hits" by the mutagen. 

Clonal Analvsis 

Since the trans-heterozygous animals were lethal in a larval phase, another approach was 

needed to investigate the effects of lack of CD98hc on later development. Because 

CD98hc is involved in amino acid transport, lack of CD98hc may result in a nutritional 

deficiency for cells, and lead to problems in growth or proliferation. A clonal analysis 

scheme was designed to make CD98hc mutant clones in a wild-type background, which 

allows development to occur normally. At a given time, an inducible promoter is used to 

induce mitotic recombination, resulting in small patches of cells (clones) that are mutant 

for CD98hc. The animals are later scored as adults for the presence and location of 

clones, and any phenotype associated with the lack of CD98hc. Also, adults were scored 
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for any integrin-related phenotypes, such as wing blisters, to assess genetic interactions 

between Drosophila CD98hc and integrins (see Chapter 4). 

For clonal analysis, stocks were constructed that had a means for generating CD98hc 

mutant clones using the FLP-FRT system (data not shown). In this system, lines of 

Drosophila were generated that are homozygous for a FRT (FLPase recombination 

target) site near CD98hc, which is where the recombination will take place. In addition, a 

source of the enzyme FLPase, which catalyzes recombination between the FRT sites, was 

needed with an inducible promoter to be able to control when the recombination occurs. 

To mark the cells in which recombination had occurred, a P-element containing a wild-

type white (w+) minigene was present on the FRT chromosome that did not have the 

CD98hc mutation. The use of the Pw+ means that homozygous clones in the eye will be 

white. The use of the w+ gene as a clone marker requires that the background of the flies 

must be mutant for the white gene (w) (in other words, not red-eyed). The line chosen for 

the clonal analysis was mutant on the first chromosome for the white gene, as well as 

contained a very weakly expressed P(H'+) on the third chromosome, giving the flies a 

yellow colored eye. Using this line allowed the identification of CD98hc mutant clones in 

the eye by their white color, as well as the identification of w+/ w+ twinspots (which 

have two copies of the weakly expressed P(w+) by their red color. The scheme used to 

make clones is shown in Figure 19. 
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Using this method, if a white clone is also present with a twinspot, this indicates 1) the 

lack of CD98hc in those cells is not lethal to the cells, and/or 2) that the CD98hc defect is 

non-cell autonomous in that it can be rescued by the presence of normal cells nearby. If 

the white clone and twinspot are the same size, then lack of CD98hc does not affect the 

growth of those cells. The scheme also included a control chromosome, which was 

crossed in parallel to the chromosome carrying the CD98hc mutation. The control 

chromosome, called cusreca, has the same FRT but without the CD98hc mutation. It 

also is marked with several recessive markers (cu-curled, s- stripe, e-ebony, and ca-

claret), so clones could also be seen in the body by looking for ebony patches. 

After inducing recombination in the CD98hc-mutation bearing lines, only the red 

twinspot was present. This indicated that the system was inducing recombination, but 

also suggested that CD98hc was lethal. The control chromosome, cusreca, had both 

white clones and red twinspots. However, it remained a possible explanation for the lack 

of CD98hc clones that the other lethal mutations known to be on the CD98hc-bearing 

chromosome were responsible for the missing white clone, and not the CD98hc mutation 

itself So crosses were set up to remove any potential lethals, as shown in Figure 20. 
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Figure 19 Scheme for clonal analysis of CD98hc mutant cells in the eye: The initial 

crosses using a heat-shock driven FLPase to catalyze mitotic recombination at the FRT 

sites. The result was the presence of a red twinspot, indicating mitotic recombination had 

occurred, but no white clones in the eye. As a control, this scheme was also done using a 

FRT containing chromosome with a wild-type CD98hc, and the recessive markers cu, sr, 

e, and ca. This chromosome also gave red twinspots as well as white clones (data not 

shown). 
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Figure 20 Scheme to remove the lethal from the FRT-bearing chromosome. This scheme 

involved a screen for chromosomes that, after potential germline recombination in the 

female, now gave a white clone and red twinspot (because the lethal had been crossed 

off). The lines are then checked by complementation testing to see if the chromosome 

still contains the original CD98hc mutation. Those chromosomes are then put back into 

the scheme in 19. 
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The location of CD98hc on the chromosome is critical in attempting to remove any 

potential lethals. CD98hc is near the centromere on chromosome 3, with the FRT 

sequence located between CD98 and the centromere. A recombination event at the FRT 

would exchange a part of the arm containing CD98hc, the centromere, and the entire 

other arm with the sister chromosome. A single recombination event at this FRT, then, 

could replace over half of the chromosome, as well as any potential lethals contained on 

that part of the chromosome. 

In order to achieve this recombination, the female flies that came from the original 

scheme (with red twinspots and no white mutant clone) were crossed to males as shown 

in Figure 20. The progeny were heat-shocked to induce mitotic recombination, and then 

next generation was heat shocked as in the Figure 19. These progeny were scored for the 

presence of white homozygous CD98hc clones as well as red wild-type twinspots. If both 

were present, this shows that the lethal was removed that caused the absence of the white 

clone in the original female. To ask if the mutation in CD98hc was still present, a 

complementation cross was performed to ensure the line still contained the original 

mutation in CD98hc (Figure 20). Those lines that passed the complementation test (and 

so still contained the mutation in CD98hc) were then put back into the original scheme in 

Figure 19. 

Using the method described above, several recombinant lines were generated that now 

had white clones and red twinspots. All of these recombinant lines retained the nonsense 
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mutation in CD98hc. Examples of the clones and twinspots obtained are shown in Figure 

21. The relative sizes of the clones versus the twinspots were compared in Figure 22 

alongside the cusreca control, and show no effect of CD98hc mutations on cell growth. 

The animals with clones had no gross abnormalities in any body parts, including the eye. 



Figure 21 
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Figure 21 CD98hc mutant clones in the eye: Photographs of typical eyes from the 

scheme in 20 after the lethal(s) was removed. The eye is yellow with a white CD98hc 

mutant clone and a red twinspot. Note the variety of patterns of clones and twinspots. 
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Figure 22 Quantitation of the relative sizes of mutant clones and twinspot. Each size 

category on the x-axis represents the result plus or minus 20% (ie, twinspot=mutant 

includes a 20% larger twinspot than mutant clone, and a 20% larger clone than twinspot). 

