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Abstract 
 
Invadolysin (inv) is a member of the M8 class of zinc-metalloproteases and is 

conserved throughout metazoans.  It is essential for development and invadolysin 

homozygous Drosophila mutants are third instar larval lethal.  These larvae exhibit a 

reduced larval brain size and an absence of imaginal discs.  Detailed analysis showed that inv 

mutants exhibit pleiotropic effects, including defects with chromosome architecture, cell 

cycle progression, spindle assembly, nuclear envelope dynamics, protein turnover and 

problems with germ cell migration.  These findings indicated that Invadolysin must have a 

critical role in Drosophila. 

In order to better understand these roles, I set out to identify genetic interactors of 

invadolysin.  I performed a genetic screen scoring for enhancer/suppressor modification of a 

‘rough eye’ phenotype induced by invadolysin overexpression.  Screening against the 

Drosdel ‘deficiency kit’ identified numerous genetic interactors including genes linked to 

energy regulation, glucose and fatty acid pathways. 

Immunofluorescence experiments in cultured cells showed that H. sapiens Invadolysin 

localises to the surface of lipid droplets (LD), and subcellular fractionation confirmed its 

enrichment to these structures.  Lipid droplets are highly dynamic organelles involved not 

only in energy storage but also in protein sequestration, protein and membrane trafficking, 

and cell signaling.  Drosophila fat bodies are enriched in LDs and therefore important 

energy stores.  In addition, they are nutritional sensors and regulators, which are proposed to 

be the ortholog of vertebrate liver and adipose tissue.  Mutant inv fat bodies appeared smaller 

and thinner than wild type fat body, and accumulated lower levels of triacylgylcerides.  This 

indicated that the loss of invadolysin might be affecting lipid metabolism and storage, 

confirming the genetic data.  However, it was not clear whether these effects were due to the 

direct action of Invadolysin. 
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Hence, transgenic fly lines expressing either HA, RFP or FLAG tagged forms of 

Invadolysin were generated to identify physical interactors of Invadolysin.  Subsequent mass 

spectrometry analysis detected ATP synthase-α, -β and -d as interactors.  This result 

suggested that Invadolysin might play a role in regulating mitochondrial function, which 

might then be manifest in the fat body as the defects previously observed.  Energy levels are 

known to affect the cell cycle, cell growth, lipid metabolism and inevitably development. 

Further in vivo and in vitro experiments confirmed this hypothesis.  Genetic crosses 

confirmed the interaction of invadolysin with ATP-synthase subunit-α, whilst staining of 

mitochondria in mutant third instar larval fat bodies suggested decreased mitochondrial 

activity.  Mutants also showed lower ATP levels and an accumulation of reactive oxygen 

species, hence indicating the possibility of a dysfunctional electron transport chain. 

Lipid droplets are known to interact with mitochondria, whilst ATP synthase has been 

found on lipid droplets by proteomic studies in Drosophila.  Therefore, based on these data, 

we propose that Invadolysin is found, with ATP synthase, on lipid droplets, where 

Invadolysin (likely acting as a protease) could be aiding the normal processing or assembly 

of ATP synthase.  This interaction is vital for the proper functioning of ATP synthase, and 

hence mitochondria.  In this scenario, cellular ATP needs are not met, energy levels drop 

which results in an inhibition of fatty acid synthesis, cell and organismal growth defects. 
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Chapter 1: Introduction 
 

1.1. Why Flies? 

The fruit fly Drosophila melanogaster is a genetically tractable organism that has 

been invaluable in uncovering several basic biological principles since early in the 20th 

century (Ryder et al., 2004; Ashburner et al., 2005). Thomas Hunt Morgan pioneered the use 

of the fruit fly through his investigation of the chromosomal theory of inheritance.  

Furthermore, Morgan’s group was highly generous in providing other research groups with 

fly stocks and advice.  This cooperation within the Drosophila community is still prevalent, 

despite the pressures of today’s scientific world (Ashburner et al., 2005), and has given rise 

to widespread use of Drosophila in such diverse areas as chromosome structure, behaviour 

and more recently neurobiology, development and metabolism (Baker and Thummel, 2007; 

Chai et al., 2008; Haselton and Fridell, 2010; Marsh and Thompson, 2006). 

Cooperation within the fly community is coupled to a long list of advantages.  Fruit 

flies are easy to rear, at a low cost, have a comparatively short 9-10 day generation time, and 

produce a large number of progeny (one female fly can lay up to 3000 eggs in her life-time).  

This makes Drosophila easy to work with and a relatively quick in vivo model organism 

(Shapiro, 1932; Gowen and Johnson, 1946; Baker and Thummel, 2007).   Furthermore, the 

lack of meiotic recombination in males and a chromosome number of four, each of which 

can be easily visualised, provides great ease of genetic analysis.  The exoskeleton consists of 

readily distinguishable structures, many of which can be reproducibly altered by specific 

mutations to yield highly characteristic phenotypes, such as: glazed or white eyes, notched or 

curly wings, and short bristles.  These genetic markers allow the rapid identification and 

tracking of specific genotypes under the stereomicroscope.  More importantly, these 

attributes simplify genetic screens that take advantage of such external phenotypes.  These 

factors, coupled with the determination of research groups to mutate, disrupt or modify 
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nearly every gene in D. melanogaster (Bellen et al., 2004; Rorth, 1996; Ryder et al., 2004; 

Spradling et al., 1999) have resulted in numerous genetic screens that have led to the 

identification and characterisation of several core signal transduction and developmental 

pathways (St Johnston, 2002). 

Seven hundred million years ago, the protostome-deuterostome split separated 

invertebrates from vertebrates (Holley et al., 1995; Pearse and Tabin, 1998).  The question of 

whether Drosophila can be used to uncover the functions of human genes must therefore be 

raised.  Intriguingly, the sequencing of the Drosophila genome revealed that around 77% of 

known human disease-associated genes have clear Drosophila orthologues (Reiter et al., 

2001).  In fact, many human disease models have been developed using Drosophila, 

including diabetes, obesity, mitochondrial, cardiovascular, and neurodegenerative disorders 

(Suh et al., 2007; Cauchi and van den Heuvel, 2006; Marsh and Thompson, 2006).  

1.2. Fly Development 

At 25oC, the fly life cycle takes around 9-10 days to complete.  8-12 hours after 

eclosion, the adult female fly becomes sexually receptive.  After complex courtship 

behaviour, followed immediately by copulation, fertilisation of the oocyte occurs.  The 

duration of embryonic development is around 22-24 hours at 25oC, from egg laying to 

hatching of the first-instar larva (Schneider-Minder, 1966).  A detailed overview of the 

stages of embryonic development is shown in Figure 1.1. 

Drosophila larvae are voracious feeders, eating around three to five times their own 

weight during normal development in preparation for the energy intensive process of 

metamorphosis (Chiang and Hodson, 1950b; Chiang and Hodson, 1950a).  During larval 

growth, a multitude of changes occur in protein, nucleic acid, lipid and water content 

(Fourche, 1965a, b, 1967; Lints et al., 1967; Lints and Lints, 1967).  The first (L1) and 

second (L2) larval instar stages last 24 hours each, whilst the third instar stage (L3) lasts 48  
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hours.  The wandering stage of L3 occurs around 24 hours before pupariation, although the 

exact time is variable (Roberts et al., 1987).  Imaginal disc differentiation occurs during 

larval development.  Imaginal discs are pockets of cells that will develop into structures in 

the adult fly, such as the eyes, wings, legs and antennae.   

Pupariation is marked by cessation of larval movement, followed by eversion of the 

spiracles and the formation of the pupal case from the larval cuticle.  Pupariation occurs 

within 120 hours of egg laying at 25oC and is followed by retraction of the epidermis from 

the cuticle (called apolysis), at which point the animal is called a prepupa.  After apolysis, 

the prepupa enters the pupal stage during which metamorphosis occurs.  Metamorphosis 

involves the re-adsorption of the larval tissues and the formation of the adult from the 

imaginal discs.  Eclosion of the adult occurs around 9-10 days after initial egg laying 

(Bainbridge and Bownes, 1981) (Figure 1.2). 

1.3. Genetic screens and their uses 

The fruit fly is a vital tool in large-scale unbiased genetic screens focusing on a 

particular process or phenotype.  Genetic screens were first utilized by Christiane Nüsslein-

Volhard and Eric Wieschaus (Nusslein-Volhard and Wieschaus, 1980) to identify point 

mutations (induced by ethyl methane sulphonate (EMS)), that affect the normal patterning of 

the embryo.  This type of traditional genetic screen was revolutionary in its time, being the 

first saturation mutagenesis of any multicellular organism and eventually culminated in a 

Nobel Prize to Christiane Nüsslein-Volhard together with Eric Wieschaus and Edward B. 

Lewis.  However, this type of genetic screen has several drawbacks.  They are highly labour 

intensive and require the screening of 25% of the resultant F3 (third generation of fly 

crosses) progeny to identify the desired phenotype.  Furthermore, maternal loading can mask 

phenotypes that are otherwise expected for essential proteins.  Maternal loading involves 

Drosophila females loading eggs during oogenesis with most of the proteins and RNA  
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required for early development.  Therefore, no phenotype might be observed with this type 

of screen, since enough proteins are loaded maternally that no defects arise during 

embryogenesis (St Johnston, 2002). 

A refinement of a traditional genetic screen is an enhancer/suppressor screen, which 

involves the partial disruption of a particular process, followed by the screening for 

dominant suppressors and/or enhancers of a phenotype in this sensitized genetic background 

(St Johnston, 2002).  This type of screen is commonly used to identify missing molecular 

components of a signalling pathway.  For example, it allowed the identification of many 

components of the Boss-Sev signal-transduction pathway, taking advantage of a weak allele 

of sev that results in an easily assayed and modifiable eye phenotype (Simon, 1994).  The 

progeny of mutagenised sev flies are screened directly, speeding up the process since the 

screening of F1 compared to F3 progeny is a much less labour intensive procedure, which 

allows whole genome-wide screens to be performed with relative ease.  However, since the 

success of the screen is heavily dependant on the initial mutant fly and its resultant 

phenotype, necessitates the initial mutant fly’s extensive prior characterisation.  For 

example, simple assays are needed to sort different classes of interactors.  Furthermore, the 

genetic mutation utilised for screening is essential, since the number of genes identified is 

based on how dosage-dependent and susceptible the components of the pathway analysed are 

to the mutation used to screen.  Therefore, multiple sensitized backgrounds might be 

required to elucidate all the components of a pathway (St Johnston, 2002). 

The loss-of-function screens described above might miss genes with redundant 

functions, so a mis-expression or gain-of-function screen may be performed to these genes.  

A mis-expression or gain-of-function screen requires the use of tissue-specific driven 

expression of a gene of interest by the GAL4-UAS system.  GAL4 encodes an 881 amino 

acid protein, present in the yeast Saccharomyces cerevisiae (Laughon et al., 1984; Laughon 

and Gesteland, 1984; Oshima, 1982).  In yeast, GAL4 is a transcriptional regulator of genes 

induced by galactose, and most notably it can stimulate transcription via the UAS (upstream 
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activating sequence) and likewise any reporter gene under UAS control (Fischer et al., 

1988).  GAL4 has been randomly introduced within the Drosophila genome giving rise to 

‘enhancer-trap’ lines that express GAL4 under the control of nearby genomic enhancers.  

Therefore, the GAL4/UAS system can effectively express virtually any gene of interest in a 

spatially and temporally controlled mode within D. melanogaster (Brand and Perrimon, 

1993) (Figure 1.3).   

The GAL4/UAS system has been further refined to allow tissue-specific mosaic clonal 

analysis, ligand-inducible GAL4 chimeras and directed knockdown analysis (Mcguire et al., 

2004; Dietzl et al., 2007).  Thus, the GAL4/UAS system opens up a great number of 

experimental possibilities to decipher the functioning and role of a gene or gene product. 

The GAL4/UAS system can be combined with a recently developed method to 

generate chromosomal deletions, providing a quicker method to identify genetic regions of 

interest.  In 2004, a group of European laboratories created the Drosdel collection of P-

element insertions resulting in the generation of custom chromosomal aberrations or gene 

deficiencies.  The Core Drosdel “deficiency kit” covers around 85% of the Drosophila 

genome and allows rapid, focused screening for identifying loci which affect a specific 

phenotype (Ryder et al., 2004).  The sensitized genetic background utilised can be a loss- or 

gain-of-function phenotype as long as the phenotype can be easily scored and modifiable.  

This includes wing defects, rough eyes, loss or gain of bristles, etc. (Nakao and Campos-

Ortega, 1996).  The first chromosomal deficiency was isolated in 1914 (Bridges, 1916) and 

the Bloomington Stock centre also has a 220 stock “deficiency kit” covering 85% of the fly 

genome (Bloomington Stock Centre: http://flystocks.bio.indiana.edu/, 2003).  However, the 

DrosDel “deficiency kit” has two vital advantages.  Firstly, all deletions have been 

molecularly mapped in the Drosophila genome and verified by DNA sequencing.  Secondly, 

the genetic background is highly isogenic.  This means that the genetic background is as 

identical as possible and unlikely to yield any significant complications in the genetic 

screens performed.  When considering that several biological processes are highly sensitive 



 25 

to such background mutations, an isogenic “deficiency kit” results in a great reduction of 

false positives.  The DrosDel “deficiency kit” was created in 2004 and since Drosophila 

naturally accumulates mutations, the isogenic nature of this kit may be lost over time.  

However, starting from an isogenic stock minimises this inherent variation (Ryder et al., 

2004). 

1.4. Lipid droplets 

The cell’s energy storage organelle is the lipid droplet.  Lipid droplets have an inner 

core mostly composed of the neutral lipids triacylglycerol (TAG) and steryl esters.  

However, they also have large amounts of ether-linked glycerolipids, diacylglycerols and 

fatty acids (Bartz et al., 2007a).  This inner core is coated with a protein-rich phospholipid 

monolayer, which is vital in conferring stability and is directly involved in lipid homeostasis 

(Capuano et al., 2007; Greenberg et al., 1991).  Hence, the functions of this monolayer 

highlight that LDs have an active and central role in lipid homeostasis. 

A prime example of the mediation of lipid homeostasis on the surface of LDs is the 

role of mammalian perilipin.  Perilipin is the founding member of the PAT family (Perilipin, 

ADRP (Adipose Differentiation Related Protein) and TIP47 (Tail Interacting Protein of 47 

kDa)) of lipid droplet-associated proteins.  Very importantly, perilipin controls lipolysis.  In 

its inactive state perilipin prevents lipases from accessing the neutral lipid core (Brasaemle et 

al., 2000; Souza et al., 1998; Souza et al., 2002; Tansey et al., 2003).  However, upon 

phosphorylation by PKA (Protein Kinase A), HSL (hormone-sensitive lipase) binds to 

perilipin and is translocated from the cytoplasm to the lipid droplet surface where HSL can 

hydrolyse fatty acyl esters.  Furthermore, whilst perilipin null mice have a normal body 

weight, they have a 65-75% reduction in adipose tissue.  These mice are also resistant to 

diet-induced obesity and are insulin-resistant (Martinez-Botas et al., 2000; Tansey et al., 

2001).  
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In Drosophila, the PAT family members are represented by the Lsd1 and Lsd2 (Lipid 

Storage Droplet-1 and -2) proteins, which are both linked to lipolysis, hence indicating an 

evolutionarily conserved function (Miura et al., 2002).  Unfortunately, mutant Lsd1 in 

Drosophila has not been characterised.  However, a lipid droplet localisation has been 

identified and PKA phosphorylates Lsd1 on Ser20 in vitro.  Additionally, upon starvation, 

Lsd1 mRNA was downregulated in the adult fly, correlating Lsd1 levels with lipolysis 

(Arrese et al., 2008).  To date, there are no published data on the direct function of Lsd1 

(Bickel et al., 2009).  

Lsd2 is better studied and has been identified as central to Drosophila neutral lipid 

storage.  Mutant Lsd2 flies are viable but triacylglyceride (TAG) levels are reduced by 

approximately 30% to 40% in adult flies (Gronke et al., 2003; Teixeira et al., 2003).  

Furthermore, a gain-of-function Lsd2 mutant resulted in an accumulation of TAG levels, 

whilst antagonistic control was observed by brummer, the conserved homologue of human 

adipocyte triacylglyceride lipase (ATGL) (Gronke et al., 2005).  However, a physical 

interaction between Lsd2 and brummer has not been demonstrated.  Intriguingly, increased 

levels of activated Akt (), a positive mediator of the insulin pathway, was linked with 

increased levels of Lsd2 and lipid accumulation (Vereshchagina and Wilson, 2006).  This 

hints at a possible regulatory mechanism of Lsd2 by Akt, although a direct regulator of Lsd2 

has not been identified. 

Drosophila has recently been used to identify new roles for LDs.  Studies in 

Drosophila embryos have shown that proteins with roles unrelated to lipid metabolism are 

sequestered to LDs.  Histones H2A, H2B and H2Av localised to lipid droplets in the early 

embryo and are thought to be stored on LDs for deployment during the rapid nuclear 

division cycles of early embryonic development (Cermelli et al., 2006).  Sequestration is 

also thought to inactivate histones that otherwise might disrupt growth and development 

(Gunjan et al., 2005). 
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Lipid droplets have also been hypothesised to be selective ‘garbage dumps’.  

Apolipoprotein B (ApoB) is observed on LDs when proteolytic functions are inhibited.  

Caveolin, the principal component of caveolae membranes (Mayor and Pagano, 2007), 

aggregates on LDs when vesicular trafficking is inhibited by brefeldin A (Fujimoto et al., 

2001; Ostermeyer et al., 2001; Pol et al., 2005).  Welte (2007) hypothesised that such 

proteins are being relocated to lipid droplets to prevent the hydrophobic regions of misfolded 

proteins from interacting, which would result in aggregation.  Protein aggregates are well-

known disease-causing agents and have been linked to cystic fibrosis, Parkinson’s, 

Huntington’s and other diseases (Dobson, 2004). 

Lipid droplets have also been observed to transiently interact with several other 

cellular organelles, including peroxisomes, mitochondria and phagosomes (Goodman, 2008).  

In fact, the delivery of arachidonic acid and Rab proteins via lipid droplets is thought to 

promote phagosome maturity (van Manen et al., 2005).  This observation coupled with the 

ability of lipid droplets to move back and forth along microtubules (Welte et al., 1998) raises 

the possibility of lipid droplets acting as intracellular shuttles delivering proteins between 

organelles (Welte, 2007).  Not surprisingly, this wide array of cellular roles has implicated 

LDs in diseases such as obesity, artherosclerosis, Chlamydial infection, HIV infection, 

cancer and Hepatitis C (Boulant et al., 2006; Sato et al., 2006; Cocchiaro et al., 2008; 

Kovsan et al., 2007). 

1.5. Control of growth and nutrient sensing in Drosophila 

The body size of organisms is determined by the interplay of genetic factors and 

nutritional availability.  Drosophila has become one of the model organisms of choice for 

deciphering and untangling growth and metabolic pathways.  Fruit flies share the same core 

metabolic functions as vertebrates, and possess most of the analogous organ systems that 
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control nutrient uptake, storage, metabolism and subsequently growth (Baker and Thummel, 

2007). 

The Drosophila midgut is analogous to the mammalian stomach and intestine, where 

nutrients are digested and absorbed.  Mutants with an improperly functioning gut are small 

(Bland et al., 2010).  Absorbed nutrients are metabolised and stored by the fat body in the 

form of glycogen and lipids.  Hence, the fat body is functionally similar to white adipose 

tissue and liver.  Similarly, when larvae are starved, fats are mobilised into the haemolymph 

(Colombani et al., 2003; Zhang et al., 2000) and accumulate in oenocytes, which are 

hepatocyte-like cells involved in lipid processing.  The genetic ablation of either oenocytes 

or fat body results in growth arrest and subsequent death (Gutierrez et al., 2007; Liu et al., 

2009) indicating the vital roles for both cell types. 

All of these organs and their underlying molecular processes all need to be co-

ordinated in a multicellular animal, in order to achieve an organism-wide response to 

nutritional availability.  In Drosophila, the evolutionarily conserved insulin-like pathway co-

ordinates nutrition and systemic growth (Hietakangas and Cohen, 2009) and is activated by 

seven insulin-like peptides, (ILPs) five of which share functional homology with mammalian 

insulin (Brogiolo et al., 2001; Rulifson et al., 2002).  ILPs are released by 14 neurosecretory 

cells called insulin-producing cells (IPCs) that are found in the pars intercerebralis region of 

the Drosophila brain (Broughton et al., 2005; Ikeya et al., 2002; Rulifson et al., 2002).  The 

overexpression of ILPs results in an increased cell and body size (Brogiolo et al., 2001), 

whilst ablation of ILPs inhibits growth and reduces body size (Rulifson et al., 2002).  This is 

similar to what is observed for the mammalian counterparts (Powell-Braxton et al., 1993). 

The IPCs can also sense glucose in a similar manner to mammalian β-pancreatic cells, 

with elevated levels of Ca2+ observed in IPCs upon stimulation by glucose or trehalose 

(Fridell et al., 2009).  Increase Ca2+ levels is a key event releasing mammalian insulin 

(Lowell and Shulman, 2005).  In Drosophila, Ca2+ elevation upon glucose or trehalose 
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stimulation releases ILPs that activate InR (Insulin-like receptor) in peripheral tissue 

(Engelman et al., 2006).   

The antagonist to ILP release by IPCs is the ‘insect glucagon’ AKH (adipokinetic 

hormone) which is released by a group of neurosecretory cells in the corpus cardiacum (CC) 

(Lee and Park, 2004).  These cells respond to hypoglycemia by exocytosis of AKH, which 

then mobilises carbohydrates and fatty acids from the fat body into the hemolymph (Gade 

and Auerswald, 2003).  Carbohydrates and fatty acids are then taken up by oenocytes for 

energy production (Gutierrez et al., 2007).  Again, this process demonstrates an evolutionary 

similarity between mammalian and insect metabolic control. 

In peripheral tissue, the activation of the InR results in the recruitment of the adaptor 

protein Insulin receptor substrate (IRS, Chico = Drosophila homologue) leading to 

recruitment and activation of P13K (Dp110 = Drosophila homologue), which results in the 

phosphorylation of PIP2 (phosphionositol 4,5-bisphosphate) to PIP3 (phosphionositol 3,4,5-

trisphosphate) (Engelman et al., 2006). The phosphorylation of PIP2 to PIP3 can be reversed 

by the lipid phosphatase PTEN that converts PIP3 to PIP2 (Oldham et al., 2002). In the 

absence of an active PTEN, PIP3 recruits the protein kinases Akt and PDK1 to the plasma 

membrane resulting in PDK1 activation of Akt (Alessi et al., 1997).  The main mediator of 

Akt function is TORC1 (Tor complex 1), though Akt may mediate its effects through other 

targets as well (Brunet et al., 1999). Ultimately, InR/P13K/Akt pathway activation results in 

an increase in cell size, organismal growth, glucose uptake and lipid storage (Alessi et al., 

1997; Manning and Cantley, 2007) (Figure 1.4).  

Akt can regulate TORC1 through two distinct mechanisms.  The first involves Akt 

phosphorylation of TSC2, which inhibits TSC2, hence activating TORC1 (Inoki et al., 2002; 

Potter et al., 2002).  However, in vivo this relationship does not appear to be vital and might 

only be required for high-level pathway activity (Dong and Pan, 2004; Hietakangas and 

Cohen, 2009).  Nevertheless, TSC2 is still an important growth regulator since mosaic 

mutants for TSC2 result in an overgrowth phenotype (Potter et al., 2001; Tapon et al., 2001).
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The second mechanism for Akt regulation of TORC1 involves Akt phosphorylation of 

Proline-rich AKT substrate 40 (PRAS40).  Phosphorylation of PRAS40 inhibits its binding 

with TORC1, which allows TORC1 to bind to other substrates, hence activating TORC1 

(Figure 1.4).  In Drosophila, the PRAS40 orthologue Lobe results in TORC1 pathway 

downregulation and the subsequent increase in volume of tissue culture cells (Sancak et al., 

2007).  However, a similar in vivo affect in Lobe mutants has not been observed (Chern and 

Choi, 2002). 

TORC1 is the main nodal point of nutrient sensing in eukaryotes and affects numerous 

pathways which positively regulate both cell size and proliferation (Zhang et al., 2000).  

TORC1 can positively regulate the rate of protein synthesis in three ways.  Firstly, it can 

control the initiation of cap-dependent translation through inhibition of 4E-BP (eukaryotic 

initiation factor 4E (eIF4E) binding protein).  4E-BP physically inhibits the assembly of the 

translation pre-initiation complex (Pause et al., 1994).  In addition, TORC1 phosphorylates 

S6K (p70 ribosomal protein S6 kinase) resulting in the activation of S6K and positive 

regulation of the translation pre-initiation complex (Holz et al., 2005).  Secondly, S6K can 

also stimulate peptide chain elongation (Wang et al., 2001).  Thirdly, TORC1 can upregulate 

the translation of mRNAs that encode ribosomal proteins and translation elongation factors, 

independently of S6K (Jefferies et al., 1997; Patursky-Polischuk et al., 2009; Pende et al., 

2004; Stolovich et al., 2002).  TORC1 can also promote ribosomal biogenesis through 

regulation of RNA polymerase I (Pol I)-mediated synthesis of rRNAs (Grewal et al., 2007).  

These multiple roles of TORC1 therefore ensure an increase in protein synthesis and hence 

cellular growth. 

TORC1 core pathway components are conserved between mammals and Drosophila, 

however there are evident differences between in vitro and in vivo systems.  Intriguingly, 

whilst S6K Drosophila mutants are growth-retarded (Montagne et al., 1999) being smaller 

but viable 4E-BP mutants have no growth phenotype at all.  Instead, 4E-BP exhibit defective 
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fat metabolism, and hypersensitivity to oxidative stress and nutrient starvation (Teleman et 

al., 2005a).  

Apart from the positive control of general protein synthesis, TORC1 can also inhibit 

autophagy in Drosophila through Atg1.  Increased levels of autophagy inhibit cellular 

growth, irrespective of nutritional status (Scott et al., 2007).  Conversely, autophagy is a 

conserved starvation response, which is required to recycle cellular cytoplasm and organelles 

to maintain nutrient levels.  In addition, TORC1 also has roles in regulating bulk endocytosis 

(Hennig et al., 2006) and is inhibited by hypoxia allowing regulation of metabolism under 

sub-optimal conditions (Ellisen, 2005; Lee et al., 2008).  These wide-ranging roles make 

TORC1 a core regulator of cellular growth, combining systemic nutrient sensing with the 

regulation of growth.  However, TORC1 can also be directly regulated by cellular amino 

acid or energy levels, which are outlined in the following two sections (Figure 1.4).  

Amino acid levels regulate TORC1 

Low amino acid levels result in a reduction of growth and cell size through mediators 

of TORC1 function (Avruch et al., 2009; Christie et al., 2002; Hara et al., 1998).  Amino 

acid sensing is a critical role for TORC1, and under low amino acid conditions TORC1 

cannot be activated (Nobukuni et al., 2005).  The importance of the contribution of amino 

acid sensing to growth is reflected by the extent to which amino acids sensing is 

evolutionarily conserved.  In Drosophila, the loss of both amino acid transporters minidisks 

and slimfast (slif) resulted in growth defects (Colombani et al., 2003; Martin et al., 2000).   

Intriguingly, minidisks expression is fat-body specific and several mutants resulted in 

larval lethality coupled with reduced growth of the larval brain and imaginal discs (Martin et 

al., 2000).  Additionally, specific downregulation of slimfast in the fat body resulted in 

smaller peripheral tissue, including imaginal discs and salivary glands.  These size defects 

are directly linked to a downregulated TORC1 pathway, with S6K levels downregulated in 

slif and co-expression of activated S6K capable of partially rescuing the slif phenotype.  
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Furthermore, reduction of TORC1 pathway activity in the fat body results in a reduction of 

InR pathway signalling in peripheral tissue, impling that the Drosophila fat body senses 

nutrition levels and releases a humoral signal that can affect tissue growth (Colombani et al., 

2003) (Figure 1.4). 

The main candidate for this fat body-secreted humoral signal is the acid labile subunit 

(ALS) protein, which is produced by the liver and regulates insulin-like growth factors in 

mammals (Boisclair et al., 2001).  Drosophila ALS also forms a complex with ILPs, 

however Dm ALS seems to have a different role to mammalian ALS as it results in ILP 

inhibition under starvation or normal nutrient conditions (Arquier et al., 2005; Arquier et al., 

2008).  Hence further studies would be required to elucidate if TORC1 downregulation 

releases ALS, which then regulates peripheral tissue growth by downregulating the 

InR/PI3K/Akt pathways. 

Energy levels regulate AMPK activity and subsequently TORC1 

In addition to being regulated by low amino acid levels, TORC1 can also be regulated 

by low energy levels.  Energy is intrinsically linked to ubiquitous cellular processes, and low 

energy levels lead to growth defects.  In fact, low glucose conditions inhibit cellular growth 

(Inoki et al., 2003).  Glucose is an important metabolite catabolised by mitochondria to 

produce adenosine triphosphate (ATP). 

ATP is the main energy currency of the cell and involved in most biological processes.  

Hence, low ATP levels are synonymous with low energy that are detected intracellularly by 

the activation of the master energy sensor AMP-activated protein kinase (AMPK).  AMPK is 

activated by an increased ratio of AMP to ATP (Winder and Hardie, 1999) (Figure 1.4).  

High AMP levels result in the binding of adenosine monophosphate (AMP), instead of ATP, 

to the γ-subunit of AMPK (Carling, 2004; Hardie, 2007; Kahn et al., 2005).  The binding of 

AMP causes a conformational change that exposes the α-subunit active site of AMPK.  This 

conformational change allows phosphorylation by the constitutively active LKB1 kinase, 
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this activating AMPK (Hawley et al., 1996; Sanders et al., 2007; Stein et al., 2000).  

Recently, other kinases that activate AMPK in an AMP-independent manner have been 

identified (Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005).  Furthermore, other 

models link AMPK activation with apoptosis instead of energy levels (Qi et al., 2008), 

implying that AMPK may have multiple cellular roles.  

Once activated, AMPK negatively regulates TORC1 (Target Of Rapamycin Complex 

1) through two mechanisms.  The first involves AMPK phosphorylation of TSC2, which 

stimulates the GTPase activating protein (GAP) activity of TSC2, resulting in the inhibition 

of TORC1 (Inoki et al., 2003).  Secondly, AMPK can also phosphorylate Raptor, which 

sequesters Raptor to 14-3-3 instead of TORC1 and hence results in the inhibition of TORC1 

through the small GTPase Rheb (Gwinn et al., 2008).  The inhibition of TORC1 helps inhibit 

cellular growth and upregulates autophagy when cellular energy levels are low. 

The main role of activated AMPK is to restore low energy levels to normal by 

decreasing the ratio of AMP to ATP.  Normalization of energy levels is thus achieved by 

increasing ATP levels through the direct activation of ATP-producing processes and 

inhibition of ATP-consuming processes by AMPK (Hegarty et al., 2009; Lage et al., 2008).  

AMPK can regulate lipid metabolism, since activated AMPK phosphorylates ACC-1 

resulting in its inhibition (Hardie and Pan, 2002; Pan and Hardie, 2002).  ACC-1 normally 

converts acetyl-CoA into malonyl-CoA, a vital substrate for the biosynthesis of fatty acids 

(Tong and Harwood, 2006).  Additionally, AMPK also decreases fatty acid synthase 

expression and activates malonyl-CoA decarboxylase, which converts malonyl-CoA into 

acetyl-CoA.  This ensures a comprehensive downregulation of anabolic pathways.  In 

addition, AMPK has also been observed to enhance lipolysis, although the exact manner 

varies between cell type and tissue (Koh et al., 2007; Smith et al., 2007; Yin et al., 2003).  

Ultimately, these processes result in an increase of available cellular energy. 

In order to increase ATP levels, activated AMPK also regulates glucose homeostasis.  

In mammals, activated AMPK increases cellular glucose uptake (Holmes et al., 1999) and 
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enhances gluconeogenesis in the liver during periods of starvation.  Gluconeogenesis is the 

production of glucose from non-carbohydrate sources, such as glycerol and pyruvate (Kahn 

et al., 2005).  In addition, AMPK also regulates the metabolism of glycogen, reducing its 

synthesis (Carling and Hardie, 1989; Wojtaszewski et al., 2002).  However, a feedback 

mechanism exists whereby high levels of glycogen can inhibit AMPK (Wojtaszewski et al., 

2002).   

These pathways have been extensively studied in mammals and highlight the far-

reaching control of AMPK in sensing and controlling energy levels.  However, the metabolic 

functions of AMPK have not been extensively studied in Drosophila.  AMPK activation due 

to energy deprivation has been observed (Lee et al., 2007).  Furthermore, AMPK mutants are 

pupal lethal, small and have low TAG levels (Bland et al., 2010).  These phenotypes are 

expected considering the effects of AMPK on TORC1 and metabolism.  However, these 

phenotypes were recently attributed to lack of nutrient uptake, due to defective visceral 

musculature.  Intriguingly, the visceral muscle-specific rescue of AMPK was only partial 

(Bland et al., 2010), implying that AMPK has other roles in Drosophila that need to be met 

for a full phenotypic rescue of lethality. 

1.6. Mitochondrial ATP generation 

Ingested food is broken down into amino acids, fatty acids, glycerol and simple 

carbohydrates, which are further broken down by the processes of amino acid oxidation, 

fatty acid oxidation, glycolysis and the Krebs cycle.  These processes either directly provide 

a relatively small amount of ATP, or result in the formation of the reducing agents NADH or 

succinate.  These reducing agents provide most of a cell’s energy needs through oxidative 

phosphorylation.  This process produces ATP by coupling the electrochemical potential 

across the inner mitochondrial membrane with ATP synthesis (Alberts et al., 2002) (Figure 

1.5). 
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The electrochemical potential across the inner mitochondrial membrane is generated 

by the pumping of H+ ions by respiratory complex I, III and IV.  These complexes form part 

of the electron transport chain (ETC) coupling the energy required to pump H+ ions to the 

energy generated by the step-wise loss in potential energy from the electrons donated by 

NADH and succinate (Pollard et al., 2007).  Both NADH and succinate transfer electrons to 

coenzyme Q (ubiquinone), NADH passes electrons through complex I (NADH:ubiquininone 

oxidoreductase), whilst succinate passes electrons through complex II (succinate 

dehydrogenase).  Coenzyme Q then passes electrons sequentially to Complex III 

(cytochrome bc1), cytochrome c and finally to oxygen, via Complex IV (cytochrome c 

oxidase).  The donation of electrons to oxygen reduces it to water (Newmeyer and Ferguson-

Miller, 2003) (Figure 1.5). 

The pH and proton gradient created by the ETC drives the ubiquitous F1F0 ATP 

synthase (respiratory complex V) to generate ATP (Figure 1.5).  Mitochondrial F1F0 ATP 

synthase is composed of two opposing rotary motors: the Fo motor a membrane embedded 

proton channel, which is composed of subunits ab2c10-15.  The Fo complex catalyses ion 

translocation across the membrane, driving the c ring motor, which is connected physically 

to the F1 motor.  The F1 motor is a hydrophilic complex composed of subunits α3β3γδε using 

120o rotations to release ATP after catalysis from ADP and Pi (inorganic phosphate).  Three 

ATP molecules are generated per 360o rotation (Diez et al., 2004; Ueno et al., 2005) this is 

an evolutionarily conserved mechanism (Talamillo et al., 1998; Vinas et al., 1990). 

The ETC Complexes and ATP synthase have vital well-conserved functions - defects 

of which have been linked to many diseases, with impairment in growth, development and 

ageing (Botella et al., 2009; de Moura et al., 2010; Dietrich and Horvath; Pollard et al., 

2007; Van Houten et al., 2006; Wallace, 2010).  An important consequence of defects in the 

ETC complexes and ATP synthase is elevated levels of reactive oxygen species (ROS).  

These occur due to increased electron ‘leakage’ from the ETC that reduces oxygen, forming 

the O2
- radical (Boveris et al., 1980; Griendling, 2005; Li and Shah, 2004; Roy et al., 2008; 
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Saleh et al., 2008; Turrens and Boveris, 1980).  Electron ‘leakage’ occurs under normal 

physiological conditions, with 0.4 - 4% of the oxygen consumed by mitochondria resulting 

in the formation of ROS (Giulivi et al., 1995; Gudz et al., 1997).  However, ROS production 

increases dramatically when mitochondrial respiration is increased, electron transfer is 

blocked, or the inner membrane potential is hyperpolarised or depolarised (Boveris et al., 

1980; Chen et al., 2003; Demin et al., 1998; Kadenbach, 2003; Li and Shah, 2004; Turrens 

and Boveris, 1980).   

The main sites of ROS production are Complexes I and III.  Complex I is thought to 

produce the O2
- radical by reverse electron transport from Complex II (Figure 1.5).  Reverse 

electron transport occurs when the rate of forward electron transfer is diminished or in the 

absence of NADH-linked substrates (Lenaz et al., 2006).  The precise mechanism for O2
- 

generation is not known, however complex I results in greater ROS production in the 

mitochondrial matrix (Kudin et al., 2004; Zhang and Gutterman, 2007).   

On the other hand, the mechanics of Complex III O2
- production are better understood.  

Complex III is responsible for most of the ROS production in the intermembrane space and 

subsequently the cytosol (Figure 1.5).  However, Complex III has also been associated with 

ROS in the mitochondrial matrix (Chen et al., 2003; Muller et al., 2004).  The major 

mechanism responsible is the auto-oxidation of the ubisemiquinone radical intermediate 

(QH.), in particular at the Qo site of the complex close to the intermembrane space (Muller et 

al., 2003). 

Once formed, O2
- is highly reactive and can damage macromolecules such as DNA 

and proteins, furthermore it can affect the integrity of membranes (Ambrosio et al., 1993; 

Talbot et al., 2004).  O2
- is short-lived and rarely found in large quantities outside of the 

mitochondrion.  This is due to the actions of the superoxide dismutases (SOD), which 

convert O2
- into H2O2, a less damaging but longer-lived ROS (Zhang and Gutterman, 2007). 

H2O2 causes oxidative damage and stress, though it is also an important cell signalling 

molecule (D'Autreaux and Toledano, 2007).  For example, H2O2 is involved in triggering the 
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activation of p38, a master cell signalling protein.  p38 is critical for the activation of the 

oxidative stress response (Han et al., 1998a; Han et al., 1998b; Ito et al., 2006).  ROS can 

also activate hypoxia-inducible factor 1 (Hif-1) directly, through increased transcriptional 

expression of Hif-1 via NF-κB (Bonello et al., 2007).  Hif-1 activates the hypoxia response 

mechanism.  Intriguingly, mitochondrial ROS have also been shown to activate AMPK via 

the hypoxia response mechanism (Quintero et al., 2006).  H2O2 has been shown to affect the 

activity, behaviour and locomotor rhythms of adult flies (Grover et al., 2009).  These 

findings emphasise the importance and wide-ranging effects of ROS. 

1.7. Metalloendopeptidases 

Metalloendopeptidases are zinc-dependant hydrolytic enzymes that break peptide 

bonds within proteins.  They have a diverse array of roles and are linked to cell growth, 

tissue development, maintenance and remodelling of the extracellular matrix (Chang and 

Werb, 2001).  Their involvement in proteolytic processing (highly specific and limited 

cleavage), allows: self-activation or inactivation, regulation of other enzymes, bioactive 

peptides or DNA repression.  This has implicated metalloendopeptidases in numerous 

regulatory roles, emphasising their biological importance (Gomis-Ruth, 2003). 

The MEROPS database (http://merops.sanger.ac.uk/) has categorised 

metalloendopeptidases according to a hierarchical classification based on sequence 

comparisons around the catalytic domain.  Subsequently, the majority of metalloproteases 

are classified by the presence of two histidine zinc ligands.  Members of the MA clan 

(zincins) are defined by an HEXXH motif.  A clan is composed of a group of families. A 

family is thought to have a common ancestor due to similar tertiary structures or active site 

residues in the same order within an amino acid sequence (Rawlings et al., 2008).   

The MA clan is divided into two sub-clans, the MA(E) and MA(M) (Figure 1.6).  

MA(E) are enzymes known as the gluzincins due to a glutamate acting as a third zinc ligand.  
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The MA(M) sub-clan has a histidine or aspartate as a third zinc ligand and the catalytic motif 

HEXXHXXGXXH/D.  This sub-clan has a characteristic Met-turn, which is a highly 

conserved methionine residue located C-terminally after the catalytic motif (Bode et al., 

1993).  The Met-turn provides a hydrophobic environment for the zinc ion and three amino 

acids coordinating the zinc ion.  Mutations in the Met residue decrease catalytic activity; 

hence, this residue is vital for metalloendopeptidase activity (Gomis-Ruth, 2003). 

The MA(M) subclan has 13 families, which includes the well-known MMPs (matrix 

metalloendopeptidases, M10 family) and ADAMs (a disintegrin and metalloprotease, M12 

family).  The M8 family includes leishmanolysin, Invadolysin and its homologues (Gomis-

Ruth, 2003; McHugh et al., 2004).  Members of the families M10 and M8 are thought to be 

synthesized as inactive precursors (Macdonald et al., 1995; Van Wart and Birkedal-Hansen, 

1990).  Inactivation is due to a conserved cysteine in the prodomain that substitutes for a 

water molecule that coordinates with the zinc ion in the active form.  Therefore activation 

occus when the cysteine is dissociated from the zinc ion.  This is known as the cysteine 

switch (Figure 1.7).  Hence, thiol-blocking agents, or removal of the N-terminal propeptide 

can result in a permanently active protease (Van Wart and Birkedal-Hansen, 1990). 

In the next section, I will be focusing on the MMPs that have been well-characterised 

in Drosophila, followed by outlining the role of leishmanolysin.  I will then conclude with a 

background summary of Invadolysin. 

Matrix Metalloendopeptidase (MMP) 

The mammalian MMPs have been well studied due to their suggested links with 

human pathologies.  There are 24 MMP family members, that have roles in development, 

tumorigenesis, invasion and metastasis, Alzheimer’s disease, multiple sclerosis and others 

(Gu et al., 2002; John and Tuszynski, 2001; Johnson et al., 2002; McCawley and Matrisian, 

2001a, b; Overall and Lopez-Otin, 2002).  
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In Drosophila, there are two MMPs.  Mmp1 mutants have defective trachea due to the 

inability of cells to release adhesion and elongate.  This results in larval death prior to 

metamorphosis (Beaucher et al., 2007; Page-McCaw et al., 2003).  Weaker Mmp1 alleles 

have problems during tissue remodelling in metamorphosis.  This results in headless adults, 

due to an inability for the Mmp1 mutant to evert its head from the body cavity.   

Mmp2 mutants have similar phenotypes to Mmp1, since Mmp2 mutants also have 

defects in tissue remodelling processes.  In Mmp2 mutants, histolysis, a tissue remodelling 

process, appears initiated but not completed resulting in adult flies with a cleft bisecting the 

nodum.  In addition, both MMPs had other abnormalities in tissue remodelling that include 

defective dendritic remodelling during metamorphosis (Page-McCaw et al., 2003).  Cleft 

palates also arise in mice with defective MMPs, due to epithelial cell persistence and the 

inability of palates to fuse.  This indicates that the roles of MMPs between Drosophila and 

mice are conserved (Usui and Simpson, 2000; Kaczmarek et al., 2002; Kuo et al., 2005). 

Drosophila MMPs also have a role in axon guidance, displaying an overgrowth 

phenotype with an inability to properly migrate to their target muscles.  This phenotype 

suggested that the MMPs might be regulating guidance molecules or receptors (Miller et al., 

2008; Page-McCaw, 2008). 

The conserved function of Drosophila MMPs relative to mammalian MMPs is 

exemplified in their roles in tumour progression in flies.  Drosophila MMPs are regulated by 

the c-Jun N-terminal kinase (JNK) pathway and MMPs are required for tumour invasion.  

These attributes had already been identified for mammalian MMPs in cell culture, however 

Drosophila studies extended the relevance of the interaction between JNK and MMPs to 

normal developmental tissue remodelling (Page-McCaw, 2008).  These studies exemplify 

how conserved protein function can be between Drosophila and mammals, additionally how 

Drosophila can be used to extend the understanding of mammalian proteins. 
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Leishmanolysin (GP63) 

Leishmanolysin (GP63) is a cell surface protein that contributes to the virulence and 

pathogenicity of Leishmania sp., which cause Leishmaniasis.  1-2 million new cases of 

Leishmaniasis are detected every year and it can be a debilitating disease with a high 

incidence of mortality (World Health Organisation: http://www.who.int/leishmaniasis/en/, 

last accessed August 2010).  

Leishmanolysin is the founding member of the M8 family of metalloendopeptidases 

(Rawlings and Barrett, 1993) (Figure 1.6).  It has a catalytic motif of “HEXXHXXG[X]NH” 

which differentiates it from the MMPs due to the insertion of 62 residues between the 

glycine residue and the third zinc-co-ordinating histidine (Gomis-Ruth, 2003).  However, 

Leishmanolysin still shares several features with the MMPs.  Leishmanolysin is a 602 amino 

acid protein, expressed as an inactive precursor synthesized in the endoplasmic reticulum 

(Button and McMaster, 1988).  It has a regulatory pro-domain of 61 amino acids with a 

conserved cysteine residue, that is cleaved post-translationally.  This is presumably cleaved 

by autocatalytic processing (McGwire and Chang, 1996), allowing the interaction of water 

molecules with the catalytic site, hence its activation.  This process is known as the afore-

described cysteine switch (Figure 1.7) and shows its conservation from mammals to protazoa 

(Macdonald et al., 1995). 

Furthermore, leishmanolysin has a glycophosphatidylinositol (GPI) anchor site which 

results in the protein’s localisation on the promastigote’s surface (Button and McMaster, 

1988).  This allows leishmanolysin to degrade a large number of extracellular substrates, 

including casein, MARKS-related protein (myristoylated alanine-rich C kinase substrate), 

hemoglobin and gelatin (Corradin et al., 1999a; Corradin et al., 1999b).  Hence, GP63 is 

responsible for Leishmania’s migration capabilities through the extracellular matrix 

(McGwire et al., 2003).  Furthermore, leishmanolysin also cleaves CD4 molecules on human 
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T cells.  CD4 cleavage shields the promastigote from the immune system and identifies 

Leishmanolysin as a virulence factor (Yang et al., 1991). 

1.8. Background of Invadolysin (IX-14) 

IX-141 (invadolysin, inv) is a late larval lethal mutation identified in an ICR-I70 (that 

generally causes frame-shift mutations) chemical mutagenesis screen for imaginal disc 

mutations in Drosophila (Shearn et al., 1971).  Further studies by Gatti and Baker (1989) 

identified that IX-14 had mitotic defects and chromosome condensation defects. IX-141 line 

was kindly given to the Heck laboratory by Maurizio Gatti (University of Rome).  Sue Anne 

Krause, a former PhD student, confirmed these phenotypes and identified that the IX-141 

mutation had a low mitotic index.  Furthermore, she generated the IX-144Y7 mutation by local 

hopping of a nearby P-element, l(3)04017.  Inverse PCR was then used to clone and identify 

the IX-14 gene by screening against a Drosophila cDNA library.  The P-element was then 

mapped to 40bp upstream of the start of transcription of an uncharacterised gene.  The P-

element and IX-141 was shown to abolish IX-14 gene expression, as detected by Northern 

blot analysis.  Furthermore, precise excision of the IX-144Y7 P-element reverted the mutant 

phenotypes.  This confirmed that the phenotypes observed were due to mutation of the newly 

identified gene. 

