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Abstract 

GRP94, the endoplasmic reticulum Hsp90, is a metazoan-restricted chaperone 

essential for early development in mammals, yet dispensable for mammalian cell 

viability. These data suggest that GRP94 is required for important developmental 

processes relying on cell-cell communication and cell-cell interaction. Consistent with 

this hypothesis, loss of GRP94 expression in mouse is embryonic lethal yet tissue culture 

cells expressing no GRP94 are viable. To date, functional studies of GRP94 have relied 

on cell-autonomous model systems, the use of which has lead to discoveries of proteins 

that GRP94 chaperones also called client proteins. These systems give limited insight 

into the essential role(s) played by GRP94 in metazoan biology. The dichotomy that 

GRP94 is necessary for metazoan life, but dispensable for cellular viability suggests that 

the chaperone is required for the functional expression of secretory and/or membrane 

proteins that enable cells to function in the context of tissues. 

To explore this hypothesis, the Drosophila ortholog of GRP94, Gp93, was 

identified and Gp93 mutants were created using imprecise P-element excision. Gp93 was 

found to be an essential gene in Drosophila. Loss of zygotic Gp93 expression is late larval 

lethal and causes prominent defects in the larval midgut, the sole endoderm-derived 

larval tissue. Gp93 mutant larvae display pronounced defects in the midgut epithelium, 

with aberrant copper cell structure, markedly reduced gut acidification, atypical septate 
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junction structure, depressed gut motility, and deficits in intestinal nutrient uptake. The 

metabolic consequences of the loss of Gp93-expression are profound; Gp93 mutant larvae 

exhibit a starvation-like metabolic phenotype, including suppression of insulin signaling 

and extensive mobilization of amino acids and triglycerides. The defects in copper cell 

structure/function accompanying loss of Gp93 expression resemble those reported for 

mutations in labial, an endodermal homeotic gene required for copper cell specification, 

and α-spectrin, thus suggesting an essential role for Gp93 in the functional expression of 

secretory/integral membrane protein-encoding labial protein target genes and/or 

integral membrane protein(s) that interact with the spectrin cytoskeleton. 

The creation of Gp93 mutant Drosophila has allowed for the study of GRP94 

function in vivo and will be of upmost importance to future studies examining the 

function of this chaperone in all aspects of metazoan biology. This dissertation focuses 

on the morphological and physiological defects that accompany loss of Gp93 expression 

in Drosophila larvae. It will also outline future studies utilizing this model. 
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Chapter 1. Introduction 

A. Overview 

GRP94, the endoplasmic reticulum (ER) paralog of Hsp90, is essential for 

metazoan life (Chen et al., 2006; Wanderling et al., 2007). During embryonic 

development, the GRP94 knockout (KO) mouse dies during mesoderm induction, an 

early stage of development important for establishing the basic body plan of metazoan 

organisms. Although GRP94 is essential for metazoan life, little is known regarding the 

molecular basis for this finding. 

HSP90 proteins, found throughout Eukarya and Bacteria but absent from 

Archaea, are a family of highly conserved chaperones. HSP90 family members are 

unique among chaperones in that their client proteins, proteins they chaperone, are a 

limited subset of proteins that function in many signal transduction pathways, DNA 

replication and repair, and telomere maintenance. Additionally, HSP90s are important 

for entry into and quality control within the secretory pathway, import into the 

chloroplast, and protein folding within the mitochondria. HSP90s function through a 

series of nucleotide binding and hydrolysis-dependent conformational changes known 

as the HSP90 chaperone cycle. This dissertation will focus on GRP94, the ER paralog of 

Hsp90: how it has been studied in the past, how we are taking a previously unexplored 

approach to study this essential chaperone in vivo, and how we identified an unexpected 

role for GRP94 in gut epithelial linked growth control. 
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GRP94 and Hsp90 amino acid sequences are highly conserved, sharing very 

similar secondary, tertiary, and quaternary structures. While the specific amino acid 

residues important for nucleotide binding and hydrolysis are conserved between the 

proteins, small differences between the two sequences confer unique regulatory 

properties to each protein. Two such changes include a five amino acid insert within the 

N-terminal domain of GRP94 that alters the specificity of the nucleotide binding pocket 

and the conformational response to nucleotide binding, and the replacement of the C-

terminal MEEVD cochaperone binding motif found in Hsp90 with an ER retention 

signal. As a consequence the two proteins are unique in their functions and intracellular 

localization. 

Importantly, GRP94 is only found in a small subset of organisms including 

metazoans, higher order plants, and some unicellular parasites with obligate eukaryotic 

hosts. This restricted phylogenetic distribution suggests that GRP94 functions in roles 

necessary for multicellular life. Although it is one of the most abundant proteins found 

within the lumen of the ER, loss of GRP94 is tolerable within individual cells such as 

those commonly used in tissue culture systems. At the same time however, GRP94 is 

essential in both mice and, as demonstrated here, the fruit fly Drosophila melanogaster.  

The work presented in this dissertation will set out to answer some of the 

important questions in the field of GRP94 biology: why is GRP94 specific to metazoans 

and why is it necessary for their survival? Metazoans require cellular organization to 
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create elaborate tissues, organs, and body systems. This organization is the result of cell-

cell interaction, cell-substratum interaction, and cell-cell communication. Our hypothesis 

is that GRP94 regulates the functional expression of proteins necessary for intercellular 

communication and interactions and in the absence of GRP94 function, metazoan-

specific secretory and membrane proteins are unable to exit the ER, thereby affecting 

many aspects of metazoan life including gastrulation, gut epithelial homeostasis, and 

innate immunity. The use of a highly genetically accessible model organism such as 

Drosophila melanogaster enables the study of the cellular basis of GRP94 function in vivo. 

This model system will allow us to address aspects of GRP94 biology ranging from 

embryonic development to tissue and organ morphogenesis.  

 

B. HSP90 Family of Chaperones 

Gene Duplication Events Give Rise to a Metazoan-Specific Chaperone 

The HSP90 family of chaperones is an ancient, ubiquitous group of highly 

conserved proteins found throughout the Bacteria and Eukarya domains of life, but 

absent from Archaea. The family arose from a number of different gene duplication 

events. The HSP90 family consists of five subgroups; HSP90A (cytosolic variants 

Hsp90α and Hsp90β), HSP90B (endoplasmic reticulum variant GRP94/gp96), HSP90C 

(chloroplast variant), TRAP (mitochondrial variant), and HtpG (bacterial variant). 

Different phylogenetic studies of the HSP90 family have come to conflicting conclusions 
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regarding the origins of the individual family members during eukaryotic evolution 

(Chen et al., 2006; Gupta, 1995; Stechmann and Cavalier-Smith, 2004). In a study of 

HSP90A and HSP90B evolution, Gupta suggests that three gene duplications occurred 

during eukaryotic evolution. The first occurred very early in evolution and created a 

divergence between the cytosolic Hsp90 and GRP94. The second and third duplication 

event occurred within the cytosolic variants. One duplication created the cognate and 

heat-inducible forms of cytosolic Hsp90 found in Saccharomyces cerevisiae. The other 

duplication created the α and β subfamilies found in vertebrates. This argument places 

the appearance of GRP94 very early in eukaryotic evolution. 

The Stechmann and Cavalier-Smith study, which included chloroplast and 

mitochondrial Hsp90 sequences as well as bacterial HtpG sequences, came to similar 

conclusions (Fig. 1A) (Stechmann and Cavalier-Smith, 2004). These investigators 

conclude that the eukaryotic Hsp90s derive from Gram-positive eubacteria, ancestors to 

both eukaryotes and archaebacteria referred to as neomura. Very early in eubacterial 

evolution, a gene duplication event occurred that later gave rise to the mitochondrial 

Hsp90, TRAP1. Similar to the phylogeny proposed by Gupta, Stechmann and Cavalier-

Smith propose that a duplication gave rise to the ER homolog early in eukaryotic 

evolution. Later in evolution, GRP94 underwent a gene duplication giving rise to the 

chloroplast Hsp90. Their analysis suggests that neither the chloroplast nor the 

mitochondrial Hsp90s arose from the endosymbiotic events theorized to give rise to 
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chloroplasts and mitochondria throughout eukaryotic evolution. This analysis does 

stress however, that GRP94 arose from cytosolic Hsp90 early in eukaryotic evolution. 

 

 

Figure 1: Competing phylogenetic models of HSP90 family evolution. 

 (A) Stechmann and Cavalier-Smith phylogeny with GRP94 arising by gene 

duplication of cytosolic Hsp90 very early in eukaryotic evolution. (B) Chen et 

al. phylogeny with GRP94 as the eukaryotic ancestor of the HSP90 family with 

gene duplication events giving rise to the cytosolic Hsp90s and chloroplast 

variant. Horizontal lines represent gene duplication events. 
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More recently, Chen et al. performed a phylogenetic study that incorporated all 

known HSP90 sequences from bacteria and eukaryotes including Protista, Plantae, 

Fungi, and Animalia (Fig 1B) (Chen et al., 2006). Chen et al. and Cavalier-Smith shared 

the conclusion that the mitochondrial TRAP genes arose from within eubacteria and not 

from an endosymbiotic event. Also agreeing with Stechmann and Cavalier-Smith, the 

Chen study supports the notion that chloroplast Hsp90 arose from a gene duplication of 

GRP94. In contrast to previous studies, however, Chen used ER sequences from Protista 

to argue that GRP94 is the eukaryotic ancestor HSP90 that gave rise first to the 

chloroplast chaperone and then to the cytosolic variant. The group then argues that no 

GRP94 is found in fungi due to loss of the GRP94 gene. Regardless of its evolutionary 

origins, we know that GRP94 is only found in metazoans, higher order plants, some 

unicellular organisms with multicellular life stages and some unicellular parasites with 

obligate eukaryotic hosts. The need for intercellular communication and intercellular 

interaction is a common theme amongst these organisms, whether in a host-parasite 

interaction, or in tissue morphogenesis. From this perspective, it seems likely than, that 

GRP94 arose with the advent of multicellular life from a gene duplication of Hsp90, a 

protein found in all eukaryotic cells. 
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Structural Characteristics of the HSP90 Family 

Structurally conserved domains link the HSP90 chaperones as a family, but it is 

their structural differences that functionally set them apart from one another. HSP90s 

are comprised of three structural domains; an N-terminal nucleotide binding domain 

(NTD), a middle domain (MD) involved in client protein binding, and a C-terminal 

dimerization domain (CTD) (Fig. 2). Though these domains are structurally distinct, 

they must interact in concert to form a fully functional chaperone. 

 

 

Figure 2: Hsp90/GRP94 Structure 

(A) Schematic depicting an Hsp90 dimer. Each monomer has an N-terminal (N) 

domain, a middle (M) domain, and a C-terminal (C) domain. Adapted from 

(Neckers et al., 2009). (B) Stereo surface view of the full length GRP94 crystal 

structure. Adapted from (Dollins et al., 2007). 

 

The N-Terminal Domain: The Nucleotide Binding Pocket 

The NTD was the first of the three Hsp90 domains whose structure was 

extensively studied, leading to insights into the function of the NTD and the whole 
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protein. Crystal structures of both the yeast (Prodromou et al., 1997b) and human 

(Stebbins et al., 1997) NTDs were solved in the same year. The yeast NTD crystallized as 

a dimer and was originally thought to act as a molecular clamp that bound peptide 

sequences of client proteins (Fig 3). The human NTD was crystallized as a monomer 

bound to geldanamycin (GA), an antitumor, benzoquinone ansamycin. Previously, GA 

had been identified in a screen for natural product anti-cancer drugs (Supko et al., 1995) 

and using a solid-phase immobilized GA derivative, the Neckers laboratory 

subsequently discovered that HSP90s were the only targets of GA (Whitesell et al., 1994). 

The GA-Hsp90 co-crystal showed a deep, mixed hydrophobic and polar GA-binding 

pocket. Given its function as a molecular chaperone, Stebbins et al. proposed that the 

inhibitory function of GA was due to competition of the binding site with a 

protein/peptide substrate. However, later crystal structures would challenge this 

hypothesis and yielded better understanding of the role of the NTD binding pocket. 

 

 

Figure 3: Ribbon model of Hsp90 NTD “molecular clamp” 

The Hsp90-NTD crystallized as a dimer and was originally thought to act as a 

“molecular clamp” in a closed (A) or open (B) state (Prodromou et al., 1997b). 
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Previously, Nadeau et al. demonstrated Hsp90-ATPase activity (Nadeau et al., 

1993; Nadeau et al., 1992), but a thorough investigation from the Buchner lab challenged 

these findings (Jakob et al., 1996). They found no Hsp90-ATPase activity and that Hsp90 

failed to bind immobilized ATP, was unable to photo-crosslink with azido-ATP, and 

failed to bind fluorescently tagged ADP. However, structural homologies between the 

Hsp90-NTD and the ATP-binding domains of both the bacterial type II topoisomerase, 

DNA gyrase, and the MutL mismatch repair protein lead to renewed investigations into 

an ATP binding function for Hsp90. Investigators from the Pearl laboratory were able to 

crystallize the yeast Hsp90-NTD with both ATP and ADP bound within the previously 

described GA binding pocket, thereby showing direct interaction between the adenine 

base with residue D79 and many indirect interactions via bound water (Prodromou et 

al., 1997a). They reconciled their data with that of the Buchner lab by postulating that 

the modifications to the nucleotide analogs used in the Buchner studies created steric 

clashes between the analogs and the NTD binding pocket. The Pearl group thus 

concluded that the inhibitory effects of GA were not due to competitive inhibition with 

unfolded client proteins, but rather because GA acted as an ATP/ADP mimetic that 

inhibited ATP/ADP binding to the NTD. This also insinuated a specific and necessary 

role for ATP binding in Hsp90 function, at least in regards to its roles related to the 

antitumor effects of GA. 
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The structural homology of the nucleotide binding pocket of the Hsp90-NTD 

places the protein in a larger superfamily, the GHKL (gyrase, Hsp90, histadine kinase, 

MutL) ATPase/kinase superfamily. The Bergerat ATP-binding fold, an α/β sandwich 

comprised of three α helices forming a pocket over four anti-parallel β sheets, is the 

signature motif of this superfamily (Dutta and Inouye, 2000). The Bergerat fold utilizes a 

long loop region between helices that forms an ATP-lid that folds over the nucleotide 

upon binding. Although the conservation of the primary sequences of the GHKL family 

members is very low, the secondary and tertiary structures of the ATP-binding domains 

are highly conserved. Mutational analyses of the yeast Hsp90, Hsc82, have shown highly 

conserved residues necessary for ATP binding (Asp79) and hydrolysis (Glu33) in the 

NTD (Panaretou et al., 1998). 

While the NTD of GRP94 is highly similar to its cytosolic counterpart, a small but 

specific structural difference within the domain is responsible for both structural and 

functional differences that distinguish it from Hsp90. Like Hsp90, GRP94 binds GA, 

radicicol, and ATP/ADP. Unlike Hsp90, however, GRP94 binds the specific inhibitor and 

adenosine analog 5’-N-ethylcarboxamidoadenosine (NECA). NECA can be wholly 

competed with GA, radicicol, ATP, or ADP (Rosser and Nicchitta, 2000). To address the 

differential ligand binding characteristics between GRP94 and Hsp90, the Gewirth 

laboratory solved the crystal structure of the GRP94 NTD in complex with NECA 

(Soldano et al., 2003). They determined that the specificity for NECA is due to a second 



 

11 

binding pocket within the NTD that accommodates the 5’ N-ethylcarboxamido moiety of 

the NECA molecule. This second binding pocket arises due to a 5 amino acid insert, not 

found in cytoplasmic Hsp90, occurring within the helix 1-4-5 subdomain. Upon NECA 

binding, the 1-4-5 subdomain assumes a closed conformation identical to that seen in 

unliganded NTD (Dollins et al., 2005). Solved crystal structures of GRP94 in complex 

with ATP show a conformational rearrangement upon ligand binding due to the 

opening of the 1-4-5 helical subdomain away from the binding pocket (Immormino et 

al., 2004). The conformational rearrangements accompanying nucleotide binding also 

create an NTD dimerization site, as all nucleotide bound crystals were found in a 

dimerized state. The five amino acid insert found in the NTD of all metazoan GRP94 

sequences is a defining characteristic of the ER Hsp90. 

 

The Middle Domain 

The MD of cytosolic Hsp90 serves at least two important functions for the 

chaperone: supplying a catalytic residue for ATP hydrolysis and serving as the site of 

client protein binding. Although the Hsp90 ATP binding pocket is found within the 

NTD, the NTD alone has negligible ATP hydrolysis activity. Full ATP hydrolysis 

activity is only achieved when the NTD is properly aligned with the MD. The MD 

contains an important arginine residue, R380, with essential catalytic activity and 

mutational studies have demonstrated that an R380A mutation substantially decreases 
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ATPase activity (Meyer et al., 2003). Because of the separation of the catalytic groups 

between two independent domains of the molecule, Hsp90 is known as a “split” 

ATPase, similar to GyrB and MutL, other members of the GHKL family. Like its 

cytoplasmic paralog, the catalytic arginine of the MD is also conserved in GRP94 

suggesting it is also a split-ATPase.  

The MD of Hsp90 also contains sites of client protein and cofactor binding. 

Investigators from the Obermann laboratory showed that the Hsp90 MD specifically 

bound a protein they named activator of Hsp90 ATPase, Aha1 (Lotz et al., 2003). Using a 

variety of yeast two hybrid and gel filtration techniques, the investigators demonstrated 

direct interactions between Aha1 and only the Hsp90 MD. This interaction increased 

Hsp90 ATPase activity fivefold. Analysis of an Hsp90-Aha1 crystal structure suggests 

that Aha1 binding induces a conformational shift within the MD that moves the catalytic 

R380 residue within proximity of the ATPase enzymatic site (Meyer et al., 2004). 

Using single-particle reconstruction from negative-stain electron microscopy 

(EM), the Pearl laboratory identified the structure of an Hsp90 dimer in complex with 

both Cdc37, a cochaperone that recruits kinases to Hsp90, and Cdk4, a cyclin-dependent 

kinase (Vaughan et al., 2006). The EM structure showed that Cdk4 interacted with a 

region of the MD close to a hydrophobic patch centered around W300, which was 

previously shown to be an important residue for Hsp90 client protein binding (Meyer et 

al., 2003). Additionally, the EM structure also demonstrated that Cdk4 bound to the 
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surface of the dimer, rather than in between the protomers in a clamp-like fashion as 

was previously hypothesized. The protein chains from solved crystal structures of an 

Hsp90 dimer fit very well with the 3D reconstructed EM structures, validating the 

overall structure of the reconstruction. To date, no structures of GRP94-client protein 

complexes have been solved, so the exact nature of these interactions is unknown. 

Although W300 is not conserved in GRP94, other residues that make up the 

hydrophobic patch near this potential client binding site in Hsp90 are conserved. 

 

The C-Terminal Domain: Not Just a Dimerization Domain 

First and foremost, the CTD of Hsp90 is necessary for the dimerization of two 

Hsp90 protomers. The crystal structure of the HtpG-CTD, the first HSP90 CTD to be 

solved, demonstrated that the CTD uses a four-helix bundle motif to dimerize (Harris et 

al., 2004). The C-terminus of cytosolic Hsp90 consists of a MEEVD motif which is the 

binding site of tetratricopeptide repeat (TPR) domain containing cofactors. This motif is 

used to bind to the Hsp90 CTD by many cofactors with different functional roles. One 

example, Hop/Sti1, binds and recruits client proteins to the Hsp90 dimer (Scheufler et 

al., 2000). Interestingly, GRP94 does not possess an MEEVD motif and can therefore not 

bind to TPR-containing cofactors. However, the CTD of GRP94 possesses an extra helix 

that extends the dimerization interface and is thought to provide more stability for the 

dimer in lieu of cofactor binding (Dollins et al., 2007).  
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The CTD may also be a site for client protein interactions. The solved HtpG 

crystal structure shows that helix 2 is flexible and exposed to solvent with a hydrophobic 

face containing a Met-Met protein-protein binding interface (Harris et al., 2004). The 

Met-Met pair is highly conserved across HSP90s. Mutational analysis of the Met-Met 

motif resulted in a decreased amount of glucocorticoid receptor (a cytosolic Hsp90 client 

protein) that could be pulled down with Hsp90 via coimmunoprecipitation (co-IP) (Fang 

et al., 2006). This mutation also severely decreased the cellular response to 

glucocorticoid. The Met-Met pair and structure of the CTD helix 2 are also conserved in 

GRP94, as seen in the full length GRP94 dimer crystal structure (Dollins et al., 2007), 

although it is unknown if these structural characteristics contribute to GRP94-protein 

interactions in the ER. 