The y-axis represents the number of clones as a percentage of the total. The control class 

(cusreca) is a chromosome with a FRT, a wild-type CD98hc, and the recessive markers. 
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DISCUSSION 

Mutations in CD98hc and lethal phase 

Using the chromosomal location based on the BDGP tools, lethal mutations in CD98hc 

were identified, and these mutations were all nonsense mutations. Since total lack of 

CD98hc is lethal to the organism, this implies that CD98hc has some important function 

for which there are no apparent compensatory mechanisms. One obvious function, given 

the vertebrate studies, is that CD98hc is regulating amino acid transport. Thus, it is 

interesting that lack of CD98hc function is lethal relatively late in development. In other 

words, embryos arid first instar larvae are apparently normal with no zygotic CD98hc, 

and it is only during the second instar that zygotic loss of CD98hc function has obvious 

effects. There are a number of possible explanations for this result. Most likely, it is 

possible that CD98hc has a maternal effect, meaning that it is supplied to the embryo by 

its mother. This means that in a trans-heterozygous CD98hc mutant, it may have some 

maternal wild-type CD98hc. The wild-type protein would eventually become diluted as 

cells in the embryo or larvae continue to divide and the organism grows. This idea is 

supported in this work by the finding of the ovarian specific CD98hc transcript in the 

female abdomen, as well as in embryos. Another possibility is that CD98hc is not the 

only protein controlling amino acid transport, and this other protein (proteins) is active in 

early development. However, these other proteins do not have sequence similarities to 

CD98hc, because it has no closely related sequences in the Drosophila genome. 

Experiments with a Drosophila light chain, minidiscs, support the notion of additional 
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players in amino acid transport. Mutations in this gene result in lethal phases from late 

embryonic stage through early pupal stages. The minidiscs protein is expressed in the fat 

body of the larvae but has effects on proliferation of the imaginal discs (Martin et al., 

2000). This suggests the possibility that CD98hc may also have effects on phenotypes 

outside the lethal phases described in this work. However, it appears likely that the 

CD98hc mutations necessary to uncover these phenotypes will have to be subtler than the 

nonsense mutations utilized herein. 

It is intriguing to think that the location of the mutations in CD98 may hold keys to the 

function of the protein. If there were any protein translated from the H5 allele, it would 

contain only the intracellular region. This might act as a dominant negative, by binding 

proteins in the cytoplasm, for example, yet not be able to perform its extracellular 

function, or even be localized to the membrane. Another allele, H38, might make just 

enough of the extracellular domain to behave normally on the intracellular side, but be 

unable to interact appropriately with extracellular partners. However, the mutations in 

CD98hc are most likely to be null mutations. First, nonsense-mediated mRNA decay is 

an mRNA surveillance mechanism that detects and rapidly degrades aberrant transcripts 

containing premature termination codons (Wormington, 2003), which makes it unlikely 

that much transcript would survive to become a part of the protein. An important tool 

useful for testing the presence or kinetics of truncated CD98hc protein expression would 

obviously be specific antibodies, but as yet none exist that recognize the Drosophila 

protein. Next, when the three CD98hc alleles are crossed to each other, the lethal phase is 
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the same for all three combinations (data not shown). And the three alleles show no 

difference in any phenotype. So the phenotype and lethal phase observed are likely to be 

effects of producing no functional CD98hc protein. 

The strategy presented here was to search for mutations by looking at changes in the 

coding region of CD98hc. In this study, this resulted in finding lethal mutations, due to 

the screen for lethal complementation groups that had been performed on the genomic 

region surrounding CD98hc. However, it would be informative to see what the phenotype 

would be of a hypomorphic mutation, or partial function of CD98hc. These kinds of 

mutations may be found by sequencing the coding region of potential targets, but may 

also be caused by mutations in non-coding regions, such as in a promoter or enhancer 

region. Although the work presented here did not identify any such mutations, having the 

lethals in hand enables the development of a genetic screen for other kinds of non-

complementing mutations, including ones that may show a phenotype more biologically 

informative than death. 

Alternative transcripts 

The presence of multiple 5' untranslated regions may account for variability not only in 

tissue specific CD98hc expression, but also differences in times or levels of expression. 

The transcript originally identified in embryos was found in all tissues examined, 

suggesting that it may have a general role. And the transcript originally identified in 

ovaries was found specifically in female abdomens rather than male abdomens, which is 
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to be expected for an ovarian gene. Interestingly, the transcript identified by the BDGP 

as coming from the adult head was not found in the adult head in this study, but was 

present in embryos, as well as male and female abdomens. This could be explained by 

differences in dissection techniques, or perhaps different genetic backgrounds of the flies 

dissected. In any case, CD98hc has transcripts with various 5' ends that are expressed 

differentially, and the presence of different 5' ends presumably affect transcription or 

translation of the protein in time or space. 

Vertebrate CD98hc is expressed ubiquitously, and the work presented here finds some 

version of Drosophila CD98hc in all tissues examined. To investigate any potential 

interactions with the light chain mutant, minidiscs, genetic interactions tests were 

performed. The lethal phase of hypomorphic mutations in minidiscs is during the larval 

phase. Flies were made who were trans-heterozygous for minidiscs as well as trans-

heterozygous for CD98hc. The lethal phase and phenotype of these animals were no 

different fi"om those trans-heterozygous for minidiscs alone (personal communication, 

Allen Sheam). So, CD98hc is probably not involved in the minidisc lethality or 

phenotype. Since there are many putative light chains in Drosophila, this result suggests 

that CD98hc probably pairs with other light chains. However, it does raise the possibility 

that in Drosophila, there are other heavy chains (such as an rBAT homolog), or other 

proteins that may have a totally different sequence, but still perform the function of 

regulating light chain amino acid transport. 
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Clonal analysis 

Clonal analysis is used to test for gene function in late development. Since CD98hc is 

lethal at a larval phase, what happens if CD98hc function is removed at a later time 

during development? The clonal analysis results presented show that lack of CD98hc 

late in development is not lethal to cells, as there are white clones. The size of the white 

clones was identical to the size of the red twinspot, which indicates that lack of CD98hc 

late in development does not affect growth of cells. The normal overall morphology of 

the flies with clones suggests that lack of CD98hc late in development does not affect the 

differentiation or patterning of cells, at least to a great extent. This is in agreement with 

transplantation experiments in which mutant CD98hc imaginal discs were cultured in a 

wild-type environment, and developed into adult structures (personal communication 

with Allen Sheam), which once again suggests CD98hc mutations can be rescued by a 

wild-type environment. 

There are several potential explanations for these results. First, CD98hc may be 

absolutely required during the second instar, but only for a short time. Then, other 

proteins that have a similar fiinction may be able to compensate adequately for CD98hc. 