McHugh et al. (2004) further studied the characteristics of the IX-141 and IX-144Y7 

alleles.  Mutant neuroblasts show a length-wise hypercondensation of mitotic chromosomes, 

which also display a ragged periphery (Figure 1.8A-B).  In interphase polytene 

chromosomes, a characteristic banding pattern is lost, whilst chromosome arms appear 

twisted, frayed and reduced in size (Figure 1.8C-D).  IX-14 was also identified as a 

suppressor of variegation in a position effect variegation assay (Figure 1.8E).  These data 

imply that Invadolysin might be required for chromatin compaction and therefore 

chromosome architecture. 
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The IX-14 mutation was also linked to abnormal mitotic spindle morphologies, with 

only 2% of mitotic neuroblast cells having a normal bipolar spindle (McHugh et al., 2004).  

Spindle abnormalities included monopolar, disorganized and asymmetric spindles (Figure 

1.9).  Furthermore, centrosomes appeared dumbbell-shaped, implying centrosome 

duplication but not separation (Figure 1.9).  Quantification of the mitotic index in larval 

neuroblasts showed that IX-14 had a lower mitotic index, with hardly any anaphase figures 

observed implying a metaphase arrest.  Furthermore, the levels of nuclear envelope proteins 

(lamins and otefin) were also significantly increased and lamin was identified as a possible 

in vitro substrate for IX-14 (Figure 1.10).  This implied that IX-14 had multiple mitotic 

defects (McHugh et al., 2004).   

When mutant and wild type larval brains were treated with colchine, which prevents 

the metaphase to anaphase transition, the mitotic index of both genotypes was elevated.  This 

suggested that some of the cell cycle defects could be occurring prior to mitosis.  In addition, 

lower BrdU levels were detected in the larval brain suggesting an under replication defect, 

and therefore suggestive of additional cell cycle defects (McHugh et al., 2004). 

Gene structure and function 

The IX-14 gene encodes a novel zinc metalloprotease that has the characteristic M8 

family catalytic motif “HEXXHXXG[X]NH” (Figure 1.11A).  Homologues of IX-14 have 

been identified in all eukaryotic species apart from yeast and other true fungi (Cobbe et al., 

2009; McHugh et al., 2004).  T-COFFEE alignment of, leishmanolysin and IX-14 

orthologues in the worm, human, mouse and fly identified conservation centered on the 

catalytic motif, with the N- and C-terminal regions being the most divergent (Figure 1.11A).  

Furthermore, 14 cysteines are conversed amongst all variants, implying that the “core” of the 

IX-14 protease may be structurally similar to leishmanolysin.  However, nine protein regions 

were shared amongst the worm, human, mouse and fly orthologues but were absent from 

leishmanolysin.  These regions were predicted to be on the surface of the leishmanolysin 
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structure (Schlagenhauf et al., 1998).  These data showed that IX-14 was an M8 family 

member (McHugh et al., 2004) (Figure 1.11B). 

Drosophila melanogaster IX-14 has an open reading frame (ORF) of 2052 nucleotides 

and encodes a 683 amino acid (aa) protein composed of 9 exons (Figure 1.12A).  

Unprocessed IX-14 is predicted to be a 77.0 kDa protein, whilst N and C-terminally 

processed IX-14 is predicted to be 70.8 kDa (624 aa).  The N-terminus has a predicted signal 

sequence, targeting the protein to the endoplasmic reticulum (ER). IX-14 also possesses a 

potential C-terminal GPI (Glycosylphosphatidylinositol) anchor site that normally results in 

post-translational GPI addition after cleavage of downstream amino acids.  After being 

directed to the ER, the GPI anchor typically results in insertion of the protein into a 

phosopholipid layer, typically the plasma membrane (Pollard & Earnshaw, 2002).   

Domains that hint at IX-14’s regulation include a D-box destruction motif, typically 

regulated through ubiquitination by the E3 ubiquitin ligase Anaphase-Promoting Complex 

(APC) (Figure 1.12B).  APC is a vital cell cycle regulator that recognizes several substrates.  

For example, APC targets securin for degradation, which results in the eventual cleavage of 

cohesin, the segregation of sister chromatids, and entry into anaphase (Heck, 1997; Kim and 

Bonni, 2007; Kraft et al., 2003).  Another potential domain is a SUMOylation signal that 

overlaps the metalloprotease motif (Figure 1.12B). SUMOylation is a reversible process that 

can regulate the localisation, activity and stability of a protein, therefore has wide-ranging 

roles from development to immunity (Talamillo et al., 2008). 

 Intriguingly, in human cells 4 IX-14 splice variants have been found (Figure 1.12B).  

Variant 1 encodes full-length IX-14 with a longer first exon encoding a predicted signal 

peptide that would target the protein to the ER for synthesis.  Variant 2 has a shorter N-

terminal sequence that lacks the signal peptide cleavage site, hence might be synthesised in 

the cytosol possibly resulting in a different localisation.  Each of these variants can exist in 

two alternative forms, either with or without a 37 amino acid stretch encoded by a separate 

exon.  This alternatively spliced 37 amino acid sequence is encoded by a separate exon only 
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in tetrapod vertebrates and zebrafish (Danio rerio), but not in any other teleosts examined to 

date.  In comparison, Drosophila IX-14 most closely resembles Variant 1+37 (Cobbe et al., 

2009). 

Other phenotypes of Invadolysin (IX-14) 

IX-14 has also been linked with functions and phenotypes beyond its chromosomal 

and mitotic roles.  IX-14 was found to have a role in cell migration since IX-14 mutant 

embryos fail to form gonads in early Drosophila development (Figure 1.13A) (McHugh et 

al., 2004).  Gonad formation is a process which involves critical cellular movement.  In 

human cells, IX-14 has also been observed to localize to the leading edge of migrating 

macrophages by immunofluorescence.  The data from Drosophila and human cells suggests 

that the role of IX-14 in cell migration may be conserved throughout evolution (McHugh et 

al., 2004). 

Furthermore, IX-14 localised by immunofluorescence to ~1µm ring-like structures in 

8 different human cell lines.  Initially, these were postulated to be invadopodia due to 

resemblance in terms of size, shape and distribution within cells.  Invadopodia are actin-rich 

cellular projections that are vital in extracellular matrix degradation, cell migration and 

hence tumour metastasis (Baldassarre et al., 2003; Buccione et al., 2004).  The suggestion 

that the ring-like structures were invadopodia linked with IX-14’s previously identified cell 

migration and gonadogenesis phenotypes.  In addition, leishmanolysin has important roles in 

aiding the cellular migration of Leishmania through the host’s extracellular matrix.  Due to 

the similarity of these ring-like structures to invadopodia: IX-14 was named Invadolysin 

(INV). 

However, the ring-like structures attributed to Invadolysin localisation did not co-

localise with cortactin, an actin-binding protein enriched at invadopodia, nor with 

extracellular degradation identified by FITC-gelatine degradation.  Therefore, the ring-like 

structures were not invadopodia (Cobbe et al., 2009; McHugh et al., 2004).
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In the absence of co-localisation with invadopodia, other subcellular organelle 

markers were investigated.  BODIPY, a lipid droplet dye, was the only dye that co-localised 

with all of the ring-like structures (Figure 1.14 & 1.15) (Cobbe et al., 2009).  This suggested 

that Invadolysin localised to the surface of lipid droplets in human cells.  Lipid droplets are 

the cell’s energy storage organelle.  To confirm this localisation, lipid droplets were isolated 

by subcellular fractionation of human cells and immunoblotted with 3 different antibodies to 

3 different epitopes specific to invadolysin.  Invadolysin was observed to be enriched in this 

subcellular fraction, confirming its association with lipid droplets (Cobbe et al., 2009) 

(Figure 1.16). 

1.9. Aims of PhD project 

The above summary highlights the diversity of roles that have been attributed to 

Invadolysin in both Drosophila and human cells.  These include roles in mitosis, nuclear 

envelope dynamics, chromosome condensation, development, migration and an intriguing 

LD localisation.  Multiple cellular substrates, and hence functions, are not unusual among 

proteases (Section 1.7). 

At the start of my doctoral research, interactors of Invadolysin were largely unknown.  

Dr. Shubha G. Rao, a previous PhD student in the Heck lab, had successfully utilised a 

second-site non-complementation screen in Drosophila to identify nonstop, a ubiquitin 

protease, as a genetic interactor with invadolysin.  This interaction was characterised and 

indicated that nonstop might cooperate with Invadolysin to bring about proper chromosomal 

chromosome architecture (Rao et al., manuscript in preparation).  

Genetic screens are one of the most powerful tools accessible to the Drosophila 

geneticist.  Hence, I wanted to perform an enhancer/suppressor misexpression screen to 

identify additional interactors or modifiers of Invadolysin.  Once an interactor was identified, 

I aimed to characterise this interaction. 
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A parallel aim was to develop new tools in Drosophila that could help with 

identifying new interactors of Invadolysin and with deciphering the functional significance 

of this interaction.  I planned to achieve this by developing transgenic flies that would 

express tagged INV in a tissue-specific manner, using the GAL4-UAS system. 

The final aim of these two approaches would be to link Invadolysin with molecular 

roles that result in its cellular and whole organism phenotypes.  In essence, the aims of my 

doctoral research are to: 

- identify what factors interact with INV 

- analyse the functional significance of this interaction 

- assess  how this interaction may relate to invadolysin’s phenotypes in Drosophila 
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Chapter 2: Materials and Methods 

2.1. Maintenance of fly stocks 

Flies were raised at 25oC when used for experiments and tipped onto new food every 

18-20 days.  Flies were raised at 18oC when maintained as stocks and tipped onto new food 

monthly. 

Flies were grown on “Dundee” maize medium (14 litres water, 150 g agar, 1100 g 

glucose, 620 g brewers yeast, 1000 g maize meal, 80 g dried yeast, 38 g nipagin (p-hydroxy 

benzoic acid methyl ester), 380 ml absolute alcohol, 45 ml propionic acid).  Yeast paste was 

smeared onto vials to enhance egg laying when embryo collections were required. 

All crosses were performed with approximately 5 virgin females and 5 males collected 

up to 3 hours after eclosion.  The virgins were raised for 3 days before being crossed, in 

order to ensure virginity. 

2.2. List of Drosophila melanogaster Stocks Used 

Table 2.1 List of Drosophila melanogaster stocks 

Strain Source (Stock number) 

P{SevEP-GAL4.B}7 BSC (5793) 

P{GAL4-Hsp70-sev}2/CyO;ry BSC (2023) 

P{rh1-GAL4}1; ry506 BSC (8688) 

P{rh1-GAL4}3, ry506 BSC (8691) 

y1 w*; P{Rh3-GAL4}2 BSC (7457) 

y1 w1118; P{ey1x-GAL4.Exel}2 BSC (8228) 

w*; P{GAL4-ey.H}4-8/CyO BSC (5535) 

y1 w1118; P{ey3.5-GAL4.Exel}3 BSC (8219) 
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w*; P{GAL4-ey.H}3-8 BSC (5534) 

P{GAL4-ninaE.GMR}12 BSC (1104) 

GMR15-Gal4 Check 

l(3)IX-141/TM3 Heck laboratory 

l(3)IX-141/TM6B M. Gatti, Rome 

l(3)IX-144Y7/TM3 Heck laboratory 

l(3)IX-144Y7/TM6B Heck laboratory 

UAS-IX-14 Heck laboratory 

Drosdel Core Deficiency kit Szeged Stock Centre (Hungary) 

not1/TM6B B. Poeck, Würzburg 

not02069/TM6B B. Poeck, Würzburg 

w1118; P{Cg-GAL4.A}2 BSC (7011) 

w1118; P{GawB}neurGAL4-A101 KgV/TM3, Sb1 BSC (6393) 

y1 w*; P{GawB}sca109-68 BSC (6479) 

y1 w*; CyO, P{lArB}A208.1M2/L2; MRS/TM6B, 
P{35UZ}DB1, Tb1 BSC (745) 

w*; P{GAL4-arm.S}11 BSC (1560) 

y1 P{SUPor-P}Lsd-2KG00149; ry506 BSC (13382) 

w1118; PBac{RB}Sgf11e01308/TM6B, Tb1 BSC (17941) 

w1118; PcafE333st P{FRT(whs)}2A e1/TM3, 
P{ActGFP}JMR2, Ser1 BSC (9333) 

ada2b1/TM3,Sb Matthias Mannervik, Stockholm 

gcm-GAL4 Iris Salecker, London 

P{PZ}pelo1 cn1/CyO; ry506 BSC (11757) 

sopPRW1/CyO; ry506 BSC (6262) 

y1 w67c23; P{EPgy2}CG31523EY02231 BSC (15090) 

y1 w67c23; P{SUPor-P}CG31523KG00086 ry506 BSC (13381) 
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y1 w67c23; P{EPgy2}CG31523EY01204/TM3, Sb1 
Ser1 BSC (15066) 

w1118; P{GT1}CG34357BG00845 BSC (12514) 

y1 w67c23; P{wHy}CG34357DG38108 BSC (22023) 

y1 w67c23; P{EPgy2}Fip1EY20218/TM3, Sb1 Ser1 BSC (22374) 

y1 w67c23; P{lacW}wunk10201 l(2)k10201k10201 
P{lacW}k10201b/CyO BSC (12382) 

y1 w67c23; P{wHy}wun2DG30802 BSC (21344) 

y1 w67c23; P{SUPor-P}wun2KG08150 BSC (14689) 

w1118; PBac{WH}higf06695 Cyp4p2f06695 BSC (19000) 

y1 w67c23; P{EPgy2}CG8801EY03474/CyO BSC (15440) 

y1 w67c23; P{wHy}CG8801DG08211/SM6a BSC (21648) 

Df(2L)Exel6006 BSC (8000) 

Df(2L)Exel6007 BSC  (7493) 

br3 dxst; ed1 Su(dx)2 BSC  (664) 

w*; Su(dx)32/CyO BSC  (26660) 

w1118; PBac{WH}Uchf00912 BSC  (18390) 

cn1 P{ry11}chico1/CyO; ry506 BSC  (10738) 

y1 w1118; PBac{3HPy+}PtenC076/CyO BSC  (16275) 

Df(3L)Exel9046 BSC  (7941) 

Df(3R)Exel6272 BSC  (7739) 

2.3. List of Primers 

Table 2.2.1 List of primers used for RT-PCR 

Name Primer Sequence/5’-3’ Predicted 
Size/bp 

Dm IX-14 Bin F AACGCCCCGAAAATTAGACACTGG 

Dm IX-14 Bin R CTCAAACTCATGGCGGATAAGATT 
574 
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Dm IX-14 Nev F GCTCTTGGCTCCTCGTTTC 

Dm IX-14 Nev R AATTCGCAGTGGCTGCTC 
179 (8870) 

Dm INV S F AAGGCCTACATGGCCGGACCGAT 
GGCCAAAACGCCCCCGCTC 

Dm INV S R AATCTAGAGGTACCACGCCCTTG 
GTCTCTCGCACC 

372 

Dm actin F GTCAACAGGAATCGAACGTG 

Dm actin R ACTTCAGCGTCAGGATACCG 
283 (836) 

ED PUAST F CGCGTTCGTCTACGGAGAT  

Dm NON-STOP F ACGCCTACTTCGCTGCTTG  

Dm NON-STOP R GGCAGGTGACTCGTGATG  

BPUP1 CATTTTTGGGGCTTTCTCTTGA 

BPLW2 CGCCAGCCGATTTTGTTTTGA 
1003 

PF2 CGACGGGACCACCTTATGTTAT 

Ex1-Int1.Lw GAAAGGGCGGAGTAAGAGAAGAAG 
1000 

 

Table 2.2.2 List of primers used for sequencing tagged invadolysin constructs 

Name Primer Sequence/5’-3’ Predicted 
Size/bp 

DmIX-14Geneseq1 TTTTTGGCGTGGGCTGAGATTGG  

DmIX-14Geneseq2 GGCATCTGCTCTTGGCTCCTCGTT  

DmIX-14Geneseq3 CCGATGCGCACTTGGATGTATGTC  

DmIX-
14Geneseq3.5 ATTCTTTAGGGACGATGATG  

DmIX-14Geneseq4 ACACAGTCGCCGGTCTTCTCG  

DmIX-
14Geneseq4.5 AAGGACGGCGAGGAGGGGTTCT  

DmIX-14Geneseq5 ACATCCTGGTGGGCAACT  

DmIX-14Geneseq6 CTTTGCCATTTAATAGTCTTTG  

pUAST Forw CGTCTACGGAGCGACAATTC  
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pUAST Rev GTCCAATTATGTCACACCACAG  

Frame up RI CTGCCACACCAGCATCC  

Frame down RI CCGGGAGAACGGTGTCATT  

Frame up BamHI CGATACAGTACAACCATGCTAG  

Frame down 
BamHI GCAGCTCAAACTCATGGCG  

 

Table 2.2.3 List of primers used for Molecular Cloning 

Name Primer Sequence/5’-3’ Predicted 
Size/bp 

HA-RI-Forward AATTCGGTACCCATACGATGTT 
CCAGATTACGCTCG  

HA-RI-Reverse AATTCGAGCGTAATCTGGAACA 
TCGTATGGGTACCG  

HA-BAMHI-
FORW 

GATCCGTACCCATACGATGTTCC 
AGATTACGCTCCG  

HA-BAMHI-REV GATCCGGAGCGTAATCTGGAAC 
ATCGTATGGGTACG  

RI-FLAG-FOR AATTCGGGACTACAAGGACGAC 
GACGACAAGCG  

RI-FLAG-REV AATTCGCTTGTCGTCGTCGTCCTT 
GTAGTCCCG  

BAMHI-FLAG-
FORW 

GATCCGGACTACAAGGACGACG 
ACGACAAGCCG  

BAMHI-FLAG-
REV 

GATCCGGCTTGTCGTCGTCGTCC 
TTGTAGTCCG  

RI-RFP-FORW CGAATTCGGATGGCCTCCTCCGAGGAC  

RI-RFP-REV CGAATTCGTCTGGCGCCGGTGGAGTG  

BAMHI-RFP-
FORW CGGATCCGATGGCCTCCTCCGAGGAC  

BAMHI-RFP-REV CGGATCCGGTCTGGCGCCGGTGGAGTG  

ORF-XBAI-
FORW CGTCTAGAATGGCCAAAACGCCCCCGCTC  

ORF-XBAI-REV CGTCTAGATAACTGAATCCCCATCGCAG  
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2.4. List of Dyes 

Table 2.4 List of Dyes 

Fluorescent dyes Source (Catalogue 
number) 

Dilution / 
Concentration 

BODIPY (493/503), 1 mg/ml in EtOH Invitrogen (D3922) 1:100 (10 µg/ml) 

BODIPY (630/650), 1 mg/ml in EtOH Invitrogen (B22802) 1:100 (10 µg/ml) 

DAPI 1 mg/ml in ddH2O Sigma (D9564) 1:10,000 (widefield) 
1:1,000 (confocal) 

MitoTracker Red Molecular Probe  
(M-7512) 300nM 

DHE (Dihydroethidium) Molecular Probes 
(D11347) 30µM 

JC-1 Molecular Probes (T3168) 5 µg/ml 

Nile Red Fluka analytical  
(72485-100 mg) 1:10,000 

 

2.5. List of Antibodies 

Table 2.5.1 List of 1o antibodies 

Primary antibodies Host animal Source (Catalogue 
number) Dilution 

Anti-HA (12CA5) Mouse Roche (11583816001) 1:250 

Anti-actin Rabbit Sigma (A2066) 1:1000  

Anti-Flag Mouse Sigma (F3165) 1:500 

Anti-GFP Rabbit Sigma (G1544) 1:500 

Anti-RFP Rabbit MBL (PM005) 1:1000 

Anti-Tubulin (B-5-1-2) Mouse Sigma (T5168) 1:5000 

Acetyl CoA Carboxylase Rabbit Cell Signalling (#3662) 1:1000 

Acetyl CoA Carboxylase 
pSer93 Sheep Kinasource (PB-142) 1:500 

AMPKα Rabbit Cell Signalling (#2532) 1:1000 
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Phospho-AMPKα 
(Thr172) Rabbit Cell Signalling (#2335) 1:1000 

 

Table 2.5.2 List of 1o antibodies specifically raised against Invadolysin 

Invadolysin antibodies (Heck laboratory) 

R738 Rabbit SAPU (Scottish Antibody 
Production Unit) 1:500 – 1:1000 

R747 Rabbit SAPU 1:500 – 1:1000 

R758 Rabbit SAPU 1:500 – 1:1000 

R778 Rabbit Abcam 1:500 – 1:1000 

R820 Rabbit Abcam 1:500 – 1:1000 

R780 Rabbit Abcam 1:500 – 1:1000 

R815 Rabbit Abcam 1:500 – 1:1000 

R4100 Rabbit Genosphere Biotech. 1:500 – 1:1000 (IB) 
1:500 – 1:10,000 (IF) 

R4101 Rabbit Genosphere Biotech. 1:500 – 1:1000 (IB) 
1:500 – 1:10,000 (IF) 

 

Table 2.5.3 List of 1o antibodies specifically raised against non-stop 

Non-stop antibodies (Heck laboratory) 

R4890 Rabbit Genosphere Biotech. 1:500 – 1:10,000 

R4891 Rabbit Genosphere Biotech. 1:500 – 1:10,000 

 

Table 2.5.4 List of 2o antibodies 

Secondary antibodies Host animal Source (Catalogue 
number) Dilution 

Anti-mouse Alexa 488  Donkey Molecular Probes 
(A21202) 1:500 

Anti-mouse Alexa 594 Donkey Molecular Probes 
(A21203) 1:500 

Anti-rabbit Alexa 488  Donkey Molecular Probes 
(A21206) 1:500 

Anti-rabbit Alexa 594 Donkey Molecular Probes 
(A21207) 1:500 
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Anti-mouse HRP Sheep Amersham  
(NA931V) 1:10,000 

Anti-rabbit HRP Donkey Amersham  
(NA9340V) 1:10,000 

 

2.6. Commonly used reagents 

All the reagents were obtained from Sigma-Aldrich unless noted otherwise. 

Aprotinin: stock. 1.4 mg/ml in 0.9%NaCl and 0.9% benxyl alcohol, used at 1.4 µg/ml. 

BSA (Bovine Serum Albumin): 30% Stock Solution (A3299) 

CLAP: 1 mg/ml chymostatin, 1 mg/ml leupeptin, 1 mg/ml antipain, 1mg/ml pepstatin A in 

DMSO (dimethyl sulfoxide), used at 10 µg/ml. 

Coomassie Brilliant Blue Stain: 0.5% Coomassie Blue in 100% methanol. 

Coomassie Blue Stain Diluent: 35% methanol, 14% acetic acid. 

Coomassie Blue Fast Destain: 35% methanol, 10% acetic acid. 

Coomassie Blue Slow Destain: 10% methanol, 7% acetic acid. 

DAPI (4’,6-diamidino-2-phenylindole): 1 mg/ml stock solution in deionised H2O, stored at 

-20oC, used at 0.1 µg/ml (1:10,000 dilution). 

DNA agarose gels loading dye (5X): 17.5% Ficoll 400, 100mM EDTA (pH 8), 2.5% SDS, 

0.25% Bromophenol Blue, 0.25% Xylene cyanol FF. 

DNA Lysis buffer: 100mM Tris HCl pH9.0, 100mM EDTA, 1%SDS. 

DTT (dithiothreitol, Fisher Scientific): 1M stock solution in deionised H2O, stored at -

20oC. 

PBS (Dulbecco’s Phosphate Buffered Saline, 10X): 1.37M NaCl, 26.8mM KCl, 14.7mM 

KH2PO4, 64.6mM Na2HPO4, pH 7.4. Sterile filtered. 

EBR (Ephrussi-Beadle Ringer’s solution, 10X): 1.3M NaCl, 47mM KCl, 19mM CaCl2, 

100mM HEPES, pH 6.9. Sterile filtered. 
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EDTA (Ethlenediamine-N,N,N’,N’-tetraacetic acid): 0.5M stock solution in 

deionisedH2O, pH8.0. Sterile filtered. 

EGTA (Ethylene glycol-bis (2-amino-ethyl ether)-N,N,N’,N’-tetraacetic acid): 0.25M 

stock solution in deionised H20, pH6.8. Sterile filtered. 

EtBr (Ethidium Bromide): 10 mg/ml stock solution in deionised H2O, used at 1 µg/ml. 

Formaldehyde (Thermo Scientific, Cat. 28908): 16% Formaldehyde ampules (methanol 

free). 

LB broth (Luria-Bertani broth): 1% Bacto-tryptone, 0.5% Bacto-yeast extract, 1% NaCl, 

pH 7.4. 

Molecular Weight Markers: See Blue Plus2 prestained standard for proteins (Invitrogen, 

Cat. LC5925). 100kb DNA ladder (Promega, G210A). 1kb DNA ladder (Promega, 

G571A). 

MOPS SDS-PAGE electrophoresis buffer (20X): 1M 3-(N-morpholino) propane sulfonic 

acid, 1M Tris base, 2% SDS, 20.5mM EDTA, pH 7.7. 

TAE (Tris-acetate-EDTA, 50X): 2M Tris-Acetate, 1M acetic acid, 50mM EDTA, pH8.0. 

TE (1X): 10mM Tris-HCl, 1mM EDTA, pH 8. 

Towbin Buffer: 25mM Tris (Sigma 7-9, Cat. T1378), 25% methanol, 250mM Glycine, 

0.1% SDS. 

SDS-PAGE sample buffer (3X): 6% SDS, 150mM upper buffer (0.5M trizma-base, pH 

6.8), 30% Glycerol, 0.03% Bromophenol blue, 6mM EDTA. 

2.7. Enhancer/Suppressor Deficiency screen crosses 

Five virgin females from each fly line were collected and crossed with 5 to 10 males 

from each deficiency line.  The Drosdel Core Deficiency kit comprises 181 fly lines.  Flies 

were mated for 5 days and the parents were tipped.  The progeny, one to three days after 
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eclosion, were scored to assess the degree of adult eye degeneration.  The whole deficiency 

screen was performed at 28.5oC - 29.5oC. 

Preliminary analysis was performed identically at 25oC and at 28.5oC - 29.5oC.  

Furthermore, flies were tipped into new vials every 4 days to prevent mixing of generations.  

The flies were maintained at 25oC for up to 27 days after eclosion, whilst at 28.5oC - 29.5oC 

the flies were maintained for up to 23 days after eclosion. 

2.8. Second Site non-complementation crosses 

Five virgin females from each genotype were collected and mated with 5-10 males of 

another fly line.  Flies were mated for 5 days and the parents were tipped. 10 days after 

removal of the parents, the number of progeny were scored and the presence or absence of 

genetic markers noted.  The whole experiment was performed at 25oC. 

2.9. Preparation of protein extracts 

2.9.1 Embryonic 

Flies were grown for 2 days in fresh bottles containing yeast paste (equal quantity 

dried yeast and commercially available fruit juice, preferably apple and mango).  The flies 

were then transferred to cages (14cm height x 9cm diameter) with 10cm red wine agar plates 

(25% red wine concentrate, 2.25% Difco Bacto agar, 2.5% sucrose, 0.15% Nipagin pH6.5) 

with yeast paste for 16-24 hours after which the agar plates were replaced according to the 

time points required.  Embryos were collected in a fine nylon mesh basket and dechorionated 

using 5% bleach.  They were then devitelinised using heptane and placed in methanol.  The 

embryos were kept in methanol at -20oC. 

Embryos were rehydrated by performing five minute washes in a series of solutions 

containing methanol in cold lysis EBR at the following concentrations: 90%, 75%, 50%, 

25% and 10%.  Cold lysis EBR: 130mM NaCl, 4.7mM KCl, 1.9mM CaCl2, 10mM HEPES, 
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pH6.9 filter sterilised, 10mM EDTA, 1mM PMSF, 10mM DTT, aprotonin (Calbiochem), 10 

µg/ml each of chymostatin, Leupeptin, Antipain and Pepstatin (CLAP), 0.01% Triton X100.  

The final solution with rehydrated embryos was removed by aspiration and replaced by cold 

lysis EBR twice.  After settling of the embryos, the supernatant was removed leaving only 

60µl of lysis EBR.  The embryos were homogenised with a motorised pestle, on ice.  60µl of 

hot (65oC) 3X SDS-PAGE sample buffer (6% SDS, 150mM trizma base, 30% glycerol, 

0.03% bromophenol blue, 6mM EDTA) + 160mM DTT was added to the homogenate and 

boiled for 10min. 

2.9.2 Larval 

1st and 2nd instar larvae were obtained by collecting embryos on agar plates, smeared 

with yeast paste, for up to 8 hours.  The collected embryos were aged for 24 or 48 hours at 

25oC to collect 1st or 2nd instar larvae.  Early and late 3rd instar larvae were also collected 

from embryos on agar plates for up to 20 hours.  The agar plates were smeared with yeast 

paste.  The collected embryos were aged for 72 or 96 hrs at 25oC to obtain early or late third 

instar larvae respectively.  The larval stages were distinguished by their anterior spiracles 

(Demerec, 1994).  Typically, inv4Y7 and blw larvae had to be aged for 12-24 hrs longer to 

achieve the same stage as CaS (wild type). 

The larvae of the appropriate genotype were collected from bottles and transferred to a 

watch glass with EBR for washing.  After washing, the larvae were transferred to a 1.5ml 

tube containing cold lysis EBR.  The larvae were then homogenised and prepared in an 

identical manner to the hydrated embryos (Section 2.9.1).  The only exception being that the 

larvae were homogenised in 250µl lysis EBR per 5 larvae (for inv, 15 larvae were used due 

to their small size) and the addition of 125µl 3X SDS-PAGE sample buffer. 

For Chapters four to six the larvae were grown under low stress conditions by 

transferring 10 larvae to a new vial with yeast paste.  The larvae were prepared as follows: 

homogenisation with 250µl of cold lysis EBR plus 1X Roche Protease inhibitor cocktail 
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(Roche, 04 693 124 001), the sample was centrifuged using a benchtop centrifuge at 4oC for 

2 minutes at 13,000.  The supernatant was transferred to a fresh tube and kept on ice.  10µl 

of the supernatant was assayed for protein concentration using 1ml of the Bradford reagent 

(Cat. B6916-500ml).  The reagent was mixed with the supernatant and the colour allowed to 

develop for 5-10min.  The protein concentration was determined by measuring the 

absorbance of the sample at 595nm using a UV-VIS spectrophotometer (model: UV-1201, 

Shimadzu).  This value was plotted on a standard curve drawn using the Prediluted Protein 

Assay Standards: Bovine Serum Albumin (BSA) Set (Cat. 23208, Thermo Scientific).  After 

protein concentration determination, all samples were diluted to the concentration of the 

sample with the lowest concentration with an appropriate amount of SDS-PAGE sample 

buffer being added.  

2.9.3 Fat body 

96 hr old larvae of the appropriate genotype were collected and rinsed with PBS. In a 

glass dish pre-filled with cold-PBS and protease inhibitors, the fat body was dissected by the 

“pull and drag method” with two pairs of forceps (one holding the anterior end firmly at the 

mouth hooks and the other pulling on the posterior end) and transferred to an Eppendorf 

containing 100 µl EBR lysis buffer. For the wild-type (CaS) samples, 15 fat bodies were 

collected in each Eppendorf, whilst for the inv mutants, 45 fat bodies were collected.  

The fat bodies were then homogenized on ice with a hand pestle. Another 300µl of 

cold EBR lysis buffer was pipetted to the tubes and mixed gently. The homogenate was 

mixed with 200µl of 3X SDS-PAGE sample buffer and 10 µl of 1M DTT. The mixture was 

sonicated 5 times for 2 seconds at 10 kHz with 5-second rest intervals in between.  The 

mixture was subsequently boiled for 10 minutes. To remove debris, the tube was centrifuged 

at 13,000 rpm for 2 minutes at 4˚C, and the supernatant was collected and stored at -20˚C.  

20µl of each sample was electrophoresed in a different well of an SDS-PAGE gel, therefore 
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the equivalent of roughly half a larva was loaded for every Canton-S sample and 1.5 larvae 

for every invadolysin sample. 

2.10. SDS-PAGE and Immunoblotting 

Protein samples were electrophoresed at 150-170mV in 4-12% Bis-Tris gels 

(Invitrogen) in MOPS SDS running buffer (50mM 3-(N-morpholino) propane sulfonic acid, 

50mM Tris base, 0.1% SDS, 1.025mM EDTA).  The proteins were then transferred at 

400mA for 3 1/2 hours to nitrocellulose membrane (PROTRAN, Schleicher and Schuell) 

using a wet transfer technique (Bio-RAD, Trans-Blot Cell) in Towbin Buffer (25mM Tris 

(Sigma 7-9), 250mM Glycine (Aldrich), 20% MeOH, 0.01% SDS).  The nitrocellulose 

membrane was rinsed with water, then stained with Ponceau-S (0.2% Ponceau S in 3% 

TCA) to determine transfer efficiency.  The membrane was washed twice for 10 min in 

TBST (TBS [20 mM Tris base, 137mM NaCl, pH 7.5] + 0.1% Tween 20).   

The nitrocellulose membrane was blocked in 5% dried milk (Sainsbury) in TBST for 

1hr at RT (room temperature) or overnight at 4oC.  The membrane was washed 4 times for 

10 min in TBST at RT.  The nitrocellulose membrane was then sealed in a plastic sleeve 

with 5ml volume containing the primary antibody at the appropriate dilution overnight at 

4oC.  After washing the membrane 4 times for 10 min each in TBST, the membrane was 

incubated with a 1:10,000 dilution of a HRP (horseradish peroxidase)-linked secondary 

antibody for 1 hr at RT.  The nitrocellulose membrane was washed 4 times for 10 min each 

in TBST.  The protein bands were detected by enhanced chemiluminesence (ECL, 

Amersham Biosciences) followed by exposure onto an autoradiographic film (Lumi-Film 

Chemiluminescent Detection Film, Cat. 11 666 657, Roche), which was developed in a 

Konica SRX-101 processor. 
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2.11. Immunofluorescence 

Embryos were collected as above (Section 2.9.1) but after dechorionation, the 

embryos were fixed in formaldehyde for 3 min.  The supernatant was changed three times 

with 100% methanol before being stored at -20oC. 

Embryos were rehydrated by performing five minute washes in a series of solutions 

containing methanol in PBS at the following concentrations: 90%, 75%, 50%, 25% and 10%.  

The final solution was removed by aspiration and replaced by PBS twice.  The embryos were 

then blocked in 1% BSA (Bovine serum albumin, 30% stock solution [Sigma 9048-46-8]) in 

PBS for 1 hour with rotation.  The embryos were washed 4 times for 15 min each with 

PBSTx (PBS [8mM Na2HPO4, 1.5mM KH2PO4, 136mM NaCl, 1.4mM KCl, pH7.4) with 

0.05% Triton X-100]).   

They were then incubated with primary antibody overnight at 4oC and washed five 

times for 15 min each with PBSTx.  The embryos were then incubated with Alexa Fluor® 

488 secondary antibody for 2hr at RT with rotation and then washed 5 times for 15 min each 

with PBSTx.  In the second to last wash, DAPI (0.1 µg/ml) was added.  The embryos were 

then mounted on a glass slide with 90% glycerol in PBS and sealed with a coverslip.  The 

slides were viewed under a fluorescence microscope (model AX-70 Provis; Olympus) with 

digital images captured using a camera (model Orca II; Hamamatsu) with SmartCapture 

software (version 3.0.1). 

The secondary antibody had previously been pre-adsorbed using CaS dechorionated 

embryos.  The secondary antibody was left overnight at 4oC with rotation.  The antibody, not 

the embryos, was aliquoted (20µl) then frozen at -80oC until required. 

2.12. Polytene Chromosome spreads 

Late third instar larvae and early stage pupae were harvested from media 

supplemented with yeast paste (a mixture of baker’s yeast and deionised H2O). Larvae of the 
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appropriate genotype were staged based on their anterior spiracles (Demerec, 1994). The 

larvae were washed twice in PBS, dried on a towel and washed in EBR. The salivary glands 

were dissected using tweezers and a 25G needle (Microlance) on a glass slide.  After 

dissection they were roughly staged based on their puff stage (Ashburner, 1969a, b, 1972a, 

b; Ashburner et al., 1974; Zhimulev, 1974).   

The salivary glands were immersed in 45% acetic acid for 1 minute.  The glands were 

then placed in a 1:2:3 (1 part lactic acid, 2 parts acetic acid, 3 parts deionised H20) solution, 

on a glass coverslip (22x22mm, no.1.5, Marienfield), for 4 minutes.  Another coverslip was 

placed on top of the salivary glands, which contain the polytene chromosomes, at a 

perpendicular angle.  The chromosomes were gently moved around and observed under a 

phase-contrast light microscope until a satisfactory spread was achieved. 

The slide was then pressed down for 20-30 seconds and immediately dipped in liquid 

nitrogen.  The coverslip was flicked off with a razor blade and the slide placed in a Coplin 

jar of cold 70% ethanol for 5 min. The slide was then placed in ethanol at RT (room 

temperature) for 5 min. The slides were washed twice in PBS for 5 minutes followed by 

immersing in DAPI (0.1 µg/ml) for 10 min.  The slides were washed 3 times in PBS for 5 

minutes each and mounted in 90% glycerol. 

2.13. Mitochondrial Visualisation 

2.13.1. MitoTracker Red 

Larvae of the appropriate genotype and stage were dissected in PBS directly on a glass 

slide and the fat body was isolated and immediately fixed with 4% paraformaldyde in PBS 

(Thermo Scientific, Cat. 28908).  The tissue was then washed three times with PBST 1% 

Tween 20 for 10 mins each.  It was stained with MitoTracker Red (300nM in PBS 1% 

Tween 20, CMXRos, Cat. M-7512) and DAPI (1 µg/ml for laser confocal microscopy, 0.1 

µg/ml for Deltavision microscopy, Sigma), for 30 minutes, followed by six 10 minute 
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washes with PBS 1% Tween 20.  The tissue was mounted in 90% glycerol and visualised 

with Deltavision or laser scanning confocal microscopy. 

2.13.2. JC-1 

Larvae of the appropriate genotype and stage were dissected in Schneider’s insect 

medium (Sigma, Cat. S0146) directly on a glass slide and the fat body was isolated. The fat 

body was washed twice in deionised H20 and stained with JC-1 (5 µg/ml, Molecular Probes, 

Cat. T3168) and DAPI (1 µg/ml for laser confocal microscopy, 0.1 µg/ml for Deltavision 

microscopy, Sigma) in deionised H20 for 15 minutes. The tissue was washed twice in 

deionised H20 followed by three 5-minute washes with Schneider’s insect medium. It was 

mounted in 90% glycerol and imaged by either Deltavision or laser scanning confocal 

microscopy. 

2.13.3. DHE 

Larvae of the appropriate stage and genotype were dissected in Schneider’s insect 

medium (Sigma, Cat. S0146) directly on a glass slide and the fat body was isolated.  DHE 

(Dihydroethidium, Molecular Probes) staining was carried out as described in Owusu-Ansah 

et al. (2008).  The DHE dye was reconstituted in anhydrous DMSO (cat. 276855) to make a 

30mM stock solution.  This was diluted to 30µM in Schneider’s insect medium immediately 

prior to use.  The tissue was incubated for 5 minutes in a dark chamber and washed three 

times for 5 minutes each with Schneider’s insect medium.  The tissue was mounted in 

Prolong Gold antifade reagent (Cat. P3690, Invitrogen) and immediately imaged with laser 

scanning confocal microscopy.  To ensure correct intensity measurements wild type and 

mutant genotypes were dissected, mounted and imaged on the same microscope slide. 
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2.14. Lipid Stainings 

2.14.1. Red and Green BODIPY 

Larvae of the appropriate genotype and stage were dissected in PBS directly on a glass 

slide and the fat body was isolated followed by immediate fixation with 4% paraformaldyde 

in PBS for 20 min.  3 wild type or 5 mutant larvae were dissected per glass slide.  

The tissue was washed in PBS three times for 5 minutes each, followed by incubation 

with red (1 mg/ml used at 10 µg/µl, Cat. B22802, Invitrogen) or green BODIPY (1 mg/ml 

used at 10 µg/µl, Cat. D3922, Invitrogen) in PBS, for 20 minutes.  The tissue was then 

washed three times for five minutes each and mounted with 90% glycerol in PBS.  For 

epifluoresent widefield microscopy BODIPY was used at a concentration of [1:100], for 

OPTIGrid microscopy [1:50], whilst for confocal laser scanning microscopy BODIPY was 

used at [1:10]. 

For live tissue staining the paraformaldehyde fixation step was omitted.  

2.14.2. Nile Red 

Larvae of the appropriate genotype and stage were dissected in PBS directly on a glass 

slide and the fat body was isolated followed by immediate fixation with 4% paraformaldyde 

in PBS for 20 min (Thermo Scientific, Cat. 28908).  Three wild type or 5 mutant larvae were 

dissected per glass slide.  

The tissue was washed three times, in PBS, for 15 minutes each, followed by staining with 

Nile Red (Fluka analytical, Cat. 72485-100 mg), in PBS, for 2 hours. Nile Red was prepared, 

on the day of use, at least 2 hours in advance due to its poor solubility.  The tissue was then 

washed three times for 15 minutes each and mounted with 90% glycerol in PBS. 
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2.15. Microscopy 

2.15.1. Light Microscopy 

Adult Drosophila melanogaster eyes were imaged on an Olympus SZX7 dissection 

microscope fitted with a Olympus SP500UZ digital camera and Olympus ED Lens AF zoom 

6.3-63mm, 1:2.8-3.7. The images were processed using Photoshop CS. 

2.15.2. Epifluorescence microscopy 

Drosophila melanogaster embryos, larval polytene chromosomes and brain squashes 

were imaged on an Olympus Provis AX70, equipped with a Hamamatsu ORCA II CCD 

camera.  Images were processed using SmartCapture 3 and Adobe Photoshop CS. 

2.15.3. Confocal Laser Scanning Microscopy (CLSM) 

Samples were imaged on a Leica Confocal SP5, with an inverted DMI 6000 CS 

microscope base and equipped with three photo multiplier tubes (Hamamatsu R 9624). The 

images were captured using the Leica application suite: advanced fluorescence (Version 

2.0.0, build 1934). Quantification of intensity was performed using Volocity’s (Version 5.03, 

Build 4) ‘find objects by intensity’ (taking half the maximum intensity as threshold), 

‘exclude objects by size’ (1<µm2) and ‘measure object’ tools.  The average mean intensity of 

every object was quantified and normalised to wild type, which was set at a value of one. P-

values were calculated using the paired Student’s t-test and the standard deviation of each 

group was obtained. 

a. Measurement of Mitochondrial length and diameter 

CaS, inv4Y7 and blwKG05893 larval fat bodies were stained with MitoTracker red and Z-

stacks were captured at 167.7 nm sections using a 40X oil objective, and at 117.8 nm 
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sections with a 100X oil objective, satisfying the Nyquist–Shannon sampling theorem. The 

Z-stacks were deconvolved using Huygens Essential (Scientific Volume Imaging).   

The mitochondria were then visualised in a 2-D X-Y plane and Volocity’s line 

measure tool was used to manually measure the mitochondrial diameter.  This was quantified 

using the measure objects tool.  388 mitochondria were measured from 5 different fat bodies, 

3 imaged with 40X objective and 2 imaged with a 100X objective. (Figure 2.1A).   

The procedure was repeated in the X-Z plane to manually measure mitochondrial 

length (Figure 2.1B).  P-values were calculated using the paired Student’s t-test and the 

standard deviation of each group was obtained. 

2.15.4. Deltavision Microscopy 

Mounted larval fat bodies were imaged with a DeltaVision microscope, with an 

inverted IX-71 microscope base, equipped with a CoolSnap ES2 Camera (PCI). Multiple 300 

nm z-stacks were captured using a 20X dry objective and projections deconvolved under 

mild settings with softWoRx Suite (Version 3.7.0). The images were processed using 

Volocity (Version 5.03, Build 4) and Adobe Photoshop CS. 

2.15.5. OPTIGrid Microscopy 

Mounted larval fat bodies were imaged with an OptiGrid Structured Illumination 

Microscopy (SIM) integrated with a Nikon TE2000 inverted microscope, which operates as a 

plug-in for Volocity (Version 5.03, Build 4, Improvision, Coventry, UK).  Images were taken 

as 1µm z-stacks with measurements taken using the line measure tool in Volocity. The 

images were processed using Volocity (Version 5.03, Build 4) and Adobe Photoshop CS. 
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a. Measurement of Drosophila fat body cellular cross-

sectional area 

Z-stacks were captured as described above.  Volocity’s freehand ‘ROI’ (Region of 

interest) tool was then used to manually determine the outline, in the X-Y plane, of 41 cells 

in 3 different fat body tissues in both CaS and inv4Y7 genotypes (Figure 2.2A).  The ‘measure 

objects’ tool was then used to determine the size of each individual delineated area. These 

values were normalised to wild type. P-values were calculated using the paired Student’s t-

test and the standard deviation of each group was obtained. 

b. Measurement of Drosophila fat body thickness 

Z-stacks were captured as described above.  The tissue was visualised in the X-Z 

plane and Volocity’s ‘line measure’ tool used to manually determine thickness (Figure 

2.2B).  The ‘measure objects’ tool quantified 168 measurements from 3 different fat body 

samples.  P-values were calculated using the paired Student’s t-test and the standard 

deviation of each group was obtained. 

2.15.6. Scanning Electron Microscopy (SEM) 

For SEM, chopped adult Drosophila heads from 1 to 5 day old flies were fixed in 3% 

glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.3) for 2-3 hours. The samples were 

then washed in three 10 minute changes of 0.1M sodium cacodylate buffer. Specimens were 

then post-fixed in 1% osmium tetroxide in 0.1M sodium cacodylate buffer for 45 minutes, 

prior to being washed in three 10 minute changes of 0.1M sodium cacodylate buffer. The 

samples were then dehydrated in 50%, 70%, 90% and 100% normal grade acetones for 10 

minutes each, then for a further two 10 minute changes in Analar grade acetone. Dehydrated 

samples were then critical point dried, mounted on aluminium stubs, sputter coated with gold 
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palladium, and viewed in a Philips SEM 505.  Areas of interest were photographed on to 

black and white negative film. The images were processed using Adobe Photoshop CS. 

SEM was performed with the help of Steve Mitchell at the SEM facility, Royal (Dick) 

School of Veterinary Studies. 

2.15.7. Optical Projection Tomography (OPT) 

Third instar wild type and inv4Y7 larvae were prepared and imaged as described in 

(McGurk et al., 2007). 

2.16. Preparation of RNA extracts 

All equipment was washed in chloroform and all surfaces were cleaned with RNase 

AWAY solution (Sigma-Aldrich).  Scissors were then used to decapitate 30 fly heads per 

genotype, which were collected in 300µl of cold RNAlater solution (Qiagen) and kept at 

4oC.  The RNAlater solution was removed and the RNA extracted using the Qiagen RNA 

extraction kit (protocol version, April 2006). 

2.17. DNase treatment of total RNA 

Total RNA was treated with DNase I (Amplification Grade, Invitrogen) before reverse 

transcription, to prevent DNA contamination of RT-PCR reactions.  1µl DNase I (1U/µl), 

10X DNase I reaction buffer (Invitrogen), 1 µg RNA were mixed and made up to 10µl with 

sterile deionized nucleotide free water in a 0.5ml RNase/DNase free tube and incubated for 

15min at RT. The DNase I was inactivated with 1µl of 25mM EDTA solution, followed by 

heating the mixture to 65oC for 10 minutes.  The RNA was subsequently used for RT-PCR. 
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2.18. RT-PCR 

RT-PCRs were performed using the Promega Access kit. Retrotranscription reactions 

were carried out using 200ng of total RNA.  Primers specific to invadolysin and actin were 

used (Table 2.2).  RT-PCR reactions were performed in a Biometra Personal Cycler (017655 

DBS; Biometra personal cycler) according to the following protocol: a) 45oC for 45 minutes, 

b) 94˚C for 2 minutes, c) 94˚C for 30 seconds, d) 56˚C for 1 minute, e) 68˚C for 1 minute 

(step b-d were repeated for 35 cycles), 68˚C for 7 minutes and eventually maintained at 4˚C.  