 

Hsp90 Function: The Chaperone Cycle 

Over the many years of structural, biochemical, molecular, and enzymatic 

studies of Hsp90, it has become clear that nucleotide binding and hydrolysis are tied to 

large-scale conformational changes within the monomers and dimer. This series of 

ligand interactions and conformational shifts is known as the Hsp90 chaperone cycle. A 

recent study from the Buchner laboratory used fluorescence resonance energy transfer 

(FRET) to examine this cycle (Hessling et al., 2009). They were able to engineer different 

monomers that possessed donor and acceptor fluors in different domains of the protein, 
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thus allowing them to observe real-time conformational changes and reaction rates 

within the chaperone cycle. Their work demonstrated that in the ligand free, unbound 

state, Hsp90 exists in an open conformation (Fig 4A). ATP is bound by the NTD in the 

open state (Fig 4B) leading to closure of the ATP-lid (Fig 4C). This results in the 

formation of NTD dimerization sites. The NTDs then dimerize creating a closed 

conformation (Fig 4D). In this dimerized state, the NTD and MD interact, twisting the 

monomers into a compact intertwined tertiary structure that aligns the catalytic “split” 

ATPase pockets (Fig 4E). The bound ATP is subsequently hydrolyzed. The NTDs 

separate, releasing ADP and Pi, and return the Hsp90 dimer to its original, unbound, 

open conformation.  
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Figure 4: The Hsp90 chaperone cycle. 

(A) Depiction of the Hsp90 dimer comprised of monomers with an N-terminal 

(N) domain, a middle (M) domain, and a C-terminal (C) domain in the 

nucleotide free open conformation. (B) ATP is bound in the N domain. (C) 

Binding of ATP leads to N domain conformational changes and ATP-lid 

closure. Sti1 inhibits this conformational change. (D) ATP-lid closure leads to 

the opening of N domain dimerization faces and the dimerization of the N 

domains creating a closed conformation. Aha1 binding allows for the 

conformation in B to bypass C to D. (E) N domain dimerization leads to N and 

M domains closing and twisting around each other, aligning important 

ATPase residues. ATP is hydrolyzed leading to nucleotide release and return 

to the open conformation. Adapted from (Neckers et al., 2009). 
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However, Hsp90 does not function in the chaperone cycle alone. The FRET 

system discussed above also allowed investigators to study the effects of some of the 

many cochaperones that facilitate Hsp90 function in the cell. Addition of the ATPase 

activator Aha1 significantly accelerated ATP hydrolysis, and changed the 

conformational kinetics of the dimer (Hessling et al., 2009). This seemingly allowed the 

dimer to bypass the ATP lid closing intermediate (Fig 4), even in the absence of 

nucleotide, suggesting that Aha1 may play a role in remodeling Hsp90 to favor NTD 

dimerization. Conversely, addition of Sti1, an ATPase inhibitor, appeared to inhibit the 

conformational change within the NTD that leads to dimerization (Fig 4) (Hessling et al., 

2009). In the case of steroid hormone receptors, the nascent receptor is chaperoned first 

by an Hsp70/Hsp40 complex that then transfers the receptor to Hsp90 via interactions 

between the CTD and a multiple TPR containing protein, Hop/Sti1, that simultaneously 

binds Hsp90 and Hsp70 (Pratt and Toft, 2003). This complex is replaced by p23 and 

other TPR containing proteins promoting nucleotide binding and stabilization of the 

Hsp90 closed conformation. Other cofactors are client specific, such as Cdc37 which 

inhibits NTD dimerization and ATP hydrolysis during the chaperoning of kinases (Roe 

et al., 2004). 

Like Hsp90, GRP94 also undergoes ATP-induced conformational changes and 

ATP hydrolysis within its chaperone cycle (Dollins et al., 2007; Frey et al., 2007). 

Structural and biochemical studies have led to a description of the GRP94 cycle, which 
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differs from the cytosolic Hsp90 cycle. While the intermediate steps between the 

unbound form and the hydrolysis of ATP seem similar, the amount of time spent at each 

intermediate step is different between Hsp90 and GRP94. GRP94 binds ATP more 

tightly than other HSP90s and seems to favor the ATP bound/open structure (Frey et al., 

2007). Collaboration between our laboratory and the Mass Spectrometry Facility at the 

University of California San Francisco has demonstrated that intra- and intermonomeric 

contacts between the NTD and MD can occur independently of bound nucleotide, 

indicating that GRP94 can sample multiple conformations even in the absence of 

nucleotide (Chu et al., 2006). Additionally, a study by Seed and Randow (detailed more 

below) showed that while ATP binding was absolutely necessary for client protein 

maturation, ATP hydrolysis was only necessary for a subset of clients (Randow and 

Seed, 2001). This indicates that ATP hydrolysis and the ADP bound state may only be 

relevant for a subset of GRP94 client proteins.   

GRP94 seemingly functions without the help of cochaperones and cofactors, 

which is mechanistically very different from Hsp90. In fact, no known cofactors have 

been found to be associated with the ER chaperone. As discussed earlier, GRP94 does 

not possess a C-terminal MEEVD motif and therefore cannot, unlike Hsp90, bind any 

TPR-motif containing cofactors. GRP94’s known client proteins, and most likely its 

unknown clients, are metazoan specific. The restricted client proteins of GRP94 may 

have structural similarities that require less regulation of the chaperone between its 
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clients. GRP94 chaperones a smaller client pool than Hsp90. This may alleviate the 

necessity for cochaperones to shuttle clients to GRP94. The ATPase activity of Hsp90 is 

regulated by many cofactors such as Hop and Aha1, yet none are known to exist for 

GRP94. However, differential regulation of client proteins is observed for GRP94 on the 

basis of ATP hydrolysis. This differential regulation may be client based. Binding of 

different clients themselves to GRP94 could induce slight conformational changes that 

facilitate the hydrolysis of ATP or alleviate the necessity of ATP hydrolysis on GRP94 

function. GRP94 is most definitely a member of the HSP90 family, but its client proteins 

are uniquely metazoan which may be the cause of its distinct chaperone cycle from that 

seen with Hsp90.  

 

C. GRP94 is a necessary, metazoan-specific chaperone with few 
known client proteins 

The ER Hsp90 homolog, GRP94/gp96/endoplasmin/HSP90B1, is one of the most 

abundant luminal proteins within the ER. Its expression can be modulated in response 

to both glucose and calcium levels, as well as in response to accumulation of 

unfolded/malfolded proteins (Kozutsumi et al., 1988; Macer and Koch, 1988; Shiu et al., 

1977). However, the true cellular basis for GRP94 function has yet to be determined. 

GRP94 is metazoan-specific, yet it is unclear exactly why the chaperone is necessary for 

metazoan life but unnecessary for the viability of individual cells (Chen et al., 2006; 

Randow and Seed, 2001). This question can most likely be answered with an 
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understanding of the GRP94 proteome and the determination of which proteins are 

retained in the ER upon loss of GRP94. 

An important clue to the cellular function of GRP94 came from studies in the 

C2C12 myoblast fusion model. Having previously shown a difference in GRP94 mRNA 

levels in rabbit skeletal myocytes of different ages (Vitadello et al., 1998), investigators 

from the Vitadello laboratory used a tissue culture-based model to study the functions of 

GRP94 in muscle development (Gorza and Vitadello, 2000). They chose the C2C12 

murine myoblast model in which serum starvation causes the activation of the MyoD 

differentiation program, leading to fusion of myoblasts to form multinucleated 

myotubes. These cells can therefore be used to study the functional processes leading to 

differentiation and also fusion/formation of myotubes. A reduction of GRP94 expression 

by 40% in these cells through antisense cDNA transfection in these cells did not affect 

either cell cycle withdrawal or muscle-specific gene expression, but did result in failure 

of those cells to undergo fusion. Our lab has replicated these findings using shRNA-

mediated knockdown of GRP94 in C2C12 cells (Fig 5). Similar to the observations of the 

Vitadello lab, cells were positive for the muscle differentiation marker myogenin, but 

were unable to form multinucleated, tubular structures (Fig 5B). Although the 

investigators did not address the exact molecular cause of the loss of cellular fusion, 

these data demonstrate a specific need for GRP94 in muscle development. Importantly, 
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the cells in this study functioned normally as individual cells, but failed at the point 

where cell-cell interactions and cell-cell communication became important.  

 

 

Figure 5: Loss of GRP94 expression inhibits myotube formation in C2C12 cells. 

(A) C2C12 cells expressing a scrambled shRNA control are able to fuse and 

create multinucleated myotubes. (B) C2C12 cells expressing a GRP94 shRNA 

are unable to fuse. Cells are outlined in with white dashes and stained for the 

differentiation marker/transcription factor myogenin. 

 

The first clear indication for GRP94 cellular function, and a turning point in the 

search for GRP94 client proteins, came from a random mutagenesis screen looking for 

genes essential for Toll-like receptor (TLR) signaling (Randow and Seed, 2001). TLRs are 

a class of pattern recognition receptors that function in innate immunity via recognition 

of common, pathogen-restricted molecules (Leulier and Lemaitre, 2008). TLRs, 

eponymously, are orthologs of Drosophila Toll. Toll functions developmentally in 

dorsoventral patterning during embryogenesis and muscle development. Drosophila Toll 
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also functions in immunity by triggering antimicrobial signaling pathways after 

upstream activation of its ligand Spätzle by pattern recognition proteins. In mammals, 

there are thirteen members of the TLR family. They function in the recognition of 

diverse ligands including lipopolysaccharide (LPS), bacterial flagellin, and dsRNA.  

Seed and Randow stably transfected the pre-B-cell line 70Z/3 with both an NF-

κB-dependent GFP reporter and CD14, a necessary co-receptor for the TLR4 ligand LPS 

(Randow and Seed, 2001). Addition of LPS to these cells initiated a signaling cascade 

that resulted in the expression of GFP. This reporter line was then mutagenized using 

ICR191, a mutagen randomly that creates frameshift mutations within the genome. After 

mutagenesis, cells unresponsive to LPS stimulation were collected by fluorescence-

activated cell sorting (FACS), and individual clones were isolated. The investigators 

found one clone, E4.126, that was 10,000 times less responsive to LPS than non-mutant 

cells by GFP expression. Although this clone expressed all the necessary signaling 

components to respond to LPS, TLR4 was retained in the ER. Using a retroviral cDNA 

complementation library, it was determined that the complementary cDNA for the clone 

encoded GRP94. Sequencing of GRP94 mRNA from this clone actually revealed two 

different mutagen products, both truncations of the CTD that lead to no detectable 

GRP94 protein in the cells.  

Because mutations in Hsp90 were lethal in both Drosophila (Cutforth and Rubin, 

1994) and yeast (Borkovich et al., 1989), the cellular viability of clones exhibiting no 
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detectable levels of GRP94 was a highly unexpected result. Additionally, retention of 

TLR4 but not other cell surface proteins in the ER indicated a specific function rather 

than a broad disruption of cell surface protein folding in the ER. Further investigation 

demonstrated that while TLRs -1, -2, -4 and the integrins CD11a, CD18, and CD49d were 

unable to traffic to the cell surface, CD29, CD44, MHC class I, and many other proteins 

were not affected by loss of GRP94. Also, direct interactions between GRP94 and tagged 

TLRs -1, -2, and -4 were shown via co-IP. This marked the first time a direct interaction 

between GRP94 and a client protein was shown both genetically and biochemically.  

The GRP94-deficient pre-B cell line allowed for a direct assay of GRP94 function 

within a cell. Using LPS sensitivity and proper trafficking of TLRs and integrins as 

reporters of GRP94 function, Seed and Randow were able to retrovirally introduce 

different human and mouse GRP94 constructs to examine which domains and amino 

acids were important for function. Full length human GRP94 fully rescued all 

phenotypes, but only deletions to the KDEL ER retention signal or the charged linker 

connecting the NTD and MD still resulted in rescue. Significantly, full length Hsp90 

with a signal sequence and ER retention KDEL sequence was unable to rescue GRP94 

loss. This finding is consistent with the available structural data and phylogenetic 

analyses and confirms that though the two gene products are structural paralogs, they 

are not functionally paralogous. Additionally, Hsp90 domain substitutions with GRP94 

were unable to rescue GRP94 function. Perhaps the most important information gained 
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from these experiments was the results of mutational analysis of the ATP binding and 

hydrolysis residues on GRP94 function. The ATP binding mutation D159N completely 

failed to rescue any of the reporter phenotypes. On the other hand, the ATP hydrolysis 

mutation E103A partially rescued surface expression of the integrins CD11a, CD18, and 

CD49d. These results suggest that GRP94 chaperoning function may be differentially 

regulated on a client-by-client basis. The hydrolysis of ATP is necessary for the 

functional expression of TLRs, but has no bearing on cell surface integrin expression. 

Structural differences between the clients leading to different chaperone-client binding 

mechanisms may account for this differential regulation. It would be interesting to see 

crystal structure data of GRP94 in complex with different client proteins to determine if 

those clients induce conformational changes upon the protein or if some other 

mechanism accounts for the difference in requirement for ATPase activity. 

While the above studies established TLRs as GRP94 clients, a subsequent study 

from the Li lab sought to determine the extent of TLR chaperoning by GRP94 in vivo 

(Yang et al., 2007). The group generated a mouse line with the first exon of the GRP94 

gene flanked by loxP recombination sites. This line was crossed to LysMcre mice, which 

express Cre-recombinase from the lysozyme M locus, limiting Cre-recombinase 

expression to granulocytes, monocytes, and macrophages. Therefore, the first exon of 

the GRP94 gene would be excised only in these cells. Using flow cytometry to detect 

intracellular GRP94 staining, it was shown that peritoneal macrophages had a 99.9% 
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reduction of GRP94 signal, bone marrow-derived macrophages had an 89% reduction, 

and splenic monocytes had a 40% reduction. These differences could be due to the 

differences in the half-lives of the different cell types in relation to the half-life of the 

GRP94 protein already present in the cell before recombination. 

The resulting GRP94 knock out (KO) peritoneal macrophages were 

morphologically indistinguishable from wild type cells. They could also be activated, 

made to upregulate cell-surface expression of MHC class I and II molecules, and 

produce nitric oxide when given the cytokines interferon-γ and tumor necrosis factor-α, 

thereby demonstrating that specific macrophage activation, and signaling pathways 

were unaffected by GRP94 loss. Many other cell surface proteins were unaffected by 

GRP94 loss, including CD14, CD16/32, CD43, CD44, CD80, CD86, and CD103. Cell 

surface expression of these maturation markers and costimulatory molecules indicated 

normal differentiation of tissue macrophages from precursor cells.  What was missing 

from these cells, however, was functional expression of all TLR molecules. Cells lacking 

expression of GRP94 were no longer able to respond to any TLR ligands. Direct 

interaction between GRP94 and TLR9 was shown by co-IP and this interaction was 

ablated by inhibition of N-glycosylation and depletion of ER calcium stores. GRP94 

binding characteristics were similar with TLR4, although reduction of calcium levels had 

less of an effect on GRP94-TLR4 complex formation demonstrating further variability in 

the way GRP94-client protein interactions are regulated. 
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However, one of the caveats of the models discussed thus far is that they either 

look at GRP94 function in single cells, or examine loss of GRP94 in cells that function 

autonomously. These studies have demonstrated that GRP94 is not required for cellular 

viability. However, when GRP94-deficient cells need to function in conjunction with 

other cells, as seen in the C2C12 myoblast model, they failed to do so. To examine 

GRP94 loss at the organismal level, the Argon group created a GRP94 KO mouse which 

resulted in a developmentally early, lethal phenotype (Wanderling et al., 2007). They 

used a neomycin containing GRP94 specific targeting vector to disrupt GRP94 gene 

expression. The targeting vector disrupted the gene within the third exon leaving a 

coding region of only 183 bases (61 amino acids). Immunostaining of embryonic tissue 

with an NTD-targeted monoclonal antibody showed no GRP94 staining within KO 

embryonic tissue. GRP94 gene expression was deemed essential as they recovered no 

GRP94 KO pups from over 900 progeny scored. They also found that KO and wild type 

embryos were indistinguishable until E5.5, and that no KO embryos were found beyond 

E7.5. The GRP94 embryos appeared to arrest at the developmental time period 

indicative of gastrulation. Gastrulation is the developmental stage during which cell 

migration events lead to the formation of the three germ layers, ectoderm, mesoderm, 

and endoderm. In situ hybridization and RT-PCR studies revealed that brachyury, a 

marker for early mesoderm, was completely absent from GRP94 E7.5 embryos. These 

studies also examined the expression of eomes, a transcription factor involved earlier in 
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gastrulation and mesoderm induction than brachyury. Its expression pattern in the 

GRP94 E7.5 embryos was similar to that of the E6.5 wild type embryos suggesting that 

the GRP94 embryos failed to progress through the developmental stage of mesoderm 

induction.  

Although embryos stalled at the stage of mesoderm induction, the differentiation 

potential of GRP94 mutant cells was unknown. To test this, embryoid bodies (EB) made 

of embryonic stem (ES) cells isolated from E3.5 blastocysts were cultured in medium 

containing various differentiation factors. The GRP94-deficient EBs were able to 

differentiate into cells derived from all three germ layers; neuron-like cells (ectoderm), 

hepatocyte-like cells (endoderm) and adipocyte-like cells (mesoderm). Although 

wildtype and GRP94 heterozygote ES cells could differentiate into cardiomyocytes, 

skeletal myotubes, and smooth muscle, GRP94-deficient cells could not. To further 

examine this inability to form muscle cell lineages, GRP94-deficient EBs were examined 

for the expression of insulin-like growth factor II (IGF-II), one of the factors that regulate 

muscle development during early embryogenesis. IGF-II secretion was quantified by 

ELISA and shown to be barely detectable in GRP94-deficient EBs. The muscle 

differentiation phenotype was partially rescued by addition of exogenous IGF-I or IGF-

II, indicating that the IGF1 receptor must be functional. The researchers also 

demonstrated a direct interaction between IGF-II and GRP94 by co-IP using C2C12 

myoblast cells. Notably, this association was disrupted by addition of the HSP90 
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inhibitor, GA. This work uncovered another important role and client protein for 

GRP94. 

Further study using GRP94 mutant ES cells found that they were particularly 

susceptible to cellular stress caused by serum starvation (Ostrovsky et al., 2009). GRP94-

deficient cells grown in the absence of serum underwent apoptotic cell death, though 

cell survival could be increased by addition of serum-free conditioned medium from 

wildtype cells, C2C12 cells, and GRP94 mutant ES cells transfected with a rescue 

construct. This indicated that the survival factor was secreted into the media by the 

conditioning cells. Many growth factors were tested to determine the secreted factor that 

rescued survivability, but in the end, loss of IGF-II, an already known client protein of 

GRP94, was determined to be the source of the serum starvation response. 

Immunodepletion of IGF-II, but not IGF-I, from conditioned media neutralized the 

survival response to conditioned media. These researchers also showed that IGF-II 

expression was highly upregulated in response to serum starvation in both wild type ES 

cells and GRP94 mutant ES cells. However, IGF-II secretion was only found in the wild 

type cells, further evidence of GRP94’s chaperone function of IGF-II. Cell survivability in 

response to serum starvation was also used as an assay for rescue experiments with 

different GRP94 nucleotide binding and hydrolysis mutations. Using this assay, 

secretion of IGF-II required both the ATP-binding and-ATP hydrolysis functions of 

GRP94. These studies introduced a new model for studying GRP94 loss of function that 
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may prove useful in determining other important client proteins and functional roles for 

the ER chaperone.  

  

D. Drosophila melanogaster as a model system for the study of 
GRP94 

GRP94 is not found in yeast, an excellent genetically accessible model system 

that has proven invaluable for studying the functional role of cytosolic Hsp90. Tissue 

culture models have illuminated aspects of GRP94 function with the discovery of client 

proteins such as TLRs and integrins, and embryonic stem cells from the mouse KO have 

elucidated the connection between IGF-II and GRP94. These systems, however, are 

essentially looking at GRP94 function in single cells. Because of the early demise of the 

GRP94 mutant embryo during mesoderm induction, very little is known about the role 

of GRP94 at an organismal level. To address GRP94 function at a tissue, organ, or whole 

organism level, a different model system needed to be utilized. One genetically 

accessible, eukaryotic model that has yet to be utilized in the study of GRP94 function is 

the fruit fly, Drosophila melanogaster. 