The heat shock protocol in the clonal analysis experiments described here affected third 

instar larvae. If an earlier developmental stage required CD98hc, then that stage would 

die, so there would be no clones or twinspot to see. If a later developmental stage 

required CD98hc, the clones and twinspot would be present. Other possibilities are that 

the cells are "leaky" so that the wild-type cells nearby supply enough CD98hc for 
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survival, or that CD98hc is involved in a signaling pathway and cells are able to use an 

alternate pathway in the absence of CD98hc. This would indicate that CD98hc (or some 

part of its signaling pathway) is able to signal across many cell distances, given the size 

of the clones with normal morphology. Perhaps this occurs through a CD98hc-dependent 

metabolite that is able to diffuse great distances. Once again, this is in agreement with 

data from the minidiscs light chain gene, in which the gene is expressed in the larval fat 

body, but affects the size of the imaginal discs (Martin et al., 2000). So the results of the 

work presented here show that Drosophila CD98hc is non-autonomous for function, just 

as the only studied light chain in Drosophila. 
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CHAPTER 4 

INTEGRINS AND CD98hc IN DROSOPHILA 

BACKGROUND 

Integrins 

Integrins are transmembrane glycoproteins composed of an a and /3 subunit, which act as 

integrators of the extracellular matrix (ECM) and the cellular cytoskeleton. The 

extracellular matrix is a protein and carbohydrate network that is secreted by cells and 

molded into the extracellular space, and includes proteins such as fibronectin, laminin 

and collagen. (Giancotti and Ruoslahti, 1999; Hynes, 1999). Integrins attach cells to the 

ECM through these proteins, as well as mediate mechanical and chemical signals from 

the ECM. Integrins can also be involved in heterotypic cell adhesion. (Giancotti and 

Ruoslahti, 1999). Integrins act as receptors for extracellular matrix proteins and for 

membrane bound receptors on other cells (Aplin et al., 1998). So, integrins play an 

important role in cell adhesion to basement membranes, in adhesion-induced polarization 

of cells, and in cell migration. 

The family of vertebrate integrins includes many different a and /3 subunits making over 

20 heterodimers. Each integrin heterodimer has its own binding specificity and signaling 

properties (Juliano, 2002), and the ligand binding site includes parts of both O! and |3 
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peptide chains (Aplin et al., 1998). Integrins respond to certain agents that bind the 

extracellular domain, and experimentally factors such as divalent cations or antibodies 

influence integrin conformation. Integrins also can respond to signals generated within 

the cell naturally that presumably have an impact on the cytoplasmic domain ("inside-out 

signaling") (Aplin et al., 1998). The integrin heterodimer has different affinity states with 

respect to ligand. Ability to achieve the high affinity state, also called the activated state, 

depends on a number of factors including the cell type and the availability of energy from 

the cell (Aplin et al., 1998). 

The focal adhesion is a close contact between a cell's membrane and the ECM and 

contains integrins. Focal adhesions are dynamic structures which can change in size and 

composition as the adhesion process occurs. Many proteins including integrins are 

present at a focal adhesion, including cytoskeletal proteins, transmembrane proteins, 

cytoplasmic integrin binding proteins, and proteins that interact with the integrin 

heterodimer (Aplin et al., 1998). 

Integrins are known to be involved in many different signal transduction pathways. The 

basic integrin signaling machinery involves the following processes. Integrins are 

clustered, the integrin cytoplasmic tails interact with adapter proteins, which interact with 

the cytoskeleton (Giancotti and Ruoslahti, 1999). Integrins are also critical for key 

events such as platelet adhesion and aggregation at the site of vascular injury in 

hemostasis and thrombosis (Jackson et al., 2003). Integrins function in T cell 
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coactivation by providing a scaffold for signaling and cytoskeletal proteins that are adept 

at transmitting signals, which allows for rapid responses to changes in the 

microenviroment of the lymphocyte (Miyamoto et al., 2003). Signaling occurs, for 

example, through focal adhesion kinase (FAK), then on to the Fyn/Shc pathways, 

culminating in the activation of the Ras-extracellular signal regulated kinase (ERK) 

MAPK cascade. There are also partnerships with growth factor receptors and other 

membrane proteins. Finally, integrins can signal in either direction. The extracellular 

binding of integrins is regulated from inside the cell, while binding of the extracellular 

matrix elicits signals that are transmitted into the cell (Giancotti and Ruoslahti, 1999). 

All of these processes allow integrins to control the cell cycle, apoptosis, cell shape, 

growth and survival (Giancotti and Ruoslahti, 1999). 

Integrins in Drosophila 

In Drosophila, there are five a subunits and two /3 subunits. The first three identified a 

subunits are oPSl, aPS2, and aPS3, and mutations have been identified in each called 

respectively multiple edematous wings (mew), inflated (if), and scab (scb). The three a 

subunits have different but often overlapping expression patterns, and have different but 

also overlapping mutant phenotypes (Bogaert et al., 1987; Brabant and Brower, 1993; 

Brown et al., 1989; Leptin et al., 1989; Stark et al., 1997; Wilcox et al., 1989). The two ^ 

subunits are |Sps, which is encoded by myospheriod, and /3^, whose expression is limited 
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to the developing midgut endoderm and its precursors during embryogenesis (Grinblat et 

al., 1994; Leptin et al., 1989; Yee and Hynes, 1993; Zusman et al., 1990). This work 

concentrates on a!ps2 (due to its high level of cell spreading activity in culture) and (3ps 

(due to its more general expression in vivo). 

The myospheroid phenotypes were first described in 1960 (Wright, 1960) The 

myospheroid locus was later identified as the gene for the integrin /3ps. This protein has 

been identified by a monoclonal antibody screen for position specific antigens in 

Drosophila (Bogaert et al., 1987; Brower et al., 1985; Brower et al., 1984; Wilcox et al., 

1980). jSps pairs with any of three alpha subunits, Opsi, 0!ps2, or Opsa (Leptin et al., 1989; 

MacKrell et al., 1988). The original mys null allele was an embryonic lethal. In 

homozygous mys embryos, the somatic muscles pull away from the body wall, leading to 

small balls of muscles, hence the name of the mutant. The defect is assumed to be in the 

attachments of the muscles to the tendons. In addition, the embryos have a dorsal 

herniation, where the gut extrudes through a hole along the dorsal surface. They also 

have malformation of the visceral musculature (Wright, 1960). There are a number of 

other mutations in mys that have been characterized. Different hypomorphic mutations in 

mys have phenotypes that include lethality and/or wing blistering, and these phenotypes 

are temperature sensitive for some alleles (Bunch et al., 1992). 

CD98hc and Integrins 
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CD98hc and integrins were first identified together in complexes with a number of other 

proteins. The association between the two was circumstantial at best until recently. The 

first evidence that integrins and CD98hc may have an effect on a particular cell function 

was in the field of viral-mediated cell fusion. Antibodies against CD98hc (also called 

FRP-1) induce cells transfected with the HIV protein gpl60 to fuse. Anti-jSi antibodies 

block this CD9 She-mediated fusion, suggesting that both proteins are involved in cell 

fusion (Ohta et al., 1994). In addition, in human breast carcinoma cell lines, the ligation 

of CD98hc proteins to each other via antibody binding increased the activity of q:3|5i, as 

measured by binding of the integrin to thrombospondin-1 (Chandrasekaran et al., 1999). 