The samples were electrophoresed in 1% TAE Agar Gels (1% Agarose electrophoresis 

grade; Melford, TAE) with the appropriate DNA markers in TAE buffer. 

2.19. Preparation of DNA extracts 

Several different DNA extraction protocols were tested with the following protocol 

finally utilised.  Drosophila genotyping was performed on extracts from either 10 flies or a 

single fly (for inv mutants, 3 larvae were equated to 1 wild type larva or fly), as follows.   

The fly or flies were placed in a 1.5ml Eppendorf tube, which were frozen for at least 

10 minutes at -20oC.  The tubes were placed on ice and DNA lysis buffer (100mM Tris HCl 

pH9.0, 100mM EDTA, 1%SDS) was added, 64µl for single fly extractions and 320µl for 10 

fly extractions.  The samples were gently ground with a hand pestle on ice.  The homogenate 

was incubated for 30 min at 70oC.  Each sample was centrifuged for 20 sec at 6,000 rpm in a 

table top centrifuge and 12µl of 8M potassium acetate was added to single fly extracts, for 

10 fly extractions 60µl of 8M potassium acetate was added.  This was followed by 

incubation on ice for 30 min.  The sample was then centrifuged for 3 min at 13,000 rpm at 

4oC.   

The supernatant was removed and 0.9 volumes of cold isopropanol was added to the 

sample (approx. 60µl for single fly and 300µl for 10 fly extractions).  The mixture was 
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gently mixed and precipitated at -20oC for 30 min.  The crude DNA extract was centrifuged 

at 13,000 rpm for 30 min at 4oC in a bench top centrifuge.  The supernatant was completely 

removed and the pellet washed twice with 70% ethanol followed by centrifugation at 13,000 

rpm at 4oC for 6 min each time. 

The ethanol was removed and the DNA pellet dried at 4oC for 15 min to 1 hr in a fume 

hood depending on the amount of ethanol removed.  The pellet was resuspended for 1 hr to 

overnight at 4oC in 10µl or 50µl sterile deionised nucleotide free water. 

2.20. Polymerase Chain Reaction  

PCR reactions were performed in 50 µl volumes containing 500 nM of each forward 

and reverse primer (Table 2.2), 3.5 mM  mgCl2 , 200 µM of each dNTP, 100-500 ng of 

plasmid DNA and 1 µl of Expand High Fidelity enzyme (3.5 U/µl, Roche, 11732650 001). 

PCR reactions were performed in a Biometra Personal Cycler according to the following 

protocol: a) 94˚C for 2 minutes, b) 94˚C for 30 seconds, c) 55˚C - 61˚C for 1 minute, d) 72˚C 

for 2 minutes (step b-d were repeated for 30 cycles), 72˚C for 7 minutes and eventually held 

at 4˚C. 

2.21. Molecular cloning for creating transgenic fly lines 

expressing tagged invadolysin 

2.21.1. Preparation of competent cells for heat shock 

transformation 

One ml of overnight culture of E. coli DH5α was transferred to 100 ml fresh LB 

(Luria-Bertani broth, 1% Bacto-tryptone, 0.5% Bacto-yeast extract, 1% NaCl, pH7.4) 

medium. The bacterial culture was incubated at 37˚C with shaking (250 rpm) until the 

optical density (OD600) reached 0.4-0.6. After chilling cells on ice for 10 minutes, all of the 
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subsequent steps were performed on ice. The bacterial culture was transferred to sterile, pre-

chilled 50 ml Falcon tubes and the cells were harvested by centrifugation at 4300 rpm at 4˚C 

for 10 minutes. The supernatant was removed and the cell pellet was resuspended in 30 ml 

ice-cold sterile magnesium /calcium solution (80mM MgCl2 & 20mM CaCl2) and the cells 

were placed on ice for 10 minutes. The resuspended cells were centrifuged again at 4300 

rpm at 4˚C for 15 minutes and the cell pellet was resuspended in 2 ml of sterile calcium 

solution (0.1M CaCl2 & 10% glycerol).  200 µl aliquots were snap-frozen in liquid nitrogen 

and stored at -80˚C. 

2.21.2. Ligation and Transformation 

In ligation reactions, an insert to vector molar ratio of 3:1 was routinely used in 30µl 

volumes. The insert and vector mixture was supplemented with T4 DNA ligase (3 U/µl) with 

appropriate reaction buffer (30 mM Tris-HCl, pH7.8 , 10 mM  mgCl2, 10 mM DTT and 

1mM ATP [Promega]) and the reaction was incubated overnight at room temperature. 

The following day, 20 µl of the ligation sample (or 1 µl plasmid DNA, for direct 

plasmid transformation) was incubated with 200 µl of competent cells and then incubated on 

ice for 30 minutes. The DNA and bacterial mixture was then incubated at 37oC for 5 min and 

cooled on ice for 2 minutes followed by the addition of 1 ml of SOC medium (2% Bacto-

tryptone, 0.5% Bacto-yeast extract, 0.05% (8.5 mM) NaCl, 2.5 mM KCl pH7.0, 20 mM 

glucose). This was incubated for 1 hour at 37˚C. Dilutions of the mixture were spread on 

agar plates (with the appropriate antibiotic: ampicillin 50 µg/ml, kanamycin 50  µg/ml). 

2.21.3. Restriction digest 

In 1.5 ml Eppendorf tubes 5-8 µl of plasmid DNA (mini preps), 1 µl of 10X NEB 

buffer, 1µl of restriction enzyme (NEB), were mixed and topped up to 10 µl with sterile 

deionized nucleotide-free water. Restriction digestion was normally performed at 37˚C for 

50 minutes for EcoRI and 1 hr 30 min for other restriction enzymes. The sizes of fragments 
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were checked by electrophoresing a 1µl aliquot of the digest on a 1% agarose TAE gel 

[SeaKem® LE Agarose, 50004] with a 100bp (Promega, G210A) or 1Kb DNA ladder 

(Promega, G571A). The agarose gel was normally prepared using 300 ng/ml of ethidium 

bromide in 1X TAE buffer. 100ml of liquid agarose TAE gel was allowed to set in 13.5cm x 

12cm x 2cm chambers, then placed in 22cm x 14cm x 8cm electrophoresis tanks (Hybaid). 

Electrophoresis was performed in 1X TAE buffer at 100V for 1 ½ hr. 

2.21.4. Klenow reaction 

The Klenow fragment, which has 5’ to 3’ polymerase activity and 3' to 5' exonuclease 

activity, was used to remove the EcoRI site from the pUAST vector.  The pUAST vector was 

first digested by the EcoRI restriction enzyme (section 2.21.3).  The DNA was suspended in 

1X NEBuffer to which, dNTP was added at a final concentration of 33µM each dNTP.  To 

this mixture, 1 unit of Klenow (New England Biolabs Inc., M0210S) per µg DNA was 

added. The reaction was incubated for 15 minutes at 25oC, after which EDTA (10mM) was 

added, and the temperature increased to 75oC for 20min to inactivate the enzyme. The 

Klenow reaction products were purified using the QIAquick PCR Purification Kit (Cat. 

28104, Qiagen). 

2.21.5. CIP reaction: Dephosphorylating DNA. 

The vector DNA was dephosphorylated using the CIP reaction before each ligation.  

This was done by suspending the DNA in 1x NEBuffer 3 (0.5 µg/10µl, supplied as 10x), 

adding 0.5 units of CIP (Alkaline Phosphatase, Calf Intestinal, New England Biolabs Inc., 

M0290S) to every 0.5 µg DNA and incubating for 1 hour at 37oC.  The CIP reaction 

products were purified using the QIAquick PCR Purification Kit (Cat. 28104, Qiagen). 
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2.21.6. DNA purification from agarose gels 

Electrophoresis was performed in 0.7-0.8% agarose TAE gels containing 100 ng/ml 

ethidium bromide in 1X TAE buffer. The selected band was excised under UV irradiation 

using a razor blade and placed into 1.5ml Eppendorf tubes. DNA was purified from the 

agarose gel by using QIAquick Gel Extraction kit according to manufacturer’s instructions 

(Cat. 28704, Qiagen). 

2.21.7. Purification of DNA from PCR reactions 

The PCR reaction products were purified by using the QIAquick PCR Purification 

Kit (Qiagen, 28104). The entire volume of the PCR reaction was used and 5 volumes of the 

SpinBind reagent were added. The DNA was finally purified using the Spin Filter columns 

by following the manufacturer’s instructions and the DNA was eluted in 20-30µl of sterile 

deionised H2O. 

2.21.8. BigDye Terminator sequencing  

Sequencing reactions were performed with 250-500ng of plasmid DNA (normally ~ 

5µl of plasmid DNA was used), 0.5µM of the appropriate primer and 2µl of BigDye (Perkin 

Elmer, Applied Biosystems) that were topped up to 20µl volumes with sterile deionised 

water.  Reactions were performed in a Biometra Personal Cycler with the following thermal 

cycle: a) 95˚C for 5 minutes, b) 95˚C for 30 seconds, c) 55˚C for 15 seconds, d) 60˚C for 4 

minutes (b-d were repeated for 25 cycles) and then held at 4˚C. The products were then 

transferred to 0.2 ml tubes for Sanger sequencing (sequencing facility, The GenePool, 

Ashworth building, University of Edinburgh). 
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2.21.9. Molecular cloning strategy 

The cloning strategy used to create transgenic lines expressing tagged forms of 

Invadolysin is detailed below and presented in Figures 2.5-2.8. The final constructs 

generated are listed in Figure 2.4 and Table 2.6.  Recombinant vectors were sent to Genetic 

Services (16 Craig Rd., Sudbury MA 01776, USA) to be injected into w1118 Drosophila 

melanogaster embryos.  Six different constructs were generated containing invadolysin 

cDNA sequence fused to RFP (Red fluorescent protein), HA (Human influenza 

hemagglutinin) or FLAG cDNA sequences. These tags were inserted either in the EcoRI or 

BamHI restriction enzyme sites within invadolysin. The lines were generated in the 

following manner.  For clarity, details of the methods used are listed above (2.21.1-2.21.8). 

a. Molecular cloning strategy to generate: pUAST-inv-RFP-

EcoRI (Fig 2.5) 

The invadolysin-RFP cDNA sequence was cloned into the Drosophila specific vector 

pUAST (Figure 2.3) (Brand and Perrimon, 1993). The invadolysin cDNA open reading 

frame was fused to the cDNA sequence of RFP and inserted at the EcoRI site of 

invadolysin’s cDNA sequence (final construct: pUAST-inv-RFP-EcoRI).  The cloning 

procedure is described below. 

 Initially the Drosophila EST clone 5168166 was sequenced (see primer list Table 

2.2.2: used for sequencing inv) and the invadolysin full-length coding region was amplified 

by PCR. The primers used were ORF-XBAI-FORW and ORF-XBAI-REV (Table 2.2.3) that 

added the XbaI restriction site to the ends of full-length invadolysin.  The amplification 

product was cloned into pGEM®-T Easy vector (Figure 2.3, Promega) following the 

handbook (pGEM®-T and pGEM®-T Easy Vector Systems, Promega, part# TM042). The 

resultant products were transformed into E. coli DH5α (Section 2.21.2) and grown overnight 

at 37oC on X-gal agar plates. This allowed the selection by blue-white screening of clones 
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that had the desired fragment inserted. White colonies indicated that inv-XbaI inserted into 

pGEM, thus inactivating pGEM’s LacZ gene. The white colonies were therefore picked, 

grown overnight in 5mL of LB broth (37oC, 200rpm) and the DNA extracted following the 

QIAprep® Miniprep Handbook (2nd edition, Dec 2006).  The DNA extracts were digested by 

the appropriate restriction enzymes (Section 2.21.3) with the products run on an agarose 

TAE gel to determine the colonies that had inserts in the correct orientation. 

The pUAST vector has an EcoRI site that would have made insertion of the tag into 

invadolysin cDNA highly problematic. Therefore the pUAST vector was treated with the 

Klenow reaction to remove the EcoRI restriction site (Section 2.21.4). 

The invadolysin cDNA-pGEM recombinant vector was then digested by the XbaI 

restriction enzyme.  The resultant invadolysin cDNA excised fragment was sub-cloned into 

pUAST (minus the EcoRI site) as follows: the pUAST vector was digested with the 

restriction enzyme XbaI, followed by dephosphorylation by CIP (Section 2.21.5) and used in 

the ligation reaction with the invadolysin-XbaI fragment. The ligation reaction was used to 

transform E. coli DH5α (Section 2.21.2).  The bacteria were grown overnight at 37oC on an 

appropriate selective antibiotic (ampicillin, 50µg/ml). The colonies with pUAST-inv inserted 

in the correct orientation were selected for by DNA extraction (QIAprep® Miniprep 

Handbook, 2nd edition, Dec 2006) and testing with the appropriate restriction digests 

(Section 2.21.3). 

The RFP tag was amplified by PCR from an RFP tagged α-tubulin cDNA (kindly 

provided by Dr. Fiona MacIsaac from Prof Bill Earnshaw’s lab, University of Edinburgh) 

using the primers RI-RFP-FORW and RI-RFP-REV (Section 2.2).  These primers also 

simultaneously added an EcoRI site to the ends of the RFP sequence.  The amplification 

product was cloned into pGem according to the Promega manual (pGEM®-T and pGEM®-

T Easy Vector Systems, Promega, part# TM042). The resultant products were transformed 

into E. coli DH5α (Section 2.21.2), and grown overnight at 37oC on agar plates with X-Gal.  
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This allowed the selection, by blue-white screening, of colonies with the inserted fragments.  

White colonies were therefore picked and grown overnight in LB medium supplemented 

with the appropriate antibiotic.  The colonies were processed following the QIAprep® 

Miniprep Handbook’s (2nd edition, Dec 2006) procedures, and the extracted DNA was 

digested by the appropriate restriction enzymes (Section 2.21.3) to determine insert 

orientation. 

The pGEM-RFP-EcoRI recombinant vector was digested with EcoRI (Section 2.21.3) 

and the products run on a 0.8% agarose TAE gel. The RFP-EcoRI fragment was purified 

from the agarose gel (Section 2.21.6) and cloned into the recombinant vector pUAST-inv.  

pUAST-inv had been previously digested with EcoRI and dephosphorylated by CIP (Section 

2.21.2 and 2.21.3). The resultant products were transformed into E. coli DH5α (Section 

2.21.2) and grown overnight at 37oC. The colonies with pUAST-inv-RFP-EcoRI in the 

correct orientation were selected after DNA extraction (QIAprep® Miniprep Handbook, 2nd 

edition, Dec 2006) and digestion with the appropriate restriction enzyme (Section 2.21.3). 

b. Molecular cloning strategy to generate: pUAST-inv-RFP-

BamHI (Fig 2.6) 

The RFP tag was amplified as described in Section a, however the primers BAMHI-

RFP-FORW and BAMHI-RFP-REV (Table 2.2.3) were used to add the BamHI restriction 

site to the ends of RFP instead of EcoRI. The amplification product was cloned into 

pGEM®-T Easy vector (Figure 2.3, Promega), selected and tested for as described in Section 

a. 

The RFP tag could not be incorporated directly into pUAST-inv since pUAST has 

multiple BamHI restriction sites, therefore pUAST treated with BamHI restriction enzymes 

would fragment instead of linearise.  The RFP tag was instead initially inserted into pGEM-

invadolysin before subcloning into the pUAST vector, as follows. 
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The pGEM-RFP-BamHI recombinant vector was digested with the BamHI restriction 

enzyme (Section 2.21.3).  The products were electrophoresed on a 0.8% agarose TAE gel 

and the RFP-BamHI fragment excised and purified from the agarose TAE gel (Section 

2.21.6) and cloned into the pGEM-inv recombinant vector. pGEM-inv had previously been 

digested with EcoRI and dephosphorylated by CIP (Sections 2.21.2 and 2.21.3). The 

resultant products were transformed into E. coli DH5α (Section 2.21.2) and grown overnight 

at 37oC on LB agar plates.  Colonies were picked and DNA extraction was performed 

following the QIAprep® Miniprep Handbook (2nd edition, Dec 2006).  To determine the 

recombinant insert’s correct orientation, these DNA extracts were digested with the 

appropriate restriction enzymes (Section 2.21.3). 

The pGEM-inv-RFP-BamHI recombinant vector was digested with the restriction 

enzyme BamHI (Section 2.21.3). The products were electrophoresed on a 0.8% agarose TAE 

gel and the inv-RFP-BamHI fragment purified from the agarose TAE gel (Section 2.21.6). 

This fragment was cloned into a pUAST vector which had been previously linearised by the 

XbaI restriction enzyme and dephosphorylated by CIP (Section 2.21.5).  The resultant 

products were transformed into E. coli DH5α (Section 2.21.2) and grown overnight at 37oC 

on a selective antibiotic (ampicillin). The colonies with pUAST-inv-RFP-BamHI inserted in 

the correct orientation were selected for DNA extraction following the QIAprep® Miniprep 

Handbook’s procedure (2nd edition, Dec 2006). The DNA was analysed by the appropriate 

restriction enzymes (Section 2.21.3). 

c. Molecular cloning strategy to generate: pUAST-inv-HA-

EcoRI and pUAST-inv-FLAG-EcoRI (Fig 2.7) 

The HA (YPYDVPDYA) and FLAG (DYKDDDDK) tags have a very short 

nucleotide sequence of only 9  and 8 aa respectively. Therefore HA or FLAG sequences with 

EcoRI adaptors were generated by oligo annealing of single-stranded complimentary 

oligonucleotides. The primers used to generate HA-EcoRI were HA-RI-Forward and HA-RI-
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Reverse, whilst RI-FLAG-FOR and RI-FLAG-REV were used to generate FLAG-EcoRI 

(Section 2.2). 

A pUAST-inv clone was used that had an invadolysin sequence with an intact EcoRI 

site but its pUAST sequence had been treated to remove its EcoRI site. This pUAST-inv was 

digested with EcoRI (Section 2.21.3) resulting in linearisation only within the EcoRI site of 

inv.  This was followed by dephosphorylation using CIP (Section 2.21.5). The tags were 

separately inserted into invadolysin by digesting HA-EcoRI or FLAG-EcoRI with EcoRI.  

The cut pUAST-inv was ligated with either HA-EcoRI or FLAG-EcoRI. The resultant 

products were transformed into E. coli DH5α (Section 2.21.2) and grown overnight at 37oC. 

The colonies with pUAST-inv-HA-EcoRI or pUAST-inv-FLAG-EcoRI inserted in the correct 

orientation were identified by DNA extraction following the QIAprep® Miniprep Handbook 

(2nd edition, Dec 2006) and subsequent BigDye Terminator sequencing (Section 2.21.8). 

d. Molecular cloning strategy to generate: pUAST-inv-HA-

BamHI and pUAST-inv-FLAG-BamHI (Fig 2.8) 

The HA or FLAG sequences with BamHI adaptors were generated by oligo annealing 

of single stranded complimentary oligonucleotides. The primers used to generate the HA tag 

sequence flanked with BamHI adaptors were HA-BAMHI-FORW and HA-BAMHI-REV. 

Whilst to generate the FLAG tag sequence flanked with BamHI adaptors the primers 

BAMHI-FLAG-FORW and BAMHI-FLAG-REV were used (Section 2.2).  

The tags were separately inserted into invadolysin by digesting HA-BamHI or FLAG-

BamHI with BamHI. pGEM-inv was also digested with BamHI (Section 2.21.3), followed 

by dephosphorylation with CIP. The cut pGEM-inv was ligated with either HA-BamHI or 

FLAG-BamHI. The resultant products were transformed into E. coli DH5α (Section 2.21.2) 

and grown overnight at 37oC. The colonies with pGEM-inv-HA-BamHI and pGEM-inv-

FLAG-BamHI in the correct orientation were identified for by DNA extraction following the 
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QIAprep® Miniprep Handbook (2nd edition, Dec 2006) and subsequent BigDye Terminator 

sequencing (Section 2.21.8). 

The HA-tagged or FLAG-tagged invadolysin was then sub-cloned from the pGEM 

vector into the pUAST vector as described in Section b. The ligation with pUAST was 

performed with the inv-HA-BamHI or inv-FLAG-BamHI fragments. The resultant products 

were transformed into E. coli DH5α (Section 2.21.2) and selected for as described in Section 

b.  The colonies in the correct orientation were identified after DNA extraction using the 

QIAprep® Miniprep Handbook (2nd edition, Dec 2006) followed by BigDye Terminator 

sequencing (Section 2.21.8). 
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All 6 constructs (Table 2.6) were fully sequenced by BigDye terminator sequencing at 

the GenePool sequencing facility, Ashworth building, University of Edinburgh (Section 

2.21.8). The primers used are listed under the sub-heading “Used for sequencing tagged 

invadolysin constructs” in Table 2.2.2. 

 Transgenic flies were successfully generated for each construct and mapped by 

Genetic Services, Inc. 

 

Table 2.6 Constructs for generation of transgenic flies.  

Name Notes 

pUAST-inv-RFP-ECORI RFP inserted into ORF inv’s ECORI site 

pUAST-inv-HA-ECORI HA inserted into ORF inv’s ECORI site 

pUAST-inv-FLAG-ECORI FLAG inserted into ORF inv’s ECORI site 

pUAST-inv-RFP-BAMHI RFP inserted into ORF inv’s BAMHI site 

pUAST-inv-HA-BAMHI HA inserted into ORF inv’s BAMHI site 

pUAST-inv-FLAG-BAMHI FLAG inserted into ORF inv’s BAMHI site 

 

  

2.22. Triacylglyceride Assay 

The triacylglyceride assay was performed as described by (Gronke et al., 2003). 

Whole larvae were collected (5 for wildtype or overexpression UAS-inv-HA, 15 for IX-14 or 

blw) and placed in 500 µl of PBS with 0.05% Tween 20 and homogenised using a Polytron 

apparatus, followed by immediate heat inactivation (of proteins) at 70°C for 5 minutes. The 

samples were centrifuged for 1 minute at 1166g and 350 µl of the supernatant was 

transferred to a new vial and centrifuged for 3 minutes at 595g.  50 µl of the sample was 

added to 600 µl of Thermo InfinityTM Triglyceride solution (Cat. TR22421/2780-250, 
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Thermo Scientific), vortexed and incubated at 37oC for 30 minutes.  The tube was vortexed 

every 10 minutes to ensure the reaction proceeded to completion. 

Triacylglyceride levels were determined by measuring the absorbance of the sample at 

540nm using a UV-VIS spectrophotometer (model: UV-1201, Shimadzu).  This value was 

plotted on a standard curve determined using specific concentrations of the provided 

triglyceride standard (Trace DMA, TR2291-030, Thermo Scientific).  The standard curve 

was determined for every experiment.  Total protein was quantified using the Bradford assay 

as described in section 2.9.2 (Bradford, 1976).  

.  
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Chapter 3:  Enhancer/Suppressor Misexpression 
Screen to Identify Genetic Interactors of Invadolysin 

3.1. Introduction 

Mutant inv Drosophila are late larval lethal exhibiting a wide variety of phenotypes.  

third instar larvae have a reduced brain size and an absence of imaginal discs.  Larval 

neuroblasts show an accumulation of metaphase and length-wise hypercondensed mitotic 

chromosomes (Gatti and Baker, 1989) with a ragged periphery.  These neuroblasts also show 

abnormal spindle morphology and monopolar spindles (McHugh et al., 2004).  Furthermore, 

Drosophila inv4Y7 embryos have defective germ cell migration and do not form gonads 

(McHugh et al., 2004).  The range of phenotypes is indicative of inv having a direct or 

indirect effect on several genes or gene products, which is to be expected since a diversity of 

roles is common amongst proteases (Bode, 2003; Gomis-Ruth, 2003; Neurath and Walsh, 

1976; Page-McCaw, 2008).  

In order to identify genetic interactors of invadolysin, Shubha G. Rao, a previous PhD 

student in the Heck laboratory, utilised a second site non-complementation genetic screen in 

Drosophila melanogaster (Fuller et al., 1989).  Dr. Rao identified nonstop (not) as a genetic 

interactor of invadolysin  in Drosophila melanogaster (PhD thesis, 2008).  The inv1 and 

inv4Y7  heterozygous mutant virgin female flies were crossed with males from the core 

Drosdel ‘deficiency kit’, which covers around 85% of the Drosophila genome (Ryder et al., 

2004).  Drosdel deficiencies are molecularly defined, having a known set of partially or fully 

deleted genes and are also highly isogenic.  An isogenic background decreases the number of 

false positives since the number of different background mutations are reduced (Ryder et al., 

2004).  Figure 3.1 shows an example of the Drosdel deficiencies covering the X 

chromosome highlighting the genes deleted by the Df(1)ED6727 deficiency.
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The resultant progeny from the second site non-complementation screen identified 

Df(3L)ED225 as lethal when transheterzygous with inv1, whilst Df(2L)ED695, 

Df(2R)ED1552 and Df(3R)ED5071 resulted in a semi-lethal phenotype when 

transheterzygous with invadolysin.  Subsequent experiments, aimed at narrowing down the 

aforementioned genomic regions, could not identify single-gene mutations responsible for 

the semi-lethal phenotypes.  On the other hand, the lethal genomic region was narrowed 

down to the single gene nonstop.  The gene nonstop encodes for a deubiquitinating protease 

(DUB) that deubiquinates H2B in Drosophila (Poeck et al., 2001).  Nonstop forms part of 

the DUB module of the transcriptional activator Dm SAGA (Spt-Ada-Gcn5-

acetyltransferase) complex (Weake et al., 2008). 

To identify additional potential interactors of invadolysin, I planned an 

enhancer/suppressor misexpression screen.  This type of screen involves the misexpression 

of a particular gene resulting in an eaisly scorable phenotype, followed by the screening for 

dominant suppressors and/or enhancers of this phenotype (St Johnston, 2002).  In our screen, 

I wanted to initially identify a scorable phenotype due to invadolysin overexpression in a 

particular tissue.  This fly would then be crossed against the set of core Drosdel deficiencies.  

The resultant progeny between overexpressed inv and the Drosdel deficiencies would then be 

screened for modification of the original phenotype.  These modifiers could either be 

enhancers or suppressors of the invadolysin phenotype.  Enhancers may normally serve to 

inhibit INV level or activity, whilst suppressors, may activate INV or increase its level.  The 

identification of these modifiers would indicate that one or more genes present in that 

particular Drosdel deficiency genetically interacted with inv.  However, subsequent crosses 

would be required to narrow down the genomic region and identify the genetic interactors. 

This type of screen has several advantages; the first generation (F1) between the 

overexpressed gene and the dominant suppressors and/or enhancers of this phenotype can be 

screened directly.  This makes it a relatively less labour intensive procedure and allows 

whole genome-wide screens to be performed with relative ease.  The number of genes 
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identified by this type of screen depends on how dosage-dependant and susceptible the 

components of the pathway are to the genetic background utilized.  Therefore, 

characterisation of the initial transgenic fly is important. 

3.2. Pilot study to identify the best GAL4 driver and 

phenotype of INV to use in the genetic screen 

I subsequently planned a pilot study to overexpress invadolysin in a number of 

different organs and identify which phenotype was the most appropriate for the purposes of 

this screen.  Tissue-specific expression was achieved using the yeast GAL4-UAS system 

(Figure and Section 1.3) (Brand and Perrimon, 1993).  GAL4 can be expressed in a spatially 

and temporally specific manner depending on nearby genomic enhancers. GAL4 is a 

regulator of genes induced by galactose, most notably it can bind to UAS (upstream 

activating sequence) and stimulate the transcription of any reporter gene under UAS control 

(Fischer et al., 1988). 

To this end, Brian McHugh (PhD thesis, 2001) cloned the ORF (open reading frame) 

of invadolysin and an extra 652bp of the 5’ UTR region into the pUAST vector, making the 

pUAST-inv construct.  It is usually recommended to have minimal 5’UTR sequence, as this 

might effect expression, although 5’ UTR sequence has also been reported at times to 

enhance expression (Brand and Perrimon, 1993; Van Roessel et al., 2002).  The pUAST-inv 

construct was injected into a w1118  background by Genetic Services, generating transgenic 

flies with the pUAST-inv construct (called UAS-inv).  The pUAST vector has five UAS 

sequences and a TATA box that allows binding of GAL4 and the expression of any sequence 

downstream of these sites.  In the construct generated full-length invadolysin was situated 

downstream and therefore could be specifically expressed in any Drosophila tissue. 

The UAS-inv fly hence was crossed with 14 different GAL4 drivers to direct full-

length invadolysin overexpression specifically in either Drosophila bristles, wings or eyes.  
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Overexpression in these tissue was chosen since none are required for adult fly viability, 

therefore should reduce false positives in the genetic screen.   

The bristles, wings, or eyes of the progeny between UAS-inv and one of the 14 GAL4 

drivers were analysed under the light microscope to determine which progeny gave a visible, 

easily scorable phenotype.  In order to modify the degree of invadolysin overexpression, 

crosses were performed at 25oC and 29oC since GAL4 activity increases at elevated 

temperatures (Kramer and Staveley, 2003).  The data is summerised in Figure 3.2 and Table 

3.1, what follows is a description of the phenotypes observed when invadolysin was 

overexpressed with these GAL4 drivers. 

neuralized-GAL4 and scabrous-GAL4 both mediate expression of UAS-inv in all 

sensory organ precursor cells (Jhaveri 2000; Mlodzik et al., 1991).  Therefore, 

overexpression of inv would be predicted to result in a bristle aberration phenotype.  The 

loss-of-bristle phenotype was defined as the loss of one bristle from the fly thorax (dorsal 

side only) and/or head. 

neur-GAL4/UAS-inv gave a stronger loss-of-bristle phenotype than neur-GAL4/wt at 

25oC, however loss-of-bristles is more difficult to observe compared to the other tissue-

specific GAL4 drivers analysed.  This is an important consideration when thousands of flies 

need to be screened over a relatively short period of time.  Furthermore, a single copy of 

neur-GAL4 and sca-GAL4 (without UAS-inv) eventually reached a 100% loss-of-bristle 

phenotype after 21-23 days.  This could result in a masking of suppressors or enhancers 

during the screen (Figure 3.2).  Therefore, neuralised and scabrous were not utilised as 

GAL4 drivers for the deficiency screen.  



 111 

 



 112 

wg (wingless)-GAL4 drives expression of the UAS-target gene in the embryonic 

stages, particularly the differentiating naked cuticle reflecting the expression of wingless in 

these stages (Morimura et al., 1996).  Therefore, the overexpression of UAS-inv under wg-

GAL4 control would be expected to result in wing defects.  However, overexpression of inv 

by wg-GAL4 resulted in no obvious phenotype when compared to control flies (Figure 3.2). 

The eye-specific GAL4 drivers sevenless-GAL4, rhodopsin-GAL4, ey (eyeless)-GAL4, 

GMR (glass multiple reporter)-GAL4 were used to drive invadolysin overexpression in 

different parts of the Drosophila melanogaster eye at different developmental times. 

sevenless-GAL4 drives expression in the sevenless pattern.  Activation of Sevenless in 

the larval eye imaginal disc triggers a cascade that results in the R7 photoreceptor cell 

differentiating, which helps to form the fly’s compound eye.  sevenless is expressed in many 

cells of the ommatidium, not just R7 and is also expressed in the adult fly head (Bowtell et 

al., 1988) (Banerjee et al., 1987).  Despite this expression pattern, sevenless-GAL4 driven 

overexpression of UAS-inv resulted in no visible eye phenotype in the adult fly at either 25oC 

or 29oC (Table 3.1). 

 rhodopsin-GAL4 expresses GAL4 under the rhodopsin 1 (see section 2.1, P{rh1-

GAL4}1 and P{rh1-GAL4}3) or rhodopsin 3 (see section 2.1, P{Rh3-GAL4}2) promoter, 

which is expressed in photoreceptors.  Rh1 (rhodopsin 1) transcript is found in photoreceptor 

cells, mostly in the adult fly head (O'Tousa et al., 1985).  Rh3 (rhodopsin 3) is expressed in 

photoreceptor cells R1-6 and 30% of R7 and R8 cells (Stamnes et al., 1991) (Feiler et al., 

1992).  None of these rhodopsin-GAL4 drivers have a visible eye phenotype when crossed 

with UAS-inv at 25oC or 29oC (Table 3.1).  

ey-GAL4 (section 2.1, P{Gal4-HSP70-SeV}2, P{ey1x-GAL4.Exel}2, P{GAL4-ey.H}4-

8, P{ey3.5-GAL4.Exel}3, P{GAL4-ey.H}3-8) drives UAS overexpression in the embryonic 

stages of Drosophila development after stage 11 and in the imaginal disc anterior to the 

morphogenetic furrow.  These are cells of the imaginal eye disc that are either 
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undifferentiated or differentiating (Xu et al., 2008).  None of the ey-GAL4 drivers gave a 

visible eye phenotype with one copy of UAS-inv at 25oC or 29oC (Table 3.1).  

Two different variants of GMR (glass multiple reporter)-GAL4 (labelled as GMR12 

and GMR15) were utilised to drive expression of inv in the fly eye. GMR-GAL4 drives 

expression in imaginal disc cells posterior to the morphogenetic furrow, i.e. those that have 

already differentiated (Kramer and Staveley, 2003).  Interestingly, only these two GMR-

GAL4 drivers gave an easily scorable and identifiable ‘rough eye’ phenotype in the fly eye at 

29oC (Figure 3.3). 

The GMR12-GAL4 and GMR15-GAL4 crosses to UAS-inv were repeated and the 

phenotypes observed under the light microscope.  They were classified arbitrarily into a 

numerical system depending on ‘rough eye’ phenotype with severity increasing from the 

lowest 1 up to a maximum of 5 (Figure 3.3).  Number 1 was classified as fly eyes having a 

slight discolouration of up to 10% of the fly eye surface.  The eye surface was slightly 

pebbly or rough in appearance.  The number 2 classification was used to describe fly eyes 

that had a discolouration covering approximately 20-40% of the fly eye surface.  These eyes 

had a more severe pebbly or rough surface.  The number 3 classification was used to 

describe fly eyes where discolouration could be observed over 40-60% of the fly eye.  

Number 4 denoted fly eyes where discolouration could be observed over 60-80% of the flye 

eye, whilst number 5 was used to delineate fly eye discolouration over 80-100% of the fly 

eye.  In number 4 and 5 the degree of fly eye surface degeneration was unknown. 

This classification system was developed in order to better quantify the phenotype 

being observed and distinguish which GMR-GAL4 driver was the most suitable for the 

genetic screen.  It showed that GMR15 has a stronger ‘rough eye’ phenotype when crossed 

against a wild type fly than GMR12.  Therefore GMR12-GAL4, called GMR-GAL4 from now 

on, was determined to be the most suitable GAL4 driver for the enhancer/suppressor 

misexpression screen. 
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It is also interesting to note that all the GMR drivers overexpressing UAS-inv resulted 

in an increase in the mortality rate of the flies at 29oC as compared to just GMR-GAL4 

expression on its own.  This might have been due to ‘leaky’ expression of the tissue-specific 

drivers in vital organs.  It could also be due to Invadolysin diffusing or being translocated to 

vital organs.  This result, in and of itself, may suggest that the organism must tightly regulate 

the expression of this essential metalloprotease.  

Before I used this phenotype to screen for genetic interactors with invadolysin, I 

wanted to examine the rough eye phenotype caused by overexpression of invadolysin by 

GMR-GAL4 in greater detail.  

3.3. Investigating the inv OE ‘rough eye’ phenotype  

This ‘rough eye’ phenotype was further examined by scanning electron microscopy, 

which showed a loss of mechanosensory bristles occurring in adult eyes overexpressing inv 

(Figure 3.4).  Furthermore, the cuticle of the secondary and tertiary pigment cells seemed 

intact and the cells did not properly compress, suggesting cellular arrest at the pupal stage of 

development (personal communication, Prof. Andy Jarman, University of Edinburgh).   

It is intriguing that only GMR-GAL4 gave a ‘rough eye’ phenotype, suggesting that 

inv has a specific role in Drosophila eye development that is disrupted upon GMR-GAL4 

induced overexpression, but not under rhodopsin 1 and 3 –GAL4, eyeless-GAL4 or 

sevenless-GAL4, induced expression.  Another explanation could be that only GMR-GAL4 

overexpresses invadolysin to the extent required to cause degradation. 
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To investigate the pathway involved in causing the ‘rough eye’ phenotype, I expressed 

the anti-apoptotic gene diap1 (w*; P{UAS-DIAP1.H}3, Bloomington stock 6657, (Lohmann 

et al., 2002)) together with UAS-invadolysin, both being driven by GMR-GAL4. This 

resulted in suppressing the ‘rough-eye’ phenotype, suggesting that the ‘rough eye’ phenotype 

may in part be due to increased apoptosis induced by inv. 

3.4. Meiotic recombination of UAS-inv and GMR-GAL4 onto 

the same chromosome arm   

This enhancer/suppressor misexpression screen was based on the modification of the 

‘rough eye’ phenotype due to invadolysin by the loss of a known set of genes in a deficiency.  

A set of missing genes may result in an enhanced or suppressed ‘rough eye’ phenotype  (or 

no effect).  The ultimate goal is to identify which gene/s are responsible for the modification 

of the phenotype and hence, which gene/s interacts with inv. 

The constructs GMR-GAL4 and UAS-inv are both localised to the 2nd chromosome, 

therefore in order to overexpress invadolysin in a mutant deficiency background, the two 

constructs need to segregate together and consequently be recombined onto the same 

homologue.  In Drosophila melanogaster, this can be achieved by meiotic recombination in 

female germ cells, an event that does not happen frequently.  Meiotic recombination occurs 

throughout the chromosome, though it is excluded from regions such as the centromere 

(Page and Hawley, 2001).  Therefore, I used a large number of crosses to increase the 

chances of success. 

The crossing scheme to bring GMR-GAL4 and UAS-inv onto the same chromosome is 

shown in Figure 3.5, and was performed as follows:  10 crosses were setup between 3 male 

GMR-GAL4 flies and 5 female UAS-inv flies.  They were mated at 29oC and virgin females 

resulting from this cross were screened for a ‘rough eye’ phenotype that indicated the GMR-

GAL4/UAS-inv genotype.  These females were then crossed to male Bc, In(2LR)Gla/CyO 
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 flies.  Around 50 sets of crosses were performed at 29oC.  Since GMR-GAL4/UAS-inv lacks 

a balancer, meiotic recombination should occur in the female germ line.  Balancers such as 

In(2LR)Gla and CyO are inverted chromosome regions that prevent meiotic recombination.  

In this case, In(2LR)Gla and CyO prevent meiotic recombination on the 2nd chromosome. 

In(2LR)Gla is identified by a glazed eye phenotype in the adult, whilst Bc has black dots in 

the larval stage.  CyO flies are identified due to their curly wings.  These genetic markers, 

therefore mean that the different genotypes of the resultant progeny between single virgin 

GMR-GAL4/UAS-inv females and single Bc, In(2LR)Gla/CyO males can be distinguished by 

their ‘rough eye’ phenotype and curly wings.  Only progeny where meiotic recombination 

has occurred would have both curly wings and the invadolysin-induced ‘rough eye’ 

phenotype.  Virgin female GMR-GAL4, UAS-inv/CyO were collected from this cross and 

mated with single male Bc, In(2LR)Gla /CyO to ensure the maintenance of the ‘rough eye’ 

phenotype.  From this cross, single virgin female and male GMR-GAL4, UAS-inv/CyO were 

mated.  The flies were chosen on the exent of ‘rough eye’ phenotype.  The strongest six of 

these crosses were maintained: noted as 3a, 4a, 5a, 3b, 5b and 7b. 

An apoptotic phenotype is associated with GMR-GAL4 expression, especially at 

higher temperatures (Kramer and Staveley, 2003), which I also observed. Therefore, to 

ensure that the ‘rough eye’ phenotype was not due to the expression of GMR-GAL4 on its 

own, I genotyped the UAS-inv insert (Figure 3.6).  To this end, I extracted genomic DNA 

(Section 2.19) and identified the presence of the UAS-inv construct by using two primers, 

one in the pUAST construct (pUAST Forw) and another in the 4th exon of the open reading 

frame of inv (Dm INV S R, Section 2.3, Table 2.2).  Bands of ~1.1 kb would only be 

expected in flies having UAS-inv.  Figure 3.6 shows that the fly lines 3a, 4a, 5a, 3b, 5b, 7b, 

had the UAS-inv construct and gave a ‘rough eye’ phenotype.  Homozygous UAS-inv (which 

lacks GMR-GAL4) does not give a ‘rough eye’ phenotype. 

Once the genotype was confirmed, I wanted to determine whether the ‘rough eye’ 

phenotype observed was due to inv overexpression.  Therefore an RT-PCR was performed 
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using the primers Dm INV S F and Dm INV S R, both to be found within invadolysin exons.  

The bands with the strongest intensity were from RNA extracts of GMR-GAL4, UAS-

inv/CyO flies raised at 29oC (Figure 3.6).  This indicated that the ‘rough eye’ phenotype was 

due to GMR-GAL4 directed overexpression of inv.  GMR-GAL4/GMR-GAL4, UAS-inv/UAS-

inv, CaS grown at 29oC were used as controls and neither gave a positive result, confirming 

overexpression of inv by GMR-GAL4.   

As an additional confirmation that the ‘rough eye’ phenotype is due to the increased 

level of invadolysin transcript GMR-GAL4 UAS-inv/CyO was crossed with inv4Y7/TM6B and 

the adult fly eyes of their progeny examined.  A suppressed ‘rough eye phenotype was 

observed, when a single copy of GMR-GAL4 UAS-inv was over a the inv4Y7 allele.  

Confirming that invadolysin was responsible for the observed ‘rough eye’ phenotype.  

The GMR-GAL4 UAS-inv/CyO fly line noted as 3a was the healthiest stock, which 

also gave the apparent ‘rough eye’ phenotype, hence was used for the enhancer/suppressor 

misexpression screen. 

3.5. Initial results of the enhancer/suppressor 

misexpression screen using the Drosdel ‘deficiency kit’ 

The strategy adopted used 5 virgin female GMR-GAL4, UAS-INV/CyO flies, which 

were crossed to 3 males from each line of the DrosDel ‘deficiency kit’. For the first (X) 

chromosome, 5 GMR-GAL4, UAS-INV males were crossed with members of the female 

deficiency lines.  All crosses were performed at 29oC.  These crosses gave 4 different 

progeny (Figure 3.7).  The Bal (Balancer)/Bal flies should either be dead or give a normal 

eye phenotype.  The Df (Deficiency)/Bal flies were predicted to have a normal eye 

phenotype, those deficiencies not pertaining to this phenotype were discarded.  The GMR-

GAL4, UAS-inv/Bal fly represented the ‘rough eye’ phenotype due to invadolysin, whilst the 

GMR-GAL4, UAS-inv / Df flies were identified due to the lack of any genetic markers.
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These flies were screened for a more (enhanced) or less (suppressed) severe eye phenotype 

(Figure 3.7) with 35 modifiers identified. 

Of these 35 deficiency lines, 33 deficiencies were identified as enhancers of the 

‘rough eye’ phenotype, whilst 2 deficiencies suppressed the ‘rough eye’ phenotype.  These 

deficiencies were crossed a second time with GMR-GAL4, UAS-inv/CyO under the exact 

same conditions.  However, only 11 of the enhancer lines and 1 suppressor line gave a 

consistent eye phenotype in all the progeny examined – around 20 to 40 flies of each 

genotype were examined in each screening round (Table 3.2).  

To remove any possible maternal effects on fly development, reverse crosses were 

performed on these 12 deficiency lines i.e. 5 virgin females of each deficiency line were 

crossed with 3 GMR-GAL4, UAS-inv/CyO males.  Importantly, 12 deficiency lines still 

consistently enhanced or suppressed the ‘rough eye’ phenotype induced by invadolysin 

overexpression.  This was not performed for deficiencies on the 1st chromosome. 

The multiple rounds of screening were necessary to narrow down the nearly 200 

deficiency lines to 12 candidates due to problems that arose whilst performing this screen.  

GMR-GAL4 gives a ‘rough eye’ phenotype on its own which is temperature dependant.  At 

temperatures greater than 29oC, the GMR-GAL4 eye phenotype increases significantly, 

making it harder to distinguish from the invadolysin induced ‘rough eye’ phenotype. 

Furthermore, the incubator used to maintain the temperature at 29oC varied by a 

margin of around 1oC (personal observations).  A thermometer inside the incubator was used 

to note this variation and take it into account when analysing the results.  Therefore, in order 

to compare the extent of eye phenotype, GMR-GAL4/+ and GMR-GAL4, UAS-INV/+ 

genotypes were evaluated alongside the deficiency screen crosses.  These problems resulted 

in many deficiencies being discarded and only the consistently behaving deficiencies were 

further narrowed down. 
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3.6. Narrowing down the genomic region of 11 lines initially 

identified 

To narrow down the 11 deficiencies identified, I crossed other deficiencies that had 

overlapping regions of missing genes.  I also identified any genes, within these 11 

deficiencies, that shared aspects of phenotype with invadolysin mutant flies (Table 3.2).  

These candidate genes were screened for potential modification of the invadolysin-induced 

‘rough eye’ phenotype.  The selection of candidate genes was based on descriptions 

available in FlyBase (http://flybase.org) and in the literature.  Apart from these candidate 

genes, I also screened genes that mapped to the 11 hit regions which showed misregulated 

expression in microarrays comparing wild type with inv homozygous larvae with Dr. Di 

Cara. 

I will next detail the results from the narrowing down of these 11 deficiencies.  The 

observed ‘rough eye’ modifications (or lack thereof) was based on consistent behaviour over 

two crosses between female GMR-GAL4, UAS-INV/CyO and male Df/Bal.  A reverse cross 

was also performed. 

3.6.1. Df(2L)ED701 (Figure 3.8) 

Df(2L)ED701 gave a consistent enhanced ‘rough eye’ phenotype when examined with 

GMR-GAL4, UAS-inv.  This implied that a gene or set of genes within Df(2L)ED701 must 

suppress the level or activity of invadolysin in the wild type fly.  To narrow down the 

number of genes that could be genetically interacting with invadolysin, I crossed the GMR-

GAL4, UAS-inv with deficiencies that overlap Df(2L)ED701 (Figure 3.8).  Df(2L)ED695 and 

Df(2L)ED694 both did not enhance the ‘rough eye’ phenotype in the presence of GMR-

GAL4, UAS-inv (Figure 3.8).  However, Df(2L)Exel7043, a deficiency from Exelixis, gave 

an enhanced ‘rough eye’ phenotype when examined with a single copy of GMR-GAL4, UAS-



 126 

inv.  The chromosome region that overlapped with Df(2L)Exel7043 but not Df(2L)ED695 

and Df(2L)ED694, had the sequence location 2L:9918192..9932584 (14.392 kb).  Therefore 

one or more of the six genes within this region maybe possible genetic interactors with 

invadolysin (Figure 3.8).   

Of these six genes, CG4598, CG4594, CG4592 are all predicted to be involved in the 

regulation of dodecenoyl-CoA delta-isomerase activity (Flybase).  Dodecenoyl-CoA delta-

isomerase is important in fatty acid metabolism within the mitochondrion.  CG13125 is 

predicted to regulate protein phosphatase type 1 activity (FlyBase).  In yeast, phosphatase 

type 1 is known to regulate meiosis and a number of cellular pathways (Tu et al., 1996).  In 

contrast, CG42366 is predicted to have protein kinase activity (flybase), and could 

consequently be important in a number of signalling pathways.  CG42367’s function is thus 

far unknown (Flybase).  Four of these genes have mutants available whilst CG4592 and 

CG13125 only have RNAi stocks.  However, due to time constraints, mutants from these 

single genes could not be tested. 

3.6.2. Df(3R)ED5071 (Figure 3.9) 

Df(3R)ED5071 is a suppressor of the ‘rough eye’ phenotype of overexpressed 

invadolysin.  This implies that loss of a gene/s in Df(3R)ED5071 decreases the level or 

activity of invadolysin.  Hence, in the wild type fly, the gene should increase invadolysin’s 

level or activity.  The deficiencies Df(3R)ED5021, Df(3R)Exel6141 and Df(3R)ED5066 all 

overlap the chromosome region deleted in Df(3R)ED5071. Df(3R)ED5021 and 

Df(3R)ED5066 did not modify the ‘rough eye’ phenotype induced by GMR-GAL4, UAS-inv.  