The fruit fly Drosophila melanogaster has been used as a model system to study 

nearly all aspects of biology. Fundamental laws of genetics were discovered in this 

organism nearly 100 years ago, and important discoveries in genetics, development, cell 

biology and molecular biology have been made in this model system. D.melanogaster are 

small, inexpensive to maintain, and have a short life. The genome consists of three 
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autosomes, two large metacentric chromosomes (2 and 3) and a small telocentric one (4), 

and two sex chromosomes, Y and X, a large telocentric chromosome. The ratio of X 

chromosomes to autosomes determines sex, and presence of the Y chromosome 

determines male fertility. The availability of balancer chromosomes also makes it very 

easy to track specific mutations. Balancer chromosomes contain multiple inversions that 

effectively stop the balancer chromosome from recombining with its homologous 

chromosome. Balancers also contain recessive lethal alleles that make it impossible for a 

fly to carry two copies of the same balancer, as well as dominant, visible marker 

phenotypes such as curly wings, stubble bristles, or serrated wings, allowing the 

balancer chromosomes, and the chromosomes carrying the mutation of interest, to be 

tracked visually. The fly also allows for temporal and spatial expression of specific genes 

through the use of the GAL4/UAS system. Under this system, the yeast transcription 

activator protein Gal4 is expressed from a promoter of choice. The Gal4 protein then 

binds to an upstream activator sequence (UAS), allowing, the transcription of the 

downstream gene of choice. As an example, a transgenic fly expressing UAS-gfp crossed 

to a fly expressing dilp2-Gal4 would express GFP in the neuroendocrine cells that 

normally express the gene dilp2.  

The D.melanogaster life cycle is dependent on temperature; the higher the 

temperature the shorter the life cycle. The life cycle depicted in Fig. 6 diagrams the 

developmental process at 25°C. Under normal conditions (25°) the time from egg to 
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adult is roughly nine days. Fertilized eggs complete embryonic development and first 

instar larvae hatch about one day after egg deposition (AED). Once the larva hatches 

from the egg, it begins to eat and grow. It is important to note that cellular growth in the 

larva is different from normal cellular growth. Larval tissue undergoes a process called 

endoreplication. During this process, cells undergo DNA replication and increase in 

size, but they never undergo cytokinesis. After roughly one day, the first instar larva 

molts and becomes a second instar larva. After another 24 hours of eating and growth, 

the larva molts to become a third instar larva. Third instar larvae continue to eat and 

grow for another two days until they reach what is termed critical weight. At critical 

weight, the larvae have sufficient nutrient stores to support metamorphosis, and this 

event initiates a developmental signaling cascade that leads to altered feeding behavior, 

a departure from the food source (“wandering”), purging of the gut contents, and the 

initiation of pupariation and the formation of a pupa. During the next four days the 

pupa undergoes metamorphosis and an adult fly ecloses from the pupal casing. 
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Figure 6: Life cycle of Drosophila melanogaster. 

Depiction of the Drosophila life cycle from embryo, through larval stages, to 

pupariation and adulthood at 25°C. Time between stages is indicated. Adapted 

from FlyMove. 

 

The D.melanogaster GRP94 homolog is referred to as Gp93. Gp93 is comprised of 5 

exons, and occupies a 35 kb region of chromosome 3R at cytological location 98B6. The 

protein is 787 amino acids long with a predicted molecular weight of 90.2 kD. A 

ClustalW alignment of Gp93 with its mammalian counterpart, GRP94, demonstrated a 

high overall identity (59%) and similarity (77%) (Fig 7). All key protein domains and 

established catalytic residues are conserved between the fly and mammalian GRP94, 

including the amino-terminal signal sequence, carboxy-terminal ER retention/retrieval 
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motif, N-terminal adenine nucleotide binding pocket, ATPase catalytic residues, and the 

signature helix 1-4-5 subdomain insertion. Embryos have a high maternal load of the 

Gp93 mRNA, and expression is ubiquitous and increases throughout embryogenesis (Fig 

8). Genetic approaches permitted the creation of Gp93 deletion alleles for the direct in 

vivo study of GRP94 loss in a whole organism.  



 

34 

 

Figure 7: HSP90 family sequence alignment. 

Gp93, human GRP94, human Hsp90, and yeast Hsp90 (Hsc82) amino acid 

sequences were aligned using ClustalW algorithm with CLC Sequence Viewer 

(CLC Bio). Helix 1-4-5 subdomain insertion highlighted in blue; ER retention 

signal highlighted in red; signal sequence highlighted in black; ATP binding 

residue noted with blue asterisk; ATP hydrolysis residues noted with red 

asterisks.  
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Figure 8: Maternal and embryonic expression of Gp93 are very high in 

Drosophila. 

(A) In situ of Gp93 in a stage 1-3 embryo demonstrating very high maternal 

load of Gp93 transcript. (B) Expression profile of Gp93 based on microarray 

data from different time points throughout embryonic development 

(Tomancak et al., 2002). 

 

E. Overview of Results 

In the following sections, I will present data identifying in vivo consequences of 

Gp93 loss in D.melanogaster. In chapter 3, I will show the creation of Gp93 mutant alleles 

using the technique of imprecise P-element excision. I will characterize the mutant 

alleles and show the exact genomic positions of the mutant alleles used in further 

studies. The use of a genomic Gp93 rescue will also prove that the lethal phenotype seen 

in the mutant alleles was in fact due to loss of Gp93 and not an aberrant mutation 

elsewhere in the genome. In chapter 4, I will examine larval phenotypes associated with 
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loss of Gp93 expression. I will show that loss of this essential gene leads to profound 

defects in larval growth, but not larval development. I will provide both metabolomic 

and microarray data that demonstrate defects in the overall metabolic state. These 

defects eventually lead to phenotypes indicative of starvation, even though the Gp93 

mutant larvae eat throughout their lives. Finally, I will show data that potentially links 

the observed growth defects to a specific organ and possibly a specific cell type within 

that organ. This work is the first to show consequences of total organism loss of the ER 

Hsp90 homolog, GRP94, past an embryonic stage, and will also contribute to the 

understanding of important aspects of metazoan biology. 



 

37 

Chapter 2: Materials and Methods 

 

Reagents: Molecular biology reagents were acquired from New England Biolabs, Roche, 

Invitrogen, Pierce and Bio-Rad. Radioactive reagents were obtained from Moravek and 

Perkin Elmer. All other reagents were from Gibco or Sigma-Aldrich unless otherwise 

indicated. 

Drosophila Stocks and Husbandry: w1118 , PfGp93EY06213, P{tGPH}2; Sb/TM3, Ser, UAS-

Dcr2.D, w; TM3, Sb1/TM6B, Tb, w*; P{tubP-GAL4}/TM3, Sb1, w1118; P{neoFRT}82B 

P{white-un1}90E, w*; P{neoFRT}82B P{ovoD1-18}3R/TM3, Sb1, Δ2-3,TM3, Sb1/TM6B, Tb, 

yw;P{GAL4-ey.H}3-8,P{UAS-FLP1.D}JD1; P{neoFRT}82B P{GMR-hid}SS4, l(3)CL-

R1/TM2, w*; P{GAL4-ey.H}4-8/CyO, and P{hsFLP}1, y1 w1118; Dr1/TM3, Sb1 were obtained 

from the Bloomington Drosophila stock center. UAS-Gp93-hairpin was obtained from 

NIG-Fly. Gal4 lines mex, dilp2 and ppl were gifts from Dr. Graham Thomas 

(Pennsylvania State University, University Park, USA), Dr. Ping Shen (University of 

Georgia, Athens, USA) and Dr. Alex Gould (National Institute for Medical Research, 

MRC, UK) respectively. Stocks were kept at room temperature and all crosses were 

carried out at 25°C in vials containing freshly yeasted fly food (molasses, corn meal, 

yeast extract, and agar) except where noted.  

Western Blot Analysis: Gp93 mutant and heterozygote embryos and larvae were 

homogenized in 0.5M Tris, 5% SDS with 0.5 mM PMSF and heated at 95°C for 5 min. 
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Protein concentrations were determined by BCA assay (Pierce). Equal quantities of each 

sample were analyzed by reducing SDS-PAGE and proteins were transferred to 

nitrocellulose membranes using a semidry transfer apparatus (Bio-Rad). Membranes 

were blocked in phosphate-buffered saline (PBS) with 5% milk and 0.1% Tween 20 (PBS-

T) for 1 hour at room temperature. Incubations with primary antibodies were performed 

overnight at 4°C in PBS-T with 1% milk. Membranes were washed three times with 

same solution and secondary antibody incubations were performed for 1 hr at room 

temperature in 1% milk PBS-T. Gp93 was detected with a rabbit anti-Gp93 polyclonal 

serum developed against an N-terminal synthetic peptide. Drosophila BiP and Sec61α 

were identified using antisera raised against mammalian orthologs. All primary 

antibodies were used at dilutions of 1:1000. A goat anti-Rabbit IgG conjugated to 

AlexaFluor 647 was used to detect the primary antibodies. Fluorescence was detected 

using a Typhoon 9400 (Amersham Biosciences). 

Growth Assay: For larval growth curve assays, Gp93 mutant and heterozygote embryos 

balanced with a GFP marker were collected over two hours. Heterozygote larvae 

expressed GFP while mutant larvae did not which allowed the embryos to be sorted 

onto normal fly medium at room temperature based on GFP expression. Larvae (~50) at 

48, 72, 96, and 120 hr AED were collected, pooled, washed in PBS, and then transferred 

to a pre-weighed eppendorf tube. The tubes were cleared of all liquid and then weighed. 

Average larval weight was determined by the difference of the post- and pre-weighed 
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tube divided by the number of larva collected. Nutritional supplementation assays were 

carried out in the same fashion with additional nutrients: 2X MEM Amino Acid Solution 

(Gibco) diluted 1:25 in normal fly medium, or 0.1% or 1.0% Bacto Tryptone (Difco). 

BrdU Incorporation: Endoreplication was assessed by genomic incorporation of 5-

bromo-2-deoxyuridine (BrdU). Gp93 mutant and heterozygote larvae were fed normal 

fly food supplemented with 100μg/ml BrdU for 24 hr. Larvae were dissected in PBS at 

120 hr AED. Guts were isolated and fixed in 4% PFA for 1 hour at room temperature. 

Tissue was washed with PBS plus 0.01% Triton X-100 (PBS-X). Incorporated BrdU was 

detected using anti-BrdU primary antibody (1:500) (BD Pharmigen) incubated overnight 

at 4°C in PBS-X plus 5% normal goat serum (NGS). Tissue was washed with PBS-X and 

incubated with HRP-coupled donkey anti-mouse secondary antibody (1:250). BrdU 

incorporation was visualized using DAB substrate (Pierce) to produce a brown/black 

precipitate. Tissue was mounted in 50% glycerol and images were taken on a Zeiss 

Axiophot microscope. 

Gut Function Assays: In gut motility assays, 56 hr AED Gp93 mutant and heterozygote 

larvae were placed on apple juice agar with yeast paste containing 0.14% (w/w) Fast 

Green dye overnight. At 72 hr AED, larvae were removed from dyed yeast and washed 

in PBS. Fully fed larvae, determined by amount of dyed yeast within the gut, were 

moved to apple juice agar plates supplemented with undyed yeast paste. Larvae were 

scored at 20 min intervals for complete loss of green coloring in the gut.  
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To determine wandering behavior of heterozyote and Gp93 mutant larvae 0-2 hr 

embryos were sorted by GFP expression and placed around the perimeter of individual 

10 cm Petri dishes lined with 20% sucrose-soaked filter paper. The center of the dish 

contained 1 ml of standard fly food. Unfertilized egg frequencies were determined and 

the number of larvae distant from the food was counted at 48, 72, and 96 hr AED. 

Percentages of wandering larvae were determined based on the number of larvae not on 

food divided by the total number of hatched embryos (Kramer et al., 2003).   

Hemolymph nutrient uptake studies used 200 µl of food, 0.7 % agar, 1% yeast 

extract, 2.5 % dextrose, and 0.14%-0.28% dye (Fast Green) (w/v) (Voght et al., 2007) 

containing 2 µCi [3H]-L-Alanyl-L-alanine, 2 μCi L-[4,5-3H(N)]-Lysine, 2 μCi L-[3,4,5-

3H(N)]-Leucine, or 1 μCi *14C(U)]-D-Glucose. 76 hr AED Gp93 mutant and heterozygote 

larvae were fed for 4 hours at room temperature. Larvae with fully dyed guts were 

washed extensively in ice cold water and excess moisture was removed. Hemolymph 

was collected from 8-13 cuticle punctured larvae with a microsyringe (Hamilton) and 

added to 3 ml of scintillation fluid. Samples were counted using a Packard Tri-Carb 

scintillation counter.  

For determination of feeding behavior, 56 and 80 hr AED Gp93 mutant and 

heterozygote larvae were allowed to feed on hemolymph uptake study food dyed with 

0.14% Fast Green dye (w/v) for 4 hours. At 60 and 84 hrs AED, larvae were removed 

from food and washed in PBS. Larvae were then scored for completely full guts based 
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on presence of dye. Percent full larvae were determined, averaged, and the standard 

deviation was equated. 

Gut acidification/alkalinization studies used uptake assay food containing 0.14% 

(w/v) dye (Fast green, bromphenol blue, or phenol red) (Dubreuil et al., 1998). Larvae 

were fed for 4 hours, washed in PBS, and immediately dissected in PBS with 5mM 

EGTA at 80 hr AED (Phillips and Thomas, 2006). Images were taken on a Leica MZ FLIII 

stereomicroscope. 

Histology: 96 hr AED Gp93 mutant and heterozygote larval brain tissue was stained 

with anti-DILP2 antibody (a gift from Dr. Mark Brown, University of Georgia, Athens, 

USA) precisely according to the protocol from Cao et al., 2001. Images were taken using 

a Zeiss 510 Meta confocal microscope.  

Copper uptake by the copper cells of the middle midgut was observed by 

feeding 76 hr AED larvae normal fly food supplemented with 500 μM CuSO4 for 24 

hours followed by gut dissection and fixation in 4% PFA/PBS for 30 min. Tissue was 

washed and mounted in 80% glycerol before micrographs were taken with a DAPI filter 

set on a Zeiss Axiophot microscope. Larval gut and fat body tissue was fixed in 4% PFA 

for 20-40 minutes and stained using normal histological techniques. Antibodies used 

were anti-Lamin Dm0 (1:50) (DSHB), anti-discs large (1:1000) (DSHB), and goat anti-

mouse AlexaFluor647 secondary antibody (1:200) (Invitrogen). Phalloidin-AF546 

(Invitrogen) was used at a dilution of 1:40. Tissues were mounted in 50-80% glycerol. 
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Images were taken with a Zeiss Axiophot microscope or a Zeiss 510 Meta confocal 

microscope. Images acquired using the Zeiss 510 Meta confocal microscope used a Plan-

Neofluar 40X-1.3-N.A.-oil or Plan-Apochromat 63X-1.4-N.A.-oil lens with LSM v4.2 

software. Maximum intensity projections were processed through ImageJ (NIH). Images 

acquired using the Zeiss Axiophot microscope used Plan-Apochromat 5X-0.16-N.A., 

Plan-Neofluar 10X-0.30-N.A., or a Plan-Apochromat 20X-0.60-N.A. lenses with a 

QImaging Retica EXi camera with QCapture software. 

Scanning Electron Microscopy: Samples were dehydrated through an EtOH series, 20%, 

40%, 60%, 80%, 100%. Samples were then processed at the SEM facility in the 

Department of Biology at Duke University. Images were then taken with a FEI XL30 

ESEM. 

Bleocin Damage Studies: w1118 embryos were collected and larvae were hatched on 

normal food medium. Larvae were moved to fly food containing 25 μg/ml Bleocin at 48 

hr AED and dissected at 96 hr AED.  

Cuticle Preparation: Larvae at indicated time points were collected and placed in 

Hoyer’s medium on a microscope slide and a cover slip was placed on top of the 

medium. Slides were heated at 60°C for 1-3 days. Images of mouth hooks were taken 

using a Zeiss Axiophot microscope. 

RNA isolation and cDNA microarray analysis: Total RNA for microarray analysis from 

three sets of 72 hr AED Gp93 mutant and heterozygote larvae were isolated using TRIzol 
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(Invitrogen). Total RNA quality was assayed using an Agilent bioanalyzer (Silicon 

Genetics), as performed in the Duke Microarray Core Facility (DMCF). Amplified 

mRNA was analyzed on oligonucleotide DNA microarrays using the Drosophila 

Operon Oligo Set (Operon). Total RNA from each sample was reverse transcribed with 

the fluorescent label Cy3 and single label samples hybridized to the Operon arrays. 

Detailed protocols for the labeling and sample processing are available on the DMCF 

Web site (http://microarray.genome.duke.edu/spotted-arrays/protocols).  

Data processing and statistical analysis: Genespring GX software (Agilent) was used to 

assay the statistical significance of expression differences between arrays. Samples were 

normalized to the mean expression intensity of all samples, and genes with an 

expression intensity within 20-100% of the mean were considered. Genes that did not 

show any expression in any of the samples were flagged as “absent” and removed from 

the data set. Arrays were coded as either Gp93 mutant or heterozygote and principle 

components analysis was performed on all 6 samples. Pearson correlation values 

between all samples were also computed to further determine clustering between 

samples. Unpaired t-tests were performed to determine the p-value significance of gene 

expression differences. An arbitrary cut-off of p-value < 0.001 was set, and an arbitrary 

cut-off for expression fold change was set at > 3.0.  

All genes with an expression fold change > 3.0 were analyzed by gene ontology 

(GO) using GO listings from the Affymetrix GeneChip Drosophila Genome 2.0 array gene 
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list (Affymetrix, Santa Clara, CA). Descriptions of biological process, cellular location 

and molecular function were compiled for all 210 differentially expressed genes.  

RTPCR: Total RNA was isolated from 72 and 96 Hr AED using TRIzol. mRNA was 

reverse transcribed using Transcriptor Reverse Transcriptase (Roche) according to 

manufacturer’s protocol. PCR for act, Lip3, Lip4, and CPTI were performed using 

previously described oligos (Zinke et al., 2002). 

Metabolomics: Aqueous lysates were made from pooled 120 Hr AED Gp93 mutant and 

heterozygote larvae grown on normal fly food at room temperature. Protein 

concentration was determined using a Nano Drop spectrophotometer (Thermo Fisher 

Scientific). Amino acids and organic acids were analyzed using stable isotope dilution 

techniques. Amino acid measurements were made by flow injection tandem mass 

spectrometry using sample preparation methods described previously (Wu et al., 2004). 

The data were acquired using a Micromass Quattro MicroTM system equipped with a 

model 2777 autosampler, a model 1525 HPLC solvent delivery system and a data system 

controlled by MassLynx 4.1 operating system (Waters). Organic acids were quantified 

using methods described previously (Jensen et al., 2006) employing Trace Ultra GC 

coupled to a Trace DSQ MS operating under Xcalibur 1.4 (Thermo Fisher Scientific). 

Oenocyte Function: Gp93 mutant and heterozygote larvae were raised on normal fly 

medium. At 82 hr AED Gp93 mutant and heterozygote larvae were starved by placing 

them on 20% sucrose soaked filter paper. Fed or 14 hr starved larvae were filleted at 96 



 

45 

hr AED and fixed in 4% PFA for 10 min. Larval pelts were washed with water and 

stained with Oil Red O for 30 min. Oil Red O was made by mixing 6 ml 0.1% Oil Red O 

in isopropanol with 4 ml of H2O filtered with a 0.45μm syringe filter. Tissue was washed 

again with H2O and mounted in 50% glycerol (Gutierrez et al., 2007). Images were taken 

with a Zeiss Axiophot microscope.  

Lipid Analyses: Lipids were isolated from larval fat bodies from fifteen 96 hr AED Gp93 

mutant and heterozygote larvae by Folch extraction. Tissue was extracted in 400 μl of 

MeOH:chloroform (2:1) and disrupted by sonication. Insoluble material was pelleted by 

centrifugation and supernatant fractions were supplemented with 266 μl 

chloroform:H2O (1:1), vortexed, and centrifuged. The lower, organic phase containing 

lipids was removed and dried by vacuum centrifugation. Lipids were subsequently 

resuspended in 100 μl chloroform:MeOH (2:1).  