So CD98hc is involved in multiple integrin-dependent flinctions. 

The idea that CD98hc may be involved in determining the activation state of integrins 

was further supported by the genetic screen previously described. Briefly, a cell culture 

system was used in which a chimeric integrin (extracellular regions of OIIBISS and 

intracellular regions of OfeAjSi) is constitutively active. Addition of isolated j8i tails 

dominantly suppressed the normally constitutively active integrin, presumably soaking up 

the proteins that interact with the I3\ tails. Hamster and human cDNA libraries were 

expressed in these cells, and CD98hc was identified as a gene product that overcame the 

dominant suppression (Fenczik et al., 1997). Further work in this system showed that 

CD98hc interacts physically as well as fiinctionally with the cytoplasmic domains of the 

splice variant i8ia as well as 183, while not interacting with the muscle-specific splice 
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variant /SID, nor the leukocyte specific jS? (Zent et al., 2000). Interestingly, /3IA is 

expressed in epithelial cells, as is CD98hc, and both are localized to the basolateral area. 

Neither /3ID nor /Sy are expressed in a polar distribution (Zent et al., 2000). This specificity 

of interaction suggests that the association of CD98hc with integrin cytoplasmic domains 

may regulate the function and localization of the proteins. In support of this, CD98hc 

and ci4l3i integrins were functionally associated in T-lymphocytes, either by essentially 

separate pathways with a single common intermediate or by clustering of CD98hc 

leading directly to the activation of integrins (Warren et al., 2000). 

The vertebrate family of /S integrins is large, with at least 8 members. However, in 

Drosophila, only one of the two /S's, /Sps has been found to have a widespread 

distribution. Based on sequence and functional similarities, jSps is most similar to the 

vertebrate /3i (Jannuzi et al., 2002; MacKrell et al., 1988), This |S pairs with at least 12 a 

subunits, although some of those a's pair with other /3's as well. Therefore, studying 

CD98hc and the jSps integrin in Drosophila may shed light on how integrins and CD98hc 

interact in vertebrates. 

Since CD98hc was chosen because of its ability to interact with integrins, it should be 

noted that the classic myospheroid phenotypes were not seen in CD98hc mutations in 

Drosophila. CD98hc mutant embryos appear normal with no dorsal herniation, and 

heterozygous adults as well as adults with large mutant clones do not have blistered or 

held-out wings. However, this does not rule out the possibility of an interaction between 
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these gene products, as mutations in both of these genes in the same animal may give rise 

to new or more severe phenotypes. 
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RESULTS 

Genetic interactions between CD98hc and integrins 

In order to determine if CD98hc and integrins are in the same molecular pathway, genetic 

interaction tests were used. In a genetic interaction test, if two gene products interact 

directly or are in the same pathway, altering the dosage of one could enhance or suppress 

the phenotype of the other. In this type of experiment, it is possible only to identify the 

presence of an interaction, while no meaning can be ascribed to the lack of an interaction. 

This is because interactions may only be obvious when using specific alleles of each 

gene, or when looking at specific phenotypes during development. To investigate the 

genetic interactions between CD98hc and integrins in Drosophila, the previously 

described null mutations in CD98hc as well as hypomorphic mutations in the 

myospheroid (mys) gene were used. A hypomorphic mutation is one in which there is 

some protein function, but less than wild-type. By definition, the phenotype of a 

hypomorphic mutation is less severe than the null mutation for that gene. 

Adult phenotypes 

The first set of experiments tested whether heterozygosity for a null mutation in CD98hc 

would have an effect on the adult lethality or other adult phenotype associated with mys. 

The mys mutations used were hypomorphic with differing degrees of lethality, which 

could enable discovery of CD98hc either enhancing or suppressing the mys lethality. The 

genetic scheme shown in Figure 23 compares males with mutant mys and half the normal 
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amount of CD98hc, to males with mutant mys and the normal amount of CD98hc. 

Females are used to compare any possible effects of the balancer chromosome, TM3Sb, 

versus CD98hc. 

The results shown in Figures 24-26 are divided into different CD98hc alleles and mys 

alleles. The nonsense alleles CD98hc^^, CD98hc^^^, and CD98hc"^^ were used, along 

with l(3)84Eb, which is a chromosome with a lethal mutation in a gene neighboring 

CD98hc but with the same genetic background as the CD98hc mutations. Alleles mys"-'^\ 

mys^' and mys''^ are hypomorphic mutations in the jSps gene, mys"-'^ is a temperature 

sensitive allele for integrin function, so there are stronger phenotypes including adult 

lethality at higher temperatures. This allele also has a low pentrance of wing blistering, 

which is another integrin phenotype (Bunch et al., 1992). mys^^ has a mutation in the 

transmembrane domain, where CD98hc is likely to interact. It also has a very low level 

of adult lethality at all temperatures (Bunch et al., 1992). The lethality of mys''^ is low at 

low temperatures (20% lethality at 22°C) and high at high temperatures (97% lethality at 

28°C) (A. Jannuzi, unpublished results). These alleles were chosen to test with CD98hc 

mutations to look for CD98hc's potential role in integrin-mediated temperature 

sensitivity and lethality. 
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Figure 23 Genetic interactions between CD98hc and /3-integrin in the adult: To 

investigate potential interactions between CD98hc mutants and mys mutants, crosses 

were set up as shown to look at effects in adult lethality. Homozygous mutant mys 

females were crossed to males heterozygous for CD98hc. The resulting progeny were 

compared as follows: if no interaction then the number of sn, v males/5n,v,5' males = 

100%. The females were also compared to determine any effects the balancer 

chromosome may have, as follows; if no effect of balancer, then wt females/Sb females = 

100%. 
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Figure 24 Results of genetic interactions between CD98hc and /3-integrins in the adult: 