Therefore these chromosome regions were ignored.  Intriguingly, the eight gene deletion 

Df(3R)Exel6141 also suppressed the ‘rough eye’ phenotype induced by over expression of 

invadolysin (Figure 3.9).   
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This deficiency, hence, narrowed down the possible genetic interactors to the 

chromosome region 3R:288,185..425,532 (137.347 kb).  Within this region only the genes 

CG31523, CG34357 and Fip1 had mutants available.  CG14657 now has a publicly 

available mutant, however due to time constraints this could not be tested.  Both CG31523 

and Fip1 did not modify the eye phenotype induced by overexpressed invadolysin.   

On the other hand, two different alleles of CG34357, which encodes a protein 

predicted to be involved in the synthesis of cGMP (FlyBase), gave an unexpected 

enhancement of the ‘rough eye’ phenotype (Figure 3.9).  This could indicate that CG34357 

is giving false positive results due to the genetic background of both CG34357BG00845 and 

CG34357DG38108.  CG34357BG00845 was generated in Hugo Bellen’s lab as part of the gene 

disruption project by insertion of the P{GT1} (Lukacsovich et al., 2001) element into the 2nd 

intron of CG34357 (FlyBase, (Bellen et al., 2004)).  On the other hand, CG34357DG38108 was 

also generated as part of the gene disruption project, but this was in William Gelbert’s lab 

(Bellen et al., 2004).  CG34357DG38108 generation involved the insertion of the P element, 

P{wHy} (Huet et al., 2002) into the 3rd intron of CG34357 (FlyBase).  Therefore, it is 

unlikely that two mutants from different sources and inserted into different locations both 

have other mutations unrelated to CG34357 that could be genetically interacting with 

invadolysin.  Considering that it is improbable that this interaction is a false positive, further 

experiments are warranted to characterise the potential genetic interaction between CG34357 

and invadolysin. 

The ‘rough eye’ suppression phenotype observed with Df(3R)ED5071 and 

Df(3R)Exel6141 is still not explained by the mutants tested, implying that the other 5 

mutants could still be potential genetic interactors with invadolysin.  This can only be 

investigated if mutants are generated for these genes.  
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3.6.3. Df(2R)ED1791 (Figure 3.10) 

The two deficiencies Df(2R)ED1791 and Df(2R)ED1770 both gave an enhanced 

‘rough eye’ phenotype and overlap significantly (Figure 3.10, overlapping sequence 

2R:4,810,235..5,095,046 [284.811 kb]).  However, this region contains 81 genes, too many 

to screen individually and none of these genes share pathways with the inv1 and inv4Y7 mutant 

phenotypes, or the microarray analysis performed on inv4Y7.   

The candidate genes chosen, listed in Table 3.2, lie outside of the ~284 kb overlapping 

region, but are still within Df(2R)ED1791.  In addition, wun and wun2 share phenotypes 

with invadolysin, whilst Cyp4p2 and CG8801 were upregulated in the microarray.  Of these 

candidate genes, the alleles of wun2 and CG8801 gave promising results. 

wun2 is involved in phospholipid hydrolysis, which leads to a germ cell migration and 

defects in development (Starz-Gaiano et al., 2001).  inv4Y7 embryos also have a germ cell 

migration defect (McHugh et al., 2004).  One of wun2 alleles, wun2KG08150, gave an enhanced 

‘rough eye’ phenotype, however wun2DG30802 gave an unmodified ‘rough eye’ phenotype 

(Figure 3.10).  The lack of phenotypic consistency between these alleles coupled with the 

consideration that wun2 lies outside of the overlapping ~284 kb region is indicative of a false 

positive.  However, the shared phenotype with invadolysin is intriguing and suggests that 

further experiments are required. 

CG8801 is a poorly studied gene.  It is predicted to have a GTP binding domain 

(Flybase, 1992).  GTP regulation is very important for protein synthesis and signal 

transduction (Berg et al., 2002), hence can have diverse effects.  CG8801 was upregulated in 

inv4Y7 mutant larvae when compared to wild type, in a microarray study performed by Dr. Di 

Cara.  The allele CG8801EY03474 gave an enhanced ‘rough eye’ expression (Figure 3.10).  

This allele is based on an insertion of the P{EPgy2} element in the 5’ region of CG8801.  

P{EPgy2} has 14 UAS sequences (Levis, R.W. 2002, Personal communication to FlyBase) 

which GAL4 can bind to,  implying that CG8801 might be misexpressed by GMR-GAL4 in 
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this genetic screen.  However, whether a full-length functional form of CG8801 is actually 

being overexpressed has not been experimentally determined. 

Another allele of CG8801, CG8801DG08211 has an insertion of the deletion construct 

P{wHy}, used to cause deletions through its hobo elements (Huet et al., 2002),  in the 2nd 

exon of CG8801 (FlyBase).  Therefore it would be predicted that in this allele CG8801 is not 

expressed, or expressed in a truncated form.  Considering the enhanced ‘rough eye’ 

phenotype of the allele CG8801EY03474 one might predict a suppression of the invadolysin-

induced ‘rough eye’ phenotype by CG8801DG08211.  However the CG8801DG08211 allele did 

not modify the ‘rough eye’ phenotype (Figure 3.10) which implies that other experiments 

would be required to determine if CG8801 is a genetic interactor of invadolysin. 

3.6.4. Df(2R)ED1735 (Figure 3.11) 

The set of genes deleted by Df(2R)ED1735 were identified to enhance the ‘rough eye’ 

phenotype caused by overexpressed invadolysin driven by GMR-GAL4.  Therefore 

deficiencies which overlap this region were tested; Df(2R)ED1742 did not modify the eye 

phenotype, but Df(2R)ED1725 and Df(2R)Exel6056 enhanced the ‘rough eye’ phenotype. 

Df(2R)ED1725 and Df(2R)Exel6056 overlap Df(2R)ED1735 and each other resulting in the 

indentification of a gene region only ~113 kb in length that was highly promising.  However 

when Df(2R)Exel7094 and Df(2R)Exel7095 which overlap this ~113 kb chromosome region 

were tested, they did not modify the ‘rough eye’ phenotype (Figure 3.11).  This implies the 

possibility of more than one gene resulting in the enhanced ‘rough eye’ phenotype.  One 

would expect a set of gene/s to be in Df(2R)Exel7094 and another in the Df(2R)Exel7095 

chromosomal region.  Such a poly-genetic interaction would be very difficult to tease out. 

Intriguingly Df(2R)Exel6055 gave no viable progeny when crossed with GMR-GAL4, 

UAS-inv.  This lack of viability could be due either to an interaction with GMR-GAL4 or due 

to overexpressed inv.  To investigate this, I crossed GMR-GAL4 with Df(2R)Exel6055: the 

resultant Df(2R)Exel6055/GMR-GAL4 progeny were non-viable.  This result clearly showed 
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that Df(2R)Exel6055 was lethal in the presence of GMR-GAL4 and was likely not a genetic 

interactor of invadolysin. 

3.6.5. Other deficiencies (Figure 3.12) 

Six other deficiencies were identified in the initial screen with the core Drosdel 

deficiency kit.   

Df(2L)ED123 (Figure 3.12A) 

Df(2L)ED123 enhanced the ‘rough eye’ phenotype (Figure 3.12A), but 

Df(2L)Exel6006 and Df(2L)Exel6007 which overlap all of the region deleted by 

Df(2L)ED123 did not modify the ‘rough eye’ phenotype.  However, Su(dx) (suppressor of 

deltex) which is an inhibitor of the Notch pathway (Baron, 2003) is found within the region 

deleted by Df(2L)ED123.  Two of its alleles, Su(dx)32 and Su(dx)2, suppressed the ‘rough 

eye’ phenotype induced by invadolysin overexpression.  Since Df(2L)ED123 enhanced the 

‘rough eye’ phenotype this is suggestive of a false positive.  However since the two alleles 

have a different genetic background; Su(dx)32 has a rearrangement within its coding region 

(Cornell et al., 1999), whilst Su(dx)2 has arisen spontaneously (Lindsley and Zimm, 1992), it 

is highly unlikely that both possessed another unrelated mutation that gave the observed 

phenotype.  Therefore, further evidence would be required to determine whether or not 

Su(dx) is a genetic interactor of invadolysin. 

Df(2L)ED737 (Figure 3.12B) 

Another deficiency, Df(2L)ED737 enhanced the ‘rough eye’ phenotype.  

Unfortunately, no overlapping deficiencies were present that could narrow down the 35 

genes possibly interacting with invadolysin.  These genes were scanned and the most 

promising candidate genes tested.  Of these, Pten enhanced the ‘rough eye’ phenotype 

(Figure 3.12B) induced by GMR-GAL4 UAS-inv.  Pten is a phosphatase with a wide range of  



 133 



 134 



 135 



 136 

functions, effecting cell size, cell cycle, development, lipid storage and apoptosis (Claeys et 

al., 2002).  Many of these phenotypes overlap with those of invadolysin, hence the possible 

genetic interaction between Pten and invadolysin would be extremely interesting to 

investigate further. 

The CYLD gene encodes a ubiquitin protease and is located within Df(2L)ED737.  

When CYLD mutants were crossed with GMR-GAL4, UAS-inv/CyO flies the resultant 

progeny had a suppressed ‘rough eye’ phenotype (figure 3.12B).  As Df(2L)ED737 had 

enhanced this phenotype more complicated genetic interactions may be contributing.  

Intriguingly, CYLD mutants have abnormal fat body cells in adult Drosophila, exhibiting an 

increase in triacylglyceride content (Tsichritzis et al., 2007).  This is very intriguing 

considering the abnormal fat body and reduced triacylglyceride levels in inv4Y7 (Chapter 5; 

(Cobbe et al., 2009)  

Df(3L)ED4288 (Figure 3.12C) 

The 17 gene deletion Df(3L)ED4288 enhanced the ‘rough eye’ phenotype, however 

there were no candidate genes that either shared phenotypes with invadolysin or were 

identified in the microarray performed on inv4Y7 (Figure 3.13C; Di Cara et al., manuscript in 

preparation). 

Df(3L)ED4799, Df(3RED5591), Df(3R)ED10845 (Figure 3.12D, E 

and F) 

The other 3 deficiences, Df(3L)ED4799, Df(3R)ED5591 and Df(3R)ED10845 all had 

other deficiencies overlapping them.  However when these were tested for modification of 

the invadolysin-induced ‘rough eye’ phenotype no consistent eye enhancement was observed 

(Figure 3.12D, E and F).  Therefore, I was unable to narrow them down and identify the 

gene/s responsible for the genetic interaction. 
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3.7. Discussion 

This enhancer/suppressor misexpression screen has identified several potential genetic 

interactors of invadolysin.  CG34357BG00845 and CG34357DG38108 were both identified as 

enhancers of the ‘rough eye’ phenotype due to overexpressed invadolysin.  CG34357 

encodes a protein predicted to be involved in the synthesis of cGMP (FlyBase).  cGMP is 

involved in ion channel conductance and glycogenolysis implicating it in energy 

metabolism, apoptosis, phototransduction and protein kinase regulation, therefore affecting a 

broad number of pathways (Francis and Corbin, 1999).   

Mutant Pten also enhanced the ‘rough eye’ phenotype suggesting that the gene Pten 

may directly or indirectly suppress inv activity.  Pten encodes a phosphatase that affects lipid 

storage and apoptosis, and is a negative regulator of Akt.  Phosphorylated Akt, an important 

component of the insulin signalling cascade, also promotes the transcription of Lsd2 

(homologue of mammalian perilipin) an important regulator of lipid storage, mobilisation 

and lipid droplet trafficking in Drosophila.  In inv4Y7 larval fat body extracts the level of 

phospho-Akt and LSD2 are reduced (Dr. Chang, manuscript in preparation), correlating well 

with my genetic data.  inv4Y7 larvae have reduced lipid synthesis or storage capabilities, as 

the level of triacylglycerides are reduced (Chapter 5 and 6) (Cobbe et al., 2009).  On the 

other hand, the level of TAG could be due to increased catabolism, or lipolysis (Chapter 6, 

Di Cara et al., manuscript in preperation). 

Furthermore, CYLD, a suppressor of the ‘rough eye’ phenotype, encodes a ubiquitin 

specific protease.  CYLD mutants have abnormal fat body cells in adult Drosophila coupled 

with increased triacylglyceride levels (Tsichritzis et al., 2007).  inv larval mutants have an 

abnormally small fat body (Chapter 5, (Cobbe et al., 2009)).  A suppressor of the ‘rough eye’ 

phenotype would be expected to increase the level or activity of invadolysin in the wild type 

fly.  Therefore, the CYLD gene should enhance the role of invadolysin resulting in an 
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increase in fat body mass and triacylglyceride levels.  The glucose and fatty acid pathways 

are both regulated by the insulin and nutrient stress pathways (Liu et al., 2009) that 

invadolysin has been implicated in (Chapter 5, 6; Di Cara, et al., manuscript in preperation; 

Dr. Chang, manuscript in preparation).  Hence, all of these genetic interactors show an 

intriguing link between invadolysin, energy regulation, glucose and the fatty acid pathways.  

Other genetic interactors were identified including wun2, CG8801 and Su(dx).  

However the genetic interactions would need to be confirmed by further experiments, and 

are currently only suggestive of other pathways invadolysin might be involved in. 

This screen has therefore been successful in identifying many more potential genetic 

interactors of invadolysin, proving to be a powerful tool.  The GMR-GAL4, UAS-inv fly 

developed for this screen was also utilised to confirm microarray and immunoprecipitation 

data, identifying additional interactors of invadolysin (Chapter 6).  The microarray 

performed in inv4Y7 linked invadolysin with cell growth, energy metabolism, stress and 

defence response pathways.  The immunoprecipitation of HA-tagged Invadolysin indicated 

that Invadolysin interacts physically with ATP synthase, which generates ATP.  Intriguingly, 

these pathways match those of CG34357, Pten and CYLD.  The growth, metabolic and stress 

pathways will be discussed in greater depth in chapters 5, 6 and 8. 

Other deficiencies were also narrowed down to a relatively small number of genes: 

Df(2L)ED701 to 6 genes and Df(3L)ED4288 to 17 genes.  These genes were not tested due 

to time constraints, however the deficient genes have now been narrowed down sufficiently 

such that single mutant gene identification is a realistic option.  Unfortunately, not every 

single gene has a mutant available.  For example, in Df(3R)ED5071 a single gene mutant 

consistent with the Df(3R)ED5071 suppressor phenotype was not identified.  5 of the 8 

possible interacting genes have no mutants available and can only be investigated if mutants 

are generated - a laborious and time-consuming process. 

Df(2R)ED1735 highlighted another problem: that the modification in the ‘rough eye” 

phenotype due to invadolysin can be modified by multiple genes within the same deficiency.  
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The enhanced ‘rough eye’ phenotype observed with Df(2R)ED1735 could not be narrowed 

down further than 2R:3,9468,670..4,061,673 (~113 kb) since smaller Dfs that overlapped 

Df(2R)ED1735 did not modify the ‘rough eye’ phenotype.  This can be explained if the 

enhanced phenotype attributable to Df(2R)ED1735 is polygenic. 

Another obvious problem with this screen is that only one deficiency gave a 

suppressor phenotype, compared with 11 enhancers.  It is possible that the presence of a 

small but noticeable ‘rough eye’ phenotype, due to a single copy of GMR-GAL4 at 29oC, 

masked several suppressors.  The tagged UAS-inv Drosophila lines (Chapter 4) give more 

severe ‘rough eye’ phenotypes than UAS-inv and are easier to distinguish from the ‘rough 

eye’ phenotype due to GMR-GAL4.  Hence, it is likely that there are more suppressor genes 

than those identified.   

Therefore, repeating this screen using a GMR-GAL4, UAS-inv-HA(RI) fly line might 

identify more suppressors of invadolysin.  Taking the screen one step further, the extensive 

EP (Rorth, 1996) and EY (Bellen et al., 2004) element collections could be used.  EP and 

EY are P-elements having the UAS sequence.  These have been inserted throughout the 

Drosophila genome (Bellen et al., 2004) resulting therefore, in misexpression of downstream 

genetic sequences, providing perhaps a more precise way to regulate genes that may interact 

with inv. 

3.8. Identification of the genetic interaction between 

invadolysin and Dm SAGA complex 

A second site noncomplementation screen using invadolysin mutants identified 

nonstop as a genetic interactor (Rao, S. G., 2008, PhD thesis).  nonstop encodes a ubiquitin 

protease and is part of the DUB (deubiquitinase) module of the transcriptional activator Dm 

SAGA (Spt-Ada-Gcn5-acetyltransferase) complex (Weake et al., 2008).  Therefore I crossed 

GMR-GAL4, UAS-inv flies with the not1 and not02069 mutant alleles to investigate whether the 
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loss of nonstop results in a modification of the ‘rough eye’ phenotype. Table 3.3 and Figure 

3.13 show that both not alleles suppress inv, indicating that in the absence of nonstop, the 

‘rough eye’ phenotype due to invadolysin is reduced.  Therefore, this indicates that nonstop 

might be required for invadolysin to exert some of its functions.   

Dr. Rao (Rao et al., manuscript in preparation) had identified that nonstop mutants, 

similarly to invadolysin, have hypercondensed mitotic chromosomes.  This implied that 

Invadolysin might be acting on Nonstop to regulate chromosome condensation, which my 

genetic data supports.  Furthermore, Dr. Rao observed that both inv and not mutants 

accumulated H2B, raising the possibility that excessive H2B ubiquitination might be 

resulting in the chromosomal defects observed in both inv and not (Rao et al., manuscript in 

preparation).   

Furthermore, since nonstop complexes with Dm SAGA, one question arises: is this 

interaction limited to nonstop or does it involve the whole of the Dm SAGA complex?  To 

investigate this, mutants of the DUB module: Sgf11 (SAGA-associated factor 11), and the 

acetylation module: Ada2B (adaptor 2B) and Gcn5 (general control nonderepressible 5) 

were crossed into the GMR-GAL4, UAS-inv genetic background.  Importantly, Sgf11e01308, 

ada2B1, PcafE333st (also called Gcn5) all suppressed the ‘rough eye’ phenotype, implying that 

invadolysin genetically interacts with the Dm SAGA complex (Table 3.3 and Figure 3.13).  

Furthermore, this interaction suggests that the loss of SAGA might result in an improperly 

functioning Invadolysin. 

Sgf11 is required for nonstop to deubiquitinate H2B in Drosophila and is involved in 

co-ordinating the genetic interaction between nonstop and SAGA (Weake et al., 2008).  

Therefore, the resultant suppression of the ‘rough eye’ phenotype confirms the results 

obtained with nonstop and the genetic interaction between inv and the DUB module of 

SAGA. 

Gcn5 is the catalytic component of the histone acetyltransferase (HAT) component of 

Dm SAGA (Kuo et al., 1996), whilst Ada2B is an important SAGA scaffolding protein 
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within the HAT module (Kusch et al., 2003).  Suppression of the ‘rough eye’ phenotype due 

to the loss of Gcn5 and ada2B indicates that not only the DUB module of Dm SAGA is 

required for some of invadolysin’s functions, but also the HAT component of Dm SAGA.   

The genetic interaction between Dm SAGA and invadolysin suggests that INV could 

be acting on the whole of the SAGA complex which mediates chromosome condensation.  

This hypothesis implies that the chromosomal defects observed in inv mutants might not 

only be due to H2B accumulation but also a decrease in the levels of H3 acetylation, which 

is regulated by both Ada2B and Gcn5.  In fact, decreased levels of H3 K14 and K9 levels 

have been observed in Drosophila Ada2b mutants (Qi et al., 2004), whilst Gcn5 has been 

observed to acetylate histone H3 in yeast (Grant et al., 1999).   

Therefore, the suppression of the invadolysin-induced ‘rough eye’ phenotype 

confirmed and extended the results of the second site noncomplementation deficiency 

screen, since it implicated not only nonstop but also Sgf11, ada2b and Gcn5 as genetic 

interactors with invadolysin.  Importantly, further investigation into the implications of this 

interaction is warranted.  For example, the detection of the levels of H3K9 and K14 in inv 

mutants and comparing these to wild type Drosophila would investigate whether the 

chromosomal defects of inv mutants are mediated through Dm SAGA, an exciting 

possibility. 
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Chapter 4: Generation and confirmation of transgenic 
Drosophila expressing tagged invadolysin 

4.1. Introduction 

Expression of tagged proteins with the GAL4/UAS system is an extremely useful tool 

in studying in vivo localisation, cellular pathways, protein-protein interaction and 

biochemical studies (Duffy, 2002).  GAL4 is a yeast transcriptional regulator that can bind to 

UAS (Upstream Activating Sequence) to activate transcription of any reporter gene 

downstream of the UAS sequence (Fischer et al., 1988).  The GAL4 gene has been randomly 

introduced within the Drosophila genome, giving rise to ‘enhancer-trap’ lines that express 

GAL4 under the control of nearby genomic enhancers.  Therefore, the GAL4/UAS system 

can effectively express virtually any gene of interest in any tissue within D. melanogaster 

(Brand and Perrimon, 1993). 

We decided to use the GAL4/UAS system and generate transgenic flies with RFP-, 

HA-, and FLAG-tagged full-length invadolysin in the context of the pUAST vector, which 

has 5 UAS repeat sequences and a TATA box.  RFP was utilised for the ability to carry out 

in vivo imaging (Makridou et al., 2003; Wildt and Deuschle, 1999), whilst HA and FLAG 

suitably allow biochemical experiments such as immunoblotting and immunoprecipitation 

(Lechtreck et al., 2009; Yigzaw et al., 2001). 

Before I describe how the transgenic Drosophila lines were generated, I will outline 

previous work in the Heck lab involved in tagging Invadolysin.  This work helped us to 

successfully generate transgenic Drosophila with the ability to express tagged invadolysin in 

any tissue and at any developmental stage. 
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4.2. Previous work tagging invadolysin 

The metalloprotease Invadolysin has the characteristic “HEXXHXXG[X]NH” catalytic 

motif and its sequence similarity to Leishmanolysin identifies it as a member of the M8 class 

of metalloproteases (Figure 1.11A and 4.1) (McHugh et al., 2004; Rawlings and Barrett, 

1993).  Drosophila melanogaster invadolysin has an open reading frame (ORF) of 2052 

nucleotides composed of 9 exons and encodes for a (predicted) 683 amino acid protein 

(Figure 1.12A and 4.1).  The N-terminus has a predicted signal sequence targeting the 

protein to the endoplasmic reticulum (ER) for translation.  Invadolysin also possesses a 

potential C-terminal glycosylphosphatidylinositol (GPI) anchor site (Figure 1.12B and 4.1) 

that typically results in proteins being attached to the external surface of the cell membrane.  

GPI-anchor proteins are synthesised in the ER, followed by cleavage of the protein’s C-

terminal end in the ER lumen. After cleavage, the protein is transferred enzymatically to 

glycosylphosphatidylinositol, which anchors the protein to the membrane surface as it is 

transferred to the plasma membrane via the secretory pathway (Pollard et al., 2007).  The 

GPI-anchor has recently also been linked to a lipid droplet localisation (Muller et al., 2009a; 

Muller et al., 2009b; Muller et al., 2008).   

Domains that could be important for Dm Invadolysin’s regulation include a D-box 

destruction motif (encoded by exon 7), which is typically regulated through APC ubiquitin-

mediated proteolysis.  APC is a vital cell cycle regulator (Kim and Bonni, 2007).  Another 

domain is a SUMO-ylation signal that overlaps the metalloprotease motif (encoded by exon 

6).  Sumoylation is a reversible process that can regulate the localisation, activity and 

stability of a protein and therefore diverse roles ranging from development to immunity 

(Talamillo et al., 2008).  Other sequence motifs, suggestive of Furin clevage and 

glycosylation, have also been identified.  The nature of Invadolysin’s predicted N- and C-

terminal processing events has resulted in difficulty in tagging this protein. 
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Dr. Bin Yu, a previous PhD student in the Heck lab, cloned the ORF of Dm inv into 

pFastBacHT, a baculovirus shuttle vector that also fused a His-tag to the N-terminal 

sequence.  This method was also used to fuse a His-tag to the C-terminal sequence of inv.  

After Dh10Bac baculovirus transformation, protein expression could not be detected with 

either construct.  This indicated that the baculovirus system cleaves INV at both the C and N 

terminal ends. 

Further tagging studies where performed by Dr. Ching-Wen Chang, another PhD 

student in the Heck lab, who cloned the full-length cDNA of 3 different Homo sapien 

invadolysin splice variants, out of 4 identified so far, into the pEGFP-N1 vector.  This fused 

the GFP tag to the C-terminus of Invadolysin.  Hs INV (see section 1.8 for further details).  

Subsequent immunofluorescence studies repeatedly identified expression of the tagged 

proteins within the ER.  Intriguingly when the proteasome inhibitor MG132 was used in 

conjunction with transfection of INV.v1:GFP, protein accumulation was observed.  This 

implied that the proteasomal pathway in human cells may be degrading C-terminally tagged 

Invadolysin.  Both of these studies implied that Invadolysin could not be tagged on either 

terminus, as the termini should be cleaved. 

4.3. Cloning strategy 

Considering the previous data we decided to tag Invadolysin more centrally.  To fulfil 

this aim, we utilised 2 (EcoRI and BamHI) of the 31 unique restriction enzyme sites within 

the open reading frame of Dm invadolysin. 

EcoRI is found rather N-terminally, within the 2nd exon (within aa residues 80 - 82) of 

Dm Invadolysin, whilst the catalytic motif is within the 6th Exon and the N-terminal signal 

peptide cleavage site is within the 1st exon at position 91 aa (Figure 4.1).  Therefore, we 

postulated that a tag inserted into the EcoRI restriction site would not be cleaved off and it 

would be far enough from the catalytic motif to limit functional interference.  Ideally, we 
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desired a restriction site that was within the predicted surface loops 1 or 2 (Figure 4.1).  

However, none of the restriction sites were available in these sequences. 

We also chose the BamHI restriction enzyme site in exon 8 of Dm Invadolysin (within 

aa residues 446 – 449, Figure 4.1).  The BamHI site is a considerable distance away from the 

catalytic motif and the Met turn (Figure 4.1 and 4.2), both essential for metalloprotease 

functionality (Gomis-Ruth, 2003).  The predicted D-box and GPI addition site are at 385-392 

aa (exon 7) and at 655 aa (exon 9) respectively.  Therefore, like the EcoRI restriction site, 

the BamHI site was at a considerable distance from the catalytic motif and other important 

domains.  The BamHI site was therefore selected since it was predicted to limit functional 

interference.   

As mentioned previously, we wanted to use three different tags: RFP, HA and FLAG.  

RFP is a good tag for in vivo imaging, however it is a bulky tag being 226 amino acids long, 

approximately 1/3 the length of Invadolysin (Figure 4.2).  The chances of this tag affecting 

protein folding, hence the functionality of invadolysin, were not minimal.  On the other 

hand, one of the advantages of the FLAG (DYKDDDDK) and HA (YPYDVPDYA) tags is 

that they are only 8 and 9 amino acids long respectively, hence the tertiary structure of Dm 

INV should be minimally affected (Figure 4.2). 

Thus, the tagged ORF of invadolysin was cloned into the pUAST P-element 

transformation vector, allowing, in this case, the GAL4-mediated transcription of 

Invadolysin.  A detailed account of the molecular cloning strategy is presented in the 

Methods Chapter (Section 2.21.9, Figures 2.3-2.8).  In this way 6 different pUAST 

constructs were generated:  RFP, HA, or FLAG tag inserted into the EcoRI or BamHI site of 

invadolysin.  These are called respectively pUAST-inv-RFP-EcoRI, pUAST-inv-HA-EcoRI, 

pUAST-inv-FLAG-EcoRI, pUAST-inv-RFP-BamHI, pUAST-inv-HA-BamHI and pUAST-inv-

FLAG-BamHI.  These constructs were sent to Genetic Services who injected them into w1118 

Drosophila melanogaster embryos.  Transgenic flies were successfully generated for each 

construct and sent to the Heck lab. 
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4.4. Confirmation of transgenic flies 

The inserted transgenes were genetically mapped by Genetic services to the 

corresponding chromosome in all of the transgenic fly lines received.  We then confirmed 

the viability and fertility of each transgenic line.  GMR12-GAL4 was used to drive tissue-

specific expression of tagged Invadolysin in the Drosophila fly eye.  The transgenic fly lines 

that had a tag inserted into the BamHI restriction site of invadolysin did not result in an 

observable phenotype (by light microscopy, Figure 4.3A), while all EcoRI insertions gave an 

easily discernable eye phenotype. UAS-inv-RFP(RI) (pUAST-inv-RFP-EcoRI) driven by 

GMR12-GAL4 gave a highly reproducible ‘rough eye’ phenotype that showed a loss of 

pigmentation and mechanosensory bristles aberrantly spaced between ommatidia (Figure 

4.3A).  However, the UAS-inv-HA(RI) (pUAST-inv-HA-EcoRI) lines gave an even more 

severe ‘glazed eye’ phenotype, showing a reduced eye size and aberrant shape.  Furthermore, 

when FLAG-tagged Invadolysin expression was driven by GMR12-GAL4 the eye was hardly 

observable, depicting an ‘eyeless’ phenotype (Figure 4.3A).  Interestingly, all of these 

phenotypes were stronger than that observed with GAL4 driven expression of untagged inv 

(Chapter 3, Figure 3.3).  

To confirm that these eye phenotypes were due to the tagged proteins generated, we 

immunoblotted fly head extracts with HA, RFP and FLAG antibodies.  The RFP and FLAG 

immunoblots were unsuccessful with poor antibody staining, hence no specific staining was 

observed.  On the other hand, staining was observed in the GMR-GAL4/UAS-inv-HA(RI) 

lines, whilst the CaS (wild type) control extracts lacked staining.  The HA antibody 

recognised an approximately 64kDa band in the GMR-GAL4/UAS-inv-HA(RI) extracts (Dr. 

Di Cara, Manuscript in Preparation) signifying that the HA tag has not been cleaved.  

However, 64 kDa is lower than the predicted 77.0 kDa size of full-lenth Invadolysin 

indicating that INV does undergo some post-translational cleavage when expressed in the fly  
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head.  Cleavage is predicted at the N-terminal peptide cleavage site and C-terminal GPI 

anchor site.  These immunoblots confirm that the EcoRI HA-tagged Invadolysin construct is 

expressed by the GAL4-UAS system. 

Dr. Francesca Di Cara performed further expression studies with nanos-GAL4 and 

daughterless-GAL4, both of which drive expression in the early embryonic stages. Both of 

these lines, as well as the ubiquitous driver tubulin-GAL4, were embryonic lethal when 

crossed with the UAS-inv-HA(RI) lines.  Emily Hodge, a UK Genetics Society summer 

project student, crossed UAS-inv-RFP(RI) and UAS-inv-RFP(BI) (pUAST-inv-RFP-BamHI) 

with nanos-GAL4 and daughterless-GAL4, which also resulted in embryonic lethality.  

However, lethality was incomplete and 52% of the progeny in the UAS-inv-RFP(RI) line 7 

survived.  Therefore, this data implies that excessive levels of invadolysin in the early stages 

of development appears to result in death, suggesting that its expression needs to be tightly 

regulated, especially during development.  Other data that suggested the need for tight 

regulation of INV was the early adult lethality observed when untagged invadolysin (UAS-

inv) overexpression was driven by GAL4 (Chapter 3). 

Fluorescence microscopy identified detectable levels of RFP expression in the 

surviving embryos.  UAS-inv-RFP(RI) expression was easily observed using a haemocyte, 

larval fat body (Cg-GAL4) and eye imaginal disc (ey-GAL4) -specific drivers (Personal 

observations and observations by Dr. Neville Cobbe and Dr. Francesca Di Cara, post 

doctorial fellows in the Heck lab).  Thus, tissue-specific expression with a number of GAL4 

drivers could be achieved in a robust and repeatable manner with the UAS-inv-RFP(RI), 

UAS-inv-HA(RI), UAS-inv-FLAG(RI) transgenic fly lines.  This is why, we chose to show 

that the functionality of the resultant proteins by rescuing mutant inv4Y7. 

The rescue experiment was performed by initially double-balancing arm-GAL4, UAS-

inv-HA(RI) and inv4Y7/TM6B using CyO/L ; MRS/TM6B (Figure 4.4A and B).  Then we 

crossed the double-balanced arm-GAL4, UAS-inv-HA(RI), with double balanced inv4Y7 

generating fly lines with a heterozygous mutant background (Figure 4.4C and D).  Finally, 
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double balanced arm-Gal4/CyO ; inv4Y7/TM6B and UAS-inv-HA(RI)/CyO ; inv4Y7/TM6B 

were crossed with each other.  Progeny lacking genetic markers expressed HA-tagged inv 

(driven by arm-GAL4) in a homozygous inv4Y7 background (Figure 4.4E).  The resultant 

progeny gave the expected ratio of 1 rescue to 4 inv4Y7 heterozygotes (8 rescued flies to 33 

heterozygotes, Figure 4.4E).  The rescue experiment was repeated for UAS-inv-RFP(RI) and 

gave a 1:10 ratio (3 rescued flies to 32 heterozygotes), suggesting that RFP-tagged INV 

could not consistently replace endogenous INV levels.  Some of the surviving male rescued 

flies were crossed to virgin CaS females, however they gave no viable offspring.  The adult 

male rescue fly’s testes (arm-GAL4 / UAS-inv-RFP(RI) ; inv4Y7/inv4Y7 and arm-GAL4 / UAS-

inv-HA(RI) ; inv4Y7/inv4Y7) were dissected, and spermatozoa appeared morphologically 

normal.  To confirm the presence of the p[lacZ;ry+] element in the inv4Y7 allele within the 

rescue flies, I performed PCR on single fly genomic extracts using the PF2 and Ext1-Int1.Lw 

primers (Figure 4.5A).  All of the UAS-inv-HA(RI) flies tested gave the expected genomic 

band (Figure 4.5B), confirming that HA- and RFP- tagged invadolysin fly lines expressed 

Invadolysin capable of rescuing mutant inv animals. 

4.5. Discussion 

Transgenic flies that express RFP-, HA- or FLAG-tagged invadolysin were 

successfully generated.  An easily observable eye phenotype, fluorescence and 

immunoblotting experiments demonstrated that UAS-inv-HA(RI) and UAS-inv-RFP(RI) were 

expressed at a detectable level.  Furthermore, the ability of these transgenic flies to rescue 

homozygous inv4Y7 animals showed that the expressed tagged proteins could functionally 

replace endogenous Invadolysin.  As a caveat, the rescue was not complete and the rescued 

males were infertile, so the transgene may confer only partial functionality. 

The UAS-inv-HA(RI) rescue experiment resulted in the expected 1 rescue to 4 

heterozygous progeny.  However, UAS-inv-RFP(RI) only survived in a 1:10 ratio, implying 
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that less than 50% of the rescue genotype, arm-GAL4 / UAS-inv-HA(RI) ; inv4Y7 / inv4Y7 

survived.  The lower than expected ratio suggests that either, the chromosomal insertion site 

of UAS-inv-RFP(RI) may be deleteriously affecting its expression, or that the RFP-tagged 

INV protein could not robustly replace wild-type INV.  This could have been due to the 

sheer size of the RFP tag.  However, since both HA and RFP tagged INV managed to rescue 

homozygous invadolysin, they can still be assumed at least to be partially functional. 

The generation of these transgenic flies has opened up a wealth of experimental 

opportunities.  The more severe eye phenotype observed by the UAS-inv-RFP(RI), UAS-inv-

HA(RI) and UAS-inv-FLAG(RI) constructs allows the development of a better 

enhancer/suppressor modifier screen to identify additional genetic interactors of invadolysin 

(discussed in Chapter 3).  Furthermore, other phenotypes of overexpressed tagged 

invadolysin could be exploited to dissect how Invadolysin interacts with molecular 

pathways.  

The development of these transgenic fly lines was vital in the development of this 

PhD thesis and other projects.  The UAS-inv-RFP(RI) transgenic line allowed the 

investigation of INV’s in vivo localisation (Chapter 5), which will be further developed.  

UAS-inv-HA(RI) has additionally been used to identify a cell growth phenotype due to 

overexpression in the Drosophila larval fat body (Chapter 5).  Furthermore, in vivo 

biochemical studies with UAS-inv-HA(RI) identified ATP synthase as a physical interactor of 

INV (Chapter 6).   

The usefulness of these transgenic lines can be further enhanced by generating lines 

expressing Invadolysin with specifically mutated sequences or motifs.  Mutations of regions 

of interest could be performed by site-directed mutagenesis and would allow the dissection 

of Invadolysin’s motifs related to protein function, localisation and protein-protein 

interactions. 
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Chapter 5: Investigation into the role of invadolysin in 
Drosophila lipid homeostasis 

 

5.1. Introduction 

Endogenous Invadolysin had previously been shown by immunofluoresence studies to 

localise to the surface of lipid droplets (LD) in human cells.  Furthermore, INV was enriched 

biochemically in the subcellular LD fraction of human cells identifying INV as a novel LD 

associated metalloprotease (Cobbe et al., 2009).  Lipid droplets are well known as the cell’s 

energy reserve and are ubiquitous in organisms as diverse as fungi to mammals (Murphy, 

2001).  These lipid droplets are dynamic organelles, not limited to storing fat having an 

active, central role in lipid homeostasis (Bartz et al., 2007b; Liu et al., 2004; Wan et al., 

2007).   

Invadolysin has recently been linked with a downregulation of the InR/PI3K/Akt 

(insulin-like receptor/phosphoinositide 3-kinase/Akt) pathway, which is a major regulator of 

cell and organismal growth (Grewal, 2009; Oldham and Hafen, 2003).  Furthermore, the 

InR/PI3K/Akt pathway has also been linked with lipid biosynthesis and storage pathways 

(Kersten, 2001; Porstmann et al., 2009).  Dr. Ching-Wen Chang observed lower levels of p-

Akt in inv4Y7, linking inv with a possible downregulation of the InR/PI3K/Akt pathway 

(Chang et al.manuscript in preparation).  

In Drosophila, the activation of the insulin-like receptor occurs through a group of 

seven genes encoding insulin-like peptides (ILP), which are the structural and functional 

orthologs of mammalian insulin and insulin-like growth factors (IGF, (Brogiolo et al., 

2001)).  Activation of InR results in the recruitment of the adaptor protein Insulin Receptor 

Substrate (IRS, Chico is the Drosophila homologue) leading to recruitment and activation of 

PI3K (Dp110 is the Drosophila homologue), which in turn, results in the phosphorylation of 

PIP2 to PIP3 (Engelman et al., 2006).  PIP3 recruits the protein kinases Akt and PDK1 to the 
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plasma membrane resulting in PDK1 activation of Akt, which eventually leads to an increase 

in cell size, organismal growth, glucose uptake and lipid storage (Alessi et al., 1997; 

Manning and Cantley, 2007).  The recruitment and activation of Akt can be inhibited by the 

lipid phosphatase PTEN, which converts PIP3 to PIP2 (Oldham et al., 2002).  In Chapter 3, 

Pten was identified as a potential genetic interactor of invadolysin due to Pten enhancing the 

invadolysin-induced ‘rough eye’ phenotype.  Thus, Pten is predicted to suppress the level or 

activity of invadolysin (Chapter 3).  This genetic interaction further linked invadolysin with a 

downregulated InR/PI3K/Akt pathway. 

Strikingly, lipid accumulation was observed in Drosophila PTEN mutant ovarian 

nurse cells (Vereshchagina and Wilson, 2006).  Lipid accumulation was linked to an increase 

in the levels of activated cytoplasmic p-Akt and elevated levels of LSD2.  LSD2 is the 

Drosophila homologue of mammalian Perilipin and is a central player in neutral lipid 

storage.  Organisms mutant for Lsd2 are viable but triacylglyceride (TAG) levels are reduced 

by approximately 30% to 40% in adult flies (Gronke et al., 2003; Teixeira et al., 2003).  

Conversely, a gain-of-function Lsd2 mutant resulted in an accumulation of TAG levels.  

Antagonistic control appears to be exerted by brummer, the homologue of human adipocyte 

triacylglyceride lipase (ATGL) (Gronke et al., 2005).   

In inv4Y7 larval and fat body extracts a reduction in Lsd2 levels were observed, an 

intriguing indication that lipid levels were abnormal.  Therefore, I wanted to identify 

whether the potentially downregulated InR/PI3K/Akt pathway and drop in LSD2 levels in 

inv4Y7 lead to identifiable phenotypic changes within the larval fat body.  An aberrant fat 

body is perceptible in several Drosophila mutants associated with lipid storage and 

mobilisation such as, Lsd2 and brummer (Gronke et al., 2005).  The Drosophila fat body is 

equivalent to mammalian adipose and liver tissue and, like its mammalian counterparts, is 

involved in lipid mobilisation and storage (Butterworth et al., 1965).  The fat body produces 

a humoral signal that regulates larval tissue growth incorporating stress and nutritional 

signals (Colombani et al., 2005; Colombani et al., 2003).  Genetic ablation of the larval fat 
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body resulted in smaller organs, a reduced body size and ultimately pupal death (Liu et al., 

2009).  These roles make the larval fat body a central regulator of lipid storage, normal 

growth and development, therefore an ideal tissue to investigate. 

In this chapter, I will first outline the challenge encountered in imaging the very lipid 

dense Drosophila fat body, and how I successfully overcame this difficulty using OptiGrid 

confocal microscopy.  The use of OptiGrid confocal microscopy allowed the identification 

of a cell size defect in inv4Y7 fat body.  In addition, analysis of triacylglyceride (TAG): 

protein ratio in inv4Y7 also linked invadolysin with neutral lipid storage defects.  Some of 

these data were published in Cobbe et al., (2009). 

5.2. Imaging the Fat Body 

The Drosophila larval fat body consists of two tissues composed of single-cell thick 

sheets attached to the salivary glands that traverse the length of the larva.  To study the effect 

of invadolysin on lipid storage I decided to visualise the third instar fat body of wild type and 

inv4Y7 larvae to investigate possible phenotypes, particularly changes in lipid content and 

lipid droplet morphology. 

To visualise lipid droplets within the fat body I adopted and optimised the lab’s 

current mammalian cell culture lipid droplet staining protocol, using epifluorescence 

widefield microscopy (Cobbe et al., 2009) (Section 2.14).  Dissected third instar larval fat 

bodies were stained with the fluorescent neutral lipid dye 493/503 BODIPY, without 

permeabilisation and within 20 minutes (Figure 5.1).  Detergents were avoided since they are 

known to interfere with lipid droplet morphology solubilising lipids (Ohsaki et al., 2005).  I 

compared mounting in PBS against 90% glycerol, with glycerol giving much less out-of-

focus light.  Glycerol has a refractive index (RI) of 1.475 that is much closer to the RI of 

neutral lipids (~1.47 (Rafiquzzaman et al., 2006)) than PBS.  Hence, glycerol results in less 

diffracted and diffuse light scattering.   
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The fat body cytoplasm is mostly composed of lipid droplets surrounding a large 

central nucleus containing polytene chromosomes (Swanson, 1957).  Since lipid dye staining 

was very intense, I varied the concentration of BODIPY from 10-100 µg/ml.  However, at all 

concentrations tested staining remained intense and a strong amount of out-of-focus light 

was still observed.  This precluded the ability to distinguish any gross aberrant lipid 

accumulation, loss, or lipid droplet structural abnormalities (Figure 5.1).  Widefield 

microscopy bathed the whole tissue with light resulting in a high level of out-of-focus light 

and although the fat body was just one cell thick, these cells were very big (over 80 microns, 

personal observation) and had undergone numerous rounds of endo-reduplication. 

Therefore, I adopted Confocal Laser Scanning Microscopy (CLSM) to reduce the 

amount of out-of-focus light.  CLSM uses focused laser light beams to illuminate a specific 

point within the tissue of interest.  The illuminated point represents one pixel in the 

generated image and CLSM uses a small detector aperture and beam splitter to eliminate out-

of-focus light.  However, this precision comes at the cost of a great reduction in fluorescent 

signal intensity detectable by the photomultiplier tube (PMT).  To counteract this difficulty, I 

increased the BODIPY concentration to 100 µg/ml to maximise fluorescent signal intensity, 

although this concentration was too high for widefield microscopy it was adequate for 

CLSM.  

CLSM gave a high resolution image after deconvolution (Figure 5.1B) and a wide 

range of lipid droplet sizes could be distinguished in both the wild type and inv4Y7 larval fat 

body.  Deconvolution was performed using a known theoretical point spread function which 

satisfied the Nyquist-Shannon sampling rate (Section 2.15.3).  Deconvolution helped reduce 

noise and optical aberrations to a minimum.  The fat body X-Z plane optical sections showed 

that the lipid droplets were, as expected, spherical (Figure 5.1B).  Hence, CLSM could be 

used to accurately image the Drosophila larval fat body. 

CLSM works by analysing a sample point by point with a high-powered laser, 

scanning X-Y sections throughout a predefined Z-stack.  These sections can be subsequently 
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reconstructed into 3-D images.  For the roughly 86 µm thick fat body (wild type), each 

image took between 10-20 minutes to capture, resulting in significant photobleaching.  In 

fact, CLSM was unable to capture the whole tissue and Figure 5.1B clearly shows that the 

laser was unable to penetrate through the tissue with the lower half of the fat body giving a 

very low fluorescence intensity.  It is thus likely that the lipid-rich fat body is too optically 

complex for the system utilised and the BODIPY fluorophore is being photobleached at this 

laser intensity.   

CLSM therefore seemed highly suited for high resolution 2-D or 3D images of the top 

part of the fat body but unsuitable to capture the whole of the larval fat body.  However, 3D 

reconstructions of lipid droplets have been successfully obtained in Drosophila, by using 

Third Harmonic Generation (THG) laser scanning microscopy (Debarre et al., 2006).  THG 

technology was unfortunately not easily available.  Hence, I decided to try Optical Projection 

Tomography (OPT) and the OptiGrid Confocal system to attempt high-resolution 3D 

mapping of the Drosophila larval fat body. 

OPT has been successfully used to produce high-resolution 3D images of Drosophila 

adult heads, detecting autofluorescence, tagged protein fluorescence and LacZ staining 

(McGurk et al., 2007).  However, when CaS third instar larvae were mounted in agar and 

dehydrated with methanol (Section 2.15.7) the larvae turned an optically opaque black 

colouration.  Interestingly, mutant inv4Y7 larvae did not change colouration, for reasons that 

were unclear.  OPT specimen preparation also requires the use of the organic solvent benzyl 

alcohol: benzyl benzoate clearing solution, which washes away lipids.  Therefore OPT was 

unsuitable for fat body imaging, and I attempted to image the larval fat body with the 

OptiGrid system. 
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Improvision’s Volocity Grid Confocal system uses the OptiGrid structured light 

device for generation of 3D confocal images without the use of lasers.  This makes image 

capture much faster and the excitation light is less powerful, resulting in reduced 

photobleaching of fluorophores.  One limitation of the system available is a minimum Z-

section of 1 µm.  Lipid droplets are 0.5-10 µm in size (Beller et al., 2006), so this system is 

likely to overlook smaller-sized lipid droplets.  Yet, the OptiGrid system successfully 

imaged the Drosophila larval fat body without significant photobleaching of the sample 

(Figure 5.2).  The fat body was stained with Nile red, a selective neutral lipid dye, which had 

considerably greater photostability than either red or green BODIPY and hence was adopted. 