The total organic phosphorous (total lipid phosphorous) was determined by 

chemical analysis of organic phosphorous (Ames and Dubin, 1960). 5 μl of sample was 

added to 45 μl H2O in Pyrex test tubes. 50 μl of 10% Mg(NO3)2•6H2O in EtOH was 

added to the test tubes. Samples were evaporated from test tubes and baked over a 

flame until no fumes remained, about 2 minutes. 300 μl 1N HCl was added to the tubes, 

tubes were capped with a marble, and then incubated in a boiling water bath for 15 

minutes. 700 μl ascorbic acid/ammonium molybdate solution was added and tubes were 

incubated at 45°C for 20 min. Ascorbic acid/molybdate solution was made with 1 part 
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10% ascorbic acid made fresh and 6 parts 0.42% (w/v) ammonium molybdate in 1N 

H2SO4. Samples were allowed to cool to room temperature and then absorbance was 

read at 820 nm blanked against H2O. Concentration was determined from a standard 

curve made with KH2PO4. 

To determine triglyceride concentration of lipid samples, five larval equivalents 

of extracted lipid were analyzed by the Duke Clinical Chemistry Facility. For thin layer 

chromatography analysis of triglycerides, lipid extracts (19 nmol lipid phosphorous) 

were loaded onto silica gel plates, with glyceryl trioleate as a standard, and resolved 

using a hexanes : diethyl ether : acetic acid (70:30:1) solvent system. Plates were stained 

with 0.2% Amido Black 10B in 1M NaCl for 10 min and destained twice in 1M NaCl for 

10 min each before being dried and scanned (Plekhanov, 1999). Quantification of 

triglyceride bands from scanned silica plates was determined using ImageJ software. 

Trehalose Measurements: Circulating trehalose concentration was determined by 

collecting 1 μl hemolymph from a group of 4-6 Gp93 heterozygous or mutant larvae at 

96 hr AED. Hemolymph was added to 9 μl of buffer (5 mM Tris-HCl, pH 6.6, 137 nM 

NaCl, 2.7 nM KCl) and heated at 70°C for 5 min. Samples were then incubated with 

trehalase (Sigma) at 37°C for 12 h. Trehalase is an enzyme that catalyzes the conversion 

of trehalose to glucose. Trehalose concentrations were determined using a glucose assay 

kit (Sigma) (Okamura et al., 2007). Assay was performed in triplicate. 
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Akt Activation Assay: Fat bodies from 96 hr AED Gp93 mutant and heterozygote larvae 

were cultured in DPBS in eppendorf tubes at 25°C. Following a 1 hour incubation, 20 

µg/ml human recombinant insulin was added to half of the Gp93 mutant samples and 

half of the heterozygote samples for 1 hour at 25°C. Tissue was disrupted by sonication 

and lysates were analyzed by reducing 10% SDS-PAGE followed by western blot. Akt 

and phosphorylated-Akt were detecting using primary anti-Akt and anti-Phospho-

Drosophila Akt (Ser 505) antisera (Cell Signaling) respectively, each at a dilution of 

1:1000.  
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Chapter 3: Creation and General Characterization of 
Gp93 Deletion Mutants 

A. Introduction 

Although GRP94 is an essential metazoan protein, the molecular basis of GRP94 

function remains largely unknown. Functional studies of the protein have been 

performed mainly in cell autonomous models, namely tissue culture cells and 

granulocytes. Many important findings have come from these studies, including the 

discovery of client proteins (TLRs, integrins, and IGF-II) and the importance of ATP 

binding and hydrolysis for GRP94 function. Attempts to study GRP94 at the organismal 

level have proven difficult. The grp94 mouse KO is embryonic lethal at mesoderm 

induction, a very early stage in development. This early death prevents the examination 

of the roles of GRP94 during later developmental stages like organ development and 

maintenance. A new model system must be used to study these aspects of GRP94 

biology. 

We have chosen to use Drosophila melanogaster to study GRP94 in vivo function. 

Drosophila is a very mature model system. It offers an incredible array of genetic tools, 

allowing one to study not only in vivo loss of particular genes, but also the temporal and 

spatial loss and gain of function of those genes. These tools can be used to elucidate the 

cellular basis of function for a gene of interest. Gp93 is the highly conserved GRP94 fly 

homolog located on the right arm of the third Drosophila chromosome. The coding 

region of Gp93 is made of 5 exons, three small exons followed by two large exons. The 
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protein is highly and ubiquitously expressed throughout embryonic and larval 

development and maternal load of both Gp93 protein and mRNA is extremely high. 

The use of Drosophila as a model organism will allow us to make Gp93 mutants 

and examine the consequences of Gp93 loss during all stages of development. In the 

following chapter I will present data demonstrating the creation of Gp93 deletion alleles 

using the technique of imprecise P-element excision and map the exact deletion points of 

the alleles used in subsequent studies. These deletion alleles were verified and I will 

demonstrate that Gp93 is an essential gene; loss of its expression leads to a late larval-

lethal phenotype. Finally, we will attempt to examine the effect loss of Gp93 has on 

embryonic development by using a technique to create Gp93 germline clones, embryos 

with no maternal Gp93 expression and therefore no maternal load. GRP94 is the master 

chaperone for TLRs so we expect Toll to be a client protein of Gp93. If this is the case, we 

expect to see defects in dorsoventral patterning in Gp93 mutant germline clone embryos. 

These data will provide a foundation for discovering the biological function of this 

metazoan restricted ER chaperone and will lead to data detailing specific defects caused 

by loss of this essential gene. 

 

B. Imprecise P-element Excision  

P-elements are transposable elements within the Drosophila melanogaster genome 

(Adams and Sekelsky, 2002). They are flanked with a terminal 31 base pair inverted 
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repeat and an 11 base pair subterminal inverted repeat. Autonomous P-elements contain 

a four exon coding sequence for a transposase that allows the P-element to mobilize 

within the genome. Nonautonomous P-elements do not express the full transposase 

gene and therefore cannot mobilize without a separate source of the transposase protein. 

This has allowed researchers to clone specific sequences into P-elements and then inject 

constructs containing those P-elements into embryos. The constructs usually express a 

marker gene like w+ within the P-element ends to visualize the genomic insertion of the 

P-element. The newly introduced P-element can then insert into the genome creating a 

transgenic fly. We used P-elements in an opposite fashion, purposely mobilizing a P-

element at a known locus to create deletions within the genome at the excision point. 

This process is known as imprecise P-element excision. 

Nonautonomous P-elements very close to a target gene can be mobilized when 

transposase is added to the system (Adams and Sekelsky, 2002). By crossing a fly line 

that possesses a P-element to a fly line that expresses the transposase enzyme, excision 

and mobilization of the P-element can occur in the progeny. Once a P-element has been 

mobilized, it leaves behind 3’ sequence from the inverted repeats and a double stranded 

break of the chromosome. These double stranded breaks can be repaired in multiple 

ways (Fig 9A). The strand can be repaired through homologous recombination leading 

to either an intact P-element (though the internal P-element sequence could be changed), 

or a precise excision where all traces of the P-element are gone. Repair could also occur 
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through non-homologous end-joining where the remaining ends fuse together. 

Normally this results in the P-element ends fusing together, leaving a small amount of 

P-element DNA left in the genome. However, in a small percentage of excision events, 

the P-element mobilizes with adjoining 5’ sequence, 3’ sequence, or both. If the 

chromosome rejoins with 5’ or 3’ sequence missing, a deletion is created. 

For our study, we used the transposable element inserted stock, 

P{EPgy2}Gp93EY06213, obtained from the Bloomington Drosophila Stock Center in Indiana. 

The insertion site of this P-element is within the 5’UTR of the Gp93 locus. This P-element 

contains a minigene of the white cDNA which allows for selection by the presence of red 

pigment in the eye. Figure 9B outlines the crossing strategy utilized to create Gp93 

deletion mutants. The parental stock was isogenized, meaning that all of the flies will 

possess identical chromosomes, ensuring that no preexisting lethal mutations occur 

within the genome. After isogenization, male flies were crossed to female w; Δ2-

3,Sb/TM6B flies. Δ2-3 transposase will mobilize the P-element causing a double stranded 

break that can result in the creation of small deletions upstream and/or downstream of 

the break site. Individual male w; Gp93EY06123/ Δ2-3,Sb flies with pronounced mosaicism 

of the eye were collected. Mosaicism was used as a marker for transposase activity. P-

element mobilization and loss from chromosomes within the eye cells, results in loss of 

color in those cells leaving the eye with some cells that express the red pigment and 

others that do not. P-element mobilization in the germ cells creates inheritable loss of the 
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P-element. Males have the potential to carry Gp93 deletions and were individually 

crossed to female w; TM3/TM6B flies to remove the transposase activity. Male 

Gp93*/TM6B were collected and crossed to female w; TM3/TM6B. Male and female 

progeny with a stubble phenotype (the dominant visible marker on the TM3 balancer 

chromosome) were collected and crossed together. If the progeny from this cross are 

genetically identical to the parents, a stock, a self propagating collection of flies, is 

created. This would be caused by lethal mutations on both the Gp93* chromosome as 

well as the balancer chromosome (which by definition includes a recessive lethal 

mutation). If all of the progeny still carries the stubble phenotype, this proves only that a 

recessive lethal mutation exists on the Gp93* chromosome, not necessarily encompassing 

the Gp93 gene. 
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Figure 9: Gp93 deletion mutants created by imprecise P-element excision. 

(A) Possible double strand break repair results from P-element mobilization; 

1) Perfect repair, P element remains intact, 2) Perfect excision of P-element, 3) 

Repair leaving P-element ends in genome, 4) Repair resulting in 5’ and/or 3’ 

deletion of genomic DNA. Adapted from (Adams and Sekelsky, 2002) (B) 

Imprecise P-element excision strategy beginning with w; P{Epgy2}Gp93EY06123 

and finishing with possible Gp93 deletion mutant alleles. 
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C. Determination of Gp93 deletion alleles 

Thirteen possible Gp93 mutant lines were established via imprecise P-element 

excision. All were viable as stocks being carried over a third chromosome balancer, TM3. 

To further assess their identity as true Gp93 mutant alleles, complementation crosses 

were set up between some of the alleles. In these crosses, if two different Gp93* 

chromosomes were able to complement each other and non-balancer containing, healthy 

adult progeny eclosed, then one or both of those chromosomes were not Gp93 mutants. 

As shown in Table 1, 3 of the 8 crosses set up had wild type bristles (non-stubble). All 

crosses including the J7 allele had wild type bristles, while the partners in the J7 crosses, 

A1 and F2, did not show wild type bristles when crossed to any other alleles. Therefore, 

it was decided that J7 was likely not a Gp93 mutant and was discarded. The E5B and B5 

cross also showed complementation, but since there were no other crosses set up with 

those alleles, both were removed as potentially not containing Gp93 mutations.  

Table 1: Gp93 Deletion Allele Complementation Crosses 

Parent Progeny 

Female Male % Sb % Wt 

E5C B8 100 0 

J7 A1 80 20 

G3 A1 100 0 

B8A F2 100 0 

E5B B5 63 37 

F2 J7 76 24 

A1 E5C 100 0 

F5 B8A 100 0 
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In parallel to the complementation crosses, direct sequencing of the potential 

mutant alleles was performed. A series of nested primers spanning the genomic region 

of Gp93 from the upstream gene (CG4963) through the 3’UTR were used for the 

sequencing reactions. Sequences were aligned to the Gp93 extended gene region looking 

for sequences that spanned large regions of the coding sequence. In this fashion, the 

exact break points and deleted sequences were determined for 4 alleles, F2, G3, B8, and 

B8A (Fig 10). The F2 allele, renamed Gp931, had the smallest deletion, spanning a 

sequence from the 5’UTR through the beginning of the fourth exon. The G3 (Gp932) 

deletion allele was of intermediate length. This deletion removed the first 3 exons of the 

gene and roughly half of the fourth exon. The B8 (Gp933) and B8A deletion alleles were 

almost identical and removed almost the entire coding sequence of the Gp93 gene. 

Gp931, Gp932, Gp933, were all used for the remainder of the work in this dissertation.  
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Figure 10: The Gp93 extended gene region. 

Genetic map describing Gp93 gene region. Drosophila line P{EPgy2}Gp93EY06213 

was used for P element excision mutagenesis. A schematic illustration of three 

deletion lines in the Gp93 locus, Gp931, Gp932, Gp933 and a rescue construct is 

provided. 

 

D. Genomic Rescue 

To validate the Gp93 mutant alleles, lethality was rescued using a transgene 

comprised of the entire coding region of Gp93 with the technique P-element-mediated 

germline transformation (Spradling, 1986). The coding region was cloned into the 

pCaSpeR4 vector. This vector had P-element ends flanking the Gp93 coding region and 

also encoded a minigene of the white cDNA. The crossing strategy for genomic rescue is 

presented in Fig 11. The vector was injected into w1118 embryos by the staff at the Model 

Systems Genomics Group in the Department of Biology at Duke University. Pupae from 

injected embryos were collected in individual vials and adults that eclosed were crossed 
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to w1118 flies. Red eyed progeny were collected. The presence of the red pigment marked 

insertion of the P-element into the genome, most likely on the X, 2nd or 3rd chromosomes. 

To determine the location genetically, the red eyed progeny were crossed to w; 

Xa/(CyO;TM3) flies. Xa is an attached 2-3 chromosome that allows the second (CyO) and 

third (TM3) chromosome balancers to segregate together. Genetically, the progeny from 

this cross would be as follows; w[w+]/(+ or ¬) ; [w+]/CyO ; [w+]/TM3 where [w+] 

represents the mini white containing P-element. The insert could have been on any one 

or all of the chromosomes within one individual depending on whether multiple 

insertion events occurred. Male and female w[w+]/(+ or ¬) ; [w+]/CyO ; [w+]/TM3 from 

this cross were then mated together and the progeny scored for degree of pigmentation 

in the eye with presence of CyO or TM3. Very dark red eyes indicate that two or more 

inserts are being expressed. Orange eyes indicate that there is most likely only one insert 

being expressed. The correlations between eye color and balancer presence determined 

which chromosome the insert was on, for example, if very dark eyes segregated with the 

TM3 balancer, but not with the CyO balancer, and the CyO balancer was only 

segregated with orange eyes, than the insert would be on the second chromosome and 

the genotype would be w; P{Gp93rescue;w+}/Cyo ; +/+. The opposite would be true if the 

insert was found on the third chromosome; dark eyes would segregate only with the 

CyO balancer. Multiple inserts would confuse this segregation and sorting; therefore, 

vials that did not sort in this fashion were disregarded.  
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We were able to obtain three rescue constructs, one with a 2nd chromosome 

insertion and two with 3rd chromosome insertions. Because crossing strategies were 

simpler with a 2nd chromosome insertion, we first examined rescue with this transgenic 

line. The 2nd chromosome rescue insertion was crossed onto homozygous mutant 

backgrounds for all three Gp93 deletion alleles and onto transheterozygote mutant 

backgrounds and the insertion was found to rescue lethality in all cases. Stocks of 

P{Gp93rescue;w+};Gp931/Gp931 are viable and propagate normally. We did not pursue the 3rd 

chromosome insertions because we obtained rescue with the 2nd chromosome insertion. 
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Figure 11: Creation of Gp93 genomic rescue transgenic stocks. 

1-3 Crossing strategy to create and determine chromosomal insertion. Possible 

genotypes and eye color are shown for the progeny from cross 3. Eye color 

correlation with either 2nd or 3rd chromosome balancer is used to determine 

chromosomal insertion. 
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E. Investigation of the Gp93 larval-lethal phenotype 

Although we could create stocks of the various Gp93 deletion alleles, we did not 

know when during development the lethal phenotype occurred. To help determine this, 

we balanced the Gp93 deletion alleles over a TM3 balancer with a twi-Gal4 driver and a 

UAS-GFP insert (twi-GFP). This balancer allowed for the selection and sorting of Gp93 

mutant and heterozygote embryos by GFP expression. In these Gp932/twi-GFP stocks, 

GFP negative embryos and larvae were present, but there were no GFP negative pupae. 

Therefore, the lethal phenotype occurred sometime during larval development. There 

are three stages to larval development, referred to as instars. The first larval instar 

period is approximately 24 hours, at which point, larvae molt to become second instar 

larvae. This process repeats and after 24 hours the larvae molt to become third instar. 

Still continuously eating and growing larger, the larvae reach “critical weight” which 

triggers developmental processes leading to pupariation. Next, the larvae begin to move 

away from their food in search of a place to pupate. These larvae are known as 

"wandering” third instar larvae. Only GFP positive larvae were ever seen wandering 

within stock vials, telling us that the lethal phenotype occurred before this stage of larval 

development.  

Two different approaches were used to determine the stage at which the Gp93 

mutant larvae were perishing (Fig 12). The first was to look at anterior spiracle 

formation (Ashburner, 2005). The anterior spiracle of the larva is an organ necessary for 
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gas exchange. During molting of the larvae, the anterior spiracles increase in size and 

change morphology. This morphological change was apparent in both Gp93 

heterozygote and mutant larvae. The other approach that was taken was to examine the 

mouth hooks of the larvae (Ashburner, 2005). Similar to the anterior spiracles, during 

molting, new mouth hooks are formed and with the new mouth hooks come more 

“teeth” per hook. Both Gp93 mutant and heterozygote larvae were collected and cuticle 

preps were made. The number of mouth hook teeth observed for the mutant larvae was 

also indicative of third instar larvae. 

 

 

Figure 12: Gp93 mutant larvae reach third instar. 

(A-B) Anterior spiracles at 96 hr AED for heterozygous (A) and Gp93 mutant 

(B) larvae are both indicative of the 3rd larval instar. Scale bar = 200µm. (C-D) 

Mouth hooks at 120 hr AED for heterozygous (C) and Gp93 mutant (D) larvae 

are both indicative of the 3rd larval instar. 
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We also wanted to determine protein levels of Gp93 throughout embryonic and 

larval development. Immunoblot analyses using a Drosophila-specific, rabbit polyclonal 

antibody raised against an N-terminal Gp93 sequence demonstrated that Gp93 was 

detectable in embryos, with the protein present in Gp93 mutant embryos reflecting 

maternal contributions, but undetectable in Gp93 mutant third instar larvae (Fig. 13A). 

Loss of Gp93 expression was not accompanied by discernable changes in the expression 

of the ER Hsp70 chaperone, BiP, or the protein translocation channel component Sec61α 

(Fig. 13B). 
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Figure 13: Loss of Gp93 expression does not effect expression of other ER 

proteins. 

(A) Immunoblot analysis depicting levels of Gp93 in Gp93 heterozygote and 

mutant 14 hr embryos, first instar larvae, and third instar larvae. (B) 

Immunoblot analysis depicting levels of Gp93, BIP, and Sec61α in third instar 

Gp93 larvae. 

 

F. Creation of germline clones 

There is a large maternal load of Gp93 transcript in the Drosophila embryo. Gp93 

expression is also ubiquitous and high throughout embryonic development. We believe 

that this maternal load, and the stability of the protein (a T1/2 of ~5 days in mouse 
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splenic-monocytes) (Yang et al., 2007) allows for normal embryonic development in 

Gp93 mutant embryos. However, once this protein is finally degraded, larval 

development suffers and the larvae die before pupariation. To study early embryonic 

development we needed to therefore remove the maternal load from the embryo. We 

attempted to create germline clones that were maternal and zygotic null, as well as 

maternal null and zygotic heterozygous.  

Based on GRP94’s role as master regulator of all mammalian TLR’s, we expect 

that Toll will be a client protein of Gp93. Toll, the parent member of the Toll/Toll-like 

family, is a maternal effect gene that serves critical roles in dorsal-ventral patterning in 

the Drosophila embryo (Hashimoto et al., 1988). The patterning function of Toll, and its 

related genes, such as 18-wheeler, reflects the cell adhesion activity of the encoded 

ectodomain (Eldon et al., 1994; Hashimoto et al., 1991). In addition, recent evidence 

suggests critical roles for 18-wheeler in cell migration (Kleve et al., 2006). All TLRs are 

type I transmembrane proteins whose ectodomains contain extended leucine-rich repeat 

(LRR) arrays (Eldon et al., 1994; Hashimoto et al., 1991; Kobe and Deisenhofer, 1994; 

Medzhitov et al., 1997). LRRs can possess diverse functions including, but not limited to, 

hetero- and homotypic fusion, protein-protein interaction, and of particular importance, 

an innate immune function in the recognition of diverse pathogen-associated molecular 

patterns (PAMPS) (Bella et al., 2008; Kobe and Deisenhofer, 1994; Medzhitov et al., 1997). 

Interestingly, and whereas Drosophila Toll and TLRs serve critical functions in early 
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development, these proteins also serve key functions in the recognition and response to 

fungal pathogens in the larval and adult stages (Lemaitre et al., 1996). The conservation 

in Toll/TLR structure/function between fly and human, and the discovery that GRP94 is 

essential for TLR family expression, thus suggests conserved functions for GRP94 in the 

functional expression of proteins functioning in cell/tissue movement and/or 

morphogenesis. If Gp93 and Toll interacted, we expected to see dorsal/ventral 

patterning defects similar to those seen in Toll mutants.  