Crosses of mys mutants crossed to the three CD98hc alleles and a control 

chromosome l(3)84Eb at three different temperatures. Viability was calculated by the 

number of CD98hcl+ divided by the number of TM3/+, with males as a dark line {mys 

hemizygous) and females as dotted lines {mys heterozygous). 
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To interpret the results, it is important to understand what the different classes of progeny 

represent. The primary comparison is between the males mutant for both mys and one 

copy of CD98hc {sn, v), and the males mys mutant only (sn, v, Sb). If there is no 

interaction, then the number of CD98hc and mys mutant males divided by mys males 

should be 100% (blue lines in Figures 24-26). Anything significantly greater or less 

means an interaction is taking place. The experiments of Fenzcik et al (2001) suggest 

that wild-type CD98hc acts to activate integrins, and so mutations in CD98hc would be 

expected to decrease integrin fixnction. Since the mys mutations used are already at a 

reduced level (hypomorphic), the expectation is that the additional mutations in CD98hc 

should increase the levels of lethality and wing blistering. However, this experiment is 

confounded by the potential differences between CD98hc (which is a recessive mutation) 

and TM3,Sb (which is a balancer chromosome). Balancer chromosomes contain many 

inversions and other abberations, including at least one dominant marker, so TM3, Sb 

could be having its own interactions that are not interesting. The female classes show 

any differences between the CD98hc chromosome, and the TM3, Sb balancer, as these 

flies have no mys effect since it is recessive. If there is no effect of the TM3, Sb 

chromosome, then the number of wild type females divided by the number of Sb females 

should also be 100% (pink lines in Figures 24-26). In addition, another confounding 

effect is the background of the CD98hc mutation (in other words, the background of the 

third chromosome). To try to account for this, the l(3)84Eb data are presented as a 

control for the variability in the background. 



CD98H38/+ divided by 
TM3/+X 100 

— ^  r v j  r v j  C O  C O  c n  o  C J 1  Q  c n  o  c n  C D C D O O O O O C I S  

t + 
3 3 

o 
a >0 00 K 

a-
3 

CT" 

l(3)84Eb/+ divided by 
sm/i^ m. 

i 

t + 
3 3 

CD98^^V+ divided by 
TM3/+X 100 

h o  r o  C O  C O  

€098"^^/+ divided by 
TM3/+X 100 ro iNj CO CO 

o 
0 
00 

X 

a-
3 

& 

f I 
l £ l  



132 

Figure 25 Results of m>'5'''^mutants crossed to the three CD98hc alleles and the control 

chromosome as in Figure 24. 
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Figure 26 Results of mys''^ mutants crossed to the three CD98hc alleles and control 

chromosome as in Figures 24 and 25. 
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Figure 24 shows the results of crosses with and the control chromosome l(3)84Eb 

and the three CD98hc alleles. All show the temperature sensitivity expected with 

(note lower survival of blue lines at 28°C) with the exception of CD98hc"^. For this 

allele, the survival across all temperatures is much lower than 100% at low temperatures, 

and increases at high temperatures, for both mys hemizygotes and wild-type mys. This 

variability is not expected for both of these classes, which indicates that there is a large 

amount of variability in the system. Because of this variability, a significant effect of 

adding CD98hc mutations would be seen only if it is larger than the inherent variability. 

To complicate matters further, the control chromosome l(3)84Eb shows greatly increased 

survival at high temperatures. Because of this result, any survival at high temperatures 

could be due to the genetic background alone or in combination with the presence of 

CD98hc mutations, and therefore does not inform about CD98hc. The decrease in 

survival at high temperatures is based on very small numbers of animals, and therefore is 

not a reliable indicator of a genetic interaction. 

Figure 25 shows the results of crosses with mys''^ with the control chromosome l(3)84Eb 

and the three CD98hc alleles. The control chromosome shows little effect of temperature, 

while the balanced animals in some cases have greatly increased survival. In any case, 

the animals homozygous for mys'^' with any of the CD98hc alleles look very similar to 

each other (blue lines in Figure 25). These data do not support a genetic interaction 

between mys''^ and the CD98hc alleles tested. 
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Figure 26 shows the results of crosses with mys^^ and the control chromosome l(3)84Eb 

and the three CD98hc alleles. The mys homozygotes (blue lines) look very similar to 

each other for the control and CDQShc alleles. The survival of mys heterozygotes (pink 

line) with CD98hc"^^ is very large at high temperatures, suggesting perhaps some kind of 

temperature effect with the balancer chromosome. In any case, there does not appear to 

be an effect on viability with this mys allele. 

None of the combination of alleles show any significant differences in phenotype above 

the levels for l(3)84Eb. These results do not suggest any robust interaction between mys 

and mutations in CD98hc that cause an increase or decrease in adult lethality or adult 

phenotypes. Repetition of the experiment is unlikely to show the desired interaction 

because of the amount of background variation seen in this set of crosses. Perhaps doing 

the experiment to get a larger number of animals in each category would be able to tease 

out any less robust interactions, but interpretation may continue to be difficult because of 

the background. So a different test for genetic interaction was performed. 

Larval lethality 

The above experiments assayed the effects on mys adult lethality when animals have 

reduced CD98hc function. The converse experiments were performed to look at whether 

the CD98hc larval lethality is affected by mys mutations. The genetic scheme shown in 

Figure 27 was carried out. This experiment compared larvae that are homozygous for a 

hypomorphic mys allele and either heterozygous for one allele of CD98hc, or trans-

heterozygous for two alleles of CD98hc. The genotype of the larvae was determined by 
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the presence or absence of the GFP balancer. The alleles used were a temperature 

sensitive hypomorphic allele, and mys''\ a hypomorphic allele that has a mutation that 

changes one of the 56 cysteines into a serine that results in some temperature sensitivity. 

These mys alleles were chosen and tested at different temperatures to detect any effects 

on CD98hc-related larval survival. 

The data in Figure 28 shows that neither increasing temperature, nor the presence of mys 

mutations has any effect on the larval lethality of CD98hc. The curves at both 25°C and 

h ? • 28°C are essentially the same for both the + chromosome as well as mys , which 

suggests no genetic interaction. These curves decrease over time because only larvae 

were countable, and the larvae hatched and migrated off the counting surface. For mys'^\ 

the survival was less than wild type as expected at 28°C, but the CD98hc alleles were 

very similar to wild type at 25°C and 28°C. None of these data support a genetic 

interaction between CD98hc and mys alleles. 
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Figure 27 Genetic interactions between CD98hc and |3-integrin in the larvae: To 

investigate effects of CD98hc and mys mutants on the larvae, crosses were set up to look 

at larval lethality. In this cross, all animals are homozygous or hemizygous for the mys 

mutation. Comparisons were made between CD98hc heterozgous larvae and their 

CD98hc homozygous siblings, as identified by the presence or absence of GFP on the 

balancer chromosome. 
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Figure 28 Results of larval lethality experiments: Panel A shows CD98hc mutants 

without mys mutations, which shows the typical level of lethality due to CD98hc at two 

temperatures. The numbers represent the non-GFP larvae expressed as a percentage of 

the total animals (GFP and non-GFP). Panel B shows the effect mys"'^ mutation has on 

CD98hc mutations. Panel C shows the effect mys^^ has on CD98hc mutations. The 

developmental stage of the larvae each day after hatching is described in the key. 
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DISCUSSION 

This work set out to investigate CD98hc in Drosophila and its interactions with integrins. 