5.3. Invadolysin affects the size of fat body cells 

Lipid droplet morphology was studied in the larval fat body of both CaS (wild type) 

and inv4Y7 tissue.  Both have smaller lipid droplets at the periphery of fat body cells (figure 

5.1B and Figure 5.2D* and E*), whilst larger lipid droplets appear to surrounded the nucleus 

(Figure 5.1B and Figure 5.2 A* and B*).  However, differences in lipid droplet morphology 

between wild type and mutant tissue were not readily apparent in the larval fat body (Figure 

5.2A, B, D and E).  Homogeneity in appearance suggests that loss of invadolysin does not 

affect lipid droplet morphology, hence its homeostasis, directly. 

Whilst investigating LD morphology, I noticed that fat body cell size appeared 

strikingly different, with the mutant inv4Y7 cells being distinctly smaller than wild type (CaS) 

cells (Figure 5.2A-B).  Quantification of the cell’s cross-sectional area was performed using 

the Volocity (Version 5.03, Build 4) image analysis software (Section 2.15.5a, Figure 2.2).  

This identified that the inv4Y7 fat body cell (average 1514 µm2) was less than half the size of 

the CaS fatbody cell (average 3187 µm2, Figure 5.3B).  This difference was statistically 

significant (p<0.001) and links inv4Y7 with a drastic cell growth defect.  
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To get an indication of the effect the loss of invadolysin has on cellular volume, I 

measured the thickness of wild type and mutant tissue using Volocity (Section 2.15.5a and b, 

Figure 2.2).  The thickness of the fat body was quantified and revealed that the inv4Y7 tissue 

(average 51.8 µm) was thinner compared to wild type (average 86.5 µm, Figure 5.3B, 

p>0.001).  Hence, the loss of invadolysin results in a cell size reduction apparently a thinner 

overall organ size.  I published this data in Cobbe et al. (2009).  

In Chapter 4, I described the generation of transgenic flies that could express tagged-

Invadolysin in any Drosophila tissue using the GAL4-UAS system.  I used these transgenic 

flies to investigate the effect of tagged-invadolysin on lipid droplet morphology and fat body 

cell size by crossing UAS-inv-HA(RI) with Cg-GAL4, a fat body specific GAL4 driver, and 

analysing their progeny.  Immunoblotting of fat body extracts confirmed that HA-tagged 

INV was successfully expressed (Figure 5.3A).  By staining 3rd instar larval fat bodies with 

Nile red and using OptiGrid microscopy I showed that whilst lipid droplet morphology was 

unaffected by ectopic expression of tagged-Invadolysin, cell size increased (Figure 5.2 C and 

F).  Cell size increased by fat body expression of HA-INV to an average 4206µm2 compared 

to 3187 µm2 for wild type fat body cells (Figure 5.3B, p>0.001).  The cross-sectional area of 

the fat body cells were quantified using Volocity, as previously described (above, Section 

2.15.5a and Figure 2.2).  OptiGrid microscopy analysis suggested that whilst expression of 

Invadolysin was not directly affecting lipid droplet morphology, it was affecting cell size.  

Intriguingly, a corresponding increase in cell thickness was not observed (average 87.0 µm, 

Figure 5.3C). 
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5.4. inv4Y7 has an effect on the accumulation of TAG 

The previous data suggests that Invadolysin affects cell and organ size, however 

general lipid droplet morphology seemed unaffected, but does the effect on organ size affect 

lipid storage (or vice versa), compared to total protein levels?  In Drosophila, Lsd2 is a 

central controller of lipid storage.  Lsd2 mutant adults are viable, however they have 30% 

less lipid accumulation than wild type flies (Gronke et al., 2003; Teixeira et al., 2003).  In 

these published studies, the level of stored lipids was quantified by measuring TAG levels 

and normalising them against total protein content.  A methodology I adopted to investigate 

if the loss of invadolysin affected lipid storage.   

TAG: protein levels in inv4Y7 third instar larval extracts were compared to control 

(CaS) larvae and Lsd2 mutant larvae.  As expected the TAG levels in Lsd2 were significantly 

reduced compared to wild type (Figure 5.4).  Intriguingly, TAG: protein levels were also 

reduced in inv4Y7 larvae, although by a more modest factor (Figure 5.4).  This implied that 

the loss of invadolysin affected the accumulation of lipids resulting in leaner larvae, 

implying that the loss of invadolysin affects pathways that regulate lipid biosynthesis or 

storage. 

Lsd2 overexpression resulted in TAG accumulation in adult flies and if Invadolysin, 

like Lsd2, is a direct regulator of neutral lipid storage, overexpression of INV would be 

hypothesised to result in TAG accumulation.  I attempted to overexpress HA-tagged 

invadolysin with the driver Cg-GAL4 and measure third larval instar TAG levels compared 

to wild type.  Overexpression was confirmed by immunoblotting extracts of CaS and Cg-

GAL4/UAS-inv-HA(RI) with the HA antibody (Figure 5.3A)  Whilst measurement of TAG: 

protein levels showed that the overexpression of tagged-Invadolysin did not result in 

significant lipid accumulation (Figure 5.5), suggesting that Invadolysin does not directly 

regulate neutral lipid storage. 
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5.5. Localisation of tagged INV in the fat body 

In human and mouse cells, endogenous Invadolysin localised to the surface of lipid 

droplets (Cobbe et al., 2009).  In Drosophila, this association with LDs has not been 

confirmed; therefore, to investigate Drosophila INV’s in vivo localisation we overexpressed 

HA-tagged INV with Cg-GAL4.  We analysed the third instar larval fat body of these 

progeny by CLSM, identifying tagged-Invadolysin as punctuate points throughout the top 30 

µm of larval tissue (Figure 5.6).  Some of the punctuate dots appeared to stain the surface of 

the LDs, implying that Dm INV has a similar localisation to mammalian INV, hence that the 

localisation of INV is conserved from mammals to insects.  However, Figure 5.6 indicates 

that the localisation of tagged-INV in the Drosophila fat body is not restricted to lipid 

droplets but INV appears to also have a substantial cytoplasmic localisation. 

I had previously described how CLSM was unable to penetrate all of the larval fat 

body, possibly due to the high density of lipid droplets in fat body cells (Section 5.2).  The 

lack of penetration meant that the localisation of tagged-INV could only be determined 

through ~30 µm of larval fat body tissue.  Hence, INV could have an intriguing localisation 

deeper in the larval fat body that this technique failed to spot.   

In order to achieve proper binding of the HA antibody to its epitope on HA-INV, we 

used 2% Tween 20 levels that washed away some of the neutral lipids, evident by the 

presence of spherical objects which did not stain for Nile red (Figure 5.6).  Detergents are 

known to affect protein lipid droplet association (Ohsaki et al., 2005).  Despite these 

problems, surface lipid droplet staining was still observed. 
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To circumvent the possible effect of detergents on protein localisation and to perform 

live imaging, UAS-inv-RFP(RI) was crossed with Cg-GAL4 at 25oC and the fat body of 

progeny analysed.  RFP-tagged Invadolysin should have been expressed in the fat body.  

However, although RFP was observed, it was not of sufficient intensity for detailed CLSM.  

This experiment was repeated by crossing UAS-inv-RFP(RI) to Cg-GAL4 at 29oC, in an 

attempt to increase the intensity of the RFP signal, however intensity was still insufficient 

for detailed CLSM (data not shown). 

Fat body specific expression of HA-INV has shown that INV might localise to the 

surface of LDs in the Drosophila fat body.  However, further experiments might be required 

to determine whether INV selectivity binds to the surface of LDs or has multiple cellular 

localisations (further experimentation is discussed in Chapter 8). 

5.6. Discussion 

I successfully identified that inv4Y7 mutant larvae have a reduction in fat body cell and 

organ size.  Mutant inv had previously been linked to several growth defects including 

reduced organismal size and small larval brains, as compared to age-matched larvae 

(Personal observation) (McHugh et al., 2004).  In addition, I showed that fat body-specific 

expression of tagged Invadolysin results in an increase in cell size.  This increase in cell size, 

implies that excessive levels of INV can cause the activation of pathways resulting in larger 

cells. 

Unfortunately, we have no data linking tagged-Invadolysin expression with changes in 

molecular pathways, a worthwhile avenue for subsequent investigations.  However, in the 

inv4Y7 mutant a downregulated InR/PI3K/Akt pathway was observed (Chang et al., 

manuscript in preparation).  The InR/PI3K/Akt pathway is strongly linked to effects on cell 

and organismal growth control.  Loss-of-function mutations in positive regulators of this 

pathway all resulted in a significant size reduction (Bohni et al., 1999; Chen et al., 1996; Liu 
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et al., 1993; Tamemoto et al., 1994).  On the other hand, mutations of negative regulators 

resulted in an increase in body size (Oldham et al., 2002).  The InR pathway is therefore a 

possible mechanism by which the loss of invadolysin leads to the cell and organismal size 

reduction observed.  Whether INV can regulate the InR/PI3K/Akt pathway is a matter 

requiring further investigation.  It should also be noted that other molecular pathways can 

lead to growth retardation phenotypes, for example the TORC1 (Target of rapamycin 

complex 1) and AMPK (AMP-activated protein kinase) pathway (Gwinn et al., 2008; 

Hietakangas and Cohen, 2009; Lage et al., 2008; Laplante and Sabatini, 2009). 

The Drosophila fat body apart from storing lipids has also been associated with the 

integration of nutritional and humoral signals to control the growth of peripheral tissue. 

Genetic ablation of the fat body during the larval-pupal transition results in pupal lethality 

(Liu et al., 2009), whilst larval neuroblasts co-cultured with the fat body were able to 

proliferate (Britton and Edgar, 1998).  Furthermore, loss of minidisks, a fat body specific 

amino acid transporter, was shown to result in the retarded growth of imaginal discs (Martin 

et al., 2000).  In addition, loss of slimfast, specifically in the fat body, resulted in a 

downregulated TORC1 pathway.  This downregulation was connected with a reduction of 

InR/PI3K/Akt pathway signalling in peripheral tissue, resulting in a reduced cell and organ 

size (Colombani et al., 2003).  In fact, TOR mutant Drosophila are growth retarded and have 

a reduced organismal size (Zhang et al., 2000).  This growth defect phenotype is retained 

even when TOR activity is reduced specifically in the fat body, showing how the fat body 

can control the growth of other tissue (Colombani et al., 2003). 

The downregulation of the InR/PI3K/Akt pathway by fat body specific 

downregulation of the TORC1 pathway implies that the fat body can secrete humoral signals 

to control growth.  In mammals, liver tissue secretes ALS (acid labile subunit) a positive 

regulator of insulin signalling that stabilises IGF-1 (Insulin Growth Factor-1) (Boisclair et 

al., 2001).  Similarly, Drosophila ALS is upregulated in the fat body and seems to regulate 

ILPs released by the IPCs (insulin producing cells).  Recent studies have shown that 
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Drosophila ALS might regulate ILPs in a more complex manner than its mammalian 

counterpart, since ALS results in ILP inhibition under starvation or normal nutrient 

conditions (Arquier et al., 2008; Hietakangas and Cohen, 2009; Honegger et al., 2008).  

Nevertheless, downregulated TORC1 provides another pathway that can result in larval 

tissue growth defects, explaining both the cell size defects I observed and the InR 

downregulation observed by Chang et al. (manuscript in preparation). 

The hypothesis that INV might be acting more directly on TORC1, rather than 

through InR/PI3K/Akt signalling resulting in the cell size phenotypes observed, is 

substantiated by Drosophila mutant phenotypes of the TORC1 and InR/PI3K/Akt pathways.  

All positive regulators of the InR/P13K/Akt pathway, up to Akt, which have viable mutants 

accumulate lipids (Bohni et al., 1999; Bruning et al., 2000; Chen et al., 1996).  Conversely, 

several regulators of TORC1 are small and lean (Bland et al., 2010; Bryk et al., 2010). That 

inv4Y7 mutants exhibit both a reduction in cell size and TAG levels implies that Invadolysin 

is likely to be acting through the TORC1 complex, and indirectly affecting the InR/Akt/PI3K 

pathways in Drosophila. 

The InR pathway positively regulates TORC1 which mediates many of its effects.  

TORC1 can also be stimulated by the cell’s internal amino acid and energy levels (Avruch et 

al., 2009; Inoki et al., 2002; Inoki et al., 2003).  Therefore, low amino acid or energy levels 

could result in the observed effects on cell size due to Invadolysin. 

However, the data in this chapter do not discern whether INV is acting directly on 

TORC1 or through the InR pathway.  The pathway INV is directly interacting with could be 

investigated by fat body-specific expression of HA-tagged INV, followed by the 

examination of the levels of InR pathway and TORC1 pathway components.  Furthermore, 

examination of the size of peripheral tissue and final adult size, would determine if this 

interaction affects tissue and organism size. 

I also observed a reduction of TAG levels in inv4Y7 third instar larvae, which implies a 

neutral lipid storage defect.  Two central players in Drosophila lipid homeostasis are Lsd2 
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and its antagonist Brummer lipase (Gronke et al., 2003; Gronke et al., 2005; Teixeira et al., 

2003).  The loss of Lsd2 has been linked to a reduction of TAG levels.  Strikingly Lsd2 

levels were observed to decrease in whole inv4Y7 larval and fat body extracts (Chang et al., 

manuscript in preparation).  Furthermore, Dr. Ching-Wen Chang observed that the reduction 

in Lsd2 levels could be due to a downregulated p-Akt; a positive regulator of Lsd2 in 

Drosophila nurse cells (Vereshchagina and Wilson, 2006).  Therefore, the reduction in TAG 

levels I observed in inv4Y7 larvae could be due to a reduction in Lsd2 levels that are mediated 

by low levels of p-Akt, which is suggestive of a downregulated InR/PI3K/Akt pathway. 

The overexpression of Lsd2 increased TAG levels, however overexpression of HA-

tagged INV did not result in an increase in TAG levels, which could mean that INV does not 

directly regulate Lsd2 or TAG levels.  Therefore, whilst the loss of invadolysin affects 

pathways that result in a downregulation of LSD2, an excessive amount of Invadolysin does 

not result in the activation of pathways that elevate lipid levels above endogenous levels. 

Lipid droplet morphology, at a gross level, did not change by the loss or 

overexpression of tagged-INV .  On the other hand, changes in lipid droplet morphology 

have been observed in the lipid storage regulators Lsd2 and brummer (Fauny et al., 2005; 

Gronke et al., 2005; Vereshchagina and Wilson, 2006).  Therefore, since HA-INV 

expression did not modify TAG level levels and lipid droplet morphology was also 

unchanged suggests that the overexpression of INV does not directly regulate lipid 

homeostasis in Drosophila.  

The lack of lipid defects as a result of tagged-Invadolysin expression is puzzling since 

mammalian TORC1 has been linked to lipid biosynthesis.  In mammals, lipid biosynthesis 

and accumulation has been linked to an active InR/P13K/Akt pathway and this signal is 

mediated through TORC1.  On the other hand, in Drosophila, overexpression of InR in fat 

bodies resulted in slightly larger lipid droplets and an accumulation of triacylglycerides, 

which was independent of TORC1.  The lack of lipid defects due to tagged-INV expression 
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can possibly be explained if as suggested previously, Invadolysin is directly affecting 

TORC1 but not directly affecting the InR/ P13K/ Akt pathway. 

As a caveat, regulators of TORC1 such as MAP4K3 have mutants that exhibit a lean 

phenotype (Bland et al., 2010; Bryk et al., 2010; Teleman et al., 2005b).  For example, 

MAP4K3 is a mediator of amino acid signalling that activates TORC1 and MAP4K3 mutants 

have reduced lipid levels.  Therefore, in Drosophila, whilst the InR pathway is known to 

activate lipid biosynthesis and storage independently of TORC1, the extent to which TORC1 

can regulate lipids is not known. 

The affect of loss or gain of Invadolysin on lipid synthesis, storage and conversely 

mobilisation hence requires further experimentation, in particular knowing the precise roles 

and interactors of INV, which the next chapter attempts to investigate. 
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Chapter 6: Invadolysin interacts with mitochondrial 
ATP Synthase and regulates mitochondrial 
metabolism in Drosophila. 

 

6.1. Introduction 

ATP is the energy currency of the cell, essential for proper biological functioning and 

used for numerous processes including cell division, cellular migration, organelle transport 

and most importantly, driving the majority of enzymatic reactions (Kidd et al., 2005; 

McBride et al., 2006; Yen and Klionsky, 2008). 

ATP can be generated by glycolysis, the partial oxidation of glucose.  However, 

partial oxidation only generates 2 ATP molecules, while 30 ATP molecules can be generated 

from the full oxidation of glucose into CO2 and H2O by the combination of glycolysis, the 

Krebs cycle and oxidative phosphorylation.  Glycolysis occurs in the cytoplasm whilst the 

latter two occur in mitochondria.  Amino acids and fatty acids can also be oxidised, 

providing chemical energy for the cell, by being fed into the Krebs cycle (Alberts et al., 

2002).  Hence, the mitochondrion provides a central role in the catabolism of nutrients for 

the provision of energy to the cell. 

 Oxidative phosphorylation generates most of the ATP, coupling the electrochemical 

potential across the inner mitochondrial membrane with ATP synthesis (Figure 1.5).  The 

electrochemical potential is generated by the pumping of H+ ions from the mitochondrial 

matrix, across the inner mitochondrial membrane, and into the intermembrane space by 

respiratory complex I, III and IV.  These complexes form part of the electron transport chain, 

which couples the energy required to pump H+ ions to the energy generated by the step-wise 

decline in energy of electrons donated by NADH (through complex I) and succinate (through 

complex II).  These electrons traverse the electron transport chain and ultimately are donated 

to O2 forming H2O (Figure 1.5) (Pollard et al., 2007).   
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The pH and proton gradient created by the ETC drives the ubiquitous F1F0 ATP 

synthase (respiratory complex V) to generate ATP.  The membrane-embedded Fo domain 

catalyses ion translocation driving its c-subunit ring motor.  The c-ring motor is physically 

connected to the F1 motor which utilises the rotational energy to generate ATP from ADP 

and Pi (inorganic phosphate). This mechanism, along with the other electron transport chain 

subunits, have been conserved throughout evolution (Talamillo et al., 1998; Vinas et al., 

1990). 

Defects in the ETC Complexes and ATP synthase result in elevated Reactive Oxygen 

Species (ROS) levels, due to increased electron ‘leakage’ from the ETC that reduces oxygen, 

forming the O2
- radical (Boveris et al., 1980; Griendling, 2005; Li and Shah, 2004; Roy et 

al., 2008; Saleh et al., 2008; Turrens and Boveris, 1980).  Electron ‘leakage’ can be elevated 

by either increased mitochondrial respiration, or inhibition of electron transfer (Boveris et 

al., 1980; Chen et al., 2003; Demin et al., 1998; Li and Shah, 2004; Turrens and Boveris, 

1980).  

Defects in ATP synthase subunits have been linked to decreased ATP synthase 

activity resulting in low ATP levels (Celotto et al., 2006; Roy et al., 2008).  Failure to 

dimerise or oligomerise ATP synthase has also resulted in aberrant mitochondrial 

morphology (Velours et al., 2009).  Additionally, in Drosophila, loss of ATP synthase 

subunit-ε has been linked to a delayed growth rate, early larval lethality and mitotic 

abnormalities (Kidd et al., 2005).  Hence, loss of ATP synthase activity can have a dramatic 

impact on organismal development. 

This Chapter demonstrates that Invadolysin genetically and physically interacts with 

ATP synthase.  Furthermore, invadolysin4Y7 (inv) and bellwetherKG05893 (blw, ATP synthase-α 

subunit) both share aspects of mutant phenotypes, including growth, neutral lipid storage and 

metabolic defects.  Our studies showed that inv4Y7 larvae had a low ATP level that resulted in 

the activation of AMP-activated protein kinase (AMPK).  AMPK can negatively regulate 
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TOR Complex 1 (TORC1) inhibiting cellular growth.  Furthermore, levels of enzymes 

important in lipid biosynthesis, and inactivated by AMPK, were also reduced. 

We also observed indications of a dysfunctional ETC that is typically linked to an 

increase in ROS levels.  We detected an elevation in ROS levels which resulted in a 

significant increase in oxidative damage.  An increase in oxidative damage is thought to 

have activated the oxidative stress pathway, which is a possible reason for the defective 

behavioural hypoxia response in inv4Y7 larvae. 

These results are currently being prepared for a manuscript in collaboration with Dr. 

Francesca Di Cara.  I have denoted in the Figure legends who performed which experiments. 

6.2. The genetic interaction between invadolysin and ATP 

synthase-∝  (bellwether) 

In Drosophila, invadolysin loss-of-function results in pleiotrophic phenotypes 

including; cell cycle defects, small cell and organismal size and finally, third instar larval 

lethality (Chapter 5) (Cobbe et al., 2009; McHugh et al., 2004).  This pleiotrophy implies 

Invadolysin could be involved in a number of vital cellular roles, which is perhaps not 

surprising for a potential protease. 

In Chapter 3, I utilised an enhancer/suppressor modifier screen to identify genetic 

interactors of invadolysin.  We also wanted to identify the potential physical interactors of 

INV, hence overexpressed tagged HA-inv (Chapter 4) in Drosophila adult heads using the 

eye-specific GMR-GAL4 driver.  Adult head extracts were then immunoprecipitated using an 

anti-HA affinity matrix.  CaS head extracts were used as a control.  The eluate from the 

beads was electrophoresed on an SDS-PAGE gel, followed by Coomassie Brilliant Blue 

staining, which highlighted 6 unique bands in the immunoprecipitated HA-INV lane (Figure 

6.1A).  These bands were identified by Multidimensional Protein Identification Technology 

(MuDPIT) enabled mass spectrometry. 
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Mass spectrometry analysis identified 6 significant proteins, unique to the 

immunoprecipitated HA-INV lane, as physical interactors of invadolysin (Table 6.1), 3 of 

which were the ATP synthase subunits- ∝, β and d.  Therefore, our investigations focused on 

confirming these interactions and characterising the mutant phenotypes of inv and ATP 

synthase. 

ATP synthase-∝ and -β form a hexamer around a central  γ-subunit in the catalytic F1 

moiety of ATP synthase which can move freely in the mitochondrial matrix.  ATP synthase-

d, on the other hand, is part of the specific proton channel Fo embedded in the mitochondrial 

inner membrane, which harnesses the electrochemical proton gradient generated by the ETC 

to power ATP synthesis by F1; from ADP and inorganic phosphate (von Ballmoos et al., 

2009).   

I wanted to confirm whether the physical interaction of ATP synthase with INV was 

functional using in vivo genetic and physiological analysis in Drosophila.  Since few 

reagents exist for ATP synthase-β and -d in Drosophila, we focused on confirming the 

functional interaction between ATP synthase-∝, known in Drosophila as bellwether, and 

Invadolysin. 

I performed an enhancer/suppressor genetic assay, developed in Chapter 3, to 

determine whether invadolysin and bellwether interacted genetically.  We used the GMR-

GAL4>UAS-inv/CyO transgenic fly to overexpress invadolysin specifically in the fly eye, 

giving it a ‘rough eye’ phenotype when raised at 29oC.  This phenotype was compared to 

flies having a single copy of GMR-GAL4>UAS-inv over blwKG05893 or blwEY08188.  These flies 

gave a clear and consistent enhancement of the rough eye phenotype, which indicated a 

genetic interaction (Figure 6.1B) supporting the hypothesis that the physical interaction 

between Invadolysin and ATP synthase is functional. 
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6.3. inv and blw share aspects of mutant phenotypes 

Homozygous mutant invadolysin larvae are arrested at the late third instar stage with 

small brains and absent imaginal discs, subsequently they do not develop into adults (Cobbe 

et al., 2009; McHugh et al., 2004).  Most inv larvae die after 5 days, however a minority 

survive for up to 11 days at 25oC (personal observation).  Mutant larvae show mitotic and 

chromosome condensation defects in Drosophila neuroblasts (McHugh et al., 2004).  

Nuclear encoded mitochondrial proteins, such as cytochrome c oxidase Va (CoVa), a subunit 

of complex IV, have recently been shown to affect cell-growth and cell cycle checkpoint 

control (Liao et al., 2006; Mandal et al., 2005; Owusu-Ansah et al., 2008). 

The first blw mutant allele was discovered in a Drosophila screen designed to identify 

new growth signalling genes (Galloni and Edgar, 1999).  Homozygous mutant blw larvae 

also showed developmental arrest with lethality observed at every larval stage.  The mutant 

blwk04409 allele can survive up to 6 days and no larvae develop into pupae (Galloni and 

Edgar, 1999).  Similarly to blwk04409, the majority of blwKG05893 larvae die at the second instar 

stage with few surviving till the third instar stage (personal observation).  Like inv4Y7, 

blwKG05893 larvae are smaller as compared to wild type larvae of the same stage (Figure 

6.1C). 

blwKG05893 was generated as part of the BDGP gene disruption project, and has a 

P{SUPor-P} transposon (Roseman et al., 1995) inserted into the 5’UTR region of the blw 

gene (Flybase; Bellen et al., 2004).  The P{SUPor-P} transposon has Su(Hw) sites that 

should silence the transcription of nearby genes (Roseman et al., 1995), which considering 

its insertion site, should result in a hypomorph or null mutation for blw.  Since there was no 

published data on blwKG05893, we successfully utilised quantitative PCR to confirm that this 

allele is a hypomorph for blw (data not shown, Dr. Francesca Di Cara).  
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In addition to an organism-wide size reduction, Cobbe et al. (2009), showed that inv4Y7 

affects fat body organ size (Chapter 5).  We therefore set out to show whether blw had a 

similar developmental defect.  I stained dissected third instar fat body with the lipophilic dye 

Nile red and measured the cross-sectional area and thickness of the fat body using Volocity 

(Figure 2.2, Section 2.15.5).  The effect on organ and cell size reduction observed in 

blwKG05893 was even more dramatic than that observed in inv4Y7 (Figure 6.2).  The blw mutant 

had a cellular cross-sectional area that was less a third of wild type cell size.  The cell cross-

sectional area reduction in blw was greater than that observed in inv mutants, whose fat body 

cell size was approximately halved (Figure 6.2E).  I also measured the thickness of the 

Drosophila fat body and found a similar reduction in both blw and inv mutants (Figure 

6.2D).  As observed in inv larvae, cell size reduction in blw is not limited to the fat body with 

blwKG05893 mutant clones showing smaller wing discs in Drosophila larvae (Galloni and 

Edgar, 1999).  Therefore, the loss of ATP synthase-α results in a cell size reduction. 

Mitochondrial effects on cell growth are not limited to ATP synthase and other 

mitochondrial proteins such as CoVa, and the mitochondrial fusion proteins mammalian 

GTPase Mitofusion 2 (Mfn2) and yeast Fuzzy onion (Fzo1p), have also been linked cell 

growth defects and cell cycle arrest (McBride et al., 2006; Morris et al., 2008; Sugiyama et 

al., 2007). 

Cobbe et al., 2009 also showed that inv4Y7 has a reduction in triacylglyceride (TAG) 

levels compared to wild type larvae of the same developmental stage (Chapter 5).  We 

therefore dissected fat bodies from wild type and blwKG05893 larvae and measured the level of 

stored TAG relative to total protein content.  The blwKG05893 larvae had a greater reduction in 

stored TAG levels, relative to wildtype, than inv4Y7 mutants (Figure 6.2F).  I also compared 

the appearance of the fat body after staining with Nile Red and observed that, like inv4Y7, no 

drastic change in lipid droplet morphology was found (Figure 6.2A-C*). 
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invadolysin and blw mutants therefore share phenotypic aspects which suggests that 

Invadolysin could functionally interact with ATP synthase.  Hence, mitochondrial defects 

that disrupt the function of the ETC or ATP synthase, result in low energy levels which in 

turn results in an inhibition of anabolic pathways, stimulating catabolic pathways to 

compensate for the drop in energy levels (Inoki et al., 2003; Mourikis et al., 2006).  This 

hypothesis could explain the drop in TAG levels observed in both invadolysin and 

bellwether mutants.  Furthermore, a reduction in ATP levels has also been linked to an 

inhibition of cell and tissue growth (Gwinn et al., 2008; Inoki et al., 2003).  

6.4. ETC activity is disrupted in invadolysin and bellwether 

mutants. 

Mutations in ATP synthase have been linked to defects in the ETC, mitochondrial 

morphology and function (Celotto et al., 2006; Saleh et al., 2008).  If inv4Y7 was affecting the 

function or assembly of ATP synthase, then we predicted that we should observe defects in 

the ETC and in mitochondrial shape and function.  In order to determine whether 

mitochondria were functional I stained third instar larval fat bodies from wild type, inv4Y7 

and blwKG05893 strains with MitoTracker Red.  MitoTracker Red only stains mitochondria that 

have an intact proton gradient across their inner mitochondrial membrane (Galloni, 2003).  

Since a proton gradient is required for ATP synthesis, MitoTracker Red therefore assess 

mitochondrial activity.  Figure 6.3A shows that the inv4Y7 and blwKG05893 both have cells that 

exhibit a reduction in staining intensity when compared to wild type fat body cells, which 

suggests that both inv4Y7 and blwKG05893 do not have an intact proton gradient in their 

mitochondria. 

To assess whether there was a reduction in the number of mitochondria in either inv4Y7 

or blwKG05893 mutant, I stained mitochondria with JC1, a dye that can labels mitochondria 

independent of activity.  When isolated third instar fat bodies were stained with JC-1, inv4Y7 
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and blwKG05893 mutants stained to a greater intensity than that observed by MitoTracker Red 

(Figure 6.3A).  The JC-1 staining indicated that inv4Y7 and blwKG05893 have mitochondria, 

although most lack a normal proton gradient indicating that the electron transport chain was 

not functioning correctly.  A proton and pH gradient are required for the efficient generation 

of ATP by respiratory complex V (ATP synthase) (Newmeyer and Ferguson-Miller, 2003). 

The difference in intensity observed after MitoTracker Red and JC-1 staining also 

suggested that mitochondria mass might not be reduced in inv4Y7 and blwKG05893. Hence, we 

measured the ratio of mitochondrial DNA to nuclear DNA by real-time quantitative PCR.  

Cytochrome oxidase subunit I (CoI), served as a marker for mitochondrial DNA.  This value 

was compared to the DNA copy number of the nuclear gene Actin 5C.  inv4Y7 was found to 

have a slightly lower ratio of mtDNA to nuclear DNA, however this was not statistically 

significant (Figure 6.3B) suggesting a similar mitochondria mass in wild type and inv4Y7. 

petite mutants in Saccharomyces cerevisiae lack mtDNA yet still have numerous 

small mitochondria with a normal outer membrane but abnormal cristae, and are therefore 

non-functional.  The yeast colonies of petite mutants are much smaller than wild type yeast, 

since they cannot metabolise glucose efficiently (Montisano and James, 1979).  Similarly to 

petite, inv4Y7 has a reduced larval size and suggests that the possibly dysfunctional 

mitochondria in inv4Y7 could be responsible for its small size. 

To investigate if the inv4Y7 and blwKG05893 mutants had, like other ATP synthase 

mutants, aberrant mitochondrial morphology, we imaged MitoTracker Red stained fat bodies 

with CLSM (Figure 6.4).  CLSM is unable to penetrate all of the Drosophila fat body (with 

the microscopy we were using) but allows high resolution Z-stack imaging of the top cellular 

layers (personal observations, Chapter 5).  Under CLSM microscopy, MitoTracker Red also 

stained inv4Y7 and blwKG05893 weakly; therefore, to obtain a better image mutant mitochondria 

were captured at a higher laser intensity and PMT (Photomultiplier tube) gain.  I used 

Volocity’s Opacity rendering tool to obtain 3-D images of mitochondria from wild type, 

inv4Y7 and blwKG05893, adjusting black levels, which is the level of brightness at the darkest 
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part of an image, to remove low intensities.  Black levels help achieve a better 3-D image, 

however some mitochondria might be unintentionally filtered out.  Despite these caveats, 3-

D visualisation clearly shows that wild type mitochondria are larger than the mitochondria of 

either inv4Y7 or blwKG05893 mutants (Figure 6.4).  

To quantitate the size difference between wild type and mutant mitochondria, I 

measured the diameter and length of CaS, inv4Y7 and blwKG05893 mitochondria using Volocity 

software (Figure 2.1 and Chapter 2.15.3a).  Quantification following MitoTracker Red 

staining showed that both bellwether and invadolysin have a significant reduction in 

mitochondrial size when compared to MitoTracker Red stained wildtype mitochondria 

(Figure 6.5).  The diameter of the mitochondria in inv4Y7 and blwKG05893 were reduced to a 

greater degree than length, implying that the mitochondria were not only smaller but also 

had a different shape when compared to wild type mitochondria. 

The fat body mitochondrion in wild type larvae had an average diameter of 1.12 µm, 

and an average length of 1.2 µm.  These values lie within the range of most mitochondria, 

which can vary between 0.5-10 µm, though they typically are 1 µm in diameter (Campbell et 

al., 2006).  Furthermore, the number and morphology of mitochondria can be highly variable 

and dependent on species, tissue and metabolic state.  For example, whilst yeast typically 

have a single branched structure, rat liver mitochondria are spherical and can number over a 

thousand per cell (Alberts et al., 2002; Mannella, 2006).  Therefore, since Drosophila fat 

body is the homologue of the mammalian liver and adipose tissue (Butterworth et al., 1965), 

the size and shape observed for wild type mitochondria is typical (Figure 6.4 and Figure 6.5). 
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To date, mitochondria in the Drosophila fat body have not been frequently studied.  

MitoTracker Red imaging appeared as punctate dots spread throughout the cytoplasm, but 

concentrated nearer the nucleus (Baltzer et al., 2009; Frei et al., 2005; Tiefenbock et al., 

2009).  However, MitoTracker Red staining was at times rod-like, with mitochondria being 

spread more evenly throughout the cytoplasm (Baltzer et al., 2009).  Transmission Electron 

Microscopy (TEM) of third instar larval fat body revealed both rod-like (Baltzer et al., 2009; 

Tiefenbock et al., 2009) and spherical mitochondria (Baltzer et al., 2009), however an 

increase in spherical mitochondria was always observed in mutants affecting mitochondrial 

function (Baltzer et al., 2009; Tiefenbock et al., 2009).   

The smaller and aberrantly shaped mitochondrial in inv4Y7 and blwKG05893 mutants 

therefore require analysis with TEM to confirm and characterise the changes in morphology 

observed by CLSM. 

6.5. ATP levels are altered in invadolysin third instar larvae 

Mutations in ATP synthase-α have been shown in yeast to affect ATP synthase 

activity, hence ATP synthesis (Lai-Zhang et al., 1999).  A faulty ETC and changes in 

mitochondrial morphology have been linked to defects in mitochondrial metabolism 

(Hackenbrock, 1966; McBride et al., 2006; Newmeyer and Ferguson-Miller, 2003; Scalettar 

et al., 1991).  Therefore, we measured ATP levels in inv4Y7 and compared these to wild type.  

We found that inv4Y7 had significantly less ATP than wild type Drosophila of the same stage 

(Figure 6.6).   

Low ATP levels can result in an increase of the ratio of AMP to ATP.  High AMP 

levels are sensed by AMP-activated kinase (AMPK), an evolutionarily conserved protein 

that plays a central role in energy homeostasis (Winder and Hardie, 1999).  AMPK is 

activated in a two-step process.  Firstly, the active site of AMPK, present on the α-subunit 

(Thr-172), is exposed by a conformational change induced by AMP binding its γ-subunit.  
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This exposure allows the phosphorylation of Thr-172 by the consistutively active LKB1 

kinase, which activates AMPK (Sanders et al., 2007).  Activated AMPK negatively regulates 

TORC1 (Tor Complex 1), a main effector of both internal and intrinsic nutritional signalling 

affecting cell growth and protein synthesis (Avruch et al., 2009; Bolster et al., 2002; 

Wullschleger et al., 2006).  Apart from its interaction with TORC1, AMPK incorporates 

energy sensing through AMP activation and directly inhibits anabolic pathways and 

upregulates catabolic pathways, helping to maintain cellular energy levels (Towler and 

Hardie, 2007). 

We therefore wanted to determine if AMPK was activated in inv4Y7 mutants as 

compared to wild type.  When wild type and inv4Y7 third instar larval fat body extracts were 

immunoblotted for AMPK levels, no significant difference was found (Figure 6.8A and A’).  

However, when the extracts were immunoblotted for p-AMPK (Thr-172), the level of 

activated AMPK was significantly increased in inv4Y7 when compared to wild type levels 

(Figure 6.7A and A’).  Increased levels of activated AMPK indicate that in the inv4Y7 fat 

body, AMPK is activated due to an elevated ratio of AMP to ATP.  

The AMP-sensing subunit of Dm AMPK is encoded by SNF4Aγ.  We wanted to 

investigate whether AMPK and invadolysin interacted genetically, hence crossed 

homozygous mutant SNF4AγEP3015b with GMR-GAL4>UAS-inv flies (Chapter 3).  The 

SNF4AγEP3015b mutant enhanced the ‘rough eye’ phenotype induced by eye-specific 

invadolysin overexpression (Figure 6.7B).  The enhanced ‘rough eye’ phenotype suggests 

that the loss of AMP sensing by AMPK results in higher invadolysin levels or a more active 

invadolysin.  Hence, under normal conditions the activation of AMPK would be predicted to 

suppress the level or activity of invadolysin.  The genetic interaction between SNF4AγEP3015b 

and invadolysin therefore supports the immunoblotting result.  
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To understand if either the inhibition or activation of AMPK can rescue any of the 

phenotypes of invadolysin, we incubated inv4Y7 embryos on normal food supplemented with 

the AMPK inhibitor Compound C, or activator AICAR (5-amino-4-imidazolecarboxamide 

ribonucleotide). 

Under normal conditions the majority of inv4Y7 larvae die after 5 days, but when inv4Y7 

larvae were incubated on media supplemented with Compound C, life span was extended.  

The majority of larvae survived up to 7 days and then died upon pupation (Figure 6.7Civ).  

CaS incubated with Compound C were unaffected by AMPK inhibition and developed 

normally (Figure 6.7Ciii).  AMPK inhibition can therefore partially rescue invadolysin, 

elongating larval lifespan and allowing the development of invadolysin larvae into pupae, 

albeit malformed. This data suggests that an active AMPK is involved in the cellular 

pathways responsible for lethality in mutant invadolysin organisms, hence inhibiting AMPK 

partially rescues inv4Y7. 

To confirm that active AMPK is responsible for aspects of the phenotypes of inv4Y7 we 

attempted to phenocopy inv4Y7 phenotypes in wild type larvae.  Therefore, we incubated 

Canton-S embryos with media supplemented by AICAR.  The CaS embryos did not develop 

normally and were pupal lethal (Figure 6.7Ciii and D), appearing to stop at the larval-pupal 

transition, similar to inv4Y7 larvae grown on Compound C (Figure 6.7Ciii). On the other 

hand, inv4Y7 embryos grown on AICAR were unaffected (Figure 6.7D).  

Immunoblots showed that inv4Y7 already has a high level of activated AMPK.  

Therefore, since AICAR activates AMPK, further activation of AMPK in inv4Y7 animals does 

not result in any additional affects on development.  In the normal fly, the activation of 

AMPK is therefore resulting in a phenotype that is similar to invadolysin mutant animals.  

This suggests that the activation of AMPK is partially responsible for the lethality observed 

in invadolysin. 

AMPK activation results in cellular growth inhibition, a decrease in anabolic lipid 

pathways, and importantly an increase in catabolic pathways.  The role of AMPK is to detect 
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low energy levels and regulate cellular pathways to restore normal energy levels.  Aspects of 

inv4Y7 mutant phenotypes support the hypothesis that AMPK plays a role in manifesting the 

phenotypes of inv, since inv larvae have a small cell size, reduced TAG levels (Chapter 5), 

and are developmentally arrested.  Critically, this developmental arrest can be partially 

overcome by inhibiting AMPK activity through Compound C. 

6.6. ACC-1 is inhibited in inv4Y7 

AMPK, once activated by an elevated AMP:ATP ratio switches on catabolic pathways 

to generate ATP, whilst inhibiting ATP-consuming processes.  Many effects of AMPK are 

mediated through its regulation of the TORC1 pathway (Hietakangas and Cohen, 2009; Liu 

et al., 2009), however AMPK can also phosphorylate, and consequently inactivate, both 

isoforms of mammalian ACC (Acetyl CoA Carboxylase).  AAC-1 is inactivated by 

phosphorylation of Ser-79 and Ser-1200 (Davies et al., 1990; Ha et al., 1994; Hardie and 

Carling, 1997; Kim et al., 1989) whilst ACC-2 is inactivated by phosphorylation of Ser-218 

(Hardie, 1992).  In Drosophila, a single ACC gene exists that is also inactivated by AMPK, 

but is phosphorylated on Ser-93 (Hardie and Pan, 2002; Pan and Hardie, 2002).  AMPK has 

also been show to indirectly affect ACC expression through inhibition of the transcription 

factor SREBP-1c (sterol regulatory element binding proteins-1c) essential in maintaining 

levels of unsaturated fatty acids and cholesterol in mammalian cells (Baker and Thummel, 

2007). 

ACC-1 is a large multisubunit enzyme that converts acetyl-CoA into malonyl-CoA, 

which is a substrate vital for fatty acid biosynthesis (Tong and Harwood, 2006).  Glucose, 

fatty acid and amino acid catabolic pathways all converge on acetyl-CoA, which can then 

either be further catabolised by entering the Krebs cycle and Oxidative phosphorylation, or 

else diverted to form a variety of substances.  One of these biosyntheses is the generation of 

fatty acids through the initial action of ACC-1 (Brownsey et al., 2006).   
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To examine whether an increased level of activated AMPK also affect fatty acid 

biosynthesis, we measured the level of ACC and inactivated p-ACC in inv4Y7 larvae.  

Immunoblots were performed on CaS and inv4Y7 larvae, showing a significant reduction in 

the level of ACC in inv4Y7 larvae, when compared to control larvae (Figure 6.8). This implies 

that the expression of ACC is reduced in inv4Y7 larvae.  In addition, the level of inactive 

phosphorylated-ACC were higher in inv4Y7 larvae (Figure 6.8) implying that lipid 

biosynthesis is reduced in invadolysin.  Reduced lipid biosynthesis provides an explanation 

for how low ATP levels could result in low TAG levels in invadolysin larvae (Chapter 5) 

(Cobbe et al., 2009). 

6.7. The level of Reactive Oxygen Species is elevated in 

invadolysin and bellwether mutants 

ATP synthase mutants and pharmacological inhibition of electron flow through the 

ETC have been linked to elevated Reactive Oxygen Species (ROS) production (Kudin et al., 

2005; Roy et al., 2008; Saleh et al., 2008).  The ETC complexes ubiquininone, Complex I 

and III, are known to be the sites of mitochondrial ROS production, generated by the non-

enzymatic reduction of molecular oxygen by electrons leaked from the ETC (McCord, 

2000).  

ROS species are highly reactive and include the superoxide, the hydroxyl radical, 

hydrogen peroxide and their products, such as peroxynitrite, maldonaldehyde and 4-

hydroxynonenal.  These molecules form a dangerous cascade resulting in DNA, protein and 

lipid damage (Chen et al., 2003).  Oxidative damage can compromise the integrity of 

membranes and other cellular structures.  Indeed elevated ROS levels have been linked to a 

number of pathologies including ageing, type 2 diabetes mellitus, neurodegenerative 

disorders, ischemia-related damage and cancer (Ambrosio et al., 1993; de Moura et al.; 

Skulachev et al., 2009). 
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The superoxide and hydroxyl radicals are generated mostly by Complex I, which 

remains within the matrix of the mitochondrion (Kudin et al., 2004).  On the other hand, the 

ETC complex responsible for cytoplasmic ROS is typically Complex III (Sedensky and 

Morgan, 2006) with hydrogen peroxide being the main derivative of non-enzymatic oxygen 

reduction found outside of the mitochondrion (Balaban et al., 2005).  Abnormal ROS levels 

are linked with either increased ETC activity or an improperly functioning ETC.  

Additionally, ATP synthase mutations in both F1 and Fo subunits have been shown to result 

in increased ROS production (Roy et al., 2008; Saleh et al., 2008). 

Since our data suggested that ATP synthase and the ETC in inv4Y7 were defective, we 

wanted to determine if these defects led to increased levels of ROS production in vivo.  To 

this end, we isolated fat body from third instar CaS, inv4Y7 and blwKG05893 larvae and stained 

with dihydroethidium (DHE) to assess the level of ROS production (Robinson et al., 2006).  

DHE is cell permeable and converted by the superoxide anion (O2
-) into 2-hydroxyethidium, 

which then intercalates into DNA and is detectable by fluorescence microscopy (Owusu-

Ansah et al., 2008; Zhao et al., 2005).  When we imaged inv4Y7 and blwKG05893 mutant larvae 

an increased fluorescent signal was clearly observed (Figure 6.9A).  This signal was 

quantified from 5 images taken from 3 different biological samples using Volocity.  

Quantification showed a significant three-fold increase in DHE staining, which indicates an 

increase in ROS (specifically O2
-) production in inv and blw larval mutants when compared 

to wild type larvae (Figure 6.9B). 

To assess whether other ROS species were elevated in inv4Y7 mutants we measured the 

levels of H2O2 using the Amplex red kit and then normalised H2O2 levels to protein levels.  

inv4Y7 larvae were found to have nearly twice the level of H2O2 compared to CaS larvae 

(Figure 6.9C).  Increased levels of both O2
- and H2O2 are suggestive of a defective ETC that 

matches previous data indicating an improper mitochondrial inner membrane potential.  

Since both O2
- and H2O2 levels are elevated in inv4Y7 larvae it is likely that both Complex I 

and complex III are functioning incorrectly. 
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6.8. Increased levels of oxidative damage are detected in 

inv4Y7 larvae 

Reactive Oxygen Species are well known as damaging molecules modifying proteins, 

lipids and DNA.  An increase in the level of oxidized proteins is a marker of the oxidative 

modification of proteins due to ROS (Stadtman, 1992). Therefore, to assess whether 

increased ROS levels were also causing greater cellular damage, we performed the Oxiselect 

protein carbonyl ELISA assay on CaS and inv4Y7 larval extracts (Figure 6.9D).  This assay 

detected an increase in the levels of carbonyl functional groups in the inv4Y7 larvae when 

compared to CaS larvae, implying that the increased ROS levels in invadolysin is resulting in 

oxidative damage to proteins.   

6.9. High ROS levels results in a continuously active hypoxic 

pathway in inv4Y7 larvae 

ROS do not just damage other molecules but can also be detected by proteins which 

results in the activation of cell signalling cascades (Zhang and Gutterman, 2007).  High ROS 

levels activate Dm p38 mitogen activated protein kinase (MAPK) which is a master cell 

signalling protein required for oxidative stress-related responses (Han et al., 1998a; Han et 

al., 1998b; Ito et al., 2006).  Therefore, to discern whether high ROS levels were activating 

oxidative stress pathways in the absence of invadolysin, we probed for activated p38 levels 

in CaS and inv4Y7 larvae extracts.  We found higher levels of phospho-p38 in inv (Figure 

6.10A), which implies that the levels of ROS may be activating oxidative stress pathways. 

One of these oxidative stress pathways involves p38-mediated activation of hypoxia-

inducible factor-1 (Hif-1), which results in activation of the hypoxia response mechanism 

(Emerling et al., 2005).  Furthermore, high ROS levels are also known to activate Hif-1 

directly by enhancing its expression through nuclear factor kappa B (NF-κB).  NF-κB is a 
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redox sensitive transcription factor that binds to the promoter of Hif-1 upon ROS stimulation 

(Bonello et al., 2007), indicating a hypoxia-independent mechanism for Hif-1 activation. 