To test this hypothesis, we created Gp93 mutant germline clones using the FLP-

FRT recombination system (Fig 14). This system allows for recombination at specific 

points within the genome. FRT sites on sister chromatids can recombine when the 

flipase enzyme is expressed. The expression of flipase can be under specific promoters, 

like a heat shock inducible promoter, or it can be used with the Gal4/UAS system to 

express flipase temporally or spatially. First, FRT82B, Gp93 mutant chromosomes were 

created by recombination. Male w; Gp931/TM3 flies (alleles 1, 2, and 3 were used) were 

crossed with w; P{neor;FRT82B},P{mini w+}90E females to generate w; 

P{neor;FRT82B},P{mini w+}90E / Gp931 females. These virgins were crossed to w; 

TM3/TM6B males. Females were used because recombination does not occur in the male 

fly. This allowed recombination to take place between the ends of the right arm of the 

third chromosome, hopefully between the P{neor;FRT82B} and P{mini w+}90E. This 

would result in an FRT82B, Gp931 chromosome. Because the neo resistance gene was 
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under a heat inducible promoter, the larvae from the cross were heat shocked at 37°C for 

1 hour a day to drive expression of the neomycin resistance gene. They were also fed 

normal fly food containing 0.8 mg/ml G418 (a neomycin analog) to select for the 

presence of the P{neor;FRT82B} insert. White eyed males were scored and used in the 

next cross. The white eyed males had the FRT82B site because they survived the 

neomycin resistance, and are white eyed because recombination between the P-element 

sites on the third chromosome replaced the w+ containing P-element with the Gp931 

allele. Genetically, the males kept from this cross were w; FRT82B, Gp931/ TM3 (or 

TM6B). These males were crossed to w; TM3/TM6B females to generate both TM3 and 

TM6B balanced stocks of w; FRT82B, Gp931. Complementary crosses between the three 

mutant alleles as well as PCR were used to verify the presence of the Gp93 mutations in 

these stocks. 

Now that w; FRT82B, Gp931 /TM3 stocks were made, female w; FRT82B, 

Gp931/TM3 flies were crossed to male P{hsFLP}/¬ ; P{neoFRT}82B, P{ovoD1}/TM3 flies. 

These larvae were heat shocked at the third larval instar stage. In this case, the heat 

shock was used to induce the FLP recombinase activity which recombined the third 

chromosome at the two FRT82B sites of sister chromatids during mitosis. This can result 

in a cell division that produces two homozygous daughter cells from one heterozygous 

cell. The resulting two homozygous cells would be ovoD1/ovoD1 and Gp931/Gp931. If this 

occurs in the germline cells, embryos which are homozygous for the Gp93 deletion can 
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be created. Because ovoD1 is dominant female sterile, the only embryos that can be 

created are from mothers that have undergone recombination in the germline. When the 

female flies that were heat shocked as larvae are crossed to w; Gp931/twi-GFP males, 

females in which successfully induced germline clones occurred will lay eggs. If these 

eggs were GFP positive, they were maternal minus and zygotic plus for Gp93. GFP 

negative embryos would be both maternal and zygotic minus for Gp93 expression. 

Unfortunately, regardless of the Gp93 mutant used in the creation of germline clones, no 

fertilized eggs were ever obtained from these experiments. It may be the case that even 

though ovoD1 females can lay eggs, producing embryos that are ovoD1-, clones in the 

somatic cells surrounding the embryos could make it impossible for embryos to be 

fertilized. These results themselves indicate a potential role for Gp93 in egg development 

that could be further studied in the future.  
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Figure 14:Creation of Gp93 mutant germline clones. 

Crossing strategy utilized to create germline clones using Gp93 mutant alleles. 

Step 2 depicts the recombination event that could occur between chromatids. 
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Chapter 4: Growth Defects in D.melanogaster Deficient 
in Gp93 Expression 

A. Introduction 

Initial studies of Gp93 loss in Drosophila revealed that loss of protein expression 

resulted in late larval fatality. Data presented in this chapter will demonstrate that loss 

of Gp93 gene expression ultimately leads to a larval growth defect. Gp93 mutant larvae 

are smaller than their heterozygote siblings, however they develop similarly and reach 

the final larval instar stage. These findings suggest a number of hypotheses that would 

cause a growth defect including defects in endoreplication, defects in insulin signaling 

or TOR (target of rapamycin) signaling pathways, problems in feeding behavior or 

nutrient sensing, or defects in gut functions.  

Normal larval growth occurs in response to continuous eating and 

endoreplication. Endoreplication is the process by which some aspects of the mitotic cell 

cycle are completed, including DNA replication, but the cells do not complete mitosis 

and do not undergo cytokinesis. Many types of Drosophila melanogaster larval tissue 

undergo endoreplication, including the midgut, salivary glands, fat body, trachea, 

epidermis, and malpighian tubules (Edgar and Orr-Weaver, 2001). Genomic DNA is not 

completely replicated during this process; most of the replication occurs within 

euchromatin, leaving heterochromatin under-replicated. Linked to this DNA replication 

is larval growth as cells undergoing endoreplication also increase in size. Growth and 

genomic replication are tightly linked; mutations affecting replication arrest growth, and 
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nutrient starvation can arrest replication. Larval growth is based on an increase in cell 

size, not an increase in cellular number. Defects in endoreplication are accompanied by 

defects in larval growth. Although Gp93 is not expected to regulate any cell cycle control 

proteins operating within the cytosol, it may have affects on signaling pathways that 

regulate this DNA replication phenomenon. 

The insulin/IGF-I (IIS) and TOR signaling pathways are both required for normal 

growth and development, but regulate that growth via different mechanisms, albeit with 

some crosstalk (Fig 15) (Taha and Klip, 1999). The insulin/IGF-I systems serve a 

humoral, cell-extrinsic function in growth control. For both insulin and IGF-I, cell 

activation is mediated by cognate tyrosine kinase receptors. Ligand activation of these 

receptors results in autophosphorylation of tyrosine residues in the intracellular portion 

of the receptor leading to recruitment and phosphorylation of insulin receptor substrates 

(IRS), with binding occurring through a phospho-tyrosine binding domain within the 

IRS. Activation and localization of the IRS then couple to downstream effectors, most 

prominently phosphoinositide 3-kinase (PI3K) (Taniguchi et al., 2006). PI3K converts 

phosphatidlyinositol-4,5-P2 (PIP2) to phosphatidylinositol-3,4,5-P3 (PIP3) in the plasma 

membrane, recruiting AKT/PKB kinase to the plasma membrane to yield regulation of 

the downstream effectors S6-kinase, elongation factor 4E-binding protein (4E-BP) and 

the transcription factor FOXO (Harris and Lawrence, 2003; Taniguchi et al., 2006; Tran et 

al., 2003). The cellular response to activation of the insulin/IGF-I signaling pathway is 
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profound, and includes changes in mRNA translation, lipid and glycogen accumulation, 

and glucose uptake.  

 

Figure 15: InR and TOR signaling pathways in Drosophila. 

The insulin receptor is activated by one of the DILPs. This causes downstream 

phosphorylation of PI3K and the conversion of PIP2 to PIP3 in the plasma 

membrane allowing for the recruitment and activation of Akt affecting 

downstream transcription of genes involved in growth control. TOR reacts to 

intracellular amino acid levels after their transport into the cell by amino acid 

transporters (AAT). TOR activates S6K which can then negatively regulate the 

InR pathway. Adapted from (Wilson et al., 2007). 
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The insulin/IGF-I signaling pathway is highly conserved throughout metazoans. 

Drosophila orthologs of the insulin receptor (InR) (Petruzzelli et al., 1986; Petruzzelli et 

al., 1985), IRS (Bohni et al., 1999), PI3K (Leevers et al., 1996), AKT/PKB (Andjelkovic et 

al., 1995), S6 kinase (Watson et al., 1996), FOXO (Puig et al., 2003), and insulin (Brogiolo 

et al., 2001; Cao and Brown, 2001), have all been identified. Mutations in many of these 

pathway constituents result in severe growth defects. The Drosophila genome includes 

genes encoding seven insulin receptor ligands or DILPs (Drosophila insulin-like peptides) 

that structurally resemble human preproinsulin. Three of the DILPs (2, 3, and 5) are 

secreted from two sets of seven median neurosecretory cells (mNSCs) and genetic 

ablation of these cells results in developmental delay and growth retardation. However, 

RNAi knockdown of DILP2, the most highly expressed of the DILPs, does not 

recapitulate these phenotypes, suggesting that the other DILPs may compensate for loss 

of this insulin receptor ligand (Broughton et al., 2008). Disruption of the insulin 

signaling pathway affects larval growth, and because of its role as an ER chaperone, 

Gp93 could be directly affecting this signaling pathway through the membrane 

associated receptor or the secreted ligands. If either InR or the DILPs are client proteins 

of Gp93, loss of Gp93 expression could lead to retention of the receptor or ligands inside 

the ER, similar to retention of TLRs within the ER upon GRP94 loss. If this were to occur, 

InR signaling would diminish or turn off completely resulting in a larval growth defect. 
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In contrast to the insulin/IGF-I systems, TOR functions in a cell-intrinsic manner. 

TOR, a highly conserved kinase, functions in the cellular response to alterations in 

amino acid availability and signals via the S6 kinase/4E-BP effectors to regulate cell 

growth. TOR is regulated by two primary effectors, TSC (tuberous sclerosis complex, a 

heterodimer of TSC1/TSC2), and Rheb, a small GTPase (Oldham and Hafen, 2003; 

Saucedo et al., 2003; Zhang et al., 2003). Studies in Drosophila have identified critical, 

organ-based growth control functions for TOR. For example, in the fat body, the insect 

organ that performs metabolic functions analogous to the vertebrate liver and adipose 

tissue, downregulation of the amino acid transporter-encoding gene slimfast (slif) elicits 

the activation of fat body Drosophila TOR (dTOR) and generates a humoral signal that 

suppresses insulin signaling activity in the distal tissues (Colombani et al., 2003; Leopold 

and Perrimon, 2007). These studies identify a key regulatory role for the insect fat body 

in metabolic homeostasis, where an intrinsic, dTOR-linked nutrient sensor function 

serves in the systemic control of insulin signaling in the periphery (Colombani et al., 

2003). Gp93 could be directly affecting the cell surface trafficking of amino acid 

transporters to the surface of the cell. This would decrease the intracellular pool of 

amino acids affecting TOR signaling which could result in the larval growth defects 

accompanied by loss of Gp93. 

Drosophila larvae have very specific responses to nutrient stress and starvation. 

Whole genome microarray studies on starved larvae demonstrated specific 
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transcriptional responses that were different from sugar fed responses. Genes 

upregulated in response to starvation included a number of lipases, the insulin receptor, 

and other metabolic genes (Zinke et al., 2002). Using a GFP reporter gene, it was shown 

that the insulin signaling pathway stopped signaling under conditions of starvation. 

Starvation also elicited release of stored nutrients from the fat body causing fat body 

cells to become smaller and translucent (Dean, 1985; Keeley, 1985). Lipids secreted from 

the fat body in conditions of starvation are imported into oenocytes for processing and 

utilization (Gutierrez et al., 2007). Starvation responses revolve around utilizing stored 

nutrients to keep the organism alive for as long as possible in the case that the nutrient 

stress is lifted. 

The first and possibly most important organ for growth control is the larval 

midgut, mainly because it serves as the site for nutrient transport within the organism. 

The Drosophila gut consists of three primary regions, the foregut, midgut and hindgut, 

with the midgut serving as the site of nutrient processing and absorption. Three basic 

cell types, intestinal stem cells, enterocytes, and enteroendocrine cells, form the midgut 

epithelium, and there is evidence for the existence of enterocyte and enteroendocrine cell 

subtypes (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006). Importantly, 

enteroendocrine cells, though rare (ca. 1%), produce a diverse catalog of hormones 

known to function in gut motility, nutrient uptake and nutrient utilization (Nichols, 

2007; Veenstra, 2009). As in vertebrate systems, it is expected that Drosophila gut function 
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and gut signaling would contribute significantly to metabolic homeostasis, though this 

topic remains largely unexplored. If Gp93 loss affects gut function, the proper 

absorption of nutrients could be affected. This could lead to many downstream effects 

and phenotypes closely associated with starvation leading to decreased larval size. 

In this chapter, I will discuss the phenotypic effect that loss of Gp93 has on 

Drosophila melanogaster larvae. The loss of zygotic Gp93 expression causes prominent 

defects in the anterior midgut epithelium, marked by highly aberrant copper cell 

morphology, a loss of gut acidification, and irregular septate junction organization. In 

addition, Gp93-mutant larvae display reduced food clearance from the gut and 

substantially reduced dipeptide and cationic amino acid assimilation. Glucose and 

neutral amino acid uptake as well as posterior midgut alkalinization activity are, 

however, normal. Though loss of Gp93 expression has variable effects on nutrient 

assimilation, the metabolic consequence is severe; Gp93 mutant larvae display extensive 

mobilization of fat body triglycerides, lipid droplet accumulation in the oenocytes, and 

gross deficits in growth that cannot be rescued by nutritional supplementation. These 

results reveal that Gp93 expression is essential for the integrated secretory (gastric acid) 

and absorptive (amino acids/dipeptides) functions of the gut, as well as nutrient 

assimilation-coupled growth control. As the anterior midgut represents the sole 

endoderm-derived larval tissue, these data also suggest essential roles for the Gp93 

proteome in endoderm-restricted cell specification. 
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B. Gp93 deficient larvae display severe growth defects 

Visual comparisons of Gp93 mutant larvae indicated that loss of Gp93 expression 

resulted in a late larval growth defect. Brightfield images comparing Gp93 heterozygote 

and mutant larvae raised on normal fly medium show that early in larval development 

the larvae are morphologically identical whereas at later stages, growth rates diverge 

(Fig. 16). Quantification of this phenotype shows that at 72 hrs AED the Gp93 mutant 

and heterozygote larvae diverge; mutant larvae continue growing on a linear path while 

heterozygote larvae beginning to grow at a much faster growth rate. Although growth 

control in Gp93 mutant larvae is defective, the developmental program appears normal; 

Gp93 mutant larvae molt and on the basis of anterior spiracle and mouth hook 

morphology (Fig 12), progress to the third and final instar stage. 
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Figure 16: Gp93 mutant larvae display reduced gut motility and a growth 

defect. 

(A) Bright field images of Gp93 heterozygote and mutant larvae grown on 

normal fly food for indicated time. Scale bars = 200 μm. (B) Quantification of 

larval wet weight at indicated time points. Each point represents the mean 

weight of 30-80 larvae and error bars represent standard error of the mean. 

  

Larval growth is due to a phenomenon known as endoreplication. The number 

of larval cells present in the first instar is roughly the same as in the third instar even 

though the larva has grown over 200 times larger (Edgar and Orr-Weaver, 2001). This 

occurs because the cellular DNA replicates and the cells grow larger in response, but 

never undergo cytokinesis. Rather than cells dividing to increase tissue volume, the cells 

themselves grow larger. To determine if the Gp93-mutant growth defect reflected 

aberrant endoreplication, third instar larvae were fed 5-bromodeoxyuridine (BrdU) 
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supplemented food and larval tissues analyzed for BrdU incorporation. As shown in 

Fig. 17, the overall tissue dimensions in Gp93 mutant larvae were, as expected, 

substantially smaller than heterozygote larvae. BrdU incorporation, however, was 

observed in both Gp93 mutant and heterozygote larval tissue (Figure 17A,B). These data 

imply that effects in endoreplication are not a proximal cause of the Gp93 mutant growth 

defect. 

 

 

Figure 17: Endoreplication is not affected by loss of Gp93. 

BrdU incorporation in anterior midgut of Gp93 heterozygote (A) and mutant 

(B) larvae at 120 hrs AED. Pv = proventriculus. Scale bar = 200 μm. 
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As in mammals, growth in Drosophila larvae is under hormonal control and 

includes significant behavioral and gut function components. We assayed whether the 

Gp93 mutant larvae were, in fact, eating and whether they suffered any defects in 

feeding behavior. Food uptake was examined in Gp93 mutant and heterozygous larvae 

by first raising larvae on complete food media. Larvae were transferred to dye-

containing food plates, and after a 4 hr interval, the fraction of larvae with full gut 

staining was assayed. The Gp93 heterozygous and mutant larvae were indistinguishable, 

indicating that the nutrient sensing, foraging and eating behavior components of animal 

growth were not markedly affected by the loss of Gp93 expression (Fig. 18A).  

Rates of food clearance in the larvae were assessed next. In these experiments 

Gp93 mutants and heterozygous larvae were fed dye-stained food overnight, transferred 

to dye-free plates, and the time to gut clearance was assayed. As shown in Fig. 18B, gut 

clearance rates for Gp93 mutant larvae were substantially lower than the heterozygote 

controls. Comparisons at the three hr time point, where the heterozygote larvae display 

maximal clearance, indicate that loss of Gp93 expression was accompanied by a 75% 

decrease in food motility through the gut. Importantly, the fractional population 

exhibiting complete gut clearance was nearly identical for the two genotypes and so the 

clearance assay provides an accurate means for comparing gut clearance in the two 

genotypes.  
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Figure 18: Behavioral responses in Gp93 mutant larvae. 

(A) Quantification of relative feeding behavior over 4 hr in Gp93 heterozygous 

and mutant larvae at 56 and 80 hr AED fed Fast Green-dyed food. (B) 

Quantification of gut clearance rates. Gut clearance rates were determined for 

Gp93 heterozygote and mutant larvae beginning at 72 hrs AED. Each point 

represents the mean of 10 experiments containing 4-8 larvae. Error bars 

represent S.D. (C) Quantification of the fractional population Gp93 

heterozygote and mutant larvae displaying wandering behavior at the 

indicated time points. 

 

Lastly, we examined wandering behavior in Gp93 mutant larvae. During the 

third instar stage, larvae will stop eating and begin to “wander” in search of a proper 
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place to pupate. This is regulated by the hormone ecdysone. Larvae were assayed for 

early wandering by placing them on a large Petri dish with a food source in the middle. 

Larvae not within the food at the time points indicated in Fig 18C were considered 

wandering. The fraction of Gp93 mutant larvae exhibiting late stage, ecdysone-

dependent wandering behavior represented a relatively small (< 25% at 96 hr AED) 

cohort (Fig. 18C). In summary, these data demonstrate that loss of Gp93 expression 

results in a marked loss of gut motility, though foraging and eating behavior are 

unaltered. Significantly, Gp93 mutant larvae feed continuously on a complete food 

source, yet are unable to undergo the exponential growth characteristic of third instar 

larvae. 

 

C. Loss of Gp93 expression affects specific functions within the 
larval gut.  

The Drosophila larval gut is developmentally, functionally, and morphologically 

segregated into distinct domains comprised of the ectoderm-derived foregut and 

hindgut, and the endoderm-derived midgut, which performs critical functions in 

nutrient processing (Murakami et al., 1999). Within the midgut there are four distinct 

segments distinguished by gut lumen pH (Fig 19A). The middle midgut region is highly 

enriched in acid-secreting copper cells and is a zone of high acidification (Fig 19B) 

(Dimitriadis, 1991; Dubreuil et al., 1998; Shanbhag and Tripathi, 2009). In contrast, the 

posterior midgut is highly alkaline (Dubreuil et al., 1998; Shanbhag and Tripathi, 2009). 
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To assess gastric acid and base secretion, we examined the acidification and 

alkalinization functions of the middle and posterior midgut via analysis of gut pH in 

larvae fed pH indicator-supplemented food. Fast Green dye-supplemented food was 

used to score larval feeding activity (Fig. 20 panels A,C,E,G), so that only those larvae 

exhibiting feeding/gut function were assayed. Analysis of gut pH in larvae fed 

bromphenol blue-supplemented food identified a substantial defect in midgut 

acidification in Gp93 mutant larvae, indicating defects in gastric acid secretion (Fig. 20, 

panels B vs. D, asterisk). It should be noted however, that acid secretion is not absent in 

this region, but is substantially lower than the level of acid secretion in heterozygote 

larvae. In contrast, the pH of the posterior midgut zone of alkalinization seemed to be 

unaffected by loss of Gp93 expression based on phenol red feeding experiments, 

indicating that hindgut bicarbonate transport was functional in the mutant larvae (Fig. 

20, panels F vs. H, asterisk).  
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Figure 19: Drosophila larval gut structure. 