The experimental results presented here failed to demonstrate genetic interactions with 

the explicit mys alleles used. However, it must be noted that the work here was designed 

to test specific ways for CD98hc and integrins to interact. For example, the effect of mys 

mutations on the CD98hc lethal phase in larvae was investigated, but not the effect of 

CD98hc mutations on mys larval or embryonic phenotypes. The type of alleles of both 

mys (hypomorphic) and CD98hc (lethal null) were chosen because they were available 

and because the mutations had phenotypes that could be followed; the experiments were 

not designed to showcase all possible mutations of the two proteins. It is possible that an 

interaction would be seen using other kinds of mutations, but the lethal null mutations in 

CD98hc are the only ones available at this time. 

Finally, interactions between integrins and CD98hc were tested at specific times and 

developmental stages (for example, larval lethality and adult lethality/phenotypes). While 

this testing was rigorous and extensive, it is possible that the time windows and/or 

temperature phases were insufficient to unearth interactions. Thus, testing more 

developmental stages (for example, embryos) may be more informative, although not 

trivial experimentally, given the embryonic phenotypes of integrin mutations. 
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However, the work presented here at the least does provide information as to the integrin 

roles upon which CD98hc does not impinge, and vice versa. For example, the larval 

death at second instar due to CD98hc mutations is not affected by mutations in mys, and 

the adult phenotypes of mys mutants are not affected by mutations in CD98hc. It is not 

unreasonable to conclude, therefore, that there is no interaction between those two genes, 

and that the protein products do not interplay to generate an observable phenotype. 

While this would be at variance with what has been found in vertebrate tissue culture 

(Zent et al, 2000), it remains a formal possibility. However, the absence of evidence does 

not entirely mean that the evidence is absent. There may be important details concerning 

the cellular outcomes (i.e, structural re-arrangements, metabolic activities, altered 

genomic transcription) that are too subtle to display phenotypes at the level of the 

organism or during the particular time points selected. The pressure applied on the 

system by the respective mutations may not have been sufficient to inflict lethal damage 

alone, but if there were additional insults to the system, the interactions of the mutated 

genes may have become evident. Also, it is possible that in cells lacking CD98hc 

protein in combination with integrin mutations, other factors may compensate or override 

the phenotype. If those mutant cells were to express dysfunctional CD98hc rather than 

none at all, perhaps the compensation phenomena would not occur and phenotypes would 

appear. In general, most of this will remain speculation until more mutants in CD98hc 

are generated and analyzed 
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CHAPTER 5 

PRELIMINARY RESULTS AND FUTURE DIRECTIONS 

Interactions between CD98hc and inteerins in cell culture 

A cell culture system was used to investigate more directly the potential interaction 

between CD98hc and integrins. Drosophila Schneider's line 2 cells (S2 cells) were 

transfected with Drosophila integrin subunit genes and were used to study the binding of 

integrins expressed on the cell surface to potential ligands on the surface of a tissue 

culture plate. If integrin binds to ligand, the cells change their shape to spread out and 

flatten on the surface of the ligand-coated plate (Bunch and Brower, 1992). 

To use this system to study the effect CD98hc has on the cell-spreading activity of 

integrins, there needed to be a means of identifying the CD98hc protein expressed on the 

cell surface. To accomplish this, epitope-tagged constructs that would be expressed in 

the cell culture system were generated, and these tagged proteins could be recognized by 

a commercially available antibody against the epitope-tag (Figure 29). The constructs 

used the same driver (a heat shock promoter) for CD98hc as for the aps2 and /Sps 

integrins. The CD98hc constructs included the insertion of one of two HA-tags, which 
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Figure 29 Constructs for expressing CD98hc in cells: To allow identification of the 

CD98hc protein in S2 cells, a tag which codes for the hemagglutinin epitope was inserted 

in one of two places in the cDNA. This cDNA was subcloned into an expression vector 

containing a heat-shock promoter and the 3' sequences from the tubulin gene. 



147 

code for an epitope of hemagglutinin, into the CD98hc sequence. Each tag was inserted 

by generating a small double stranded DNA that codes for the tag and has specific sticky 

ends; the inserts were ligated into CD98hc cDNA that had been digested with a 

restriction enzyme. The HA" tag changed the endogenous stop codon to the HA tag itself, 

thus putting the tag at the N-terminus. The HA*^ tag was inserted into the middle of the 

coding region (at nucleotide position 1105). Cell lines were generated expressing 0!ps2 

and |8ps alone and with CD98-HA" or -HA*^. The tagged CD98hc constructs were also 

transformed into cells without co-transformation of integrins. 

To verify that the constructs were being expressed appropriately, FACS analysis was 

performed. Cells were induced to express integrins and/or CD98hc, and those cell 

surface proteins were stained with fluorescently-labeled antibodies. An example of 

FACS analysis is shown in Figure 30, which shows the fluorescence of three cell lines 

superimposed on each other. The black curve is the untransformed S2 cells, the green 

curve is the integrin-transformed cells, and the red curve is the cells transformed with 

CD98hc as well as integrins. Each panel shows the signal with either an antibody that 

recognizes the HA-tag on CD98, or a |3ps monoclonal antibody. The initial experiments 

were carried out using a transformation protocol where DNA was stably integrated into 

the cell's genome. Using this system, the CD98hc constructs were expressed on the cell 

surface when transformed with or without integrins. However, FACS analysis was unable 

to show expression of Opsi when transformed with CD98hc, although the transgene was 

present as tested by PCR (Figure 31 and data not shown). 
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Figure 30 FACS analysis: Cells Each panel shows the expression of three cell lines 

superimposed on each other. The cell lines are represented by different colors. S2 cells 

are untransformed and show the background autofluorescence of the cells. The panel on 

the left shows expression of the HA epitope on CD98hc cells, and the panel on the right 

shows expression of the /3 integrin. 
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To investigate whether this result was an artifact of the FACS analysis, 

immunoprecipitation followed by Western analysis was attempted. The goal of these 

experiments was to show that CD98hc, Opsa and /3ps are complexed together in cell lines 

containing all three transgenes. As shown in Figure 32, the HA-tagged CD98hc was 

present only in lysates from cells expressing CD98hc, Qi>s2 and /3ps, and not in 

untransformed cells, or cells expressing just 0!ps2 and /3ps. This shows the appropriate 

specificity of the HA antibody and its usefulness in Western analysis. 