The response mediated by Hif-1 is essential for metabolic regulation and cell growth, 

while also being the cause of behavioural changes, such as an exploratory behaviour in 

Drosophila larvae (Gardner et al., 2001; Wen et al.; Wingrove and O'Farrell, 1999).  Hence, 

to obtain an indication whether elevated ROS levels were affecting the sensitivity of the 

hypoxia mechanism within inv4Y7, we induced hypoxic conditions in inv4Y7 and wild type 

(CaS) larvae.  We placed CaS and inv4Y7  larvae in un-crowded conditions onto 10cm red 

wine agar plates, that had been smeared with yeast paste to provide nutrition and a source of 

O2 depletion.  The plates were then sealed with parafilm to prevent the replenishment of O2 

consumed by the yeast for respiration.  Initially, the behaviour of both mutant and control 

larvae was identical: both were observed to be feeding on the yeast paste (6.10C).  However, 

after one hour, the CaS larvae had modified their behaviour by moving to the periphery of 

the plates, away from the yeast paste.  This behaviour was interpreted as a wandering 

behaviour induced by hypoxic conditions.  The inv4Y7  larvae only moved to the periphery of 

the plates until the third hour of observation (Figure 6.10C ).  After 3 hrs, the larvae of both 

genotypes were observed to cease movement and eventually dying. 

The delay in observation of the wandering behaviour in inv4Y7 larvae, suggests that 

they are insensitive to the activation of the hypoxia response pathway under low oxygen 

levels.  The elevated ROS and activated p38 levels observed in inv4Y7  larvae under normal 

growth conditions could be activating Hif-1, which results in a continuously active hypoxic 

response.  Therefore, I propose that oxygen levels would need to be even lower before being 

detected by inv4Y7 larvae and triggering behavioural changes to migrate away from hypoxic 

areas. 

In Drosophila, Cyclin D is known to negatively regulate Hif-1 (Frei et al., 2005).  

Cyclin D is well-known as a regulator of the G1-S phase transition, however, in Drosophila 

it is not essential for this cell cycle transition (Datar et al., 2006; Datar et al., 2000; Meyer et 
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al., 2000).  Intriguingly, Cyclin D has been identified as a positive regulator of growth 

(Datar et al., 2006; Datar et al., 2000).  The roles of Cyclin D in regulating growth and Hif-1 

implied that the level of Cyclin D could be reduced in inv4Y7 larvae.  Therefore, we probed 

inv4Y7 and CaS larval extracts for Cyclin D and found a significant decrease of Cyclin D in 

inv4Y7 larvae (6.10B).  What stimuli regulate Cyclin D in Drosophila have not been 

identified, so we are unsure which pathways are resulting in low Cyclin D levels.  Low 

Cyclin D levels therefore suggest the potential of another pathway that is inhibiting growth 

and activating Hif-1, hence the hypoxia response, in inv4Y7. 

6.10. Discussion 

The data in this chapter characterise the interaction between Invadolysin and ATP 

synthase in Drosophila.  Loss of invadolysin results in phenotypes that are similar to the loss 

of bellwether (ATP synthase-α).  Mutant invadolysin larvae exhibit both low ATP levels and 

high ROS levels resulting in the activation of a number of signalling cascades, which can 

account for some of mutant invadolysin’s phenotypes. 

The α-, β- and d-subunits of ATP synthase were found to physically interact with 

tagged Invadolysin, an intriguing interaction the functional implication of which we sought 

to investigate.  Therefore, I focused the investigation on ATP synthase subunit-α (blw) since 

it had several available mutations.  In order to discover if inv and blw functioned in the same 

pathway, I crossed two blw alleles, blwKG05893 and blwEY08188, to flies overexpressing inv in 

the eye.  Loss of blw resulted in the enhancement of the ‘rough eye’ phenotype due to 

invadolysin overexpression.  This genetic interaction confirmed the physical interaction.  

Our next goal was to identify the functional consequences of the interaction between ATP 

synthase-α and INV. 
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ATP synthase is a well-conserved protein complex, and mutants in organisms ranging 

from yeast to rodents have a reduction in both the function of ATP synthase and resultant 

ATP production (Boutry and Goffeau, 1982; Lai-Zhang and Mueller, 2000; Roy et al., 2008; 

Takeda et al., 1985; Zikova et al., 2009).  Dysfunctional ATP synthase activity and low ATP 

levels have been observed in Drosophila mutants for the ATP6 subunit of F0 and ε-subunit 

of F1 ATP synthase complexes (Celotto et al., 2006; Kidd et al., 2005).  Similarly, we 

observed low ATP levels in inv4Y7, which we are inferring to be due to a dysfunctional ATP 

synthase, in part due to the observed interaction between ATP synthase and Invadolysin. 

inv and blw share aspects of mutant phenotypes 

Other lines of evidence confirm the hypothesis that the loss of inv results in a 

dysfunctional ATP synthase, the phenotypic similarities between ATP synthase subunit-α 

and inv4Y7 mutants.  Both inv and blw mutants have been linked to organismal growth and 

mitotic defects that lead to larval lethality (Galloni and Edgar, 1999; Hughes et al., 2008).  

Furthermore, we showed that inv4Y7 and blwKG05893 both have small fat body cells and neutral 

lipid storage defects.  The physical and genetic interactions between INV and ATP synthase 

coupled with these phenotypic similarities infer that ATP synthase is defective in invadolysin 

mutants. 

Apart from low ATP levels, a dysfunctional ATP synthase has been linked with 

defects in mitochondrial morphology.  In Drosophila, mutations in ATP synthase subunits 

resulted in modification to the mitochondrial inner membrane resulting in abnormal vesicle-

like cristae with very low ATP levels (Celotto et al., 2006; Kidd et al., 2005). The loss of 

ATP synthase has also been observed to result in abnormal cristae in yeast and Leishmania 

(Roy et al., 2008; Velours et al., 2009) and cristae number, shape and intercristal space are 

all indicative of functionality (Velours et al., 2009).  Therefore, the loss of ATP synthase, in 

organisms ranging from protozoa to Drosophila, has been shown to affect inner 
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mitochondrial membrane morphology. 

The morphology and number of mitochondria is also controlled by fusion and fission 

events. GTPases are vital for regulating these events, for example, downregulation of Opa1, 

a dynamin-like GTPase, by siRNA in human cells resulted in fragmented mitochondria with 

a lower metabolic rate (Chen et al., 2005; Griparic et al., 2004; Olichon et al., 2003; John et 

al., 2005). 

Intriguingly, a link between mitochondrial morphology and activity is emerging.  

Hyperglycaemic conditions have been shown to result in the fragmentation of mitochondria 

(Paltauf-Doburzynska et al., 2004; Yu et al., 2006).  Fragmentation of mitochondria is also 

observed in apoptotic cells (Scorrano et al., 2002).  Therefore, abnormal mitochondrial 

morphology, number and size may be indicative of dysfunctional mitochondria, metabolic 

changes, and ultimately, disease states (Celotto et al., 2006; Roy et al., 2008; Velours et al., 

2009).  

The defects observed in invadolysin mitochondria might implicate Invadolysin in a 

number of possible roles.  However, CLSM 3-D imaging of mitochondria and quantification 

of mitochondrial size only showed that both inv4Y7 and blwKG05893 have small, similarly sized 

mitochondria, compared to wild type mitochondria, that is suggestive of mitochondrial 

dysfunction.  Further studies are required to confirm if the aberrant morphologies observed, 

in both blw and inv, are due to defective inner or outer mitochondrial membrane 

morphology. 

Transmission Electron Microscopy or cryo-electron tomography could be used to 

identify possible changes in mitochondrial membrane morphology, including outer and inner 

membrane structure, cristae number, length, thickness and shape.  A detailed characterisation 

of inner and outer membrane abnormalities would indicate if the loss of blw and inv4Y7 is 

affecting the mitochondria of both mutants similarly.  A similar phenotype would add 

additional depth to the consequences of the interaction between ATP synthase and INV. 



 214 

inv mutants were observed to have a disrupted inner mitochondrial membrane 

potential and increased ROS levels.  The hyperpolarisation or lack of polarisation of the 

inner mitochondrial membrane has been linked to defective ETC complexes (Mehta and 

Shaha, 2004; Richter and Ludwig, 2009; Zickermann et al., 2009).  Improperly functioning 

ETC complexes are also linked with higher ROS levels, since Complex I and III are the main 

sites of ROS production (Boveris et al., 1980; Chen et al., 2003; Demin et al., 1998; 

Kadenbach, 2003; Li and Shah, 2004; Turrens and Boveris, 1980).  Increased ROS levels 

may be due to an increased rate of electron transport, or the inhibition of ETC complexes, 

both of which result in greater electron leakage (Boveris et al., 1980; Griendling, 2005; Li 

and Shah, 2004; Turrens and Boveris, 1980).   

Intriguingly, higher ROS levels and disruption of the inner mitochondrial membrane 

potential have also been correlated to a pharmacologically inhibited or mutated ATP 

synthase (Roy et al., 2008; Mattiazzi et al., 2004; Carriere et al., 2003).  Therefore, a 

dysfunctional ATP synthase can result in defects in the activity of the ETC complexes, 

which result in increased ROS levels.   

MitoTracker Red accumulates in active mitochondria and was observed to have a 

lower intensity in inv4Y7 and blwKG05893 fat bodies when compared to wild type.  Yet both 

inv4Y7 and blwKG05893 fat bodies clearly had mitochondria since they were stained by JC-1.  In 

addition, inv4Y7 had a similar level of mtDNA when compared to wild type levels.  Hence, 

this suggested that whilst the mutant fat bodies had mitochondria, in vivo the mitochondrial 

inner membrane proton gradient was disrupted in inv4Y7, resulting in the high ROS levels 

observed.  These phenotypes may be due to the interaction between INV and ATP synthase 

and the resultant problems with ATP synthase functionality upon mutation of Invadolysin. 
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Effects of dysfunctional mitochondria on cellular pathways in 

inv4Y7 

Invadolysin has a number of growth defects that could be attributed to the low energy 

levels detected in inv4Y7 larvae.  Low energy levels increase the ratio of AMP to ATP, 

resulting in the activation of AMPK (Winder and Hardie, 1999).  Activated AMPK plays a 

central role in energy homeostasis and also negatively regulates TORC1 (Tor complex I) 

(Bolster et al., 2002; Wullschleger et al., 2006). 

A significant increase in activated AMPK was detected in inv4Y7, implying that 

TORC1 could be inhibited in inv4Y7 mutants.  An active TORC1 positively regulates a 

number of pathways that control organ and body size (Edgar, 2006).  The levels of 

downstream components of TORC1 indicated a downregulation of the pathway in inv4Y7 

larvae (Dr. Ching-Wen Chang, manuscript in preparation).  Downregulation of TORC1 

could be due to the increased levels of activated AMPK and thereby contributing to the small 

cell, tissue and body sizes observed in inv4Y7 animals. 

In addition to the inhibition of TORC1, AMPK also directly regulates lipid and 

glucose metabolism that results in the increase of low ATP levels.  The increase of low ATP 

levels is achieved by the upregulation of catabolic and inhibition of anabolic processes 

(Hegarty et al., 2009; Lage et al., 2008).  One of the best characterised targets of AMPK is 

ACC-1, whose expression is indirectly reduced by AMPK through suppression of the 

transcription factor SREBP-1c (Zhou et al., 2001). AMPK also directly inhibts ACC-1 via 

phosphorylation (Hardie and Pan, 2002; Pan and Hardie, 2002).  Phosphorylation prevents 

ACC-1 from converting acetyl-CoA into malonyl-CoA, which is vital for the biosynthesis of 

fatty acids (Tong and Harwood, 2006).  Therefore, reduced levels of ACC-1 and direct 

ACC-1 reduce the production of fatty acids. 
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The levels of ACC in inv4Y7 larvae were reduced in invadolysin larvae.  In addition the 

levels of phosphorylated, hence inhibited, ACC were increased in invadolysin larvae, 

implying that the drop in ATP levels in inv4Y7 are activating AMPK.  The activation of 

AMPK inhibits ACC activity and expression, which then results in reduced TAG levels, due 

to inhibited fatty acid synthesis.  Similarly to inv4Y7 mutants, AMPK mutants are lean and 

have reduced organismal size (Bland et al., 2010). 

Taken together our data demonstrates that Invadolysin interacts with ATP synthase 

and that this interaction is required for the proper functioning of mitochondria.  The loss of 

invadolysin affects the activity of ATP synthase, as assessed by the levels of ATP in inv4Y7 

larvae.  Subsequently, low ATP levels activate AMPK which inhibits the TORC1 pathway 

resulting in a reduction of cell, tissue and organismal size.  Activated AMPK inhibits 

anabolic pathways, as exemplified by high levels of inactivated ACC that can partly account 

for the low TAG levels in inv4Y7 larvae. 

We also observed high ROS species levels in inv4Y7 larvae, indicative of a 

dysfunctional ETC.  We additionally identified that the ROS levels were high enough to 

trigger the activation of the oxidative stress response exemplified by the increase in Dm p38 

MAPK (Mitogen Activated Protein Kinase) levels.  Dm p38 is a stress kinase required to 

mediate oxidative stress-related responses (Han et al., 1998a; Han et al., 1998b; Ito et al., 

2006).  The high ROS levels could also be activating the hypoxia response mechanism, 

independently of low oxygen conditions.  It would be intriguing to investigate these two 

pathways further in order to delineate whether they contribute to the phenotypes of 

invadolysin mutants. 

Since this Chapter contains the major findings of my PhD, I will discuss the data in 

greater detail in Chapter 8. 
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Chapter 7: Characterisation of Rabbit polyclonal 
antibodies raised against D. melanogaster 
Invadolysin 

 

7.1. Introduction 

Antibodies (Abs) are ubiquitously important proteins.  Their discovery in 1890 (1967; 

N, 1931) allowed Behring and Kitasato to propose the theory of humoral immunity, where a 

mediator in blood serum could recognise and react with an antigen.  This principle is central 

to all research applications utilising antibodies. 

Antibodies are used in immunofluorescence studies to identify protein localisation 

within cells and tissues (Brehm-Stecher and Johnson, 2004). In larger tissue samples, 

immunohistochemistry (Scanziani, 1998) is utilised to identify cellular protein localisation.  

Co-localisation immunofluorescence analysis can be used to help determine protein 

interactions and complexes.  Whilst physical interactions can be investigated by 

Immunoprecipitation techniques (Williams, 2000). 

Immunoblotting is another vital technique used in protein analysis that has proven 

immensely useful in examining variations in protein levels and cell signalling pathways 

(Kurien and Scofield, 2006).  This highlights the broad and important uses of antibodies, 

hence a considerable amount of work was devoted in this PhD to try and determine the 

utility of antibodies raised against INV. 

At the start of my PhD, the Heck lab had generated nine different antibodies raised 

against different regions of D. melanogaster INV (Section 2.3, Figure 7.1).  In this section, I 

will outline how these antibodies were generated. 

The first antibodies generated against INV by Dr. Brian McHugh during his PhD, 

were from rabbits R738, R747, and R758.  McHugh attempted expression of full length, N-

terminal and C-terminal His-tagged Invadolysin fusion proteins in ER2566 bacterial 
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expression cells.  However, only the C-terminal fusion protein, composed of the last 283 aa 

of Invadolysin, was successfully expressed.  McHugh hypothesised that the full length INV 

(683 aa) could be toxic to bacterial cells and that the N-terminal (138 aa) version was 

cleaving itself or being cleaved by other proteases during post-translation modifications.  

INV’s proposed peptide cleavage site resides 31 aa from the N-terminus (Figure 7.1A-B).  

The successfully expressed His-tagged C-terminal region is highlighted in Figure 7.1A 

and B.  This region was expressed in ER2566 bacterial cells, the bacterial pellets were lysed 

and the fusion protein selectively purified using Qiagen Ni-Agarose beads.  The elution 

fractions were pooled and precipitated using methanol-chloroform.  The precipitate was then 

excised from acrylamide gels, ground in liquid nitrogen and sent to SAPU (Scottish 

Antibody Production Unit) for generation of polyclonal antibodies from 3 rabbits, namely 

R738, R747, R758. 

Immunoblots with the R738, R747 and R758 antibodies gave numerous background 

bands, hence required independent verification.  Since there were problems expressing full-

length Invadolysin in bacteria, peptide antibodies were instead generated.  Peptide antibodies 

involve the selection of a unique 15-20 amino acid sequence within the protein.  This 

sequence is then generated synthetically and injected into animals.  The subsequent immune 

reaction raises antibodies to that specific antigen (Bairoch et al., 2005; Gasteiger et al., 

2001).  To this end, a unique 16 amino acid sequence near the C-terminus was selected 

(EEPDPLNKYPRDNLAC, Figure 7.1A-B, (McHugh et al., 2004)).  This sequence is found 

just after the predicted surface loop 9 (Figure 7.1C) and overlaps Invadolysin’s potential GPI 

addition site (Figure 1A-B).  This peptide sequence was synthesised by Abcam Ltd. to 

generate an antigen that was injected into two rabbits giving the antibodies R780 and R815. 

A 15 amino acid sequence near the N-terminus was also selected for ab generation 

(QLADSEDDSAGDPAR, Figure 7.1A-B).  An extra cysteine residue was added to the 

peptide’s N-terminal sequence.  The extra cysteine helps overcomes peptide synthesis  
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problems since peptide sequences for antibody generation should not start with proline, 

asparagine or glutamine as they are proposed to couple to the resin (Angeletti, 1999). This 

unique sequence is located after the predicted signal peptide cleavage site.  Therefore, this 

antibody should recognize INV after post-translational processing (Figure 7.1).  Abcam Ltd. 

synthesised this peptide and injected it into two rabbits resulting in the N-terminal antibodies 

R778, R820. 

The final two peptide antibody sequences were chosen based on their predicted 

surface location.  The structure of Invadolysin had previously been modelled in three-

dimension by threading the structure of Invadolysin on the crystal structure of 

Leishmanolysin (Schlagenhauf et al., 1998).  Both Invadolysin and Leishmanolysin are from 

the M8 class of metalloproteases and share extensive sequence similarity including the 

characteristic “HEXXHXXG[X]NH” catalytic motif, and 14 core cysteines.  The black 

numbered spheres in Figure 7.1C indicate the 9 predicted surface loop regions of INV.  

These regions are only found in higher eukaryotic INV sequences and not conserved in 

Leishmanolysin (McHugh et al., 2004).  To maximise the availability and specificity of the 

Invadolysin epitope, a peptide sequence within the predicted surface loop 2 was selected. 

The peptide sequence CNATGQNCRIDSNTQ was selected by Dr. Shubha Rao (PhD 

thesis, 2008), synthesised by Genosphere Biotechnologies, and injected into two rabbits 

generating the antibodies R4100, R4101.  At this point I started my PhD. 

7.2. Immunofluorescence of Drosophila melanogaster 

embryos 

Brian McHugh (PhD thesis, 2001) had tested all bleeds and pre-immune sera of the 

R738, R747 and R759 on both embryos and 3rd instar larval neuroblast squashes.  These 

antibodies had been raised against the 283 amino acid fusion protein C-terminal end of INV 

(Figure 7.1A-B).  
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In wild type embryos both R759 and R747 stained interphase nuclei.  This staining 

was dispersed throughout mitosis.  The pre-immune sera did not give this distinctive staining 

(McHugh, PhD thesis, 2001).  This staining correlated well with mitotic defects observed in 

invadolysin mutants (McHugh et al., 2004). 

Dr. Brian McHugh (PhD thesis, 2001) observed that in neuroblast brain squashes of 

wild type third instar larvae invadolysin antibody immunofluorescence was very similar to 

that observed in embryos.  The interphase nuclei of embryos were stained, with this staining 

becoming dispersed throughout mitosis.  This staining was observed with both the R759 and 

R747 C-terminal antibodies suggesting that INV has a nuclear localisation, correlating with a 

role for INV in the initiation of mitosis. However, homozygous inv4Y7 embryos were not 

included in this experiment and homozygous invadolysin4Y7 third instar brain squashes gave 

a similar result to wild type and had a high level of background staining.  This implied that 

the Abs might be recognizing other proteins apart from Invadolysin (Brian McHugh, PhD 

thesis, 2001).   

Despite this, I decided to stain overnight (0-16hr) collections of Drosophila 

melanogaster embryos with the polyclonal rabbit antibodies, R4100 and R4101, raised 

against the unique synthetic peptide CNATGQNCRIDSNTQ.  The aim was to test if these 

antibodies recognise any distinct epitope and if Brian McHugh’s results could be 

independently verified; the peptide antibodies were raised against surface loop 2 of INV, 

which is relatively close to the N-terminus (Figure 7.1A-B).  Figure 7.2 shows that all the 

antibodies and bleeds available gave no distinct staining pattern on wild type Drosophila 

embryos at every stage of Drosophila embryonic development.  Phosphorylated histone 3 

(PH3) was used as a positive control, confirming that the staining protocol worked.  The 

phosphorylation of Histone H3 is linked with a commitment to mitosis in late G2 phase of 

the cell cycle (Hendzel et al., 1997; Gurley et al., 1975).   

The secondary antibody was used separately, giving a background stain comparable to 

the pre-immune antibody (Data not shown). 
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To reduce the background staining of the R4100, R4101 peptide antibodies, a range of 

dilutions from 1:500 to 1:10,000 were utilised (Figure 7.2).  However at every dilution no 

distinct staining was observed. 

7.3. INV C-terminal antibody characterisation throughout 

Drosophila development 

Dr. McHugh (PhD thesis, 2001) tested the antibodies R738, R747 and R759.  These 

antibodies were raised against the C-terminal fusion protein of D. melanogaster INV where 

they recognized the 28kDa His-tagged protein they were raised against.  The antibodies were 

tested against wild type embryonic extracts, and wild type and inv4Y7 larval extracts.  

However, these antibodies gave a high degree of background and non-specific bands, 

resulting in no firm conclusions.  

I wanted to continue investigating the utility of these antibodies in wild type D. 

melanogaster embryogenesis.  Drosophila melanogaster stages were determined according 

to the developmental times given by Bainbridge and Bownes (Bainbridge and Bownes, 

1981).  I collected single or near single stage embryo collections to analyse, in fine detail, 

the changes in Invadolysin protein levels throughout embryogenesis.  Drosophila 

embryogenesis is a complex process passing through very rapid changes; at 25oC a single 

nucleus forms a free-living larva within 22 hrs. 

Figure 7.3 confirms Dr. McHugh’s result that these C-terminal antibodies give a high 

degree of background antibody binding, since a large number of bands are identified by 

R747.  Intriguingly, several protein band level changes could still be observed, outlined in 

Figure 7.3.  However, due to the number of bands recognised definitive conclusions are 

difficult to ascertain.  
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 To investigate if the intriguing band changes could be confirmed and narrowed down 

within development, immunoblots of the R747 antibody on 2-hour wild type embryo 

collections were performed (Figure 7.4).  A high degree of protein band changes was still 

observed.  Therefore, I wanted to expand this investigation to encompass the whole of larval 

development and compare these extracts with embryo extracts.  Hence 1st, 2nd and 3rd larval 

wild type instar extracts were collected.  The resultant immunoblots with the R747 

invadolysin antibody indicated that the most significant band changes could be observed 

during the transition from embryo to larvae (data not shown).  

These changes were investigated by performing two-hour collections just before and 

after embryo hatching – from 16 hours till 28 hours after egg laying (AEL).  From the 

resultant immunoblots with R747 (Figure 7.5), no definite conclusions can be made about 

the identity of the proteins observed. 

Overexpression of INV in the fly eye by GMR-GAL4 (GMR-GAL4/UAS-inv) had been 

confirmed by a “rough eye” phenotype, increased expression detected by RT-PCR, and 

genotyped by PCR analysis (Figure 3.3, 3.4 and 3.6).  I thought that an increased level of inv 

in these fly heads may make it easier to identify a distinct band with the 2nd bleed of R747.  

Therefore, fly head extracts of GMR-GAL4/UAS-inv should have a distinct INV band, whilst 

wild type and UAS-inv fly head extracts should lack this band, or have distinctly lower band 

intensity.  Figure 7.6 shows that although three prominent bands of 32, 34 and 125 kDa, 

highlighted by red arrows, are elevated in the GMR-GAL4/UAS-inv extracts these bands are 

not close to the expected size of INV. 

Since no definitive conclusions could be made with the above antibodies a systematic 

effort was undertaken to identify if any of the nine D. melanogaster INV antibodies could 

give interpretable immunoblots. 
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7.4. Characterisation of the 9 INV antibodies in wild type 

third instar larval extracts 

Shubha Gururaja Rao (PhD thesis, 2008) had designed and ordered the antibodies 

raised against the unique peptide sequence CNATGQNCRIDSNTQ present in loop 2 of 

invadolysin (Figure 7.1A-B).  These antibodies (R4100 and R4101) were tested against 3rd 

instar wild type and inv4Y7 larval extracts.  Immunoblots with R4100 gave a protein band at 

70 kDa band, whilst the R4101 Ab identified a prominent band at 51 kDa.  However, these 

bands were present at similar levels in both the wild type and inv4Y7 mutant extracts (Rao, 

PhD thesis, 2008). 

However, the available D. melanogaster INV antibodies had never been tested 

systematically against one another, and further optimisation of the immunoblot methods 

could reduce background and non-specific binding.  Therefore, I wanted to identify which 

antibody gave prominent bands in the anticipated full-length region of INV (77.0 kDa) with 

the least background.  Hence, I performed a slot blot with all the available INV antibody 

bleeds and pre-immunes, as controls to compare antigen specificity.  A slot blot apparatus 

was used to maximise the number of antibodies that could be tested on the same wild type 3rd 

instar larval extract.  All the antibodies available were tested against protein extracts run on 

just three different SDS-PAGE gels.  Since one large well was used to cover the whole gel 

no loading control was used.  The antibodies were used at a dilution of 1:1000.  Figures 7.7, 

7.8 and 7.9 show the results of these immunoblots. 

Most of the predicted antibodies either did not recognise any distinct band in the 

region of full-length INV, or gave a very strong background level of protein binding.  

However, the 3rd, 4th and 5th bleed of R747 (Figure 7.7 and 7.8 respectively) gave a distinct 

band/s at 60 – 71 kDa.  The size of Invadolysin, if cleaved at the predicted signal peptide 

cleavage site and GPI anchor site is 70.8 kDa, which is close to the size of these bands. 
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Additionally Invadolysin could be cleaving itself resulting in bands of this size.  Protease 

self-cleavage and activation occurs in a number of metalloproteases (Rozanov and Strongin, 

2003).  The possibility of self-cleavage does not exclude post-translational processing by 

other proteases. 

The 3rd bleed gave a much lower background level of binding when compared to the 

4th and 5th bleed of R747.  On the other hand the 5th bleed seemed to give a more intense 

band or bands at 60 – 71kDa, hence, in subsequent experiments both the 3rd bleed and 5th 

bleed of R747 were used. 

To investigate the results of these immunoblots, I wanted to compare wild type with 

mutant inv4Y7 larval extracts.  Since the mutant is a hypomorph, it should either have a 

reduced INV or none at all.  I also wanted to optimise the conditions for immunoblotting; 

hence introduced an extra detergent wash, before and after blocking, after the primary Ab, 

and after the secondary Ab.  The intent was to reduce background staining. 

The primary Ab was also immunoblotted at different milk concentrations (7%, 5% and 

1%) and with 5% BSA (Bovine Serum Albumin, Fig. 7.10).  The amount of milk affects the 

degree of binding of the Ab with its corresponding antigen.  Milk contains a lot of proteins 

hence these bind all over the nitrocelluose membrane, particularly where no protein is 

present.  This helps reduce background binding.  However, it also competes with the 

antibody especially at higher concentrations; a higher milk concentration should therefore 

reduce background staining.  BSA is derived from bovine serum, hence would be expected 

to have a different molecular composition to milk, which might have an effect on antibody 

epitope specificity and binding affinity. 

Figure 7.10 shows that although the extra washings helped to reduce background 

levels on the blots, several bands still remain prominent in both wild type and mutant 

extracts. The bands observed in Figure 7.7 and 7.8 at 60 – 71 kDa are still present and can be 

more easily distinguished.  In Figure 7.10 the bands can be distinguished as two separate 

bands at 62 and 65-67 kDa and are not present in the inv4Y7 extracts. There is also a distinct 
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 ~28 kDa band that can be observed in the wild type larval extracts which is absent from the 

mutant.  A 77 kDa band is not observed in either wild type or mutant extracts.  However the 

~28, 62 and 65-67 kDa bands are not very prominent and there are several other bands in 

both the wild type and inv4Y7 extracts.   

Coomassie Blue staining of these extracts shows that they are similarly loaded (Figure 

7.12A).  Additions Figure 7.12A (and Figure 7.12B) show that whilst CaS larvae have 

Larval Serum Proteins (LSP), inv4Y7 larvae do not appear to.  The absence of LSPs in inv4Y7 

is a possible explanation for the band changes observed in Figures 7.7 – 7.11. 

To further optimise immunoblot conditions, the type and concentration of detergent 

used throughout the immunoblotting procedure (Section 2.10) was varied.  The non-ionic 

detergents TWEEN® 20, Tergitol® Type NP-40, Triton® X-100 and digitonin were used.  

Non-ionic detergents are typically used for solubilising proteins whilst keeping native 

tertiary structure, with digitonin being the harshest detergent used. 

The resultant immunoblots (Figure 7.11) showed that under every condition utilised, 

multiple bands were still being recognised.  The actin antibody was used as a loading 

control.  Coomassie Blue staining of these extracts showed that there was some degradation 

of the higher MW proteins, but confirmed that they were equally loaded (Figure 7.12B).  

Optimisation was therefore unsuccessful in reducing the degree of antibody protein band 

binding to an interpretable level. 

7.5. Characterisation of all available INV antibodies by 

immunblotting of D. melanogaster 3rd instar larval fat body 

extracts 

Human and mouse Invadolysin has been shown to localise to the surface of lipid 

droplets in 8 different cultured human and mouse cells (Cobbe et al., 2009).  Enrichment of 

INV in the lipid droplet sub-cellular fraction of human cells has also been confirmed by 
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immunoblotting (Cobbe et al., 2009).  In inv4Y7 Drosophila, larvae have smaller fat bodies, 

and their levels of triacylglycerides relative to proteins are reduced as compared to wild type 

larvae (Cobbe et al., 2009) (Sections 5.3, 5.4).  The Drosophila fat body is a nutrient and 

energy reserve (Aguila et al., 2007).  However, the role of the fat body is not so simple, 

being a vital sensor and control centre for the levels of hormones and nutrition.  These 

signals, in turn, result in the fat body inducing developmental, physiological and behavioural 

changes (Liu et al., 2009).  Therefore, one questions whether Drosophila INV, similar to 

human INV, is enriched in the lipid-rich fat body?  To test this hypothesis, 4 different Abs, 

raised against D. melanogaster INV epitopes, were immunoblotted on both wild type and 

inv4Y7 fat body extracts. 

All the antibodies tested gave cleaner immunoblots against third instar fat body 

extracts (Figure 7.13 -7.16) compared to whole larval extracts.  The R747 antibody raised 

against the last 237 amino acids of INV recognised a distinct band of approximately 41 kDa 

in the wild type lane (Figure 7.13).  However, it gave a distinct band of approximately 39 

kDa in the mutant lane.  The pre-immune did not recognise any proteins.  Therefore the 

bands appear to be due to the immune reaction against the invadolysin antigen.  However, 

both of these sizes are far below the expected size of Invadolysin.  Interestingly there is a 

faint 28 kDa band that is not present in the mutant.  The  α-tubulin loading control staining 

of these extracts (figure 7.13) shows that there is slightly more protein loaded in the mutant 

extract compared to the wild type extract. 

The immunoblots with the R738 antibody (Figure 7.14) gave a distinct band at 

approximately 62 kDa however this band can be seen in both the wild type and mutant lanes.  

Admittedly, the  α-tubulin loading control shows that wild type and inv4Y7 protein loading 

was not equivalent, making interpretation difficult. 



 240 

The other C-terminal antibody R759 and peptide antibody R4100 gave no 

interpretable banding patterns.  Therefore, all of these blots are again difficult to interpret 

and no definite conclusions can be drawn. 

7.6. Discussion 

Brian McHugh (PhD thesis, 2001) confirmed that the R738, R747 and R758 

antibodies recognised the C-terminal fusion protein (283 aa) they were raised against. In 

consequence, these antibodies should therefore recognise D. melanogaster INV.  In my data 

set, the 9 antibodies tested recognise too many bands, making interpretation of 

immunofluorescence, immunoprecipitation or immunoblotting experiments difficult.  

Furthermore, extensive optimisation was unable to identify any conclusive protein banding 

pattern.  Furthermore, Even if distinct localisation or bands are observed, are these due to 

INV or another protein that is recognised by these polyclonal antibodies?  This question 

could be answered in two ways. 

The first involves comparison of immunoblots with INV antibodies on extracts of wild 

type, over-expressed (OE) HA-tagged inv (Section 2.21 and Chapter 4) and inv4Y7.  If any 

bands observed in wild type extracts give a higher intensity in the OE inv extracts, and are 

faint or missing from the inv4Y7 lanes, these bands can be assumed to be related to INV.  

Independent verification of the tagged INV protein band can be achieved by immunoblotting 

for the HA tag (Figure 4.2).  If this band is similar to the MW of proteins previously 

recognised, this confirms the relation to INV. 

Such a comparison was attempted by Dr. Di Cara (a postdoctoral fellow in the lab), 

however it proved difficult to draw firm conclusions from the resultant immunoblots since 

the INV antibodies still recognised too many bands.  Hence indicating that the INV ab might 

be inappropriate for immunoblotting experiments. 
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Secondly, another method that can be used to distinguish which bands relate to INV is 

mass spectrometry.  Initially, the most promising antibodies can be affinity purified with the 

appropriate peptide or antigen and used for immunoprecipitation of D. melanogaster 

extracts.  After immunoprecipitation, several bands are cut out of the resultant SDS-PAGE 

gel and mass spectrometry used to identify which bands correspond to INV. 

As a caveat, the number of bands identified by the 9 INV antibodies places the 

selectivity of any observed bands into question.  These abs could be recognising other 

proteins apart from INV.  The results of previous Heck lab members and my results, 

highlight that these antibodies would be difficult to use unless any possible conclusions 

could be independently verified. 
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7.7. Summary of Nonstop antibody investigations 

The gene nonstop (NOT) was identified as a genetic interactor of invadolysin in a 

second site non-complementation deficiency screen (Shubha Gururaja Rao, PhD thesis, 

2008). ). Nonstop is a 735 aa protein (predicted 82.5 kDa) with a C-terminal peptidase 

domain and a zinc-finger ubiquitin binding domain (UBP) towards the middle (Figure 7.17).  

It is a member of the C19 family of deubiquitinating peptidases (DUBs).  Family members 

hydrolyse bonds of the carboxyl C-terminal residue of ubiquitin, whilst the zinc finger motif 

of Nonstop has commonly been associated with ubiquitin binding (Allen and Bycroft, 2007). 

Antibodies were therefore raised against a unique synthetic peptide close to the N-

terminal region of Nonstop (THMRACVCVCVQCEI) (Figure 7.17).  The resultant 

antibodies were named R4890 and R4891.  Immunofluorescence experiments were carried 

out on 0 to 16 hr collections of wild type embryos (as in section 7.2 which goes into further 

experimental details).  However, no distinct localisation could be identified (Figure 7.18). 

Immunoblots with the Nonstop antibodies on wild type and nonstop mutant third 

instar larval extracts showed no differences.  However, inv4Y7 larval extracts gave a 

prominent 40 kDa band that was not observed in the other extracts.  This band could be a 

version of NOT that has accumulated due to the absence of processing by INV (Rao, S., PhD 

thesis, 2008). 

In order to identify when the processing of NOT could be occurring, 0-16 hr 

collections of wild type embryos were immunoblotted with the NOT (non-stop) antibodies 

generated.  The 2nd bleed of the rabbit polyclonal antibody R4890 gave a prominent band 45 

kDa (Figure 7.19).  This data implied that NOT could be possibly cleaved by INV during the 

embryonic to larval transition.  However, I first wanted to investigate the discrepancy in 

molecular weights between the accumulated embryonic (45 kDa) and larval bands (40 kDa). 
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Late third instar inv4Y7 larval extracts  were prepared and compared alongside wild 

type embryo extracts.  Furthermore, embryonic and larval extracts were mixed at different 

ratios to verify if these bands were of the same molecular weight.  The resultant 

immunoblots showed that although the bands were of a similar molecular weight, they were 

not identical. The prominent band in the embryonic extract was 45 kDa whilst it was 48 kDa 

in inv4Y7 (Figure 7.20).  This discrepancy in molecular weights however could be due to post-

translational modification occurring in inv4Y7.  

Therefore, staged extracts of Drosophila embryos were analysed for nonstop signal to 

identify if NOT cleavage occurred during embryogenesis.  Interestingly, a 67 kDa band was 

detected at embryonic stages 1-3 with this band becoming undetectable at cellularisation of 

the embryo (stage 4-5, Figure 7.21).  This was confirmed by immunoblots of the NOT 

antibody on wild type early embryo collections confirming that the 67 kDa band disappears 

within two hours of egg deposition (Figure 7.22).  However, the 45 kDa band did not reduce 

in level or undergo any change in size (Figure 7.21 and 7.22).  This implied that cleavage of 

NOT did not occur during embryogenesis but might occur during the transition from embryo 

to first instar or between the larval molts. 

Therefore, 0-16 hr embryo extracts, first, second and third instar larvae were 

immunoblotted with the NOT antibody.  These immunoblots suggest that the 45 kDa band 

might be “lost” upon hatching of the embryo (Figure 7.23). Due to the unequal protein 

amounts in this immunoblot, I repeated embryo collections to include the embryo to larval 

transition (hatching).  At the embryo to larval transition (~20-22 hrs) the 45 kDa band 

decreased in level and shifted from 45 kDa to 47 kDa (Figure 7.24).  However, the question 

remains whether the 45-48 kDa bands observed with the NOT antibody in wild type embryos 

and third instar inv4Y7 larvae represent the same protein. 

Similar to the results achieved with the INV antibodies, NOT antibodies recognised 

several protein bands, hence making firm conclusions difficult.  However, 

immunoprecipitation with the NOT antibody, followed by mass spectrometry might help 
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identify the observed bands.  The immunoprecipitations would need to be performed not 

only on wild type embryo extracts, but also on the late third instar inv4Y7 and not mutant 

larvae. 
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Chapter 8: Discussion 
 

Drosophila invadolysin is an essential gene for viability and lack of invadolysin 

results in late third instar larval lethality.  invadolysin mutants exhibit pleiotrophic 

phenotypes including: chromosome condensation defects, cell cycle, germ cell migration 

defects, reduced cell and organ size, and lower levels of stored neutral lipids (Chapter 5) 

(Cobbe et al., 2009; McHugh et al., 2004).  In human and mouse cells, Invadolysin was 

identified as the first zinc metalloprotease that localises onto the surface of lipid droplets 

(LDs) (Cobbe et al., 2009). 

The work I reported in this doctoral thesis shows that Invadolysin interacts physically 

and genetically with ATP synthase.  Furthermore, the physical interaction seems to be 

functional since both invadolysin and bellwether (Drosophila ATP synthase-α) mutants 

share a number of phenotypes.  Both mutant larvae are small, have a reduced fat body size 

and lower TAG levels.  Like previous phenotypes described for mutant ATP synthase 

subunits, inv also has low ATP levels and high ROS levels which are suggestive of a 

dysfunctional ATP synthase and ETC (Electron Transport Chain).  Low ATP levels result in 

the activation of AMPK that in turn negatively regulates TORC1, subsequently inhibiting 

cell and organismal growth.  Furthermore, activated AMPK upregulates catabolic pathways 

and phosphorylates ACC, inhibiting anabolic pathways.  Inhibition of anabolic pathways is a 

possible reason for the “lean” inv4Y7 phenotype.  Mutant larvae were also observed to have a 

defective behavioural response to hypoxia, possibly due to continuous activation of the 

hypoxia response under normal conditions by increased ROS levels.  Therefore, I suggest 

that Invadolysin interacts with ATP synthase to bring about the proper functioning of 

mitochondria, which can account for several of invadolysin’s mutant phenotypes.  
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ATP synthase and Invadolysin interact 

Immunoprecipitation with functional tagged HA-INV identified ATP synthase 

subunits -α, -β and -d as physical interactors with Invadolysin.  This physical interaction was 

also confirmed genetically, since a loss of bellwether enhanced the ‘rough eye’ phenotype in 

the fly eye due to invadolysin overexpression. 

Mitochondrial F1F0 ATP synthase utilises the pH and proton gradient generated by the 

Electron Transport Chain (ETC) to drive ATP synthesis to satisfy most of an organism’s 

energy needs (Alberts et al., 2002; von Ballmoos et al., 2009; Dietrich and Horvath; Kane 

and Van Eyk, 2009).  X-ray crystallography revealed that the alternating α- and β-subunits 

of F1 ATP synthase are in direct contact with an eccentric α-helical coiled-coil γ-subunit 

(Abrahams et al., 1994).  The three β-subunits interact directly with an adenosine 

dinucleotide (ADP) and inorganic phosphate (Pi) at the junction with the α-subunit.  ADP 

and inorganic phosphate are catalysed to ATP by ATP synthase, which is driven by 

rotational energy.  Rotation of F1 ATP synthase is generated by ion translocation through the 

Fo complex and transferred by the γ- and ε-subunit stalks (Boyer, 1993).  This produces 3 

ATP for every 360 degree rotation, a mechanism conserved throughout evolution (von 

Ballmoos et al., 2009).   

Perhaps unsurprisingly, mutations in ATP synthase subunits, including α, β and d, in 

organisms ranging from Leishmania to rats, result in a reduction of ATP synthase activity 

with concomitant decreased ATP levels (Boutry and Goffeau, 1982; Lai-Zhang and Mueller, 

2000; Roy et al., 2008; Takeda et al., 1985; Zikova et al., 2009). In Drosophila, the loss of 

the ε-subunit of F1 ATP synthase or the ATP6 subunit of Fo ATP synthase, vital for its 

proton translocation activity, resulted in a marked reduction of ATP synthase activity 

(Celotto et al., 2006; Kidd et al., 2005).  Similarly, we are inferring that the low ATP levels 

and resultant mitochondrial dysfunctions observed in invadolysin mutants are due to the lack 
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of interaction between ATP synthase and Invadolysin with a subsequent loss of ATP 

synthase activity. 

Thus far, we have not determined exactly how Invadolysin interacts with ATP 

synthase and how the absence of this interaction causes the dysfunction of ATP synthase.  

Unfortunately, ATP synthase subunits-α, -β and -d have not been thoroughly analysed in 

Drosophila, therefore I focused the investigation on ATP synthase-α which had several 

mutant alleles available.  ATP synthase-α is linked to organismal growth, mitotic and 

developmental defects that result in larval lethality (Hughes et al., 2008), phenotypes that are 

strikingly similar to inv mutants (Galloni and Edgar, 1999; Hughes et al., 2008).  We have 

extended this list of inv and blw phenotypes to include a reduction in cell size and neutral 

lipid storage defects.  Hence, considering this phenotypic similarity, in particular 

dysfunctional mitochondria coupled with the physical and genetic interactions observed, we 

can infer that some aspects of inv4Y7 mutant phenotypes maybe due to a dysfunctional ATP 

synthase. 

Whether ATP synthase is defective in inv4Y7 mutants can be confirmed by measuring 

the ATPase activity of ATP synthase (Bowman et al., 1978).  ATP synthase both synthesises 

and hydrolyses ATP, with hydrolytic activity being directly correlated to its synthetic 

activity.  Furthermore, several compounds, such as NaN3 (sodium azide) and oligomycin, are 

highly specific inhibitors of mitochondrial ATPase activity, compared to other membrane-

bound ATPases (Bowman et al., 1978; Kidd et al., 2005).  Therefore to determine if the ATP 

synthase activity of inv4Y7 is dysfunctional, all membrane-bound ATPases of inv4Y7 and CaS 

larvae can be extracted and activity measured.   Activity can be subsequently compared to 

pharmacologically inhibited extracts.  Mutant blwKG05893 would be an ideal positive control 

since the activity of ATP synthase should be heavily reduced in this mutant.  Due to the 

specificity of some pharmacological inhibitors of ATPase activity, this proposed 
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investigation would also determine if the loss of ATPase activity is specifically due to 

mitochondrial-based enzyme activity. 

Another intriguing aspect of the INV-blw interaction is the consideration, in which 

sub-cellular compartment does Invadolysin interact with ATP synthase?  Invadolysin has 

been found to localise to the surface of lipid droplets in human cells (Cobbe et al., 2009).  

Lipid droplets have recently been implicated in functions beyond energy storage (Goodman, 

2008; Welte, 2007).  Several studies have shown that mitochondria are in direct contact with, 

or close, to lipid droplets (Blanchette-Mackie et al., 1995; Cohen et al., 2004; Novikoff et 

al., 1980).  FRET analysis showed that these contacts can be as narrow as 6 to 10 nm 

(Sturmey et al., 2006).  The proximity of these contacts is suggestive of functional coupling, 

implying that LDs are not just delivering a rapid supply of fuel (Goodman, 2008).   

In addition, several mitochondrial proteins, including ATP synthase subunits have 

been found in the lipid droplet proteomes of H. sapien cells and Drosophila embryos and 

larvae (Beller et al., 2006; Brasaemle et al., 2004; Cermelli et al., 2006; DeLany et al., 

2005).  These findings raise the possibility that LDs act as vehicles delivering nuclear-

encoded mitochondrial proteins from their translation site on cytoplasmic ribosomes to 

mitochondria (Goodman, 2008).  In Drosophila, the three subunits that interact with 

Invadolysin (ATP synthase subunits-α, -β and -d) were identified in both embryo and larval 

LD proteomes (Beller et al., 2006; Cermelli et al., 2006).  Hence, Invadolysin could be 

acting upon ATP synthase subunits on LDs.  Without this interaction, the catalytic efficiency 

of ATP synthase decreases dramatically, as assessed by ATP levels. 

Intriguingly, in human cells, five ectopically expressed tagged versions of full-length 

Invadolysin might be localised to mitochondria (Chang, 2009, PhD thesis).  This localisation 

raises another scenario where Invadolysin could be acting directly on ATP synthase subunits 

on mitochondrial membranes, possibly through its predicted metalloprotease activity.  As a 

caveat, Invadolysin is predicted to have a GPI anchor at its C-terminus.  GPI-anchors are 

typically associated with the secretory pathway and a plasma membrane localisation (Paulick 
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and Bertozzi, 2008).  Although this is not exclusive, since a lipid droplet sub-cellular 

localisation was recently associated with the Gce1 and CD73 proteins through their GPI-

anchor site (Muller et al., 2009a; Muller et al., 2009b; Muller et al., 2008).  In addition, LDs 

have been identified in direct contact with mitochondria, raising the possibility that the 

human tagged-INV proteins (predicted to have a GPI-addition site) are shuttled to 

mitochondria via LDs.  Nevertheless, until now, GPI anchors have not been linked to a 

mitochondrial localisation.  Hence, while the hypothesis that INV is acting on ATP synthase 

on mitochondria is not eliminated, more support is being lent to the former hypothesis that 

INV and ATP synthase interact on LDs. 

Preliminary evidence suggests that Invadolysin may localise to the surface of LDs in 

Drosophila.  The fat body specific overexpression of HA-tagged INV resulted in apparent 

localisation of HA-INV on the surface of LDs.  However, fat bodies are very lipid-dense, 

making it difficult to distinguish between cytoplasmic and surface LD staining.  INV LD 

association could therefore be broadly assessed by overexpressing UAS-inv-RFP(RI) with 

the driver’s nanos-GAL4 or daughterless-GAL4 and centrifuging embryos.  This grossly 

separates LDs from the subcellular organelles, with LDs floating on top due to their low 

density relative to other organelles (Cermelli et al., 2006).  After embryo centrifugation, co-

localisation of INV with a fluorescent neutral lipid dye would confirm the LD association of 

INV.  Another experimental technique could involve UAS-Lsd2-GFP, which is known to 

localise to LD (Gronke et al., 2003).  Concurrent overexpression of UAS-Lsd2-GFP with 

UAS-inv-RFP(RI) in the fat body would identify if Lsd2 and INV have a similar staining 

pattern, thus helping establish whether, like Lsd2, INV is a LD-associated protein in 

Drosophila. 
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The interaction between INV and ATP synthase affects 

mitochondrial function 

ATP synthase and Invadolysin physically and genetically interact, however does this 

affect mitochondrial function, and subsequently how?  To answer these questions, we 

utilised the inv4Y7 mutant generated in the lab, investigating and comparing the phenotype of 

this allele to blw (Drosophila ATP synthase-α subunit). 