(A) The larval midgut is comprised of 4 zones based on pH levels. The anterior 

midgut is neutral, moving into an acidified middle midgut which then moves 

from a neutral zone to a very alkaline zone in the posterior midgut. GC= 

gastric caeca, MT = malpighian tubules, HG = hindgut. Adapted from 

(Shanbhag and Tripathi, 2009). (B) Magnified depiction of the copper cell 

region, the highly acidified region of the midgut. Copper cells marked by blue 

basal nuclei and deep boomerang shaped apical membrane invaginations. 

Interstitial cells marked by red apical nuclei. A gradient of the homeobox gene 

labial exists from anterior to posterior in the cuprophilic region of the gut. 

Adapted from (Phillips and Thomas, 2006). 
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Figure 20: Gp93 loss results in decreased gut acidification but has no effect on 

alkalinization. 

(A-D) Bright field images of 80 hr AED Gp93 larval anterior midgut tissue 

containing either Fast Green- (A,B) or bromphenol blue stained (C, D) yeast 

paste. (E-H) Bright field images of 80 hr AED Gp93 larval anterior midgut 

tissue containing either Fast Green-stained (E, F) or phenol red (alkalinization 

indicator)-stained (G, H) yeast paste. Scale bars in (A-H) = 1 mm. 

 

Similar to gastric parietal cells, the acid-secreting copper cells possess 

characteristic deep invaginations of the apical plasma membrane (Dubreuil et al., 1998). 

Representative micrographs of Gp93 heterozygote and mutant larval gut epithelium are 

shown in panels A-D and E-H of Fig 21, respectively, where it can be seen that the Gp93 

mutant middle midgut epithelium is highly irregular (panel E), in large part a 

consequence of gross distortions in copper cell apical plasma membrane morphology. In 

heterozygote middle midgut tissue, the copper cells, with basal nuclei, are interdigitated 

between clearly defined interstitial cells, containing apical nuclei, and display the 

characteristic invaginated apical plasma membrane morphology, with a narrow lumenal 

opening connecting the boomerang-shaped apical plasma membrane invagination to the 
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gut lumen (panels B-D). In contrast, the copper cell apical plasma membrane 

invaginations of the Gp93 mutant midgut are grossly distorted, with wide, irregular, 

openings connecting to the gut lumen (panels F-H) and distortions of the boomerang-

like shaped invagination. Nuclear location in the Gp93 mutant midgut copper and 

interstitial cells was identical to the heterozygote tissue. 

 

 

Figure 21: Gp93 loss causes defects in copper cell structure. 

(A-H) Confocal micrographic images of the cuprophilic region of the middle 

midgut of 80 hr AED Gp93 heterozygote (A-D) and mutant (E-H) larvae. Red = 

F actin (phalloidin). Blue = lamin Dm0. Scale bars in (A and E) = 20 µm. Scale 

bars in (B-D, F-H) = 5 µm. 
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The cell-cell interface between the copper and interstitial cells is provided by 

smooth septate junctions. Examination of midgut septate junction morphology 

identified further defects in the Gp93 mutant midgut epithelium. In control tissue (Fig 

22A, C), septate junctions, marked by staining for the septate junction component Discs 

large (Dlg), display a prominent apical-basolateral orientation, with a tight organization 

of Dlg, and extension to the apical membrane bifurcation. In Gp93 mutant midgut 

epithelium tissue (Fig 22B, D), the septate junctions were much narrower and exhibited 

a substantially decreased apical-basolateral orientation. In addition, confocal surface 

projections demonstrated a loss of Dlg organization (panels C vs. D).  

 

Figure 22: Gp93 loss results in aberrant septate junction morphology. 

(A-D) Confocal micrographic images of the cuprophilic region of the middle 

midgut of 80 hr AED Gp93 heterozygote (A and C) and mutant (B an D) larvae. 

Red = F actin (phalloidin). Blue = Discs large. (C-D) Micrographs of maximum 

intensity projections of 8.1 μm and 5.8 μm through the apical membrane 

showing the opening of the apical invagination of copper cells. Scale bars in 

(A-B) = 20 µm. Scale bars in (C-D) = 5 µm. 
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Copper cells were named for their ability to assimilate dietary copper and 

fluoresce orange under UV illumination when fed a source of copper. The homeotic 

gene labial is responsible for differentiation of the copper cells, and loss of labial results in 

loss of morphology, acid secretion, and fluorescence after copper uptake within these 

cells(Hoppler and Bienz, 1994). α-spectrin mutants likewise lose fluorescence of the 

copper cells after being fed copper (McNulty et al., 2001). Gp93 mutant and heterozygote 

larvae were both able to transport and accumulate dietary copper into the copper cells 

(Fig 23A,B) suggesting that loss of Gp93 affects different downstream gene targets of the 

transcription factor labial and does not act in conjunction with spectrin to lead to 

morphological and acidification defects. 

 

 

Figure 23: Loss of Gp93 does not affect dietary copper uptake in the middle 

midgut. 

Gp93 heterozygote (A) and mutant (B) midgut of 96 hr AED larvae fed 500 μM 

CuSO4 for 16 hrs. Fluorescence was detected using the DAPI filter set. Scale 

bars = 100 μm. 
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The defective copper cell morphology is associated with a significant defect in 

gastric acid secretion. Because the midgut also serves important functions in nutrient 

assimilation, studies were performed to assess nutrient assimilation in the Gp93 

heterozygote and mutant larvae. In these experiments, larvae were fed isotopically 

labeled glucose, lysine, leucine, or the dipeptide alanyl-alanine, and transepithelial 

transport to the hemolymph was assayed. In mammals, di- and tri-peptides serve as the 

primary source of dietary amino acids and are internalized in the gut via the activity of 

the PepT1 family of peptide transporters (Adibi, 1997). Dipeptide uptake in Drosophila is 

mediated by the PepT1 ortholog OPT1 (Roman et al., 1998). Following a four hour 

isotope feeding period, larvae were pooled, washed in cold PBS, and hemolymph was 

collected after cuticle puncture. As shown in Fig. 24, glucose and leucine assimilation 

activity was identical between Gp93 mutant and heterozygote larvae. In contrast, lysine 

and alanyl-alanine dipeptide uptake was markedly suppressed in the Gp93 mutant gut, 

with uptake levels corresponding to 35 - 40% of those determined in Gp93 heterozygote 

larvae. Supplementation of the larval food source with 1% tryptone, a peptide-rich 

casein digest or with free essential amino acids, did not complement the growth defect 

(Fig 25), indicating that cationic amino acid and dipeptide uptake is limiting in the Gp93 

mutant gut. This deficiency may reflect defects in the functional maturation of nutrient 

transporters and/or synergistic consequences of the loss of gastric acid secretion, as 

cationic amino acid and dipeptide transporters are commonly dependent upon 
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electrochemical proton gradients as the free energy source for transport (Daniel et al., 

2006). 

 

 

Figure 24: Gp93 loss causes specific nutrient assimilation defects. 

(A) Quantification of radiolabeled nutrient uptake in 80 hr AED Gp93 larvae. 

Data represents normalized percent c.p.m. of radiolabeled nutrient per 

microliter hemolymph ± S.D. of Gp93 heterozygote vs. mutant larvae 

hemolymph values. Each bar represents the mean of 6-12 experiments; error 

bars represent S.D. Significance determined by one way ANOVA. 
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Figure 25: Food supplementation does not rescue Gp93 mutant larval growth. 

(A) Two sets of both Gp93 heterozygote and mutant larvae were fed 2X MEM 

amino acid solution (1:25) in normal fly food for the indicated time points and 

then weighed. (B) Heterozygote and mutant Gp93 larvae were fed 1.0% or 0.1% 

tryptone supplemented fly food for the indicated time points and weighed. 

 

Transcriptional response to loss of larval Gp93 expression is biased to metabolism 

genes.  

The phenotypic characteristics of Gp93 mutant larvae suggest that gut 

functionality is tightly linked to metabolic homeostasis and growth control. This 

hypothesis was investigated in cDNA microarray studies of the transcriptional response 

to loss of Gp93 expression in collaboration with Tianli Zheng and Helen B. Rankin. 

Comparisons of 72 hour AED Gp93 mutant and heterozygote larvae were performed, 

using the Operon spotted array format. After expression percentile and flag filtration 

screening, 12,477 genes of the 13,664 probed genes were evaluated. Application of 

significance criteria at p<0.001 and fold-change of greater than 3.0, yielded 210 genes 

(1.69% of genome) displaying significant transcriptional changes with loss of Gp93 
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expression (Fig. 26). Of the 210 differentially expressed genes, 111 have assigned 

biological functions. When classified by gene ontology (GO) category, this gene cohort 

was markedly enriched in genes functioning in metabolism, proteolysis, and nutrient 

transport (Fig. 26A). The most prominent GO category was metabolism (37 genes). 

Within this cohort, six genes functioning in lipid metabolism were identified, including 

the triacylglycerol lipases, Lip3, and Lip1 (Fig. 26B). Of the 21 (18.9%) genes involved in 

proteolysis, three are of the Jonah family of midgut serine proteases (CG10475, CG6580, 

CG7170) (Ross et al., 2003), and all are down-regulated in Gp93 mutant larvae. Among 

the 19 (17.1%) genes categorized as encoding transport function and upregulated in the 

Gp93 mutant larvae is yin (OPT1) (Roman et al., 1998).  
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Figure 26: The transcriptional response to loss of Gp93 expression is biased to 

genes associated with metabolism. 

(A) Transcriptional response to loss of Gp93 expressed by gene ontogeny (GO) 

category. (B) Genes of known function whose expression are significantly 

upregulated or downregulated in Gp93 mutant larvae. (C) RT-PCR starvation 

gene signature analysis comparing 72 hr AED Gp93 heterozygote and mutant 

larvae at the indicated time points. Lane 1 = act, lane 2 = Lip4, lane 3 = CPTI, 

and lane 4 = Lip3. In collaboration with Zheng, T and Rankin, H.B. 
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The transcriptional response to loss of Gp93 expression bears similarity to that 

previously reported to occur in response to starvation (Zinke et al., 2002). Yet as noted, 

Gp93 mutant larvae eat continuously and thus are not per se nutrient-limited. To further 

evaluate the transcriptional profile of Gp93 mutant larvae, RT-PCR studies were 

performed on total RNA from Gp93 mutant and heterozygote larvae, analyzing the 

expression levels of a nutrient starvation signature gene set (Zinke et al., 2002). Loss of 

Gp93 expression was associated with a substantial upregulation of the starvation marker 

lipase 3 (lip3) (lane 4), but not with detectable up-regulation of the starvation markers 

CG6113 (Lip4) (lane 2) or CPTI (mitochondrial carnitine palamitoyltransferase) (lane 3), in 72 

or 96 hr AED mutant larvae (Fig 4-11C). These data demonstrate that the midgut 

epithelial defects that accompany loss of Gp93 expression cause a substantial metabolic 

stress similar to, but distinct from, that evoked by starvation.  

 

Metabolomic profiling of Gp93 mutant larvae: Identification of a catabolic metabolic 

state. 

Metazoan growth control requires coordinate regulation of the TOR and 

insulin/IGF signaling pathways, with TOR regulation representing a cell-autonomous 

regulatory pathway and insulin/IGF-II signaling, an endocrine/humoral regulatory 

pathway (Oldham and Hafen, 2003). In fly, as in mammals, TOR activity is regulated by 

amino acids, via the GTPase, Rheb (Stocker et al., 2003). Also similar to mammals, the 
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Drosophila insulin receptor/phosphatidylinositol 3-kinase (PI3K) pathway integrates 

cellular metabolism and nutritional status (Britton et al., 2002). To further evaluate the 

steady-state metabolic status of Gp93 mutant larvae, levels of amino acids were 

determined in whole larval extracts (Table 2). With the exception of the urea cycle 

metabolites, ornithine and citrulline, Gp93 mutant larvae display significantly reduced 

levels of all assayed amino acids, both essential and non-essential. The observed 

decreases varied from modest (ca. 15%; glycine, serine) to substantial (ca. 50%; tyrosine, 

methionine, phenylalanine). This pattern, in magnitude and in amino acid identity, is 

highly reminiscent of that reported previously for Drosophila larvae during starvation 

(Chen, 1967; Chen, 1955). These data are also consistent with early reports describing the 

conversion of body protein to amino acids upon starvation in Popillia japonica and 

Anomala orientalis (Ludwig and Wugmeister, 1955; Po-Chedley, 1958). The metabolic 

phenotype of Gp93 mutant larvae also bears similarity to the primary metabolic 

hallmarks of cachexia, a complex metabolic syndrome in humans characterized by loss 

of muscle and adipose tissue, and which is unresponsive to feeding. Notably, the 

prominent clinical feature of cachexia is growth failure in children and weight loss in 

adults (Evans et al., 2008).  
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Table 2: Amino acid analysis of Gp93 mutant and homozygous larvae 

Amino  

Acid 

Gp93+/-  

(µM) 

Gp93-/-  

(µM) 

Amino  

Acid 

Gp93+/-  

(µM) 

Gp93-/-  

(µM) 

Arg 559.956.6 341.131.5 Glx 818.9224.5 679.972.7 

His 304.421.8 205.72.7 Pro 665.95115.0 435.523.3 

Leu/Ile 363.438.90 149.617.7 Gly 646.473.8 487.947.4 

Met 143.513.4 68.93.7 Ser 471.844.7 414.341.9 

Phe 151.517.8 63.29.5 Tyr 370.236.1 38.616.8 

Val 384.655.6 151.311.95 Orn 136.016.0 144.920.8 

Ala 2075.1259.1 1100.1257.0 Cit 3.00.7 2.50.8 

Asx 324.726.0 155.414.5    

Concentrations are represented in μM ± S.D. 

Gp93 loss leads to lipid mobilization 

The feeding and nutrient assimilation data reported above, viewed with respect 

to the transcriptional profiling, describe an unusual metabolic phenotype where the 

animals are metabolically stressed and have nutrient-specific defects in gut assimilation, 

yet feed continuously on nutrient rich food. The metabolic state of triglycerides, the 

main energy storage lipid in Drosophila, was examined through fat body morphology, 

triglyceride levels, and oenocyte-directed triglyceride mobilization in fed, third instar 

larvae (Figs. 27-29). The insect fat body serves both storage and endocrine functions, 

broadly overlapping with vertebrate adipose and liver tissue and oenocytes serve 

hepatocyte-like functions (Butterworth et al., 1965; Gutierrez et al., 2007; Leopold and 

Perrimon, 2007). Fat body tissue in Gp93 heterozygote third instar larvae was highly 

lobular and opaque (Fig. 27A). In the light micrograph shown in Fig. 27A, the associated 

salivary gland tissue (arrowhead) is tightly organized and displays a refractive index 
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that differs from the fat body tissue. In contrast, fat body tissue from Gp93 mutant larvae 

has reduced cellularity and is nearly transparent although the associated salivary gland 

tissue displays refractive properties similar to Gp93 heterozygote salivary gland tissue 

(Fig. 27B). The relative transparency of the Gp93 mutant larval fat body tissue was 

suggestive of reduced levels of stored nutrients. Fat body tissue from Gp93 heterozygote 

and mutant larvae was dissected from third instar larvae and the neutral 

lipid/phospholipid fraction was isolated to assess its triglyceride content. Organic 

phosphate levels were determined, to allow normalization of samples to total 

phospholipid content, and relative triglyceride levels examined by thin layer 

chromatography and enzymatic analysis (Fig. 28). Enzymatic analyses indicated that 

Gp93 mutant fat body tissue contained 20 to 25-fold less triglyceride per unit 

phospholipid than the paired Gp93 heterozygote fat body tissue (Fig 28).  

 

Figure 27: Triglyceride metabolism in Gp93 mutant larvae is similar to the 

homeostatic response to starvation. 

(A-B) Bright field images of salivary gland (arrowhead) and fat body (asterisk) 

of 96 hr AED Gp93 larvae. Scale bars are 100 μm. 
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Figure 28: Loss of Gp93 expression causes changes in triglyceride and trehalose 

metabolism that mirror starvation. 

(A) Thin layer chromatography of lipid extracts from 96 Hr AED Gp93 

heterozygote and mutant larval fat body tissue. Equivalent quantities of total 

phospholipids, determined by organic phosphorous analysis, were loaded in 

each lane. Relative amounts were determined by densitometry analysis 

(ImageJ) of amido-black stained plates. Triglyceride concentrations were also 

determined by enzymatic analysis. (B) Trehalose data represents the mean of 

triplicate assays and is presented as μg trehalose per μl hemolymph ± S.D. 
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As reported by Gutierrez et al., nutrient deprivation promotes the mobilization 

of lipids from the fat body to the oenocytes. Such transfer is promoted during starvation, 

when amino acid uptake in the fat body is restricted, or when fat body lipolysis is 

activated. Gp93 mutant and heterozygote larvae were filleted and fixed larval pelts were 

stained with Oil Red O to examine lipid content in the oenocytes. Third instar Gp93 

heterozygote larvae show very low oenocyte lipid accumulation (Fig. 29A). Following 12 

hr of starvation, however, Gp93 heterozygote oenocytes were Oil Red O positive, with 

numerous cytoplasmic lipid droplets evident (Fig. 29B). Gp93 mutant oenocytes were Oil 

Red O positive in both the fed and starved states, indicating that steady state fat body 

lipolysis activity was elevated in the absence of starvation (Fig. 29C,D). In addition to 

providing further confirmation of the nutrient-stressed metabolic phenotype of the 

Gp93-mutant larvae, these data demonstrate that the signaling and endocytic pathways 

that direct lipid mobilization and uptake in Gp93 mutant fat body cells and oenocytes 

were fully operational, demonstrating that zygotic Gp93 expression was not required for 

these processes.  
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Figure 29: Gp93 mutant oenocytes load with lipid similar to starvation 

conditions. 

(A-D) Bright field images of 96 hr AED Gp93 larval oenocytes stained with Oil 

Red O. (B, D) larvae were starved for 14 hr. (A, C) larvae were kept on normal 

fly food until dissection. Scale bar = 50µM. 

 

Insulin receptor signaling is suppressed in Gp93 mutant fat body tissue.  

Mobilization of fat body triglycerides occurs in response to the loss of insulin 

signaling and is accompanied by elevations in hemolymph trehalose levels (Colombani 

et al., 2003; Rulifson et al., 2002). Indeed, hemolymph trehalose concentrations were 

significantly elevated in the Gp93 mutant larvae (Fig 28B), suggesting a suppression of 

insulin signaling (Rulifson et al., 2002). Fat body insulin pathway activity was thus 
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examined, using a GFP-pleckstrin homology domain insulin pathway reporter (tGPH) 

(Britton et al., 2002). Under normal nutrient rich conditions, activation of insulin 

signaling and the coincident increase in plasma membrane phosphatidylinositol 3,4,5-P3 

levels promotes plasma membrane association of the tGPH GFP reporter (Britton et al., 

2002). Micrographs depicting tGPH reporter localization, cell size, and nuclear size in fat 

body tissue of third instar Gp93 larvae are shown in Fig. 30. In Gp93 heterozygote fat 

body tissue (panels A-D), prominent tGPH plasma membrane localization was observed 

and all cells displayed centrally located, symmetrical nuclear profiles. In contrast, in 

Gp93 mutant fat body tissue, tGPH was diffusely present throughout the cytoplasm 

(panel E). In addition, the cytoplasm of third instar Gp93 mutant fat body cells contained 

single, very large, prominent lipid vesicles and the nuclei were small and irregular 

(panels E-G, merge in H). These data identify a profound suppression of insulin 

signaling pathway activity in the Gp93 mutant larvae. These findings prompted the 

hypothesis that insulin receptor expression was Gp93-dependent. In this scenario, the 

systemic metabolic and growth defects observed in the Gp93 mutant larvae would 

reflect the combined dysregulation of midgut epithelial homeostasis and loss of insulin 

receptor functional expression. 
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Figure 30: Loss of Gp93 expression causes fat body suppression of insulin pathway 

signaling. 

Insulin receptor pathway reporter tGPH in fat body (A-H) tissue of Gp93 

heterozygote (A-D) and Gp93 mutant (E-H) larvae. tGPH fluorescence is 

depicted in panels A and E. Phalloidin was used to visualize the cell periphery 

(B, and F). Panels C, and G depict nuclear staining of the lamin Dm0. Panels D, 

and H represent merged images. Scale bars = 20μm. 

 

Insulin signaling pathway function is insensitive to loss of Gp93 expression.  