It was possible that the stably transformed cells were not expressing Qi>s2 for a reason 

unrelated to CD98hc, so a transient tranfection experiment was performed by Thomas 

Bunch. He showed that cells transiently transfected with CD98hc, 0!ps2 and /8ps expressed 

all three proteins on the surface by FACS analysis (data not shown). This suggests that 

the inability to see Opsz in permanently transformed cells was an artifact of the 

transformation protocol, and reinforces the need to perform experiments multiple times. 

Also, it is possible that other cell lines might be useful in attempting these experiments. 
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Figure 31 Expression of CD98hc and integrins in tranfected cells: All constructs were 

driven by the same promoter described in Fig 29. The name of the cell line is in bold, its 

transgenes are listed, as well as the presence or absence of the gene expression as 

analyzed by FACS. 
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Figure 32 CD98hc is an SOkD protein: Western analysis of cell lines with no transgenes 

(S2), CD98hc and aPS2 and |8 integrins (H2jS), or integrins alone (2jS). An antibody 

recognizing the HA tag finds CD98hc only in H2|3 cells. 
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The transiently transformed cells were then used to ask directly if CD98hc was 

complexed with /3ps, and if Q!PS2 was complexed with /3ps by immunoprecipitation. 

However, it was first necessary to determine the appropriate conditions that would bring 

down ceps2 and jSps as well as CD98hc. The antibodies available to identify a!ps2 and jSps on 

the cell surface do not recognize the denatured proteins, so an alternative method of 

identifying integrins after SDS-PAGE was used. This method involves 

immunoprecipitating with a monoclonal antibody, followed by SDS-PAGE and blotting 

to a nitrocellulose membrane. At this point, rather than using antibody binding to 

identify integrins, concanavalin A (ConA) binding was used to identify integrins (Brower 

et al, 1984). ConA is a lectin that binds to specific carbohydrate structures that are 

typically found on cell surface glycoproteins, such as integrins. For ConA experiments, a 

blot of cell lysates immunoprecipitated with integrin or CD98hc antibodies was treated 

with ConA conjugated to horseradish peroxidase and washed. Detection of the ConA-

HRP complex was by standard colorimetric or chemilumiscence protocols. Integrins can 

then be identified by the sizes of bands that are react with ConA. However, using the 

ConA method, immunoprecipitations using monoclonal antibodies against 0^)82 or /Sps 

were not successful in any cell line, including those expressing Q!PS2 and |8ps with no 

CD98hc. Presumably this is due to some technical difficulties in the 

immunoprecipitations or ConA labeling protocol. 

Another attempt at immunoprecipation used a transiently transformed cell line expressing 

the HA-tagged CD98hc and a myc-tagged I3ps along with Qi>s2. A monoclonal antibody to 
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jSps was used for immunoprecipitation from integrin transformed cells, while an anti-myc 

antibody was used for detection of jSps on Western blots. Unfortunately, the myc 

antibody used was unreliable at best, and no conclusive results on co-

immunoprecipitation of |3ps and CD98hc were obtained after many attempts. 
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DISCUSSION 

The results described here are unable to address whether CD98hc and integrins are 

complexed in cell lines expressing these proteins. With enough time and resources, the 

technical difficulties can be overcome, and a result obtained. Given that in mammalian 

cell culture, CD98hc is co-immunoprecipitated with jSiA (Zent et al., 2000), the 

comparable result in Drosophila is crucial to determining if these proteins act in similar 

ways in the two systems. 

The results presented in this work suggest that CD98hc and integrins do not function in 

the same way in vertebrates and Drosophila. We collaborated with 

Mark Ginsberg of the Scripps Research Institute to see if the Drosophila CD98hc could 

reverse the dominant suppression of integrin activation found in their CHO cell culture 

system. Unfortunately, they were unable to detect the HA-tagged CD98hc on the surface 

of the cells after transfection (M. Dellos, personal communication). Perhaps the 

Drosophila CD98hc is folded differently in CHO cells which hides the HA epitope. In 

any case, we do not know what the results of this exciting experiment would be. It does 

suggest, however, that generation of an antibody that recognizes native Drosophila 

CD98hc would be a valuable endeavor. Given the sequence differences in the 

extracellular region between vertebrate and Drosophila proteins, those Drosophila 

sequences might be proven to be good antigens for antibody production. 
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As the BDGP has completed sequencing the genome, many putative light chains have 

been identified. It is possible that study of light chains may help uncover functions of 

CD98hc, which may or may not be related to integrins. Any information learned about 

the light chains would be helpful in determining what direction to take in the study of 

CD98hc in Drosophila. 
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CONCLUSIONS 

The work presented here used the BDGP to identify genes in Drosophila that have 

interesting functions in other systems. This work identified three integrin-interacting 

genes (ILK, CDS 1 and CD98hc) that had previously been unrecognized in Drosophila 

and characterized these genes and genomic locations to some extent. CD98hc was 

chosen for further investigation. This effort shows the utility and convenience of large 

genome projects to individual researchers. 

CD98hc has been shown in vertebrates to complex with jS integrins, and that interaction 

leads to altered integrin activation in a cell culture system. The sequence of the 

Drosophila CD98hc shows similarities to the vertebrate cousins in the intracellular and 

transmembrane domains, but diverges at the extracellular portion. The genomic location 

of the Drosophila CD98hc was further defined to 84D10-E1, and transcripts from 

different Drosophila tissues were characterized, showing different transcripts from the 

embryonic stage and female adult abdomens. 

Lethal mutations in CD98hc were identified, and the lethal phase was characterized as 

during the second instar of the larval phase. Clonal analysis was used to investigate 

effects of CD98hc null cells in the eye. These experiments showed that lack of CD98hc 

in clones is not lethal, and does not affect cell growth. Thus CD98hc is not cell lethal, 

and can be rescued by a wild-type environment. 
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Experiments looking at genetic interactions between mutations in i8ps and CD98hc failed 

to show any effect when looking at CD98hc-dependent lethal phase, or (8ps-dependent 

phenotypes and lethality. In addition, this work was unable to address whether /Sps and 

CD98hc are complexed together in cultured cells. 

Overall, this project was successful at showing that the similarities between vertebrates 

and other organisms can be used to identify interesting genes in Drosophila. CD98hc is 

unusual given the lack of overall sequence homology with the vertebrate family, and this 

divergence may contribute to the lack of interactions seen with integrins. This suggests 

that the Drosophila version may have unique partners that the vertebrate protein does not. 

This work focused primarily on the potential integrin-mediated functions of CD98hc in 

Drosophila, and was unable to identify any. The frustration with negative results is that 

we still cannot completely rule out the possibility of a CD98hc-integrin interaction, but 

merely have failed to demonstrate one in scores of replicates of numerous assay types. 