The inv4Y7 mutant has a low ATP level, coupled with indications of a dysfunctional 

ETC, and an increased reactive oxygen species level (ROS).  ROS are generated mostly by 

respiratory chain complexes I or III, part of the ETC.  Increased ROS levels can occur either 

through an increased rate of electron transport, or an inhibition of ETC complexes which 

results in greater electron leakage (Boveris et al., 1980; Griendling, 2005; Li and Shah, 

2004; Turrens and Boveris, 1980).   

So how might a dysfunctional ATP synthase result in an improperly functioning ETC, 

and a subsequent increase in ROS levels?  Inhibition of ATP synthase in Leishmania 

donovani by DIM (3,3’-Diindolylmethane) resulted in low ATP levels, followed by an 

increase in ROS and the loss of inner mitochondrial membrane potential (Roy et al., 2008).  

Furthermore, in human cultured NARP/MILS ([neuropathy, ataxia and retinitis pigmentosa] 

and [maternally inherited Leigh's syndrome]) cells, mutations that disrupt the ATP6 subunit 

of Fo ATP synthase result in increased ROS production and subsequent damage to lipids.  

The disrupted proton translocation by ATP synthase, coupled with the reduced but persistent 

activity of ETC complexes elevated ROS production due to greater electron leakage 

(Mattiazzi et al., 2004).  Oligomycin also disrupts the proton translocation capabilities of Fo 

ATP synthase, and has been shown to increase ROS production (Carriere et al., 2003).  

Hence loss of ATP synthase activity is linked to higher levels of ROS through disruption of 

proton translocation and concomitantly, ETC activity. 
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In inv4Y7 mutants, we also observed a disrupted mitochondrial membrane potential, 

indicative of disrupted ETC activity.  MitoTracker Red, which accumulates in active 

mitochondria, stained inv4Y7 and blwKG05893 fat bodies to a lower intensity when compared to 

wild type mitochondria.  Yet both inv4Y7 and blwKG05893 clearly had mitochondria since they 

were stained by JC-1. In addition, inv4Y7 had a similar level of mtDNA when compared to 

wild type levels.  This data suggested that in vivo both mutant and wild type fat bodies had 

mitochondria, however in inv4Y7 and blwKG05893 the mitochondrial inner membrane proton 

gradient was disrupted and subsequently resulted in the high ROS levels observed.   

The observation that a disrupted ETC may be resulting in elevated ROS levels in 

inv4Y7 larvae, may be confirmed by further studies on isolated inv4Y7 mutants and CaS 

mitochondria in vitro, using blw as a positive control.  Isolating mitochondria would allow 

the precise manipulation of both oxidative phosphorylation and ETC activity.  Measuring the 

mitochondrial membrane potential and pH would identify if electron transfer has been 

inhibited (Llopis et al., 1998; Miesenbock et al., 1998).  These measurements would also 

detect if ATP synthase can still translocate protons across the mitochondrial inner 

membrane.  Furthermore, the use of assays that can separately measure the activity of 

Respiratory Complex I, II, III, IV or V (Sen et al., 2006) would help to identify which 

complexes are affected in the absence of Invadolysin.  These studies would give a strong 

indication as to how Invadolysin is affecting individual respiratory complexes and hence, 

INV’s interaction with ATP synthase. 

Another consequence of defective ATP synthase is abnormal mitochondrial 

morphology, which we observed in both blwKG05893 and inv4Y7 mutants.  Visualisation by 

CLSM and subsequent quantification showed that blw and inv mitochondria are significantly 

smaller, suggesting an aberrant morphology from wild type fat body mitochondria. 

In Saccharomyces cerevisiae, mutant ATP synthase subunits-e or -g resulted in onion-

shaped mitochondria, whilst decreased expression of subunit e resulted in spherical 

mitochondria (Velours et al., 2009).  Yeast normally has a single branched mitochondrion 
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(Alberts et al., 2002).  Subunits e and g are required for the dimerisation and oligomerisation 

of ATP synthase (Arnold et al., 1998; Fronzes et al., 2006).  The inability to do so leads to 

uncontrolled inner membrane biogenesis, resulting in onion-shaped and spherical 

mitochondria (Velours et al., 2009). 

In Drosophila, loss of ATP6 resulted in mitochondria with roughly spherical, 

vesicular cristae and also affected the activity of ATP synthase (Celotto et al., 2006).  These 

features recapitulate key aspects of human pathologies such as NARP (neuropathy, ataxia, 

and retinitis pigmentosa), MILS (maternally inherited Leigh’s syndrome), and FBSN 

(familial bilateral striatal necrosis) (Celotto et al., 2006).  Additionally, changes in 

mitochondrial morphology are also linked to disrupted fusion and fission events, changes in 

metabolic rates and fragmentation due to apoptosis (Chen et al., 2005; Olichon et al., 2003; 

Paltauf-Doburzynska et al., 2004; Scorrano et al., 2002).   

However, with the technology applied, I only identified that both inv4Y7 and blwKG05893 

mutants have small, abnormally shaped mitochondria as compared to wild type fat body 

mitochondria.  While these morphological differences are another line of evidence 

suggestive that the effects of inv4Y7 may be mediated through an interaction with ATP 

synthase, this needs to be independently confirmed.  Changes in mitochondrial membrane 

morphology are better studied by Transmission Electron Microscopy or cryo-electron 

tomography (Mannella, 2006).  Such studies would give high resolution images with the 

ability to analyse changes in overall mitochondrial shape, outer and inner membrane 

morphology, cristae number, length, thickness and shape.  In summary, investigating 

mitochondrial membrane morphology offers an insight into how the loss of inv4Y7 may affect 

mitochondrial function, and if these changes in mitochondrial morphology are similar to 

those of mutant ATP synthase-α. 

My study into the mitochondrial defects of inv4Y7 mutants has added new insight into 

the role of Invadolysin within Drosophila by linking it strongly with mitochondrial 

physiology.  However, the fine details of how Invadolysin is interacting with ATP synthase, 
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and how this interaction is important for both oxidative phosphorylation and the Electron 

Transport Chain, are still elusive. 

How does the loss of invadolysin result in growth and lipid 

storage defects? 

invadolysin mutant third instar larvae have several growth defects including: a reduced 

fat body cell and organ size, a small brain, and diminutive salivary glands.  The combination 

of these phenotypes ultimately results in reduced third instar larval growth (Chapter 5; 

Cobbe et al., 2009; McHugh et al., 2004).  Growth defects are also observed in several 

mitochondrial protein mutants, including ATP synthase (Chapter 6; Galloni, 2003; Galloni 

and Edgar, 1999; Kidd et al., 2005; Sugiyama et al., 2007).  This is unsurprising since 

mitochondria supply not only energy, but also a number of substrates required for de novo 

amino acid and fatty acid synthesis (Baltzer et al., 2009).  Yet, how do dysfunctional 

mitochondria result in the effects on cell, organ and organismal size observed in mutant 

invadolysin? 

An indication is the low ATP levels detected in inv4Y7 larvae.  Low ATP levels 

increase the ratio of AMP to ATP.  High AMP levels result in the activation of AMP-

activated protein kinase (AMPK) (Winder and Hardie, 1999).  AMP binds to the γ-subunit of 

AMPK causing a conformational change that exposes its active site.  AMPK can then be 

phosphorylated by a number of other proteins, activating AMPK (Hawley et al., 1996; Stein 

et al., 2000).  Activated AMPK plays a central role in energy homeostasis and also 

negatively regulates TORC1 (Tor complex I) (Bolster et al., 2002; Wullschleger et al., 

2006).   

A significant increase in activated AMPK levels was detected in inv4Y7, which implies 

that TORC1 could be inhibited in inv4Y7.  An active TORC1 positively regulates a number of 

pathways that control organ and body size (Edgar, 2006).  In Drosophila, mutants abolishing 
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the function of TORC1 resulted in larval death and growth inhibition, with mosaic analysis 

of TORC1 showing a strong autonomous effect on cell size (Hietakangas and Cohen, 2009; 

Zhang et al., 2000).   

Mutants in regulators of TORC1, such as MAP4K3 (a kinase that helps mediate amino 

acid signalling to TORC1) are also growth retarded having a small organismal size (Bryk et 

al.).  Intriguingly S6K, a downstream effector of TORC1 that controls protein translation 

initiation and elongation, also has growth retarded yet viable mutant alleles with a small cell 

and organismal size (Montagne et al., 1999).  In inv4Y7 the levels of S6K were reduced 

(Chang et al., manuscript in preparation).  Conversely, the levels of 4E-BP, which has an 

antagonistic role to S6K, increased in inv4Y7 mutants.  A reduction in S6K levels and an 

increase in 4E-BP are indicative of a downregulated TORC1 pathway in inv4Y7.  The possible 

inhibition of TORC1 by an activated AMPK could be responsible for the small cell, organ 

and body sizes observed in inv4Y7 mutant animals. 

AMPK is typically linked with autonomous cellular energy sensing and control, whilst 

the Insulin receptor (InR) pathway is associated with systemic, whole organism control 

(Hietakangas and Cohen, 2009), although AMPK has been implicated in non-autonomous 

cell growth (Lage et al., 2008).  In Drosophila, InR is activated through a group of 7 genes 

encoding insulin-like peptides, found in the IPS (insulin producing cells), which is a group of 

neurosecretory cells found in the pars intercerebralis (Brogiolo et al., 2001). 

InR activation results in a signalling cascade that positively regulates TORC1 (Alessi 

et al., 1997; Engelman et al., 2006; Manning and Cantley, 2007).  In inv4Y7 mutant larvae the 

levels of activated Akt were reduced (Chang et al., manuscript in preparation).  Akt is a 

positive regulator of TORC1 downstream of InR (Grewal, 2009).  Furthermore, the absence 

of PTEN, which negatively regulates the InR pathway (Oldham et al., 2002), resulted in a 

greater ‘rough eye’ phenotype due to invadolysin overexpression in the Drosophila fly eye 

(Chapter 3).  Therefore, the reduced levels of activated Akt and genetic interaction with 
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Pten, indicate that INV interacts with the InR pathway which is downregulated in the inv 

mutant. 

Intriguingly, mutant (but viable) positive regulators of the Drosophila InR pathway all 

exhibit a size reduction, but still accumulate lipids.  This lipid accumulation was observed in 

mutants upstream of Akt in the InR/P13K/Akt pathway (Bohni et al., 1999; Bruning et al., 

2000; Chen et al., 1996).  Conversely, inv4Y7 mutant larvae (although also small) have a 

significant reduction in TAG levels, suggesting that Invadolysin may be acting indirectly on 

the InR/PI3K/Akt pathway, but directly downstream of Akt.   

TORC1 is downstream of Akt - in fact, many regulators of TORC1 are both small and 

lean (Bryk et al., 2010; Teleman et al., 2005b) implying that the affects of the inv mutation 

could be acting on TORC1.  Intriguingly, fat body-specific downregulation of the TORC1 

pathway resulted in a reduction of the InR/P13K/Akt pathway signalling in peripheral tissue 

(such as salivary glands).  The reduction in TORC1 and InR/P13K/Akt pathways resulted in 

systemic growth defects and a smaller adult fly, therefore the TORC1 pathway can induce 

the secretion of a humoural signal that controls insulin signalling (Colombani et al., 2003).   

The humoural signal induced by the TORC1 pathway has been postulated to be acid 

labile subunit (ALS), which in mammals is secreted by the liver and stabilises IGFs (Insulin-

like growth factor).  Hence ALS can control insulin pathway signalling (Boisclair et al., 

2001). Dm ALS also binds to ILPs (insulin-like peptides) however till now Dm ALS has 

been identified with the inhibition of ILPs under normal and starvation conditions (Arquier 

et al., 2008).  Nevertheless, TORC1 downregulation in the fat body still resulted in the 

inhibition of the InR pathway and growth in peripheral tissue (Colombani et al., 2003).  I 

therefore postulate that in inv4Y7, the InR pathway could be downregulated due to TORC1 

inhibition.  TORC1 is inhibited by activated AMPK due to low ATP levels in inv4Y7 hence 

explaining some of the growth defects observed in inv4Y7 mutants. 

In addition to growth defects, inv4Y7 third instar larvae were also identified to have a 

significant reduction in TAG levels as compared to wild type larvae.  In mammals, another 
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role for TORC1 is the control of cell growth by promoting the activation of anabolic 

processes (Laplante and Sabatini, 2009; Porstmann et al., 2008; Porstmann et al., 2009).  

Growth requires both membrane biosynthesis and energy storage, hence TORC1 activation 

leads to the de novo lipogenesis of many classes of lipids (Laplante and Sabatini, 2009), 

implying that the reduction of TAG levels in inv4Y7 mutants could be due to inhibition of the 

TORC1 pathway. 

In addition, a vital regulator of energy homeostasis is AMPK, which when activated, 

upregulates catabolic processes generating ATP, whilst inhibiting anabolic processes that 

consume ATP (Hegarty et al., 2009; Lage et al., 2008).  AMPK does not just inhibit the 

TOR pathway, it also directly regulates lipid and glucose metabolism. One of the best 

characterised targets of AMPK is ACC-1, whose expression is indirectly reduced by AMPK 

through suppression of the transcription factor SREBP-1c (Zhou et al., 2001).  AMPK also 

directly inhibits ACC-1 through its phosphorylation (Hardie and Pan, 2002; Pan and Hardie, 

2002).  Phosphorylation prevents ACC-1 from converting acetyl-CoA into malonyl-CoA, 

which is vital for the biosynthesis of fatty acids (Tong and Harwood, 2006).  Therefore, 

AMPK indirectly and direct inhibits ACC-1 reducing the biosynthesis of fatty acids. 

The levels of Dm ACC in inv4Y7 larvae were reduced in invadolysin larvae.  In 

addition, the levels of phosphorylated, hence inhibited, Dm ACC were reduced in 

invadolysin.  These processes are consistent with the activation of AMPK following a drop 

in ATP levels in inv4Y7 mutants.  The activation of AMPK inhibits expression and activity 

ACC, which then results in reduced TAG levels, due to elevated catabolic processes.  In fact, 

AMPK mutants in Drosophila, similarly to inv4Y7 mutants, are lean and reduced in size 

(Bland et al., 2010). 

In Drosophila, control of neutral lipid storage and mobilisation has been linked to the 

mammalian perilipin homologue Lsd2 (Gronke et al., 2005; Teixeira et al., 2003) and its 

antagonist brummer lipase, the homologue for mammalian ATGL (Gronke et al., 2005).  

Lsd2 and brummer are both found on lipid droplets, the cell’s energy storage organelle.  
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Lsd2 mutants are lean whilst the overexpression of Lsd2 increases fat body TAG storage, 

hence Lsd2 regulates the storage of neutral lipids (Gronke et al., 2003).  In inv4Y7 decreased 

levels of LSD2 were detected (Chang et al., manuscript in preparation) giving a molecular 

reason for the reduction of TAG levels detected.  Intriguingly, activated Akt was found to 

enhance lipid storage in Drosophila nurse cells through its effect on Lsd2 (Vereshchagina 

and Wilson, 2006).  Hence, low p-Akt and Lsd2 levels in inv4Y7 larvae suggest that in 

addition to the effects of activated AMPK, the InR/PI3K/Akt pathway could also be 

affecting lipid storage in inv4Y7. 

Therefore, to summarise the implications of the data I have outlined above, I 

hypothesise the following in Figure 8.1:  Invadolysin interacts with ATP synthase (possibly 

on the LD surface) an interaction that is required for the proper assembly or function of 

mitochondria.  The absence of Invadolysin might result in reduced ATP synthase activity, as 

inferred from the low ATP levels observed in inv4Y7 mutant larvae.  The low ATP levels 

subsequently activate AMPK, which results in the upregulation of catabolic pathways and 

inhibition of anabolic pathways, in an attempt to increase ATP levels within the inv4Y7 larvae.  

The pathway effects of AMPK do not elevate ATP levels to normal conditions perhaps due 

to an ineffective ATP synthase, but result in a reduction of TAG levels.  Activated AMPK 

also inhibits the TORC1 pathway resulting in reduced cell, tissue and organismal size in 

inv4Y7 mutants.  This size reduction could be occurring in both a cell-autonomous and 

systemic manner, since a downregulated TORC1 pathway could be reducing InR/PI3K/Akt 

signalling in peripheral tissues through a humoral signal, possibly ALS.  Hence, these 

pathways could amplify the initial autonomous signal of low energy to a systemic level.  For 

example, the InR/PI3K/Akt pathway could be reducing Lsd2 levels resulting in a decrease of 

neutral lipid storage, in addition to the inhibition of anabolic processes induced by activated 

AMPK.  Hence, these pathways can explain how the loss of invadolysin results in some of 

the phenotypes observed in inv mutants, notably low energy levels, reduced size and neutral 

lipid storage defects. 
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This hypothesis may be investigated by attempting to rescue mutant inv4Y7 by 

expression of HA-tagged INV in either the fat body, IPCs or prothoracic gland, all of which 

have been linked to nutrient sensing and control of Drosophila growth (Hietakangas and 

Cohen, 2009).  A successful rescue through fat body-specific INV overexpression would 

implicate Invadolysin in direct control of pathways that affect TORC1 activity, while a 

rescue through the IPC or prothoracic gland would instead indicate that INV may be 

affecting insulin signalling.  Yet, if INV is required for proper mitochondrial function in all 

Drosophila tissues, ubiquitous expression of INV might be required for a full rescue.  

Therefore, I would predict that tissue-specific expression of tagged-INV in an inv mutant 

background would most likely only result in a partial rescue.  This rescue could also be 

attempted whilst chemically inhibiting AMPK by Compound C or TORC1 by rapamycin, 

which would help determine each pathway’s contribution to inv’s phenotypes. 

Another method of investigating the role of INV in the TORC1 or InR/P13K/Akt 

pathways would be to overexpress or activate the components of either pathway, depending 

on the tools available in Drosophila.  For example, UAS-Tor (Hennig and Neufeld, 2002), or 

various UAS-ILPs could be overexpressed in the inv larval mutant background, investigating 

the contribution of each pathway.  Again, I would predict that the rescue would be partial, 

due to mitochondrial dysfunction. 

However, we have already achieved a partial rescue of inv4Y7 with the inhibition of 

AMPK by Compound C, without attempting to improve mitochondrial function.  This 

implies that an activated AMPK is responsible for some of the developmental defects 

observed in inv mutants. To take this idea one step further, we could ask whether stimulation 

of the InR/PI3K/Akt or TORC1 pathway plus chemical inhibition of AMPK would result in 

a more complete rescue of mutant inv. 
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High ROS levels result in downstream effects 

Apart from low ATP levels, inv4Y7 larvae also had elevated levels of the O2
- and H2O2 

ROS, with increased levels of oxidative damage detected.  ROS are mostly generated by the 

ETC and increase when it is dysfunctional (Boveris et al., 1980; Griendling, 2005; Li and 

Shah, 2004; Turrens and Boveris, 1980).  However, ROS are not only damaging molecules 

but can also activate cell signalling cascades (Brookes et al., 2002; Curtis et al., 2007; 

Owusu-Ansah et al., 2008; Zhang and Gutterman, 2007).  For example, high levels of ROS 

activate Dm p38 MAPK (mitogen activated protein kinase), a stress kinase required to 

mediate oxidative stress-related responses (Han et al., 1998a; Han et al., 1998b; Ito et al., 

2006).  The levels of activated Dm p38 were higher in inv4Y7, indicating that invadolysin may 

have an active oxidative stress response.  One of the pathways activated by oxidative stress 

is the hypoxia response mechanism. 

Low oxygen levels activate Hif-1 (Hypoxia induced factor-1), a process that is 

essential for metabolic and growth regulation, furthermore, it causes behavioural changes 

(Gardner et al., 2001; Wen et al.; Wingrove and O'Farrell, 1999).  Hif-1 activation is 

dependant on the generation of mitochondrial ROS and Dm p38 (Emerling et al., 2005).  

However, the activation of Hif-1 has also been observed independently of Dm p38 under 

anoxic conditions (an extreme form of hypoxia) (Emerling et al., 2005).  In addition, high 

levels of ROS can stimulate NF-κB (nuclear factor kappa B), which binds to the promotor of 

Hif-1, enhancing the expression of Hif-1, hence activating the hypoxia response mechanism 

independently of low oxygen conditions (Bonello et al., 2007).  

The inv4Y7 larvae have elevated levels of both Dm p38 and ROS, so we predicted that 

inv4Y7 larvae might have a constitatively active hypoxic response under normal oxygen 

conditions, and therefore became insensitive to hypoxia.  In order to investigate whether 

inv4Y7 larvae were insensitive to low oxygen conditions, we subjected inv4Y7 and wild type 
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larvae to hypoxic conditions.  We observed that inv4Y7 larvae only responded to hypoxia 

within one to three hours, whilst wild type larvae responded within a time-frame spanning 

between fifteen minutes to an hour.  This corroborated that inv4Y7 larvae may have a 

continuously active hypoxia response due to high levels of ROS and activated Dm p38.  This 

preliminary evidence opens up new pathways that can be investigated to determine how high 

ROS levels and oxidative damage are resulting in inv’s pleiotrophic phenotypes. 

Intriguingly, in Drosophila, Cyclin D is not essential for the G1/S phase transition as 

it is in mammals (Datar et al., 2006; Datar et al., 2000; Meyer et al., 2000).  Instead Cyclin 

D, induces cell growth through mRpL12 and Hph (Frei and Edgar, 2004; Frei et al., 2005).  

mRpl12 is a nuclear-encoded mitochondrial ribosomal protein which results in increased 

mitochondrial activity.  Hph (Hif prolyl hydroxylases) hydroxylates Hif-1 in mammals, 

which results in Hif-1 degradation through ubiquitination (Bruick and McKnight, 2001; 

Epstein et al., 2001; Lavista-Llanos et al., 2002).  Therefore, Cyclin D is a negative regulator 

of Hif-1 (Frei et al., 2005).  The lower Cyclin D levels in inv4Y7 imply that another pathway 

could be maintaining an active hypoxia response, whilst also contributing to the inhibition of 

growth. 

Unanswered Questions: mitotic, germ cell migration and 

chromosomal defects 

The invadolysin mutant larvae also have other phenotypes that have not been 

addressed in this thesis, including mitotic defects, problems with germ cell migration, an 

increase in nuclear envelope protein levels and improper chromosome condensation 

(McHugh et al., 2004).  Some of these phenotypes can be linked to mitochondrial defects 

through evidence in the literature and will be outlined below. 

Mutations in the ε-ATP synthase resulted in a reduction of ATP levels in Drosophila.  

In the cortical divisions of the Drosophila embryo, the low ATP levels resulted in several 
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mitotic defects disrupting the alignment of spindles and metaphase furrows (Kidd et al., 

2005).  Other mutations in mitochondrial metabolites that affect ATP levels, such as 

glutamine synthetase I, also resulted in mitotic defects (Frenz and Glover, 1996).  However, 

further investigations in the available ATP synthase subunit mutants, are required before the 

specific mitotic defects of invadolysin can be linked directly to dysfunctional mitochondria. 

Mutant invadolysin embryos also exhibit defective germ cell migration during 

embryogenesis (McHugh et al., 2004).  Cell migration requires the assembly of actin which 

requires ATP (Le Clainche and Carlier, 2008).  Hence, low ATP levels in inv4Y7 mutants 

could be attributed to the migration defects observed. 

However, some of invadolysin’s mutant phenotypes cannot be easily linked to 

mitochondrial defects and imply that Invadolysin likely has other roles in Drosophila.  For 

example, invadolysin genetically interacts with nonstop (Rao et al., manuscript in 

preparation), which encodes a ubiquitin protease that is part of the DUB (deubiquitinase) 

module of the transcriptional activator Dm SAGA (Spt-Ada-Gcn5-acetyltransferase) 

complex (Weake et al., 2008).  I extended the genetic interaction between nonstop and inv to 

both the DUB and HAT (histone acetyl transferase) module of SAGA.  invadolysin was 

shown to interact with the DUB and HAT modules of Dm SAGA, since Sgf11, Gcn5 and 

ada2B mutants all suppressed the ‘rough eye’ phenotype due to invadolysin overexpression.  

Sgf11 is an important structural component of SAGA that coordinates the interaction 

between Nonstop and the SAGA complex (Weake et al., 2008).  On the other hand, Gcn5 

and Ada2B are respectively, the catalytic and scaffolding components of the HAT module of 

SAGA (Kuo et al., 1996; Kusch et al., 2003). 

SAGA is involved in protein stability, transcriptional activation and elongation, 

telomere maintenance and chromatin remodelling (Allard et al., 2004; Koutelou et al., 2010; 

Pijnappel and Timmers, 2008; Zhao et al., 2008).  In fact Rao et al., (manuscript in 

preparation) found that both inv and nonstop have similar chromosome defects and 

accumulate ubiquitinated H2B (Michal Mieczyslaw Janiszewski, PhD student in the Heck 
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lab, 2010) implicating invadolysin in the control of H2B ubiquitination.  Such an effect on 

H2B and its downstream consequences could account for the chromosome condensation 

defects observed in invadolysin mutants. 

Future prospects 

Invadolysin is an essential metalloprotease in Drosophila and vital for the proper 

development and survival of the organism.  In humans, four INV variants have been 

identified, yet the function of Hs INV is still being addressed.  In this study, Drosophila was 

used to link the loss of invadolysin to dysfunctional mitochondria.  However, whether Hs 

INV also plays a role in mitochondrial function awaits investigation. 

I showed that INV and ATP synthase interact in Drosophila.  This could be extended 

into human cells by immunofluorescence and co-immunoprecipitation using INV and ATP 

synthase antibodies.  Human cells are bigger which makes immunofluorescence more 

convenient, whilst co-localisation of ATP synthase and INV could help identify where these 

proteins interact.  Is Dm INV on LDs, as the human INV data and predicted GPI-anchor site 

would suggest, on mitochondria, or both? 

I also inferred that INV might be affecting the activity of ATP synthase due to the 

phenotypic similarities between ATP synthase-α and inv, coupled with low ATP and 

increased ROS levels in both mutants.  However, how loss of INV actually results in a 

dysfunctional ATP synthase is not yet understood.  Does INV affect the ability of ATP 

synthase to translocate protons, or directly affect ATP synthase catalytic activity?  On the 

other hand, could INV affect the ability of ATP synthase to assemble?  All of these effects 

could contribute to the phenotypes observed.  Furthermore, does INV affect the activity of 

the ETC complexes directly or indirectly? 

A step towards answering these questions would be by isolating Drosophila fat body 

mitochondria and performing activity assays on mutant and wild type mitochondria.  Rat 
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liver is commonly used to isolate mitochondria and the Drosophila fat body is its ortholog.  

Similar to rat liver, the fat body is also a fairly large and homogenous tissue with numerous 

mitochondria.  The fat body is also a soft and easily dissected tissue.  The isolation of 

mitochondria would allow the precise manipulation and measurement of the ETC, oxidative 

phosphorylation and the activity of their respective molecular components.  A caveat might 

be the small size of Drosophila compared to rats, which might make it difficult to rapidly 

dissect enough fat body for mitochondrial isolation.  Nevertheless, these experiments would 

help tease out how INV is affecting mitochondria. 

Another important avenue of investigation is to understand with which molecular 

pathways INV is interacting.  In this thesis, I describe the generation of a tagged version of 

INV which allows tissue-specific expression through the GAL4/UAS system, opening up 

several experimental opportunities.  For example, the HA-tagged INV transgene gives a 

more distinct ‘rough eye’ phenotype than the untagged INV transgene.  Hence, HA-tagged 

Invadolysin could be used to perform a focused screen on the components of the pathways 

INV has been linked to, including the AMPK, TORC1 and InR/PI3K/Akt pathways.  These 

genetic data could be utilised in conjunction with immunoblots for these pathway 

components to help assess the activity of the AMPK, TORC1 or InR/PI3K/Akt pathway.  In 

essence, the identification of more genetic interactions and immunoblots would help answer 

whether low ATP levels activate AMPK which then inhibits TORC1 and subsequently the 

InR/P13K/Akt pathway?  As a partial rescue of inv4Y7 has already been achieved by the use 

of AMPK inhibitors, it would be important to address whether tissue-specific expression of 

tagged INV coupled with AMPK inhibitors might achieve a more complete rescue? 

The answers to these questions, would help to further dissect and pin-point the roles of 

this intriguing and vital metalloprotease. 
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Introduction 



Figure 1.1.  Schematic diagrams representing the 16 stages of Drosophila 
embryogenesis (after Wieschaus and Nüsslen-Volhard, 1998).  Arrows highlight diagnostic 
events. Stage 1 (AED [after egg deposition] 0m-15m) pronuclear fusion, cytoplasm homogenous. 
Stage 2 (AED 15m-1h20m) preblastoderm, mitotic cycles 1-9, early cell division, start of cleavage, 
egg contracts from the vitelline membrane. Stage 3 (AED 1h20m–1h30m) Pole bud formation, 
nuclear division 9. Stage 4 (AED 1h30m–2h30m) syncytial blastoderm formation, mitotic cycles 
10-13, end of cleavage divisions. Stage 5 (AED 2h30m–3h15m) cellularization of the blastoderm. 
Stage 6 (AED 3h15m–3h35m) Gastrulation forming mesoderm and endoderm, cephalic and 
ventral furrow formation. Stage 7 (AED 3h35m–3h 45m) cephalic furrow deepens, midgut 
invaginations, pole cells included in posterior midgut primordium.  Stage 8 (AED 3h45m –4h30m) 
Germ band formation and rapid elongation causing transiently a gap between the embryo and 
vitelline membrane, dorsal and cephalic folds gradually disappear. Stage 9 (AED 4h30m–5h10m) 
cephalic furrow completely disappears, stomodeum formation. Stage 10 (5h10m–6h50m) 
stomodeal invagination flanked by gnathal and clypeolabral lobe formation, ectodermal 
segmentation starts becomes apparent.  Stage 11 (6h50m–9h) ectodermal segmentation 
apparent, retraction of the vitelline membrane at the posterior end of the embryo.  Stage 12 (9h–
10h30m) shortening of the germ band, yolk sac extends to dorsal surface, persistence of gap 
between embryo and vitelline membrane.  Stage 13 (10h30m–11h30m) fusion of anterior and 
posterior midgut, germ band contraction complete, gap between embryo and vitelline membrane 
disappears. Stage 14 (11h30m–13h) start of dorsal closure of midgut and epidermis, head 
involution begins.  Stage 15 (13h–15h) dorsal closure and head involution is complete, cuticle 
deposition begins, dorsal epidermal segmentation.  Stage 16 (15h–hatching) condensation of 
CNS, muscular movement in a convoluted gut, somatic muscular movement.  Finally, after 22 hrs 
the first instar larvae hatches. 
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Figure 1.2.  Life Cycle of Drosophila melanogaster.  8-12 hours after eclosion the 
female fly becomes sexually receptive and, after a complex courting behaviour, 
copulates.  Successful copulation fertilises the oocytes.  After fertilisation, the female 
can lay up to 100 eggs/day.  Drosophila eggs, once laid, take approximately 22-24 
hours to hatch into a 1st instar larvae.  First instar larvae undergo a series of 
sequential molts into the 2nd and 3rd instar larvae.  Twenty-four hours before 
puparation third instar larvae enter the wandering stage and form an immobile white 
puparium.  This quickly darkens and hardens.  The Drosophila then undergo 
metamorphosis over a period of approximately five days and eclose from the pupa as 
an adult flies.  Figure adapted from FlyMove (http://flymove.uni-muenster.de/). 

~10 days at 
25oC 

1 day 

1 day 

1 day 2 days 

1/2 
day 

4 1/2 days 



Figure 1.3.  The GAL4-UAS System.  GAL4 is a yeast transcriptional factor 
that can stimulate transcription downstream of the UAS (upstream activating 
sequence) binding sites.  In Drosophila, GAL4 has been randomly inserted 
throughout the genome placing it under the control of nearby endogenous 
genomic enhancers. These genomic enhancers express GAL4 in a tissue-
specific manner.  Hence, GAL4 can express the target gene in a spatially 
defined manner.  This can be induced by crossing GAL4 and UAS transgenic 
flies, allowing the expression of target genes in virtually any tissue (Brand and 
Perrimon, 1993).  Adapted from Prof. Margarete Heck. 
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Figure 1.4.  Nutrient-sensing mechanisms that regulate TORC1-mediated 
growth.  TORC1 is at the core of cellular growth control. IPCs (insulin producing 
cells) in the Drosophila brain release ILPs (Insulin like peptides). In peripheral tissue, 
ILPs bind and activate the InR pathway.  This activates TORC1 by inhibiting TSC2 or 
PRAS40.  Both TSC2 and PRAS40 are inhibitors of TORC1.   
Low energy levels result in the phosphorylation and activation of AMPK.  AMPK 
inhibits TORC1, hence growth, by two mechanisms.  AMPK can either activate TSC2 
or inhibit TORC1 directly.   
TORC1 can also be regulated by amino acid levels.  Low amino acid levels inhibit 
TORC1 so that it cannot be activated by any other stimuli.  Conversely, TORC1 can 
be activated indirectly by amino acids. 
In Drosophila, downregulation of the TORC1 pathway specifically in the fat body was 
associated with a downregulated InR pathway in peripheral tissue (PT).  H = 
hemolymph, T = tissue,  ALS = acid labile subunit.  Adapted from Hietakangas and 
Cohen, 2009. 
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Figure 1.5.  Oxidative Phosphorylation and ROS generation.  NADH transfer electrons 
to the ETC through complex I, whilst succinate transfers them through complex II.  
Complex I and II transfer their electrons to coenzyme Q (ubiquinone), which then passes 
electrons sequentially to Complex III, cytochrome c and finally to oxygen, via Complex IV.  
This electron transfer is coupled to H+ pumping across the IMM.  This electrochemical 
gradient is then used by Complex V to synthesise ATP.  Disruption of the ETC or Complex 
V results in elevated levels of ROS.  Increased ROS levels are known to result in 
oxidative stress and affect growth, the hypoxia response mechanism, apoptosis and 
metabolism. C = Cytosol, OMM = Outer mitochondrial membrane, IMS = Intermembrane 
space, IMM = inner mitochondrial membrane, MM = mitochondrial matrix, I,II, III, IV, V = 
Respiratory Complexes, VDAC = voltage-dependant anion channel (porin pore), SOD 1 = 
CuZn-superoxide dismutase, SOD 2 = Mn-superoxide dismutase, GPX = glutathione 
peroxidase. Adapted from D. Malinska et al., 2010; Zhang and Gutterman, 2007.  
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Figure 1.6. Hierachy of Zinc metalloproteases according to 
MEROPS. Classification is based around the catalytic domain. The MA 
clan is defined by a HEXXH motif.  Its two subclans are differentiated by 
a third zinc ligand.  MA(E) has a glutamate acting as the third zinc ligand, 
whilst MA(M) has a histidine or aspartate as the third zinc ligand.  
Furthermore, the MA(M) sub-clan has a characteristic Met-turn required 
for catalytic activity.  Invadolysin is part of the M8 family (highlighted in 
red). Adapted from MEROPS (http://merops.sanger.ac.uk/), 



Figure 1.7.  The cysteine switch.  A) MMPs (Matrix metalloproteinases) and 
leishmanolysin are both transcribed as inactive enzymes.  The prodomain has a 
cysteine residue that is co-ordinated with the Zn2+ ion (filled blue box).  This prevents 
water molecules from co-ordinating with the Zn2+ ion.  B) Therefore, conformaitonal 
change, chemical, or proteolytic cleavage of the prodomain results in the activation of 
the enzyme since water can complex with the Zn2+ ion. 
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Figure 1.8.  Chromosome defects in invadolysin.  A-B) Mitotic chromosomes from 
wild type (wt) and homozygous inv mutant third instar larval brains.  The inv 
chromosomes appear hypercondensed with a fuzzy periphery. Bar = 5 µm C-D) 
Polytene chromosome spreads from wt and homozygous inv third instar larva salivary 
glands.  Mutant chromosomes appear twisted, frayed, reduced in size and the wt 
banding pattern is lost. Bar = 10 µm.  E) Position effect variegation assay using “white” 
as the reporter gene (wm4).  Flies were chatagorised as follows; white bars, 0-25% 
redness; yellow bars, 26-50% redness; orange bars, 51-75% redness; red bars, 
76-100% redness.  The inv mutants are red shifted implying that the mutant alleles act 
as suppressors of variegation.  The wild type protein would be predicted to compact 
chromatin.  IX-14 = invadolysin (INV).  Taken from McHugh et al. (2004) 
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Figure 1.9.  Centrosome and spindle phenotypes of inv.  Wild type larval 
neuroblasts stained for α-tubulin (green), a centrosome marker CP190 (red) and DAPI 
(blue).  B-D) inv exhibits various spindle abnormalities, enlarged in D.  These 
abnormalities include 1) monopolar, 2-3) disorganised and 4) asymmetric spindles. Bar 
= 5 µm.  E-F) Wild type and inv larval neuroblasts.  The wild type chromosomes and 
centrosomes are undergoing metaphase normally, whilst the inv chromosomes show 
condensation and centrosome defects. Bar = 5 µm.  G)  Quantitation of centrosome 
number in wild type and inv mitotic neuroblasts.  Nearly 70% of mitotic inv cells have 
only one focus of centrosome staining. Taken from McHugh et al. (2004) 



Figure 1.10.  Abnormal levels of nuclear envelope proteins.   Larval brain 
squashes were stained with A-B) lamin or C-D) otefin. Bar = 5 µm.  A) Wild type 
neuroblasts appear homogenously stained with lamin.  Furthermore, the nuclear 
lamina becomes dispersed during mitosis.  B) inv mutant exhibits increased lamin 
staining.  C) Wild type neuroblasts exhibit a similar staining pattern with otefin.  D) inv 
mutant neuroblasts show elevated otefin staining.  3rd instar larval brain extracts from 
wild type and mutants were immunoblotted with E) DmO lamin and F) otefin.  IX-14 = 
invadolysin.  Taken from McHugh et al. (2004) 
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Figure 1.11.  T-COFFEE alignment and 3-D structure analysis based on 
leishmanolysin.  A) T-COFFEE alignment showing homology between Drosophila 
melanogaster (Dm), Caenorhabditis elegans (Ce), Homo sapien (Hs), Mus musculus (Mm), INV  
and Leishmania major (Lm), leishmanolysin.  The catalytic motif and 3rd histidine are boxed 
(red).  The 14 conserved cysteine residues are indicated by an asterisk.  Nine regions shared 
among the higher eukaryotic orthologues are indicated by double headed arrows.  These 
regions (black spheres) all mapped onto the surface of the 3-D structure of leishmanolysin. P-
element insertion in inv4Y7 is indicated by grey triangle.  B) The internal magenta sphere 
represents Zn2+ required for catalysis.  Taken from McHugh et al. (2004) 



Figure 1.12.  invadolysin gene and protein structure.  A) Map of the Dm inv 
gene (CG3953).  Exons are shown as black boxes whilst 5’ and 3’ UTR is 
shown as hatched boxes.  The P-element insertion in inv4Y7 is 40bp upstream 
of the transcription start site.  B) Map showing domains present in Dm INV and 
the four human variants.  The conserved metalloprotease motif is shown by a 
green box, whilst the blue arrow denotes the presence of the N-terminal signal 
cleavage site.  Hs INV.v1 (Variant 1) has a longer first exon containing this 
signal sequence, whilst Hs INV.v2 (Variant 2) does not, hence is predicted not 
to be targeted towards the ER.  Variant 2 is translated in a different reading 
frame (purple box).  Each variant has a splice variant lacking a 37 amino acid 
sequence.  This splice variant is predicted to lack the GPI-anchor (pink box) 
post-translational processing.  In Drosophila, this 37 aa sequence is not 
encoded by a separate exon. The SUMO box and D-box (pink boxes) are 
present in the fly and all human variants.  A) Taken from McHugh et al. (2004) 
B) adapted from Cobbe et al. (2009). 
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Figure 1.13.  Localisation of INV in human macrophages and Drosophila mutant 
germ cell migration defect.  A) Hs INV leading edge localisation in normal migratory 
human macrophages cultured in vitro.  Hs INV is labeled green; actin, red; DAPI, blue.  
B-C) Dorsal views of Drosophila embryos.  Left panels are phase-contrast images, 
Middle panels are stained with DAPI, whilst the right panels are probed with the Vasa 
antibody that detects germ cells.  A) Canton-S, wild type later stage embryos show 
proper coalescence into gonads.  B) Improper migration of the germ cells and 
coalescence into gonads.  Taken from McHugh et al. (2004). 
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Figure 1.14.  Localisation of INV in eight different human cell lines.   INV 
antibodies localise to ring-like structures in eight different cell lines.  Cell lines were 
stained for DNA with DAPI (blue), F-actin with phalloidin (green) and for Invadolysin 
(red).  Bar = 20 µm, Double Bar = 2 µm.  Taken from Cobbe et al. (2009). 



Figure 1.15.  Invadolysin localises to lipid droplets (LD) in human cells.  Hs 
INV surrounds LDs in human cells.  A) A375 cells stained for Hs INV (red), for 
lipids with BODIPY 493/503 (green) and DNA wth DAPI (blue in merged image).  
White boxes indicate enlarged images below.  B) Huh-7 cells stained as A375 
cells above.  They display a similar staining pattern.  Bar = 10 µm, Double bar = 2 
µm. Taken from Cobbe et al. (2009). 
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Figure 1.16.  INV is enriched in isolated lipid droplets.  A) Immunoblot 
of A375 cell franctions with different antibodies raised against different Hs 
INV epitopes (denoted by C-Ab1, P1-Ab, P2-Ab, and 58996).  58996 is 
raised against the putative prodomain, hence it’s cytoplasmic localisation.  
Cell fractions also immunoblotted with TIP47 and ADRP antibodies, which 
are lipid droplet associated proteins.  The uppermost fraction numbered 1 
contains LDs, whilst the lowermost fraction is numbered 5.  B) A375 cell 
fractions stained with Coomassie Blue staining.  This shows the different 
protein concentrations even though they were loaded equally.  C) 
Normalised ratios of triacylglyceride (TAG) to protein levels in the cell 
fractions (n=3). WCE = whole cell extract. Taken from Cobbe et al. (2009). 
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Figure 3.1.  Schematic representation of the coverage available over the X 
chromosome with the Drosdel “deficiency kit”.  Green bars graphically represent 
the location and size of each individual deficiency.  Deficiencies have been molecularly 
mapped hence the genes deleted in each deficiency is known.  The genes deleted in 
Df(1)ED6727 is represented. Images modified from the Drosdel website (http://
www.drosdel.org.uk/)   



Figure 3.2.  Preliminary study examining scorable phenotypes.  GAL4 drivers: neur-GAL4, 
sca-GAL4, wg-GAL4 were crossed with UAS-inv and wild type (Canton S, CaS) flies at 25oC and 
29oC. neur-GAL4 and sca-GAL4 were analysed for loss-of-bristles whilst wg-GAL4  was analysed 
for wing defects. A) Representative images of the genotypes at 25oC. The black arrows highlight 
where the defects should have been observed .B) Graph displaying the % of flies with defects at 
each time point. (B,i) neur-GAL4, (B,ii) sca-GAL4, (B,iii) wg-GAL4. Whilst defects were observed 
with all crosses, these were present to a similar extent in both the control and UAS-inv progeny.  
No progeny were observed for the sca-GAL4/UAS-inv genotype. n = 40-80 flies for each 
genotype. Every cross was performed three times. 
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Table 3.1.  Summary of eye phenotypes with various eye-specific GAL4 
drivers.  Phenotypes were examined under the light microscope.  A visible eye 
phenotype due to invadolysin overexpression was only observed with the GMR-
GAL4 drivers. n = 40 flies.  The experiment was repeated twice.  The ‘rough eye’ 
phenotype was consistently observed in subsequent experiments.  