To determine if insulin receptor expression required Gp93, fat body tissue was 

isolated from third instar Gp93 mutant larvae and insulin pathway function assessed in 

vitro. The data in Fig. 31A demonstrate that insulin elicits activation of insulin pathway 

signaling, assayed by the conversion of Akt to phospho-Akt, in both Gp93 mutant and 

heterozygote fat body tissue in vitro. We conclude that the absence of insulin pathway 

signaling function in the fat body tissue of Gp93 mutant third instar larvae is unlikely to 
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reflect a loss of functional, cell surface InR. Nonetheless, it is possible that InR surface 

density is substantially reduced in Gp93 mutant fat body tissue and although the tissue 

is, per se, insulin responsive, the magnitude of the insulin-dependent receptor activation 

in vivo is insufficient to elicit discernible redistribution of tGPH.  

 

 

Figure 31: Insulin receptor is functionally expressed in Gp93 mutant fat body 

cells. 

(A) Immunoblot analysis demonstrating that addition of human insulin yields 

InR activation in both Gp93 heterozygote and mutant larval fat bodies, as 

determined by Akt phosphorylation. 

 

The recent finding that secretion of IGF-II requires GRP94 suggests additional 

hypotheses for the slow growth phenotype of Gp93 mutant larvae (Wanderling et al., 

2007). If, for example, Gp93 participates in the functional maturation of the insect insulin 

molecules, DILPs, loss of Gp93 expression would be expected to disrupt DILP secretion, 
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and thereby yield a slow growth phenotype. At present, methods for quantifying 

hemolymph DILP levels are unavailable. As an alternative approach DILP2 expression 

was examined in the median neurosecretory cells (mNSCs) of Gp93 mutant and 

heterozygote larval brain tissue by immunohistochemistry. In both Gp93 heterozygote 

(Fig. 32A) and mutant (Fig. 32B) larval brain tissue, DILP2-positive mNSCs were 

identified and prominent staining was observed in both the cell bodies (large 

arrowheads) and distal axons (small arrows). The presence of DILP2-positive staining in 

the distal axons indicates that DILP2 has exited the ER and is likely competent for 

secretion. As a further test of this conclusion, Gp93 expression was reduced in the 

mNSCs through use of a dilp2-GAL4 driver, to induce expression of a Gp93 RNA hairpin 

in a UAS-Dicer2 background. The progeny of these crosses progressed to adulthood with 

no discernible defects, suggesting that Gp93 is not required for DILP2 

maturation/secretion (data not shown). These data, in summary, further substantiate the 

conclusion that defects in midgut epithelial structure/function are the proximal defect in 

the Gp93 mutant larvae and suggest that the dysregulation of organismal growth control 

is a downstream consequence of compromised midgut function. 
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Figure 32: DILP2 subcellular localization is unaffected by loss of Gp93. 

(A-B) DILP2 staining in medial neurosecretory cells in Gp93 heterozygote (A) 

and Gp93 mutant brain tissue (B). Arrowheads identify cell bodies and arrows 

the distal axons. Scale bars = 20 μm. 
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Chapter 5. Discussion 

A. Overview  

Gp93 deletion mutations were generated through the use of imprecise P-element 

excision and rescued with a transgenic construct expressing a genomic copy of Gp93. 

Gp93 is an essential gene, the loss of which leads to late larval lethality, profound 

metabolic defects, and defects in both midgut structure and function. The experimental 

methods leading to these findings included immunohistochemistry of larval tissues, 

genetic analysis of Gp93 rescue and tissue-specific loss, metabolomic and lipid 

metabolism analysis of whole larvae, and western blot analysis of Gp93 throughout 

development, and insulin receptor pathway constituents. In this chapter I will discuss 

the ramifications of my data including: 1) why an in vivo model is of such importance to 

the study of GRP94 biologic function, 2) possible mechanisms of how Gp93 loss leads to 

structural and functional defects in specific cells of the midgut, and 3) how loss of Gp93 

expression affects the metabolic homeostasis of Drosophila larvae. This will be followed 

by a discussion of possible mechanisms connecting the two overarching phenotypes 

within these larvae. 
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B. An in vivo model for studying the cellular basis of GRP94 
function. 

Found only in metazoans and higher order plants, GRP94 functions within the 

endoplasmic reticulum to specifically chaperone a subset of cell surface and secretory 

proteins that are essential to multicellular life. Similar to all members of the HSP90 

family of chaperones, GRP94 is an obligate homodimer with ATP binding and 

hydrolysis activity. This activity may influence the functional state of GRP94 and 

influence how and which client proteins interact with the chaperone. Fully 

understanding both the mechanism of GRP94 function and the client proteins of this ER 

chaperone could provide important insights into the molecular foundations of metazoan 

life. 

To date, no functional in vivo study of GRP94 has been accomplished past very 

early stage mouse embryos. However, excellent models exist to study the cell 

autonomous effects of GRP94 loss, primarily because knockdown or loss of GRP94 

expression is tolerable in single cell model systems. The first work to clearly define 

clients of GRP94 was that of Seed and Randow. They isolated a GRP94 mutant pre-B cell 

line that served as an excellent model to study the effects loss of GRP94 had on 

individual cells of the immune system (Randow and Seed, 2001). Additionally, they were 

able to examine the contribution of GRP94 ATP binding and hydrolysis activities on 

client protein maturation. Using this system, Seed and Randow demonstrated that some 

TLRs and integrins were unable to properly traffic to the cell surface without proper 
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expression of GRP94. Expanding on this work, the Li lab used a macrophage-specific 

conditional GRP94 KO to demonstrate that GRP94 was in fact the master chaperone for 

all TLRs (Yang et al., 2007). Lastly, the Argon laboratory used cells derived from mouse 

GRP94 KO embryos to study the role of GRP94 in muscle development and 

differentiation (Ostrovsky et al., 2009). Unfortunately, mouse GRP94 KO embryos die 

very early in embryogenesis making it difficult to study the role that this essential gene 

plays later in development (Wanderling et al., 2007).   

We have utilized Drosophila melanogaster to study the in vivo consequences of 

GRP94 loss. We have shown that the Drosophila GRP94 homolog, Gp93, is an essential 

gene and zygotic loss of this gene leads to late larval death. Because mammalian GRP94 

KOs are lethal at such an early stage of development, it was curious that the Drosophila 

Gp93 mutants were able to survive for so long. The ability of Gp93 mutants to complete 

embryogenesis and larval development appears to result from a high level of both 

protein and transcript present in the maternal load, as well as the long half life of Gp93. 

Western blot analysis revealed that maternally loaded protein is present in the larva 

through second instar; however, it is important to note that we do not know what 

represents a functional quantity of Gp93. The maternal protein appears to help set the 

body plan for the larva as no gross morphological defects were observed in the mutant 

larvae and they were able to develop to the last larval stage. Additionally, we were able 

to show that although Gp93 mutants were unable to grow at rates comparable to 
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heterozygous larvae, endoreplication was unaffected by loss of Gp93. This study focuses 

mainly on phenotypes associated with loss of Gp93 expression during larval 

development; however, the power of Drosophila genetics will allow us to study nearly 

any aspect of GRP94 biology in the entire organism rather than just autonomous cells. 

 

C. Gp93 in epithelial biology. 

The Drosophila midgut is comprised of an endodermally derived monolayer of 

epithelial cells surrounded by a thin layer of visceral tissue (Tepass and Hartenstein, 

1994). Formation of this organ, the only endodermal tissue in the Drosophila larva, is 

highly dependent on cell-cell interactions and cell-cell communication. The larval gut 

consists of several distinct cell types, and contains several distinct segments that can be 

distinguished by lumenal pH (Shanbhag and Tripathi, 2009). Of these cell types, copper 

cells appear to be responsible for the highly acidic zone within the middle midgut. The 

copper cell most closely resembles the mammalian parietal cell with a deeply 

invaginated apical domain and a very thick, densely packed brush border. We have 

shown that Gp93 mutant larvae show severely decreased gut acidification and defects in 

copper cell morphology.  

Both of the gut phenotypes above are also evident in labial mutants (Hoppler and 

Bienz, 1994). labial is a homeotic gene in Drosophila that is important for both head and 

midgut development. Within the midgut, labial is necessary for differentiation of copper 
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cells and continuous expression of this gene is required to maintain normal copper cell 

morphology and function (Hoppler and Bienz, 1994). A gradient of labial expression 

increasing from anterior to posterior in the middle midgut is dependent on signaling by 

wingless (wg) and decapentaplegic (dpp) (Dubreuil, 2004; Tanaka et al., 2007). Specification 

of the copper cells is achieved through labial repression and autorepression of the 

homeobox gene dve, which is important for copper absorption in these cells (Tanaka et 

al., 2007). Absorption of copper from the diet is also dependent on Wg signaling and 

Notch signaling emanating from the interstial cells. Acid secretion from the copper cells 

is dependent on Wg and Dpp signaling (Tanaka et al., 2007). Overall loss of labial 

expression, or loss of continued labial expression, results in loss of the striking 

morphological features of the copper cells. It also results in the loss of gut acidification 

and copper absorption (Hoppler and Bienz, 1994).  

Gp93 mutant larvae are phenotypically very similar to labial mutants in respect to 

copper cell morphology and gut acidification. However, whereas labial mutants are 

defective in both copper absorption and acid secretion, Gp93 mutant larvae are able to 

absorb copper from their diet. Although, acid secretion and copper absorption are both 

labial regulated events, they occur via independent pathways, and it is possible that 

Gp93 interacts with a labial target gene important for copper cell morphology and acid 

secretion, but not for copper absorption.  
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Interestingly, many of the labial target genes identified in an overexpression 

microarray screen were involved in eye development (Leemans et al., 2001). Decreased 

expression of Gp93 in the eye imaginal disc through the use of a UAS-Gp93-hairpin 

driven by ey-Gal4 results in morphological and patterning defects in the eye. If Gp93 

affects the proper localization of labial target gene(s) in the midgut, it could also be 

affecting those same proteins in the eye precursor cells during larval development. 

Therefore, studies investigating Gp93 loss specifically in the eye (discussed in Chapter 6) 

could potentially glean further insights into the genetic interactions between Gp93 and 

the homeobox protein labial. 

The morphological and functional copper cell defects in Gp93 mutant larvae also 

resemble defects seen in different spectrin mutants (Dubreuil et al., 1998; Dubreuil et al., 

2000; Phillips and Thomas, 2006). Spectrins are structural cytoskeletal proteins. 

Drosophila spectrin molecules are heterodimers consisting of an α-subunit and either a β-

subunit or a βH-subunit. The αβ molecule is localized to the basolateral membrane of the 

copper cell whereas αβH is localized to the apical surface of the copper cell. α-spectrin is 

enriched in the septate junction (Dubreuil et al., 1998). Septate junctions function 

similarly to vertebrate tight junctions regulating intercellular adhesion, paracellular 

diffusion and cell polarity. Smooth septate junctions in the midgut mark the boundary of 

the apical and basolateral membranes and form an impenetrable barrier between the 

copper cells and interstitial cells and between the lumen and body cavity. β-spectrin has 
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been shown to contribute to the basolateral localization of Na,K ATPase in the copper 

cell and as such, β-spectrin mutants were unable to properly localize Na,K ATPase in 

copper cells (Dubreuil et al., 2000). The apical pores of copper cells were also much 

larger in β-spectrin mutants than in wild type copper cells (Dubreuil et al., 2000). 

Although the overall copper cell morphology was affected in these mutants, gut 

acidification was not.  

Unlike β-spectrin mutants, βH-spectrin mutants have defects in gut acidification, 

mispositioned nuclei, and normal copper cell apical pore morphology (Phillips and 

Thomas, 2006). The acidification defect was attributed to improper endocycling which 

prevented recycling of the H+ vacuolar-type ATPase (V-ATPase). The V-ATPase is 

thought to be the proton transporter responsible for gut acidification, though this has 

not been definitively proven. Although micrograph data suggest that this proton pump 

may be at the apical membrane, those same micrographs depict strong punctate staining 

near the basolateral membrane (Phillips and Thomas, 2006). Pharmacological studies 

using a specific V-ATPase inhibitor have definitively shown that the V-ATPase is 

localized to the basal membrane in the posterior midgut (Shanbhag and Tripathi, 2005). 

Similar studies will need to be performed in the copper cell region of the midgut to 

prove the presence or absence of the V-ATPase proton pump in the apical membrane.  

α-spectrin mutants share the phenotypes of both the β- and βH-spectrin mutants. 

They exhibit defects in both copper cell pore size and apical domain morphology, loss of 
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gut acidification, mispositioned nuclei, and loss of fluorescence after feeding on copper 

supplemented food (Dubreuil et al., 1998; McNulty et al., 2001). α-spectrin is enriched at 

the septate junction and its loss affects the diameter and thickness of the septate junction 

ring that surrounds the neck of the copper cell invagination. This suggests that α-

spectrin may be important for the structure or organization of the septate junction. One 

septate junction/cell adhesion protein, Neuroglian, has been shown to interact with the 

spectrin cytoskeleton (Dubreuil et al., 1996), although Neuroglian is not found in the 

middle midgut. 

Because Gp93 and spectrin mutants have overlapping phenotypes, we examined 

the septate junction in Gp93 mutant larval middle midguts by studying the localization 

of the septate junction protein Discs large (Dlg). Dlg is a cytoplasmic protein of the 

MAGUK superfamily. While members of this super family are often scaffolding 

proteins, all members of this superfamily contain PDZ and SH3 protein-protein 

interaction domains, and a GUK domain that is highly similar to guanylate kinases, 

enzymes responsible for converting GMP to GDP (Dimitratos et al., 1999). Loss of dlg 

expression results in loss of proper association of other septate junction proteins. In Gp93 

mutants, Dlg protein is still localized to the apicolateral boundary, but the staining 

pattern is more disorganized. Because Gp93 is an ER-localized chaperone, its client 

proteins are expected to be cell surface or secreted proteins. The disorganization of Dlg 

could be due to loss of a Gp93-client membrane protein that localizes Dlg and other 
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proteins to the junctional complex. Six known septate junction proteins are integral 

membrane proteins; Contactin, Fasciclin 3, Gliotactin, Lachesin, Neuroglian, and 

Neurexin. However, Neuroglian and Neurexin are not found in the midgut 

(Baumgartner et al., 1996; Faivre-Sarrailh et al., 2004; Genova and Fehon, 2003; 

Llimargas et al., 2004; Patel et al., 1987; Schulte et al., 2003). A detailed biochemical 

analysis of the smooth septate junction would help lead to the elucidation of Gp93’s role 

in septate junction formation/stabilization. 

It is possible that Gp93 only affects the expression of a single protein within the 

copper cell that could then lead to loss of apical membrane morphology, septate junction 

disorganization, and acidification defects. For this to be the case, the protein would most 

likely have to be a membrane associated structural protein found within the septate 

junction complex. This disorganization would also need to affect gut acidification 

similar to βH-spectrin mutants where a defect in the spectrin-based membrane skeleton 

may result in the improper localization of a proton pump to the cell surface. On the 

other hand, Gp93 could have a small set of clients with a wide range of functions. For 

example, one such client could be a specific subunit for a proton pump that is necessary 

for proper gut acidification, while another client could be a membrane protein that 

properly localizes septate junction components to the apicolateral boundary of the cell. 

Direct comparisons of the membrane proteome from Gp93 mutant and heterozygote 

larvae would help determine which, if either, of these hypotheses is correct. 
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As stated earlier, the Drosophila larval copper cell resembles the mammalian 

gastric parietal cell in both morphology and function. They possess a very large 

invaginated apical membrane and are responsible for acid secretion into the gut. In 

mammalian gut, the parietal cells exist in a reversible stimulated or resting state. In the 

resting state, the cytoplasm of these cells contain many H,K-ATPase loaded 

tubulovesicles. Upon receptor-mediated stimulation at the basolateral membrane, 

signaling pathways lead to both the fusion of the tubulovesicle membranes to the apical 

membrane increasing the surface area of the microvilli 5- to 10-fold, and the placement 

of the H,K-ATPase proton pumps at the proper location (Forte, 2010). It is unknown 

whether Drosophila larval copper cells undergo cycling between resting and activated 

states, however, adult secretory cells of the acidic middle midgut region exist in both 

open and closed conformations (Shanbhag and Tripathi, 2009). It is unclear what 

molecular role Gp93 plays in either the morphological structure of the larval copper cells 

or the acidification of the gut from those cells. However, the two phenotypes may be 

linked. If, like in the mammalian system, activation of the acid secretion function of the 

copper cells is dependent on receptor mediated signaling pathways leading to actin 

cytoskeleton remodeling, Gp93 mutant copper cells could be defective because of loss of 

such a receptor at the cell surface or loss of that receptors ligand. In mammals, the main 

receptor that causes this activated state is the histamine H2 receptor (Forte, 2010). At this 
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time, it is unknown what receptors or ligands function in the larval midgut to induce 

acid secretion.  

 

D. Metabolic consequences of Gp93 loss. 

Drosophila larvae elicit very specific responses to nutrient stress through the 

highly conserved insulin receptor signaling pathway. During normal feeding conditions 

and development, larvae will eat continuously and, during the third instar, accumulate 

nutrients within the fat body, causing the organ to increase in size and become opaque 

(Dean, 1985; Keeley, 1985). If larvae are starved, lipids and other nutrients are released 

from the fat body into the hemolymph in an attempt to overcome the dietary crisis, 

causing the fat body cells to become translucent (Britton and Edgar, 1998; Dean, 1985). 

Nutrient accumulation and release are under the control of the InR signaling pathway. 

Overexpression or expression of constitutively active InR signaling pathway 

constituents cause nutrient accumulation and opaqueness of the fat body to occur even 

under starvation conditions (Britton et al., 2002). Conversely, mutations of InR signaling 

pathway components such as Dp110 (PI3K), result in translucent fat bodies (Weinkove et 

al., 1999). Even under normal feeding conditions, Gp93 mutants possess translucent fat 

bodies similar to those seen in InR pathway mutants. InR signaling is also suppressed in 

the fat body of Gp93 mutants, though ex vivo fat body culture studies exhibited 

downstream activation of InR signaling pathway constituents in response to insulin 



 

116 

demonstrating functional InR at the cell surface. Additionally, fat body-specific 

repression of Gp93 using pumpless-Gal4>UAS-Gp93-hairpin has no discernable effect on 

larval growth or development, or on fat body morphology. The tub-Gal4>UAS-Gp93-

hairpin is larval lethal demonstrating the efficacy of the Gp93-hairpin (Table 3). This 

suggests that Gp93 is not required for nutrient sensing or signaling within the fat body. 

It is possible, however, that the pumpless-Gal4 is not a strong enough driver to 

completely abolish Gp93 expression in the fat body. Gp93 rescue experiments in the fat 

body of Gp93 mutant larvae would help to address this concern. 

 

Table 3: Suppression of Gp93 expression in the fat body has no effect on larval 

growth. 

tub-Gal4>UAS-Dcr2;UAS-Gp93-hairpina 

Embryos Larvae Adults Lethal (%) 

100 99 50 49.5 

100 93 47 49.5 

100 90 48 46.7 

 

ppl-Gal4>UAS-Dcr2;UAS-Gp93-hairpin 

Embryos Larvae Pupae Adults Larval Lethal (%) 

100 90 89 17 1.1 

100 95 91 10 4.2 

100 87 80 18 8.0 
aFifty percent of cross was expected to display wildtype phenotypes. 

 

Although InR signaling is suppressed in the fat body of Gp93 mutant larvae, it 

appears to be primed for activation. As noted earlier, InR in the Gp93 mutant fat body is 
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both functional and properly expressed at the cell surface. Immunohistochemical 

analysis of DILP2 in the median neurosecretory cells, the cells responsible for release of 

the InR ligands DILP-2, -3, and -5, shows that DILP2 is present in both the cell bodies 

and the distal axons of the mNSCs. This suggests that DILP2 is properly expressed and 

primed for release. Gp93 knockdown studies in the mNSCs using a dilp2-Gal4 driver 

demonstrated no apparent defects in larval growth or morphology, although, we do not 

know if the dilp2-Gal4 driver is strong enough for complete knockdown of Gp93 

expression. These data suggest that although InR is not signaling in the fat body of Gp93 

mutant larvae, it is not due to retention of its ligand in the mNSCs. We therefore 

conclude that Gp93 loss is inhibiting InR indirectly in a fat body independent fashion. 

Signaling pathways resulting in lipid metabolism appear to be functional in Gp93 

mutant larvae. Triglycerides serve as the main energy storage molecule in Drosophila, 

and their levels are decreased in the fat body under conditions of starvation (Gutierrez 

et al., 2007). Lipid droplets coalesce in fat body cells of Gp93 mutants forming very large 

vesicles indicative of lipid release. This loss of triglycerides from the fat body is 

accompanied by an accumulation of lipid in the oenocytes, a response that is normally 

seen under conditions of dietary stress in wild type larvae. Oenocytes serve hepatocyte-

like functions in Drosophila accumulating and processing lipids for energy usage 

(Gutierrez et al., 2007). These data demonstrate that the signaling and endocytic 

pathways that direct lipid mobilization and uptake in Gp93 mutant fat body cells and 
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oenocytes were unaffected by Gp93 loss, though they also further demonstrate that the 

Gp93 mutant larvae are metabolically stressed. 