Since CD98hc is involved in other pathways in vertebrates, those pathways can be 

studied with the Drosophila version. These other functions include amino acid transport, 

viral-mediated cell fusion, or apoptosis, to name a few. Clearly, there is still much to 

leam about CD98hc in both the fly and vertebrate. Hopefully, some of the tools and 

knowledge resulting from this dissertation will enable continuing and complimentary 



research on CD98hc to progress. 
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CHAPTER 6 

MATERIALS AND METHODS 

Chapter 1: 

For Northern blot analysis, total RNA was extracted from mutant and wild-type (Or-C) 

third instar larval brains and imaginal disc complexes. lO^ig total RNA was loaded into 

each lane and probed with the dally cDNA clone and rp49 riboprobes simultaneously. 

Dally and rp49 probes were transcribed using the Genius system (Boehringer 

Mannheim). Hybridization was performed overnight at 65°C in 75ng/ml for dally and 

15ng/ml for rp49. Washes and chemiluminescent detection was performed according to 

the Genius system protocol. Sequencing was performed by primer extension using the 

Applied Biosystems 373A DNA Sequencer at the W.M. Keck Foundation Biotechnology 

Resource Laboratory at Yale University Sequencing Facility. Both strands were 

sequenced and any ambiguities were resolved by an additional sequencing run. DNA 

sequences were aligned and homology searches performed using September 1994, 

version 8 of the Wisconsin package, National Center for Biotechnology Information and 

the BLAST network service. Chemical characterization of HA-Dally: A proteoglycan-

enriched fraction containing HA-Dally was obtained from transformed S2 cells as 

described (Hemdon and Lander, 1990). After ion-exchange chromatography on DEAE-

Sepharose (Amersham-Pharmacia), partially purified proteoglycans were digested with 

low pH nitrous acid as described (Guo and Conrad, 1989), and detected by SDS-PAGE 

and western blotting with anti-HA antibody. For PI-PLC (Sigma) treatment, cells (2 x 

10^ cells per reaction) were susupended in 200^1 of 50 mM Tris-Cl pH 7.6. The cell 
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suspension was treated with 1 U of PI-PLC (E.G. 3.1.4.10, Sigma) at 37°C for 2 h, and 

the reaction was stopped by adding 400|il of O.IM Na2C03, pH 11.5. After 30 minutes 

on ice, soluble and insoluble (membrane-bound) fractions were separated by 

centrifiigation. Proteins extracted from each fraction were analyzed by SDS-PAGE and 

immunoblotting with anti-HA antibody. 

Chapter 2: 

EST clones LD1320, LD02317, and LD07787 were obtained from the Berkeley 

Drosophila Genome Project. Sequencing was performed in the LMSE Sequencing 

Facility at the University of Arizona. Alignment was performed using the ALIGN 

software. The PI blot was obtained from Genome Systems (St. Louis), and was probed 

with ^^P-cDNA labeled by random priming (according to Genome Systems protocol). 

The blot was hybridized according to the manufacturer's instructions, then exposed and 

analyzed on a Phosphoimager (Molecular Dynamics). Positive PI clones were identified 

by using first the manufacturer's instructions, and then the BDGP mapping of Pis. 

Positive Pi clones were obtained from the BDGP, and presence of the cDNA in a clone 

was verified by using Southern analysis with ^^P-labeled cDNA, and/or by PGR using 

cDNA specific primers. 

Chapter 3: 
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All flies were grown on the food described in Condie and Brower (1989). The following 

deficiency stocks were obtained from the Bloomington Stock center: dsxl5, dsx21, 

dsxlOM, dsx2D, dsx43, and pl3. The breakpoints are listed in Baker et al, 1991. 

Genomic DNA was isolated from adults using phenol and phenohchloroform extractions, 

and approximately 10 /ig of digested DNA was loaded per lane. The gel was transferred 

to a positively charged nylon membrane, and probed with a digoxigenin-labeled cDNA. 

For RT-PCR, approximately 300 embryos, 50 adult heads, 100 virgin female abdomens, 

and 100 male abdomens were collected and kept frozen at -20°C until used. RNA was 

extracted following the directions of the Qiagen RNeasy kit, and quantitated using 

spectrophotometry. Using between 600ng and 2ul of total RNA, cDNA was made using 

the Qiagen Omniscript Reverse Transcriptase kit and primer D. Using PCR and gel 

electrophoresis, the four samples of cDNA were probed for the presence of two CD98hc 

mRNA UTR splice variations found in two cDNA libraries, adult head and ovarian. A 

third primer, C, over the start codon was used as a positive control. For larval phase 

determination, crosses were set up as shown in Figure 17 with males and >3 day old 

virgin females. Adults were put on grape juice plates, and allowed to acclimate for 3 

days. Adults were moved to a new plate and allowed to lay for 12-24 hours in the dark at 

25°C. After removing adults, the plate was put on a grid, and placed at either 25°C or 

28°C for the rest of development. Plates were aged appropriately to look for 1®', 2"'', or 

3"^'' instar larvae. Homozygous larvae were counted using a microscope with a florescent 

lamp. Large and small larvae were selected, and scored for instar by mouth hook 

structure. For clonal analysis, appropriate males and females were placed in a vial at 



25°C, and allowed to acclimate for two days. Adults were flipped to a new vial, and 

removed 24 hours later. After an additional 24 hours, the vial with now larvae was given 

a one hour heat shock at 37°C, then returned to 25°C. Twenty-three hours later, the vial 

was given an additional one hour heat shock, and returned to 25 °C for the rest of 

development. Adults were scored for clones and/or twinspots daily. 

Chapter 4: 

mys alleles used were as previously described (Bunch et al., 1992) and not published. 

Crosses were set up as shown in Figure 23 at either 22°C, 25°C or 28°C. Adults were 

moved to a new vial after laying for three days. Progeny were removed daily, and vials 

were discarded after emergence of that generation. Adults were scored after their wings 

had expanded to allow for accurate detection of Serrate. Crosses for larval lethality were 

done as described in Chapter 3 for lethal phase determination. 

Chapter 5: 

Transformation protocol was as described in Bunch and Brower (1992), while the 

transient transfection was described in Jannuzi (2002). Transformed or transfected cells 

were heat-shocked 30 minutes, allowed to recover 2 hours at room temperature, then 

placed on ice and in the dark for the antibody incubations and washes following standard 

procedures. For cell experiments, cells expressing transgenes were passed, then on day 2 

were heat shocked for 30 minutes, allowed to recover at room temperature for 2-2.5 

hours, then placed on ice and harvested. The anti-HA antibody was purchased from 

Covance, and the ConA labeling was performed as in Brower et al (1984). SDS-PAGE 
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and Western blotting were performed using standard procedures. FACS analysis was 

performed using the Arizona Research Laboratory Biotechnology facility at the 

University of Arizona. 
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