GAL4 Driver Expression Pattern Phenotype 
P{SevEP.GAL4.B37} sevenless; R7 differentiation and 

surrounding photoreceptors 
No visible eye 
phenotype 

P{rh1-GAL4}1; ry506 rhodopsin 1; photoreceptor cells No visible eye 
phenotype 

P{rh1-GAL4}3, ry506 rhodopsin 1; photoreceptor cells No visible eye 
phenotype 

y1 w*; P{Rh3-GAL4}2 rhodopsin 3; R1-6, 30% of R7-8 
cells 

No visible eye 
phenotype 

P{Gal4-HSP70-SeV}2/
CyO;ry 

eyeless; undifferentiated or 
differentiating eye cells 

No visible eye 
phenotype 

y1 w1118; P{ey1x-
GAL4.Exel}2 

eyeless; undifferentiated or 
differentiating eye cells 

No visible eye 
phenotype 

w*; P{GAL4-ey.H}4-8/CyO eyeless; undifferentiated or 
differentiating eye cells 

No visible eye 
phenotype 

y1 w1118; P{ey3.5-
GAL4.Exel}3 

eyeless; undifferentiated or 
differentiating eye cells 

No visible eye 
phenotype 

w*; P{GAL4-ey.H}3-8 eyeless; undifferentiated or 
differentiating eye cells 

No visible eye 
phenotype 

P{GAL4-ninaE.GMR}12 glass multiple reporter; 
differentiated eye cells 

‘rough eye’ 

GMR15-Gal4 glass multiple reporter; 
differentiated eye cells 

‘rough eye’ 



Figure 3.3.  “rough eye” phenotype and classification of the GMR-GAL4 Drivers.   
All GAL4 drivers were crossed with UAS-inv and wild type (Canton S, CaS) flies at 
25oC and 29oC.  The fly eye pictures shown are representative images of the 
classification system utilised.  The numbers refer to the degree of fly eye discolouration 
and ‘rough eye’ appearance, with 1 being the least severe and 5 the most (see text for 
details).  The graphs below show the extent of “rough eye” expression in the GMR12-
Gal4 / UAS-inv and GMR15-Gal4 / UAS-inv over the time period the fly eyes were 
analysed at 29oC.  The quantification of the “rough eye” phenotype reveals that wild 
type expression of GMR15-GAL4 results in a stronger rough eye phenotype as 
compared to GMR12-GAL4.  Pictures were taken at every stage. No “rough eye” 
phenotype was observed at 25oC.  Mod = Moderate, Sev = Severe,  inv = UAS-inv.  N 
= 70 flies at start of experiment, decreased to n = 40 flies due to lethality observed in 
GMR-GAL4/UAS-inv.  The experiment was repeated twice. 
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GMR-GAL4 
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GMR-GAL4 
inv 

Figure 3.4.  Overexpression of invadolysin in the Drosophila compound eye 
examined under the scanning electron microscope (SEM).  The Canton S (CaS) 
genotype represents wild type Drosophila.  The GMR-GAL4 and GMR-GAL4 / UAS-inv fly 
lines were raised at 29oC.  One copy of GMR-GAL4 gives a slight rough eye phenotype 
which worsens significantly when inv is expressed. Scale bar represents 55 µm. Figure 
from Di Cara et al. (manuscript in preparation). inv = UAS-inv 
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Figure 3.5.  Scheme for Meiotic Recombination of GMR-GAL4 and UAS-inv 
onto the same chromosome.  Male flies with GMR-GAL4 were crossed with 
female UAS-inv flies.  The eyes of their progeny were examined under the light 
microscope. All crosses were performed at 29oC . Bc = black cell genetic marker in 
larvae, Gla = In(2LR)Gla, includes glazed eye in adult, CyO has the curly wing 
genetic marker in adults. 
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Genomic PCR confirming UAS-inv construct 

RT-PCR confirming overexpression of inv transcript 

0.5 kb 

0.25 kb 

1 kb 
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inv 

Figure 3.6.  Confirmation of the presence of UAS-inv construct and inv transcript 
overexpression in the final GMR-GAL4, UAS-inv/CyO fly used for the enhancer/
suppressor misexpression screen.  In A) PCRs were performed on genomic extracts of 
the labeled genotypes.  The primers used were the pUAST specific primer ED pUAST F and 
a reverse primer in the 1st exon of inv, Dm INV S R.  In B) RT-PCRs were performed on 
RNA extracts of the labeled genotypes.  The primers used were Dm INV S F and Dm INV S 
R which are both specific to exons within the invadolysin transcript. CaS = Canton S, inv = 
UAS-inv, GMR-GAL4>inv = GMR-GAL4, UAS-inv / CyO, kb = kilo base pair. 
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Figure 3.7.  Scheme for the enhancer/suppressor misexpression deficiency 
screen.  The GMR-Gal4 UAS-inv/CyO fly was crossed with flies of the DrosDel core 
deficiency kit. The GMR-Gal4, UAS-inv / Df, GMR-Gal4, UAS-inv / Bal and CyO/Df flies 
were examined and suppressors and enhancers noted.  
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Table 3.2.  Initial results of enhancer/suppressor misexpression screen before 
narrowing down single Dfs.  The candidate genes were selected based on 
similarities of gene ontology. Gene ontology was based on the molecular and biological 
functional classifications on Flybase (www.flybase.org) and in the literature. Candidate 
genes were also selected from  a microarray performed in inv4Y7 and compared to wild 
type Drosophila third instar larvae (Di Cara et al., manuscript in preparation). The 
genes upregulated or downregulated in this microarray were compared to the genes 
missing in these 12 deficiencies. n = 20-40 flies.  The experiment was repeated 3 times 
(3 rounds of crosses). 
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Figure 3.8.  Results of narrowing down Df(2L)ED701. Deficiencies that overlap 
Df(2L)ED701 are indicated, A) schematic, B) tabulation of results including 
chromsomal location, and C) representative images of modified eye phenotype with 
controls. Df(2L)ED701 was narrowed down to the potentially interacting region: 2L:
9918192..9932584 (14.392 kb).  n = 20-40 per genotype and cross.  The result 
indicates a consistent phenotype over 3 crosses. 
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Chromosome Region Result 
with  
OE inv Cytogenetic map Sequence location 

Df(3R)ED5071 81F6 – 82E4 3R:22,995..778,404 Su 
Df(3R)ED5021 81F6 – 82A5 3R:22,995..216,113 Normal 
Df(3R)ED5066 82C5 – 82E4 3R:475,607..778,404 Normal 
Df(3R)Exel6141 82B2 – 82C3 3R:288,185..425,532 Su 
Fip1 82B3 – 82B4 3R:310,763..313,185 Normal 
CG31523 82B2 – 82B3 3R:291,139..304,82 Normal 
CG34357 82C1 – 82C2 3R:319,126..383,789 En 

 C 

Figure 3.9.  Results of narrowing down Df(3R)ED5071. Deficiencies that overlap 
Df(3R)ED5071 are indicated, A) schematic, B) tabulation of results including 
chromsomal location, and C) representative images of modified eye phenotype with 
controls.  Df(3R)ED5071 was narrowed down to the potentially interacting region: 3R:
288,185..425,532 (137.347 kb). n = 20-40 per genotype and cross.  The result 
indicates a consistent phenotype over 3 crosses.  
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Df(2R)ED1791  En 

Df(2R)ED1770 En 

 A 

Name 
Chromosome Region Result 

with  
OE inv Cytogenetic map Sequence location 

Df(2R)ED1791 44F7 – 45F1 2R:4,810,235..5,440,757 En 

Df(2R)ED1770 44D5 – 45B4 2R:4,543,134..5,095,046 En (effects 
eye shape) 

Df(2R)ED1742 44B8 – 44E3 2R:4,061,673..4,611,634 Normal 

wunk10201 l(2)k10201k10201 

P{lacW}k10201b 45D3 - 45D4 Normal 

wun2DG30802 44D4 – 45D5 2R:5,301,849..5,305,35 Normal 

wun2KG08150 44D4 – 45D5 2R:5,301,849..5,305,35 En 

PBac{WH}higf06695 Cyp4p2f06695 45B7 – 45B7 
2R:5,125,035..5,127,338 

Normal 

CG8801EY03474 45D2-45D3 2R:5,283,862..5,286,255 En 

CG8801DG08211 45D2-45D3 2R:5,283,862..5,286,255 Highly 
Variable 

Figure 3.10.  Results of narrowing down Df(2R)ED1791.  Deficiencies that overlap 
Df(2R)ED1791 are indicated, A) schematic, B) tabulation of results including 
chromsomal location, and C) representative images of modified eye phenotype with 
controls (located on the following page).  Df(2R)ED1791 was narrowed down to the 
potentially interacting region 4,810,235..5,095046 (284.811 kb). n = 20-40 per 
genotype and cross.  The result indicates a consistent phenotype over 3 crosses.  
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Df(2R)ED1735  En 

Df(2R)ED1725 En 

Df(2R)Exel6055      Non-viable 

Df(2R)Exel6056 En 

 A 

 B 
Name 

Chromosome Region Result 
with  
OE inv Cytogenetic map Sequence location 

Df(2R)ED1735 43F8 – 44D8 2R:3,849,654..4,487,956 En 

Df(2R)ED1725 43E4 – 44B5 2R:3,501,429..4,043,550 En 

Df(2R)ED1742 44B8 – 44E3 2R:4,061,673..4,611,634 Normal 

Df(2R)Exel6055 43F1 – 44A4 2R:3,773,849..3,948,670 Df/1104 
Non-Viable 

Df(2R)Exel6056 44A4 – 44C2 2R:3,948,670..4,119,961 En 

Df(2R)Exel7094 44A4 – 44B3 2R:3,948,670..4,019,248 Normal 

Df(2R)Exel7095 44B3 – 44C2 2R:4,012,164..4,119,968 Normal 

 C 

Figure 3.11.  Results of narrowing down Df(2R)ED1735. Deficiencies that overlap 
Df(2R)ED1735 are indicated, A) schematic, B) tabulation of results including 
chromsomal location, and C) representative images of modified eye phenotype with 
controls (located on the following page). The Df was narrowed down to the 
inconclusive region: 3,948,670..4,061,673 (113.003 kb). n = 20-40 per genotype and 
cross.  The result indicates a consistent phenotype over 3 crosses. 
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Name 
Chromosome Region Result 

with  
OE inv Cytogenetic map Sequence location 

Df(2L)ED123 22B8 – 22D4 2L:1,985,930..2,222,091 En 

Df(2L)Exel6006 22B5 – 22D1 2L:1,913,292..2,168,166 Normal 

Df(2L)Exel6007 22D1 – 22E1 2L:2,168,174..2,355,484 Normal 

Su(dx) 22C1 – 22C1 2L:2,037,802..2,044,373 Su 

Uch 22D4 – 22D4 2L:2,212,738..2,214,179 Normal 

 A 

 B 

 C 

Name 
Chromosome Region Result 

with  
OE inv Cytogenetic map Sequence location 

Df(2L)ED737 31B1 – 31D7 2L:10,220,877..10,321,975 En 

Chico 31B1 – 31B1 2L:10,242,512..10,247,064 Normal 

Pten 31B1 – 31B1 2L:10,256,319..10,261,017 En 

CYLD 31C7 – 31D1 2L:10,295,856..10,299,827 Su 

Name 
Chromosome Region Result 

with  
OE inv Cytogenetic map Sequence location 

Df(3L)ED4288 63A6 – 63B7 3L:3,070,827..3,149,091 En 

Name 
Chromosome Region Result 

with  
OE inv Cytogenetic map Sequence location 

Df(3L)ED4799 76A1 – 76B3 3L:19,163,806..19,475,272 En 

Df(3L)ED4789 76A1 – 76A5 3L:19,163,806..19,288,762 Normal 

Df(3L)Exel9046 76A5 – 76A6 3L:19,284,479..19,323,668 Su (only 
2 genes) 

mRpL21 76A3 – 76A3 3L:19,247,334..19,248,157 Normal 

 D 

Figure 3.12A-D.  Results of narrowing down A) Df(2L)ED123, B) Df(2L)ED737, C) 
Df(3L)ED4288, D) Df(3L)ED4799.  Continued on the following page. n = 20-40 per 
genotype and cross.  The result indicates a consistent phenotype over 3 crosses. 



 E 

 F 
Name 

Chromosome Region Result 
with  
OE inv Cytogenetic map Sequence location 

Df(3R)ED10845 93B9 – 93D4 3R:16890893..17122221 En 

Df(3R)ED10838 93C1 – 93D4 3R:16960036..17122221 Normal 

Df(3R)Excel627
2 93A7 – 93B13 3R:16783442..16938073 Normal 

Name 
Chromosome Region Result 

with  
OE inv Cytogenetic map Sequence location 

Df(3R)ED5591 87B7 – 87C7 3R:8,176,253..8,545,732 En 

Df(3R)ED5554 87B5 – 87B11 3R:8,106,835..8,269,738 Normal 

Df(3R)ED5610 87B11 – 87D7 3R:8,269,738..8,821,397 Normal 

Df(3R)Exel7317 87B10 – 87C3 3R:8,267,098..8,456,321 – 
8,456,331 Su 

Figure 3.12E-F.  Results of narrowing down E) Df(3R)ED5591 and F) Df(3R)ED10845. 
n = 20-40 per genotype and cross.  The result indicates a consistent phenotype over 3 
crosses.  



Table 3.3.  Dm SAGA mutants suppress the ‘rough eye’ phenotype due to 
invadolysin overexpression.  The resultant phenotype was consistent over 4 crosses 
with over 80 flies of each genotype observed. Su = suppressor, HAT = histone 
acetyltransferase, SAGA = Spt-Ada-Gcn5-acetyltransferase. n = 20-40 per genotype 
and cross.  The result indicates a consistent phenotype over 3 crosses. 

Mutant Gene Function Nature of 
Lesion 

Result 
with  
OE inv 

not1 

nonstop; ubiquitin protease, 
part of the deubiquitination 
module of dSAGA. 

ethyl 
methanesulfonate-
induced mutation, 
hypomorph (Martin et 
al., 1995).

Su 

not02069 

nonstop; ubiquitin protease, 
part of the deubiquitination 
module of dSAGA. 

P element insertion 
(P{PZ]) within coding 
sequence, null 
mutant (Deak et al., 
1997; Spradling et 
al., 1999). 

Su 

Sgf11e01308 

Sgf11; part of the 
deubiquitination module of 
dSAGA, required for proper 
functioning of nonstop. 

PiggyBac insertion 
(PBac{RB}) in the 
promoter region of 
Sgf11 (Weake et al., 
2008). 

Su 

ada2B1 

ada2B; component of 
dSAGA involved in positive 
regulation of HAT activity. 

1,077-bp deletion that 
includes the 
transcription start 
site, entire first exon 
and translation start 
codon (Qi et al., 
2004). 

Su 

PcafE333st  

Gcn5; catalytic component 
of dSAGA’s HAT activity. 

ethyl 
methanesulfonate-
induced mutation that 
results in the 
formation of a stop 
codon.  Mutation 
found within the first 
exon (Carre et al., 
2005). 

Su 



Figure 3.13.  Representative images showing the effect of different Dm SAGA 
components in a GMR-GAL4 UAS-inv background.  All Dm SAGA mutants tested 
Suppressed the invadolysin-induced ‘rough eye’ phenotype. GMR-GAL4>inv = GMR-
GAL4, UAS-inv 
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Chapter 4: Generation and Analysis of UAS 
tagged INV constructs 



Metalloprotease  
site 

Figure 4.1.  Overlaid amino acid and nucleotide sequence of the open 
reading frame of Dm INV. The coloured filled boxes highlight the 9 different 
exons.  The thick black lines highlight predicted surface loops which map to 9 
regions were INV is divergent from Leishmanolysin. The coloured lined boxes 
indicate different predicted protein domains.  The predicted location of the 
prodomain in INV is not known. 

Predicted 
signal peptide 
cleavage site 

Exon 1 

Exon 2 
Exon 3 
Exon 4 

Exon 5 
Exon 6 
Exon 7 

Loop 1 

Loop 2 

Loop 3 

Loop 4 

EcoRI SITE 

SUMO 

Met Turn 

D-Box 

Exon 8 

Exon 9 

GPI anchor 

Loop 5 

Loop 6 

Loop 7 

Loop 8 

Loop 9 

BamHI SITE 

Key 



RFP 

HEVIH 

SUMO D-box GPI signal 

A 

B 

E 

F 

RFP SUMO D-box GPI signal 

EcoRI EcoRI 

BamHI BamHI 

C 

D 
HA 

EcoRI 

HA 

BamHI 

FLAG 

EcoRI 

FLAG 

BamHI 

Figure 4.2.  Schematic showing location and size of tags within Invadolysin.  
Proteins are drawn to scale.  RFP, HA and FLAG were inserted in either the EcoRI 
or BamHI restriction sites within the open reading frame of full-length invadolysin.  
A) RFP-tagged Invadolysin (EcoRI insertion). B) RFP-tagged Invadolysin (BamHI 
insertion). C) HA-tagged Invadolysin (EcoRI insertion). D) HA-tagged Invadolysin 
(BamHI insertion). E) FLAG-tagged Invadolysin (EcoRI insertion). F) FLAG-tagged 
Invadolysin (BamHI insertion). Signal = predicted signal peptide cleavage site, 
HEVIH = metalloprotease motif, GPI = Glycosylphosphatidylinositol. 

150 aa 

HEVIH 



GMR-GAL4 
CyO 

GMR-GAL4 
RFP-inv 

GMR-GAL4 
HA-inv 

GMR-GAL4 
FLAG-inv 

Figure 4.3.  Confirmation of tagged invadolysin in the fly eye by light 
microscopy.  All tagged versions of invadolysin shown represent EcoRI insertion 
sites.  BamHI insertion sites did not result in a phenotype. All crosses were 
performed at 29oC. This work was performed by Dr. Di Cara. RFP-inv = UAS-inv-
RFP(RI), FLAG-inv = UAS-inv-FLAG(RI), HA-inv = UAS-inv-HA(RI).  



Figure 4.4.  Fly crossing scheme to rescue homozygous mutant inv4Y7 with transgenic 
flies overexpressing tagged INV.  A) and B) crosses performed to obtain a 2nd and 3rd 
chromosome double-balanced fly line. Tagged invadolysin is located on the 2nd 
chromosome.  Red boxes indicated genotypes selected for subsequent crosses or kept as 
stocks.  Flies that include the genotype CyO/CyO were omitted, since this combination is 
lethal.  The following balancers were selected for based on the corresponding genetic 
markers: CyO - curly wings, L- lobed, TM6B - tubby, humeral, MRS - stubble.  UAS = UAS-
HA-inv or UAS-RFP-inv.  
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Figure 4.4.  Fly crossing scheme to rescue homozygous mutant inv4Y7 with transgenic 
flies overexpressing tagged INV.  (C) crosses performed to obtain a 2nd and 3rd 
chromosome double-balanced fly line with tagged invadolysin on the 2nd chromosome and 
one copy of the inv4Y7 allele on the 3rd.�(D) as C, but arm-GAL4 replaces tagged inv. (E) 
Rescue crosses, rescue genotype indicated by blue box.  Red boxes indicated genotypes 
selected for subsequent crosses or kept as stocks. Flies that include the genotype, CyO/
CyO, MRS/MRS, TM6B/TM6B have been omitted since these combinations are lethal. The 
following balancers were selected for based on the corresponding genetic markers: CyO - 
curly wings, L- lobed, TM6B - tubby, humeral, MRS - stubble.  UAS = UAS-HA-inv or UAS-
RFP-inv, GAL4 = arm-GAL4.  
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Figure 4.5.  Confirmation of rescue of inv4Y7 with HA-INV line 6.  A) schematic 
of p[lacZ;ry+] insertion in inv4Y7 and indication of the primer location used for 
genomic PCR.  B) PCR was performed on single fly DNA extracts.  Four different 
adult rescue flies were tested and their mutant phenotype confirmed. Rescue = 
HA-inv/arm-GAL4 ; inv4Y7/ inv4Y7. 
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Lipid homeostasis 

Chapter 5 



CaS inv4Y7 

CaS inv4Y7 

Figure 5.1.  Representative images of other imaging techniques used to visualise 
the Drosophila 3rd instar CaS and inv4Y7 fat body.  The lipid droplets of the fat body 
were stained with the neutral lipid dye 493/503 BODIPY.  A) widefield microscopy, 
white bar = 25µm. B) Confocal Laser Scanning Microscopy (CLSM), white bar = 8µm.  
B is a single X-Z plane optical section through a deconvolved 3D image.  Please note 
that the inv4Y7 fat body is likely to have been flattened by the cover slip, this problem 
was solved in subsequent experiments by mounting the coverslip on to a chamber, 
raising it above the tissue.   

 A 

 B 

z x 



CaS Cg-Gal4>HA-INV inv4Y7 

X-Y optical section with Z-slice at 50% fat body depth 

X-Y optical section with Z-slice at 15% fat body depth 

Figure 5.2.  Representative images of Nile Red stained 3rd instar fat bodies using 
Improvision’s Volocity Grid Confocal system.  The mutant inv fat bodies appeared 
smaller, whilst over expression of HA-tagged INV resulted in an enlarged cell size. A, 
D) CaS, B, E) inv4Y7 C, F) Cg-GAL4>HA-inv. A*, B*, C*, D*, E*, F*) Enlarged images of 
the boxed areas in A-F, respectively. A, B and C, are single X-Y plane optical sections 
taken from the centre of a Z-stack imaging the whole of the fat body.  D, E and F one 
optical section taken from 15% into the fat body. White bar = 33µm. 

 A  B  C 

 D  E  F 

 A*  B*  C* 

 D*  E*  F* 



Figure 5.3.  Alternation of Invadolysin expression affects Drosophila 3rd 
instar larval fat body organ size.  A) Immunoblot with HA antibody confirming 
successful expression of fat body-specific HA-INV.  B) cross sectional area and C) 
mean thickness of inv4Y7 and Cg-GAL4>HA-inv of fat body cells normalised to wild 
type. Error bars show associated standard deviation (B, n = 41 fat body cells, C, n 
= 168 line measurements, B and C were taken from 3 different organisms per 
genotype). ***p<0.001, paired Student’s t-test. A was performed by Dr. Francesca 
Di Cara. 

 B  C 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

CaS inv4Y7 Cg-GAL4 
>HA-INV 

*** 

P < 0.001 
*** 

P < 0.001 
*** 

Fo
ld

 c
ha

ng
e 

in
 c

el
l t

hi
ck

ne
ss

 re
la

tiv
e 

to
 C

aS
 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

CaS inv4Y7 Cg-GAL4 
>HA-INV 

*** 

*** 

Fo
ld

 c
ha

ng
e 

in
 c

ro
ss

-s
ec

tio
na

l a
re

a 
re

la
tiv

e 
to

 C
aS

 
 A 

HA 
64 
97 



0 

0.2 

0.4 

0.6 

0.8 

1.0 

CaS inv4Y7 Lsd2 

*** 

P < 0.05 
* 

* 

P < 0.001 
*** 

Figure 5.4.  Loss of invadolysin affects neutral lipid storage in Drosophila 
3rd instar larvae.  Triacylglyceride (TAG) content in CaS, inv4Y7 and Lsd2 
relative to total protein in whole third instar larvae.  Values have been 
normalised relative to wild type. Error bars show associated standard deviation 
(n = 3). *p<0.05, ***p<0.001, paired Student’s t-test.  The experiment was 
repeated 3 times. 
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Figure 5.5.  Expression of HA-tagged invadolysin in larval fat bodies does 
not affect neutral lipid storage in Drosophila 3rd instar larvae.  
Triacylglyceride (TAG) content in CaS and Cg-GAL4>UAS-inv-HA(RI) relative 
to total protein content in whole third instar larvae.  Values have been 
normalised relative to wild type. Error bars show associated standard 
deviation. The difference in TAG: protein ratio between CaS and HA-INV was 
not statistically significant based on paired Student’s t-test (n = 6).  Experiment 
was repeated 3 times. 
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Figure 5.6.  Invadolysin in vivo localisation to the surface of lipid droplets when 
expressed as HA-tagged INV in larval fat bodies.  The fat body specific GAL4 driver 
Cg-GAL4 was used to drive HA-tagged INV over expression.  Lipid droplets were 
stained with the neutral lipid dye Nile Red, whilst INV is probed with the HA antibody 
(green).  The larval fat body was visualised using CLSM. 
White bar = 8µm. 
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Figure 6.1.  Invadolysin interacts with Mitochondrial ATP synthase (complex 
V) subunits.  A)  HA-tagged Invadolysin was immunoprecipitated from Drosophila 
head extracts using commercial anti-HA affinity matrix.  CaS head lysate was used 
as a control with CaS bead associated proteins subtracted from the final results. 
Immunoprecipitation repeated 4 times and performed by Dr. Di Cara.  B) ‘Rough 
eye’ phenotype due to overexpression of UAS-inv by GMR-GAL4 is enhanced by 
two mutant alleles of bellwether: blwEY08188 and blwKG05893. n = 20-40 per genotype 
and cross.  The result indicates a consistent phenotype over 3 crosses.  C) inv4Y7 
and blwKG05893 mutant larvae are smaller than CaS 3rd instar larvae 5 days AEL. 
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Figure 6.2.  bellwether affects Drosophila third instar larval fat body size and 
neutral lipid storage.  Visualisation of fat body after Nile Red staining using 
Improvision’s Volocity Grid Confocal system.  A) CaS, B) blwKG05893, C) inv4Y7. 
A*,B*,C*) Enlarged images of the boxed areas in A-C, respectively. Neither 
blwKG05893 and inv4Y7 show aberrant lipid droplet morphology or number, however 
they do exhibit a reduction in cell size and TAG levels.  Scale bar = 33µm.  
Quantification of the D) thickness and (E) cross-sectional cell area normalised to 
wild type, was performed using Velocity (details in Section 5.3). F) Triacylglyceride 
(TAG) relative to total protein in CaS, blwKG05893 and inv4Y7 whole third instar larvae. 
Values have been normalised relative to wild type. D) n = 183 measurements from 3 
different larvae per genotype, E) n = 41 cells from 3 different larvae per genotype, 
F) n = 3 biological samples. Error bars show standard deviation. ***p<0.001, paired 
Student’s t-test. 
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Figure 6.3. Mitochondrial activity is affected in blwKG05893 and inv4Y7. 
Drosophila.  Third instar larval fat body was stained with A) Mitotracker Red and 
JC-1 (Green).  Mutant fat bodies stain much more intensely with JC-1 than with 
Mitotracker. JC-1 staining indicates the presence of numerous mitochondria.  Scale 
bar = 20µm.  Experiment was repeated 3 times.  B) Mitochondrial mass is 
equivalent in inv4Y7  and wild type larva. mtDNA copies were measured using qPCR 
as number of Col (cytochrome oxidase subunit I) copies relative to the genomic 
actin 5C gene. Error bars show standard error.  n = 3 and the experiment was 
repeated 3 times.  Quantification of DNA by qPCR was performed by Dr. Di Cara 
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Figure 6.4. 3-D Visualisation of Drosophila larval fat body mitochondria with 
Mitotracker Red. Images were captured using a 100X objective using CLSM. 3-D 
images visualised using Volocity’s 3-D Opacity Rendering tool, with Black Levels 
modified to eliminate low intensities.  The images have been not been captured 
identically (in relation to image intensity) and have been digitally modified to 
enhance luminescence, hence intensity should not be directly compared.  The side 
of every white box is approximately 4.86 µm. 



Figure 6.5. inv4Y7 and blwKG05893 have smaller mitochondria than wild 
type larval fat body cells.  Measurements performed using Volocity (see 
text for details).  Mean diameter and length of mitochondria in third instar fat 
body cells was normalised to wild type. Error bars indicate standard deviation 
(n = 388, from 5 different animals per genotype). ***p<0.001, paired 
Student’s t-test.  
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Figure 6.6.  ATP levels are reduced in invadolysin mutants. inv4Y7 
third instar larvae have a lower level of ATP than CaS larvae.  The plotted 
values represent total ATP normalised to total protein levels.  Error bars 
indicate standard deviation. n = 3.  Experiment repeated 3 times. 
***p<0.001, paired Student’s t-test. This experiment was performed by Dr. 
Di Cara. 
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Figure 6.7A, B.  Loss of invadolysin results in the activation of AMP-
activated protein kinase.  A) Immunoblotting of third instar larval fat body 
extracts shows the level of AMPK to be the same in mutant and wild type extracts.  
However, P-AMPK (activated AMPK) levels are higher in the inv mutant.  α-tubulin 
was used as the loading control.  Plotted values show P-AMPK levels normalised 
to AMPK levels.  Error bar represents standard deviation derived from biological 
triplicate samples (n = 3). ***p<0.001, paired Student’s t-test.  B)  The invadolysin 
induced ‘rough eye’ phenotype is enhanced by one copy of mutant SNF4γEP3015b . 
SNF4γ codes for  the AMP sensor subunit of AMPK).  n = 20-40 per cross, 3 
crosses were performed per genotype.  This experiment was performed by Dr. Di 
Cara. 



Figure 6.7C-D (Cont.).  Partial rescue of inv4Y7 mutant phenotype by  
Activation and inhibition of AMPK. 
C,I, ii) CaS pupa and inv4Y7 larvae after development on normal food.  CaS pupae 
after development on food supplied with AICAR.  When inv4Y7 larvae were grown on 
food supplied with AICAR no morphological difference was observed, when 
compared to growth on normal food.  C,iii, iv) CaS and inv4Y7 pupae after 
development of larva on normal food supplied with compound C.  D) The 
percentage of abnormal pupae in each genotype developed on Compound C, 
AICAR and normal media. n = 60 pooled from 3 separate vials.  Experiment 
repeated twice. This experiment was performed by Dr. Di Cara. 
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Figure 6.8.  Loss of invadolysin results in the inhibition of acetyl-CoA 
carboxylase.  A) Immunoblotting of third instar larval fat body extracts showa a 
reduced level of ACC in inv4Y7 extract and increased levels of p-ACC in inv4Y7 

extracts. ∝-tubulin was used as a loading control.  B) Plotted values show p-ACC 
normalised to ACC levels, all values have been normalised to wild type. .  Error 
bar represents standard deviation derived from biological triplicate samples (n = 
3), ***p<0.001, paired Student’s t-test. This experiment was performed by Dr. Di 
Cara. 
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Figure 6.9 A & B. inv4Y7 mutant larvae produce high levels of Reactive 
Oxygen Species (ROS). A) DHE staining in inv and blw mutant fat body  
nuclei is much stronger than in wild type fat body. Scale bar = 8 µm. B) 
Fluorescent signal intensity was quantified using Volocity.  The fluorescent 
signal was normalised to wild type signal intensity and plotted as a bar graph.  
Error bars indicate standard deviation (n = 5 image quantifications from 5 
different organisms per genotype).  Experiment was repeated 3 times.  
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Figure 6.9 (Cont.) C, D. inv4Y7 mutant larvae produce high levels of Reactive 
Oxygen Species (ROS). C) inv4Y7 mutant larva show a higher production rate of 
H2O2 and (D) protein oxidation, compared to wild type larvae.  Error bars indicate 
standard deviation (n = 6). For all bar graphs, ** p<0.01, *** p<0.001, paired 
Student’s t-test. (C and D).  This experiment was performed by Dr. Di Cara.. 
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Figure 6.10.  Immunoblotting analysis on third instar larval extracts 
shows  A) an increase in the level of p-p38 and B) a reduction in the level of 
Cyclin D in inv4Y7 compared to CaS extracts.  Plotted values on the right show 
inv4Y7 normalised to CaS levels.  n = 3, *** p<0.001, paired Student’s t-test. C) 
inv4Y7 mutant larva have an altered behavioral response to hypoxia.  CaS and 
inv4Y7 larvae were exposed to low oxygen levels. CaS larva left the food 
within the first hour whilst inv4Y7 only left the food after 3 hours. N = 90 larvae 
per genotype pooled from 3 different red wine agar plates.  Experiment 
repeated 3 times and performed by Dr. Di Cara. 
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Chapter 7 

Characterisation of INV 
abs 
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Figure 7.1A.  Schematic of Dm INV domains and location of antibodies raised against 
INV.  A) Schematic showing location of domains and antibodies (ab) on the Drosophila 
melanogaster Invadolysin protein.  Size of domains are drawn to scale, please refer to 
Figure 7.1B.  The function of each domain is detailed in the text.  Processed INV refers to 
the size of INV after cleavage at both the GPI anchor and signal peptide cleavage site. 
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Figure 7.1B&C.  Regions of Dm INV antibodies raised against.  B) Amino acid sequence 
of D. melanogaster Invadolysin, highlighted areas represent regions used to raise antibodies 
against INV - see key. C) three-dimensional model of leishmanolysin with threaded 
Invadolysin sequence. The black numbered spheres indicate surface loops which map to 9 
regions were INV is divergent from Leishmanolysin. Magneta sphere represents Zinc ion 
required for catalysis. C) Taken from McHugh et al. (2004) 
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Figure 7.2.   Representative immunofluorescence images of Invadolysin antibody 
staining (R4100 and R4101) in Drosophila melanogaster wild type embryos.  The 
antibodies were utilised at 1:10,000. PI refers to pre-immune, whilst 1st and 2nd refer to 
the antibody bleeds.  Experiment repeated 4 times with dilutions ranging from 1:500 to 
1:10,000. 
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77.0 kDa  

α-tubulin 51 

51 

39 

28 

19 

64 

97 

191 

77 kDa 82 kDa 

60 kDa 

51 kDa 

45 kDa 

109 kDa 

Time/Hrs Stage Time/Hrs Stage
0-1 1-2 7-9 11
1-2 2-4 9-10:30 12
2-3 4-5 10:30-11:30 13
3-4 5-8 11:30-13 14
4-5 8-9 13-15 15
5-6 9-10 15-17 16
6-7 10-11 16-18 Late 16 or 17

Figure 7.3.  Immunoblot detection with a C-terminal Invadolysin antibody on staged 
embryonic extracts.  α-tubulin serves as the loading control. R747 rabbit polyclonal ab 
used at 1:1000 dilution.  The red rectangles and arrows highlight prominent bands or band 
changes throughout development.  However, the degree of bound proteins made 
interpretation difficult. Predicted size of full-length Invadolysin is 77.0 kDa.  Experiment 
repeated 3 times. 
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Figure 7.4.  Immunoblot detection of a C-terminal Invadolysin antibody on two 
hour collections of wild type embryo extracts.  α-tubulin serves as the loading 
control. R747 rabbit polyclonal ab used at 1:1000 dilution.  59 kDa band was not 
observed to change (red rectangle).  Arrow highlights another prominent band.  
Predicted size of full-length Invadolysin is 77.0 kDa. 
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Figure 7.5.  Immunoblot detection of C-terminal Invadolysin antibodies 
Investigating the changes in INV protein bands in late embryo and early 1st 
instar larvae.  α-tubulin serves as the loading control. R747 rabbit polyclonal ab 
used at 1:1000 dilution. The red rectangles and arrows highlight prominent bands or 
band changes throughout development.  However, the degree of bound proteins 
made interpretation difficult. Predicted size of full-length Invadolysin is 77.0 kDa.  
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Figure 7.6.  Immunoblot detection of C-terminal Invadolysin antibodies on fly 
heads overexpressing full-length untagged invadolysin.  α-tubulin serves as the 
loading control. R747 rabbit polyclonal ab used at 1:1000 dilution. GMR>inv refers to 
the genotype GMR-GAL4 / UAS-inv.  Arrows highlight bands which are elevated in 
the genotype GMR-GAL4 / UAS-inv.  The predicted size of full-length Invadolysin is 
77.0 kDa, which none of the elevated bands are close to in size. 
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Figure 7.7.  Immunoblot detection with C-terminal fusion and synthetic peptide 
Invadolysin antibodies on 3rd instar larval extracts, using a slot blot 
apparatus.  All antibodies tested at 1:1000 dilution. PI = preimmune. 1st, 2nd, 3rd, 
also refer to the antibody bleed. 
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Figure 7.8.  Immunoblot detection with C-terminal fusion and synthetic peptide 
Invadolysin antibodies on 3rd instar larval extracts, using a slot blot 
apparatus.  All antibodies tested at 1:1000 dilution. PI = preimmune. ext = extended 
bleed.  1st, 2nd, 3rd, 4th and 5th, also refer to the antibody bleed. 
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Figure 7.9.  Immunoblot detection with C-terminal fusion and synthetic peptide 
Invadolysin antibodies on 3rd instar larval extracts, using a slot blot 
apparatus.  All antibodies tested at 1:1000 dilution. PI = preimmune. ext = extended 
bleed. 1st, 5th, also refer to the antibody bleed. 



Figure 7.10.  Immunoblot detection with C-terminal Invadolysin antibodies on 
wild type and inv4Y7 larval 3rd instar extracts, various milk concentrations and 
BSA tested.  All antibodies used at 1:1000 dilution. Red rectangles indicate bands 
present in wild type but not the inv4Y7 extract.  Refer to figure 7.12 for possible 
explanation.  Full length Invadolysin is predicted to be 77.0 kDa. 
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Figure 7.11.  Immunoblot detection with C-terminal Invadolysin antibody on 
wild type and inv4Y7 larval 3rd instar extracts, various detergents tested.  R747 
antibody used at 1:1000 dilution. Actin probing serves as the loading control. Red 
rectangles indicate bands present in wild type but not the inv4Y7 extract.  Refer to 
figure 7.12 for possible explanation.  Full length Invadolysin is predicted to be 77.0 
kDa. 
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Figure 7.12.  Coomassie Blue staining of larval extracts used for Figure 7.10 (A) and 
Figure 7.11 (B). The inv4Y7 larval extracts lack a distinct banding pattern when 
compared to the wild type extract. This is likely to be due to an absence of larval 
serum proteins in the inv4Y7 larvae and is a possible explanation for the lack of 60-70 
kDa bands in inv4Y7 extracts, when compared to wild type.  The location of the 
banding pattern is indicated by the red asterisk.  
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Figure 7.13.  Immunoblot detection with C-terminal Invadolysin antibodies on 
3rd instar wild type and inv4Y7 fat body extracts.  α-tubulin serves as the loading 
control. Asterisk (*) identifies molecular weight markers drawn on the photographic 
film.  Red rectangle highlights prominent bands but none are close to the predicted 
size of full-length Invadolysin (77.0 kDa).  Experiment repeated 4 times.  
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Figure 7.14.  Immunoblot detection with C-terminal Invadolysin antibodies on 
3rd instar wild type and inv4Y7 fat body extracts.  α-tubulin serves as the loading 
control. Red rectangle highlights prominent bands but prominent bands are present 
in wild type and mutant extracts.  Experiment repeated 4 times.  



Figure 7.15.  Immunoblot detection with C-terminal Invadolysin antibodies on 
3rd instar wild type and inv4Y7 fat body extracts.  α-tubulin serves as the loading 
control. Asterisk(*) identifies molecular weight markers drawn on the photographic 
film. 
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Figure 7.16.  Coomassie Blue staining of larval fat body extracts used for 
immunoblot experiments in Figure 7.13, Figure 7.14 and Figure 7.15.  The inv4Y7 
fat body extract lacks a distinct banding pattern when compared to the wild type 
extract. This is likely to be due to an absence of larval serum proteins in the inv4Y7 
larvae and is a possible explanation for the lack of 60-70 kDa bands in inv4Y7 
extracts.  The location of the banding pattern is indicated by the red asterisk.   
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Figure 7.17.  Schematic of Dm NOT domains and location of antibodies raised 
against Dm NOT.  Nonstop is a member of the C19 family of deubiquitinating 
peptidases (DUBs).  Family members hydrolyse bonds involving the carboxyl group 
of the C-terminal Gly residue of ubiquitin.  Nonstop also has a deubiquitinases (UBP) 
zinc finger domain, a protein module that has been shown to bind to proteins 
including ubiquitin (Allen, M.D. and Bycroft, M., 2007).   
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Figure 7.18. Immunofluorescence images of non-stop (NOT) antibody 
staining in early and late stage embryos. 
Shows representative images of non-stop antibody staining in Drosophila 
melanogaster wild type embryos. The 1:10,000 dilutions are shown. The pre-
immune antibodies did not give a variation in intensity whilst the 1st bleeds 
stained the early stage (stages 1-3) embryos more brightly.  The top embryo in 
each box is an early stage embryo, whilst the bottom embryo is a late stage 
embryo. 
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Figure 7.19.  Comparison between wild type (wt) embryo and inv4Y7 larval 
extracts immunoblotted with NOT antibodies. 
A band around 45-48 kDa (red arrows) can be observed in overnight wild type embryo 
extracts and late 3rd instar inv4Y7 larval extracts. ED refers to extracts made by 
Edward Duca and SR refers to late 3rd instar larval extracts made by Rao, S.. The 
predicted size of non-stop is 82.5 kDa. 
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Figure 7.20. Different ratios of wild type embryo extracts and inv4Y7 extracts 
immunoblotted with NOT antibody. 
A band around 45-48 kDa can be observed in both wt embryos and inv4Y7 late 3rd instar larval 
extracts.  The red rectangle highlights the embryo and larval extract mixtures. Two distinct 
bands can be observed. This eliminates band shifts induced by different protein 
compositions.  Hence, suggests that the two bands are perhaps different due to post-
translational modification.  The blue rectangle highlights a 67 kDa band which is highly 
reduced at stage 4-5.  The predicted size of non-stop is 82.5 kDa. 
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Figure 7.21.  Staged wild type embryo extracts immunoblotted with NOT antibody. 
The level of the 45 kDa band does not change throughout embryogenesis (red rectangle).  
However, other band changes were observed.  The Blue rectangle highlights a 148 kDa band 
which appears to have elevated protein levels after stage 11. The predicted size of non-stop is 
82.5 kDa. 
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Figure 7.22.  Immunoblotting with NOT antibody in late embryogenesis. 
(A) A prominent 67 kDa band (blue rectangle) can be observed which is undetectable 
approximately 2 hours AED (after egg deposition).  On the other hand, the level of a 
62 kDa band (green rectangle) increases 4-6 hours AED.  The 45 kDa band (red 
rectangle) can be observed throughout early embryogenesis. The predicted size of 
nonstop is 82.5 kDa. 



Figure 7.23.  Wild type embryo and larval extracts immunoblotted with NOT 
antibody. 
A band at 45 kDa (red arrow) can be observed in wild type embryo extracts but not in 
wild type larval extracts.  This indicates that the 45 kDa band might be lost upon 
hatching of the embryo. The predicted size of non-stop is 82.5 kDa.  MFF refers to 
Methanol Fast fix as opposed to embryonic extracts prepared without fixation (labelled 
as fresh). 
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Figure 7.24.  Immunoblotting with NOT antibody in late embryogenesis. 
The 45 kDa band appears to undergo a band shift to 47 kDa close to the time of hatching 
of the embryo (20-22hr).  Band is indicated by a red rectangle.  
The predicted size of nonstop is 82.5 kDa. 
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Figure 8.1 Model showing the role of invadolysin under normal and mutant invadolysin 
conditions  Continued on following Page. 
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Figure 8.1.  Model showing the role of invadolysin under normal and mutant 
invadolysin conditions.  Continued on following Page. 
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Figure 8.1.  Model showing the role of invadolysin under normal and 

mutant invadolysin conditions. Under wild type conditions, INV interacts with 

ATP synthase.  In the absence of INV, ATP synthase activity is reduced resulting 

in low ATP levels, a disrupted ETC and increase in ROS levels.  Increased ROS 

levels are known to affect growth, the hypoxia response mechanism, apoptosis 

and metabolism.  Low ATP levels were observed in inv4Y7, which resulted in an 

increase of activated AMPK levels.  Activated AMPK is known to inhibit anabolic 

processes, exemplified through the phosphorylation and inhibition of ACC-1.  

Furthermore, AMPK upregulates catabolic processes resulting in the breakdown 

of lipids and carbohydrates.  AMPK also inhibits TORC1, either directly or 

through TSC1/2, which results in the inhibition of cellular growth and protein 

synthesis.  The inhibition of TORC1 could be resulting in the inhibition of the InR/

PI3K/Akt pathway in peripheral tissue.  The humoral signal that maybe causing 

inhibition of the InR/PI3K/Akt pathway has been suggested to be ALS.  Inhibition 

of the InR/PI3K/Akt pathway would result in decreased phospho-Akt levels that 

inhibits LSD2 and TORC1, which results in the inhibition of lipid storage, lipid 

synthesis, cell size and growth. Question marks indicate unknown processes, 

either due to lack of experimental evidence, or through lack of evidence from the 

literature. C = Cytosol, LD = lipid droplet, PT = peripheral tissue, PM = plasma 

membrane, MM = mitochondrial matrix, IMM = inner mitochondrial membrane, 

IMS = Intermembrane space, OMM = Outer mitochondrial membrane. 



Mitochondrial Diameter 

Figure 2.1.  Examples of how Mitochondrial Diameter (A) and length (B) were 
calculated using Volocity.  A) Representative CaS X-Y optical section through a 
deconvolved Z-stack.  Volocity’s line measure tool was utilised to manually 
determine the diameter of each mitochondrion. In B) the multicoloured lines also 
represent Volocity’s line measure tool. A representative X-Z optical section is 
shown, from a deconvolved Z-stack.  For details see text. White bar = 8µm. 
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Cell Cross-sectional Area 

Figure 2.2.  Examples of how fat body cell cross-sectional area (A) and 
thickness (B) were calculated using Volocity.  In A) the multicoloured shaded 
areas represent Volocity’s region of interest tool that was utilised to approximately 
delineate the fat body cell’s cross-sectional area.  This is a snapshot of 1 of the 3 
CaS fat bodies measured.  In B) the multicoloured lines represent Volocity’s line 
measure tool.  This is a snapshot of 1 of the 3 CaS fat bodies measured. See 
details in text. 
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Figure 2.3.  Vectors used to create transgenic flies 
 carrying tagged invadolysin.  Maps of A) pGEM-T Easy Vector 
(pGEM-T) and B) pUAST vector are shown. UAS - Upstream activating 
sequence, HSP70 - Heat Shock Protein 70.  
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Figure 2.4.  Vectors used to create transgenic flies 
 with tagged invadolysin.  pUAST constructs generated carrying  tagged 
invadolysin. Final constructs injected into w1118 background. A) pUAST-inv-RFP-
EcoRI, B) pUAST-inv-RFP-BamHI, C) pUAST-inv-HA-EcoRI, D) pUAST-inv-
RFP-EcoRI, E) pUAST-inv-FLAG-EcoRI, F) pUAST-inv-FLAG-BamHI. RFP, HA 
and FLAG were used to tag D. melanogaster invadolysin.  Dm inv ORF - 
Drosophila melanogaster invadolysin open reading frame. To simplify the 
diagram, each construct has been drawn in a linear manner.  However the 
plasmids are actually circular with the pUAST “ends” joined to one another. 
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Step 1: inserting Dm inv ORF into pUAST 

Dm inv ORF 
ATG 

XbaI 

XbaI 
TAA 

Clone into pGEM 

Cut with XbaI and clone into pUAST in order to 
inject into Dm embryos. pUAST had been 
previously treated to eliminate the EcoRI site 

Dm inv ORF 

pUAST which lacks EcoRI site 

XbaI XbaI 

pGEM 

XbaI XbaI 
Dm inv ORF 

Step 2: Cloning of RFP into pGEM vector at EcoRI site 
α-tub 

ATG 
   EcoRI 

TAA 
α-tub 

   EcoRI 
Clone into pGEM 

pGEM–RFP-EcoRI RFP 

Figure 2.5.  Cloning Strategy to generate pUAST construct with 
RFP tag inserted into the EcoRI site of invadolysin (open reading 
frame).  Construct injected into w1118Drosophila melanogaster: Final 
construct pUAST-inv-RFP-EcoRI. Continued on following page. 
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Step 3: Incorporating RFP into pUAST-inv 

Final Construct: pUAST-inv-RFP-EcoRI 
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Figure 2.5 (Cont.).  Cloning Strategy to generate pUAST construct 
with RFP tag inserted into the EcoRI site of invadolysin (open 
reading frame).  Construct injected into w1118Drosophila melanogaster: 
Final construct pUAST-inv-RFP-EcoRI.  
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Step 1: inserting Dm inv ORF into pGEM (see Fig 2.5) 

Step 2: Cloning of RFP into pGEM vector at BamHI site 
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Step 3: Incorporating RFP into the BamHI site within  
Dm inv ORF 
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ligate 
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XbaI XbaI 
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Figure 2.6.  Cloning Strategy to generate pUAST construct with 
RFP tag inserted into the BamHI site of invadolysin (open reading 
frame).  Construct injected into w1118Drosophila melanogaster: Final 
construct pUAST-inv-RFP-BamHI. Continued on following page. 
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Step 4: Cloning pGEM-ORF-RFP-BamH1 into pUAST 

pUAST pUAST RFP 
BamHI BamHI XbaI XbaI 

Dm inv ORF 

Cut with XbaI and clone 
into pUAST in order to 
inject into Dm embryos. 
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pGEM-inv-RFP-BamH1 
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Figure 2.6 (Cont.).  Cloning Strategy to generate pUAST construct 
with RFP tag inserted into the BamHI site of invadolysin (open 
reading frame).  Construct injected into w1118Drosophila melanogaster: 
Final construct pUAST-inv-RFP-BamHI.  

Final Construct: pUAST-inv-RFP-BamHI 



Step 1: inserting Dm inv ORF into pUAST (see fig 2.5) 

Step 2: generation of HA and FLAG tags with BAMHI 
adaptors 
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Figure 2.7.  Cloning Strategy to generate pUAST construct with 
HA or FLAG tag inserted into the EcoRI site of invadolysin (open 
reading frame).  Construct injected into w1118Drosophila melanogaster. 
Final constructs: pUAST-inv-FLAG-EcoRI and pUAST-inv-HA-EcoRI. 
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Step 1: inserting Dm inv ORF into pGEM (see fig 2.5) 

Step 2: generation of HA and FLAG tags with BamHI 
adaptors 
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Step 3: Cloning of HA-EcoRI and FLAG-EcoRI into 
pGEM-inv  
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Figure 2.8.  Cloning Strategy to generate pUAST construct with HA or FLAG 
tag inserted into the BamHI site of invadolysin (open reading frame).  
Construct injected into w1118Drosophila melanogaster. Final constructs: pUAST-
inv-FLAG-BamHI and pUAST-inv-HA-BamHI. Continued on following page. 



Step 4: Cloning pGEM-inv-BamHI HA and FLAG into 
pUAST 

Figure 2.8 (Cont.).  Cloning Strategy to generate pUAST construct 
with HA or FLAG tag inserted into the BamHI site of invadolysin 
(open reading frame).  Construct injected into w1118Drosophila 
melanogaster. Final constructs: pUAST-inv-FLAG-BamHI and pUAST-inv-
HA-BamHI.  

Cut with XbaI and clone 
into pUAST in order to 
inject into Dm embryos. 

pUAST pUAST RFP 
BamHI BamHI XbaI XbaI 

Dm inv ORF 

Final Construct: pUAST-inv-HA-BamHI 

or 

BAMHI BAMHI XbaI XbaI 

pGEM-inv-FLAG-BamH1 

Dm inv ORF 

HA 
BAMHI BAMHI XbaI XbaI 

pGEM-inv-HA-BamH1 

Dm inv ORF 

FLAG 

or 

pUAST pUAST RFP 
BamHI BamHI XbaI XbaI 

Dm inv ORF 

Final Construct: pUAST-inv-FLAG-BamHI 


	Complete PhD thesis Edward Duca (Times).pdf
	Complete PhD thesis Edward Duca (Times).2
	Complete PhD thesis Edward Duca (Times).3
	Complete PhD thesis Edward Duca (Times).4
	Chapter 1 Introduction
	Chapter 3 Deficiency screen
	Chapter 4 Tagged Invadolysin
	chapter 5 Lipid Homeostasis 
	Chapter 6 Mitochondria
	Chapter 7 Antibody analysis
	Chapter 8 Model ATP
	CHAP#5H-