Phenotypically, Gp93 mutant larvae undergo a starvation response even though 

they eat continuously. We used nutrient assimilation assays to determine the extent to 

which the mutant larvae were able to utilize nutrients from their diet. Gp93 mutant 

larvae were able to transport glucose and leucine at the same levels as their heterozygote 

counterparts, but transport of the cationic amino acid lysine and the dipeptide alanyl-

alanine were suppressed but not abolished in the mutant larvae. Additionally, growth 

rates could not be rescued by supplementation of amino acids or tryptone in the food. It 

is possible that the transporters responsible for cationic amino acid and dipeptide 

transport are client proteins of Gp93 and are therefore unable to traffic to the plasma 

membrane once Gp93 expression is lost. These data could, on the other hand, link the 

midgut and metabolic phenotypes of the mutants and help explain the starvation-like 

response that the larvae undergo. As discussed earlier, specific proton pump(s) that 

acidify the gut could be Gp93 client proteins, or specific client proteins could be required 

for the functional expression of those proton pump(s). When Gp93 expression is lost, the 

midgut is no longer acidified. Cationic amino acid and dipeptide transporters often 

require an electrochemical proton gradient to function; therefore, loss of gut acidification 

could directly affect the function of the nutrient transporters leading to the decreased 

transepithelial transport of lysine and alanyl-alanine seen in the Gp93 mutants. A 
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decrease in these nutrients could then be sensed by the fat body leading to insulin 

receptor signaling downregulation throughout the body as seen in mutants of the amino 

acid transporter slimfast (Colombani et al., 2003). In those mutants, loss of fat body-

specific expression of slimfast (slif) led to down-regulation of InR signaling in all tissues 

except for the fat body, where only a mild decrease in InR signaling was observed. 

Because Gp93 mutants lose InR signaling most dramatically in the fat body, it is unlikely 

that a defect in a fat body nutrient sensor, such as slif, is the cause of the metabolic 

defects seen in the Gp93 mutant larvae. Instead, the specific defects within the gut lead 

us to believe a nutrient sensing mechanism is defective upstream of the fat body. 

The gut-brain axis is a regulatory network that directs the coordinate integration 

of digestive processes (gastric acid secretion, gut motility and digestion), feeding 

behavior (appetite, aversion, and satiation), and metabolic homeostasis (carbohydrate 

and lipid metabolism) (Migrenne et al., 2006; Murphy and Bloom, 2006; Sanger and Lee, 

2008). Although little is known about the role the gut plays in metabolic homeostasis, 

the Drosophila larval midgut contains enteroendocrine cells which express many of the 

same mammalian hormones responsible for modulating gastric acid secretion, 

gastrointestinal motility/contractility, and growth control. Loss of Gp93 could be directly 

affecting the functionality of these cells, leading to the observed metabolic defects. In 

this scenario, the larvae eat but are unable to sense and transport dietary nutrients 
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resulting in a starvation-like state. Gp93 could also be required for the secretion of 

metabolic signals emanating from the gut. 
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Chapter 6: Future Directions 

A. Molecular basis of midgut structural and functional defects in 
Gp93 mutants 

I have demonstrated that the copper cells of Gp93 mutant larvae lose the 

distinctive morphology of their apical invaginations, particularly the morphology of the 

apical pore. This is not the first mutant to show this phenotype as mutations in the 

homeotic gene labial and the cytoskeletal protein α-spectrin both elicit similar 

phenotypes. However, the exact molecular basis of these phenotypes has not been 

determined. One way to determine the cause of the morphological defect in Gp93 

mutant larvae will be through genetic examination and tissue specific Gp93 knockdown. 

I have used the mex-Gal4 driver, a midgut specific driver expressed until the end 

of the 2nd instar stage (Phillips and Thomas, 2006), to express a Gp93-hairpin in a Dcr2 

background. Initial results appeared to show no defects in the larvae, as adults were able 

to eclose. Closer examination showed an intriguing phenotype however. In the cross, the 

mex-Gal4 driver and the UAS-Dcr2,UAS-Gp93-hairpin lines are both homozygous. All 

progeny from this cross should express the Gp93-hairpin in the midgut; however, there 

were two pools of larvae from this cross, normal sized larvae and small larvae (Fig 33A). 

The small larvae had decreased gut acidification and had morphologically defective 

copper cells (Fig 33 B-D). Large and small larvae were placed in separate vials to test 

whether they would pupate and eclose. Interestingly, it seems that all larvae were able 

to pupate and eclose, though the small larvae did so at a slower rate. Also, all normal 
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sized larvae were female and all small larvae were male. The mex gene is on the X 

chromosome, so even though the mex-Gal4 driver is located on the second chromosome, 

the driver will be dosage compensated in males. If this is the case, the hairpin could be 

knocking down expression of Gp93 to a higher degree in males resulting in a stronger 

phenotype. I believe the male larvae are able to eclose, though late, because the driver 

turns off after 2nd instar, allowing the larvae to recover and continue to develop. Further 

and more in depth analysis of this driver will be used to determine the molecular basis 

for both the copper cell morphology defect and the growth defect in these larvae. 
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Figure 33: Gp93 loss in the midgut affects larval size and gut acidification. 

(A) Bright field micrographs of indicated third instar larvae. Scale bar = 200 

μm. (B) Midguts from indicated larvae dissected in X mM NaCl on 1-13 pH 

indicator paper. Red is the acidified region. No acidified region is seen in the 

small larvae (middle). (C-D) Confocal micrographs of the copper cell region in 

indicated 2nd instar larvae. Green = GFP, Red = phalloidin, Blue = DmO. Scale 

bar = 20 μm.  
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We will also perform gain of function experiments in the larval midgut to 

determine what affects Gp93 has on copper cell morphology and gut acidification. We 

can use Gal4 drivers specific for: 1) all of the midgut, 2) copper cells, and 3) interstitial 

cells to drive expression of a UAS-Gp93 rescue construct to identify if expression of Gp93 

in these cells can rescue some or all of the observed midgut phenotypes. Studies have 

shown that signaling pathways in both the copper cells and interstitial cells are 

important for different aspects of copper cell function. Although similarities between 

our data and the labial phenotypes suggest Gp93 functions on a downstream labial target 

gene in copper cells, it may be the case that the morphology defects and the acid defects 

are caused by or enhanced by signaling defects in the interstitial cells. We will also be 

able to study the fate of the septate junctions in these scenarios to determine if our 

observed loss of septate junction organization is due to a defect in the copper cell and/or 

the interstitial cell. 

A detailed analysis of the Drosophila larval midgut smooth septate junction will 

also be important. Genetic studies have determined many of the constituents of the 

pleated septate junction, but little work has been accomplished on the smooth septate 

junction found only in the endodermally derived midgut. Using established septate 

junction isolation protocols (Lane, 1989) we should be able to recover the septate 

junction in the midgut from both Gp93 mutant and heterozygote third instar larvae. 

Purification can be tested using western blot analysis on known septate junction markers 
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including Discs large. Once purification is established, complex constituents can be 

determined through mass spectrometric analysis and the protein composition of the 

heterozygote and mutant septate junction complexes can be compared. These 

experiments would be the first to determine the protein composition of the smooth 

septate junction. Determination of differences in septate junction composition between 

the heterozygote and mutant midguts could also lead to discoveries linking the 

organization of the septate junction to the morphology of the copper cell apical domain. 

Comparisons of Gp93 mutant septate junctions to those from known septate junction 

mutants, Dlg, α-spectrin, and coracle, will allow us to determine not only the protein 

composition of the septate junction complex, but also the process by which the complex 

is formed. 

Septate junctions between cells of the midgut create a permeability barrier 

between the gut lumen and rest of the organism. If Gp93 loss disrupts septate junction 

organization or stability, the permeability barrier of the gut may be lost. Our dye feeding 

experiments have shown that no gross permeability failure is present in the Gp93 mutant 

larvae as we see no dye in the body cavity. This doesn’t exclude the hypothesis that the 

septate junctions have become “leaky” however. The most direct way to test this is to 

use microperfusion techniques to examine the transepithelial potential and resistance of 

the middle midgut region. If the permeability barrier is lost due to septate junction 

disorganization, a short would be created in the circuit and the transepithelial resistance 
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would be much reduced. Alternatively, we may be able to use pharmacological studies 

to determine the permeability of the septate junctions in Gp93 mutant midguts. Bleocin 

is an antibiotic that causes DNA damage. When fed to larvae, the bleocin enters the 

enterocytes leading to death and shedding of the enterocytes into the lumen (Fig 34). It 

has been hypothesized that bleocin only affects enterocytes because the tight interactions 

of the septate junctions. If the septate junctions in Gp93 mutant larvae are compromised, 

the bleocin should be able to affect underlying cells of the gut, such as, intestinal stem 

cells and enteroblasts. The DNA damage cause by bleocin can be detected using an 

antibody to histone 2A variant D (H2AvD) and the intestinal stem cells and enteroblasts 

can be detected using specific markers for those cells. If DNA damage is demonstrated 

in non-enteroblast cells, it could be indicative of loss of septate junction structure. 
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Figure 34: Bleocin induces midgut cellular damage. 

(A-D) Confocal micrographs of control (A,C) and bleocin fed (B,D) w1118 

midguts. Note the enterocytes shedding into the lumen in B and D. Red = 

phalloidin, Blue = lamin DmO, and scale bars = 20 μm. 

 

The direct molecular basis for acid secretion is hypothesized to be due to apical 

localization of an H+ vacuolar-type ATPase (Phillips and Thomas, 2006). This hypothesis 

is based on immunohistochemical analysis of copper cells in βH-spectrin mutant larvae. 

The micrographs shown demonstrate slight staining near the apical surface but very 

heavy punctate staining in the basal membrane. Studies using a specific V-ATPase 
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inhibitor, Bafilomycin, have shown that V-ATPase is basally, but not apically, localized 

in the posterior midgut, and this localization facilitates alkalinization of this region of 

the midgut (Shanbhag and Tripathi, 2005). It seems unlikely that this proton transporter 

would be present on both the apical and basal membranes, pumping H+ into the gut 

lumen and the hemolymph. Pharmacological studies using Bafilomycin will be able to 

directly prove if the proton pump responsible for gut acidification is in fact the V-

ATPase. In one such experiment, Bafilomycin would be mixed with fly food that also 

contained the pH sensitive dye bromphenol blue. If the drug is able to reduce acid levels 

in the wild type midgut then it stands to reason that the V-ATPase is responsible for 

acidification. This can also be studied more quantitatively using microperfusion 

techniques. Here, the Bafilomycin will actually be tested on both the inside of the gut 

(lumen) and the outside of the gut (bath). Local pH changes can be detected during the 

microperfusion process and changes in the amount of proton being pumped into the 

lumen or the bath can be detected in response to localized addition of drug.  

If addition of Bafilomycin to the lumen does abolish gut acidification the 

hypothesis that the V-ATPase is a client protein of Gp93 would have to be further 

explored. The V-ATPase pump in this case would be expected to be retained in the ER in 

Gp93 mutant larvae. Immunohistochemical analysis using antibodies could be one way 

to examine the intracellular trafficking of the V-ATPase pump, but preliminary data 

does not show strong enough staining to definitively assess the subcellular localization 
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of this protein. Another option would be immuno-electron microscopy. This would 

certainly allow for high resolution of subcellular localization of the pump. 

Biochemically, an interaction between Gp93 and the V-ATPase could be demonstrated 

using co-immunoprecipitation experiments. However, the Drosophila V-ATPase is 

comprised of 14 subunits (Allan et al., 2005). If Gp93 interacts with the V-ATPase, it may 

only interact with specific subunits and immunoprecipitation with the wrong subunit 

may result in false negative results. 

In the case that Bafilomycin is unable to affect the acidification of the larval gut, 

different pharmacological experiments can be performed using both the dye feeding 

models and microperfusion techniques. Parietal cells are responsible for gut acidification 

in mammals (Schubert and Peura, 2008) and there are a number of ways in which acid 

secretion can be pharmacologically reduced in a mammalian system. Acid secretion in 

mammals is due to an H+/K+ ATPase proton pump. This pump can be specifically 

inhibited using a number of drugs; one such drug is omeprazole (Prilosec). This drug is 

protonated in low pH (<4) environments and becomes cell impermeable. This allows the 

drug to irreversibly bind to an extracellular subunit of the proton pump. Acid secretion 

is triggered by binding of histamine to H2-receptors on the surface of the parietal cell. 

The H2-receptor can be inhibited with specific antagonists as well, including cimetidine 

(Tagamet) and ranitidine (Zantac). If the Drosophila copper cell works in a similar 

fashion as the mammalian parietal cell, addition of these drugs should increase the 
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lumenal pH in the middle midgut region of larvae in both bromphenol blue dye feeding 

experiments and microperfusion experiments. These data could lead to the identification 

of important molecular roles for GRP94 in mammalian gastrointestinal function. 

 

B. Necessity of ATP binding and hydrolysis for Gp93 function 

The experiments proposed thus far immediately address questions derived from 

the data presented in this thesis. While these are very important questions that need to 

be answered, we have the opportunity to ask and answer much broader questions 

regarding the functional role of GRP94 in a nonautonomous cell model. One such 

question surrounds the ATP binding and hydrolysis functions of GRP94: how important 

is binding and hydrolysis of ATP to the overall cellular function of GRP94? Previous 

studies have shown that mutations affecting ATP binding abolish GRP94 function, but 

mutations affecting hydrolysis of ATP have differential effects on GRP94 function, 

namely that some clients still properly localize to the cell surface while others are 

retained in the ER (Randow and Seed, 2001). We have created transgenic flies with UAS-

Gp93 point mutants. The point mutations include the residues important for binding and 

hydrolysis of ATP (Fig 1-3). This would be the first opportunity to study mutational 

effects of GRP94 in vivo. The first test of these point mutants will test overall rescue by 

driving Gal4 expression with the tubulin promoter in a Gp93 mutant background. These 
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crosses would allow us to determine if different phenotypes can be rescued using ATP 

binding mutants compared to ATP hydrolysis mutants.  

It is possible that the Gp93 mutants could act in a dominant negative fashion in a 

Gp93 mutant background. One could imagine a scenario where the high expression of 

the mutant protein outcompetes the expression of the maternal protein. The mutant 

protein may still able to bind client proteins, but it may not be able to release them 

without proper ATP binding and hydrolysis function. In this scenario, client protein 

would still be trapped in the ER even though some wild type Gp93 is expressed 

(maternally loaded). This could result in much different phenotypes than those 

demonstrated in Gp93 mutant larvae, possibly even embryonic death. This would 

actually present us with the ability to study the necessity of Gp93 during embryonic 

development, something we were unable to accomplish by making Gp93 germline 

clones.  

 

C. Examining Gp93 loss in the adult eye 

It is also entirely plausible that all or some of these mutants could act in a 

dominate negative fashion in a wild type background. If this proves to be true, we can 

study many different aspects of biology by altering the spatial and temporal expression 

of these Gp93 mutant proteins using different Gal4 drivers. Similar systems can be used 

to study the tissue-specific loss of Gp93. I have discussed the use of a UAS-Gp93-hairpin 
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previously. One concern with this technique is that the drivers used must be very strong 

to completely knock down expression of Gp93. However, there is one system we can use 

to study Gp93 mutant tissue in a heterozygous background. The EGUF/hid (eyeless-Gal4, 

UAS-flp) system allows us to create Gp93 mutant eye imaginal discs in a Gp93 

heterozygous background (Fig 35) (Stowers and Schwarz, 1999). ey-Gal4 is expressed in 

the eye imaginal disc and drives the expression of the flipase protein. During mitosis, 

flipase catalyzes the recombination between chromosomes carrying FRT sites on the 

right arm of the third chromosome. If an odd number of recombination events occur, 

homozygous daughter cells will be created; one cell homozygous for Gp931 and the other 

for GMR-hid, CL-R. The GMR-hid, CL-R cell will die because CL-R is a recessive lethal 

allele. Cells that undergo an even number of recombination events will give rise to 

heterozygous cells the same as the parental cells. Calculations limit the number of 

heterozygous cells remaining at metamorphosis at 3.1 to 5.6% (Stowers and Schwarz, 

1999). Any heterozygous cells that remain during metamorphosis will die due to 

activation of the apoptotic gene hid expressed from the GMR promoter. Therefore, eyes 

in adults from this system are virtually homozygous for Gp931. Preliminary results using 

this system are not easily interpretable because generation of these flies resulted in 

pupal lethality. Gross morphological defects are evident in the eye (Fig 36). Other 

defects include improper bristle expression and misexpression, and patterning defects of 

ommatidia. Although these flies are pupal lethal, it would be possible to isolate eye 
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imaginal discs from these larvae at a late stage prior to pupariation. Very few of the cells 

in the discs would be expected to be heterozygous at this time point. 

Immunohistochemical analysis of known eye patterning markers on this tissue could 

demonstrate specific signaling pathways that are affected by loss of Gp93. 
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Figure 35: Generation of Gp93 mutant eyes using EGUF/hid model. 

(A) Crossing strategy to create Gp93 mutant eyes in Drosophila. (B) Diagram 

demonstrating recombination occurring in eye precursor cells in the EGUF/hid 

model. Adapted from (Stowers and Schwarz, 1999). 
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Figure 36: Loss of Gp93 in the EGUF/hid model is pupal lethal. 

(A-B) SEM micrographs of EGUF/hid-Gp93 flies showing gross morphologic 

defects in the head and eyes. Scale bars are 200 μm and 100μm respectively. 

 

D. Determination of the Gp93 proteome 

The prominent question in the field of GRP94 biology still remains to be 

answered: what is the GRP94 proteome, or what are the client proteins of the ER 

chaperone GRP94? The use of a model system such as Drosophila will allow us to 

determine the answer to this question if not for all tissue, at least in specific tissues. I 

have already discussed the determination of septate junction proteins dependent on 

Gp93 expression via proteomic approaches after septate junction complex isolation. This 

approach could also be taken with membranes from specific tissue however. We could 

generate single cell suspensions of various tissues, for example the larval middle 

midgut, and then purify the plasma membrane from those cells. Samples from Gp93 

mutant and heterozygote tissue could then be compared using mass spectrometric 
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proteomic approaches to determine the proteins missing from the cell surface in the 

Gp93 mutant animal. These same techniques could be applied to many different tissues. 

Using a genetic approach, we can use an enhancer screen to determine genes 

products that Gp93 may interact with. When a Gp93-hairpin is expressed in the eye 

imaginal disc morphological and patterning defects of the ommatidia and bristles are 

observed in viable adult flies (Fig 37). These phenotypes are not nearly as strong as those 

seen in the EGUF/hid model and vary even from the left to right eye in a single fly. It is 

possible that these phenotypes could be made more severe by overexpression of dicer2 in 

the background of the ey-Gal4>UAS-Gp93-hairpin cross. This overexpression of the 

dicer2 protein can enhance the efficacy of the hairpin. To start, an ey-Gal4>UAS-Gp93-

hairpin,UAS-dcr2 would be crossed with a deficiency kit that covers 98% of the 

euchromatic genome (Bloomington). Any deficiency line that causes an enhancement to 

the eye defects caused by the hairpin alone (Fig 37) would then be isolated. The genes 

covered by such a deficiency line would be further evaluated for potential interaction 

partners and possible client proteins of Gp93. 
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Figure 37: Loss of Gp93 in eye precursor cells results in morphological defects. 

(A-B) SEM micrographs of ey-Gal4 flies. (C-D) SEM micrographs of ey-

Gal4>UAS-Gp93-hairpin,UAS-Dcr2 flies showing morphologic defects in the 

eye. Scale bars in (A,C) are 200 μm and are 100μm in (B,D). 

 

In this dissertation, I have demonstrated the need for and creation of a model 

system in which to study the cell biological function of the endoplasmic reticulum 

Hsp90 homolog, GRP94, in vivo. I have shown that Gp93 mutant embryos survive and 

can develop because of large amounts of maternally loaded transcript and protein, and 

loss of Gp93 expression results in late larval lethality. I have identified a specific cell type 

in the larvae that loses both structure and function due to loss of Gp93. Finally, I have 

discussed how Drosophila can be used as a model system to explore several key 
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questions in GRP94 biology that were previously unable to be addressed, including its 

role in development and its list of client proteins. 
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