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Abstract 

This thesis explores glutamine synthetase in Drosophila melanogaster. L-glutamine, more than 

other amino acids, is strictly required for cell survival. Like many complex organisms, D. 

melanogaster has two forms of the enzyme glutamine synthetase (GS): GS1, located in the 

mitochondria, and GS2, located in the cytosol. Interestingly, how these two isozymes partition 

GS function is unknown. I validated a sample preparation protocol to separate the mitochondria 

and cytosol from Drosophila samples, and assay solutions for the measurement of GS transferase 

and GS biosynthetic activity. I created knockdowns of GS1 and GS2 and subjected these to heat 

shock and paraquat-induced stress. The GS1 and GS2 knockdowns displayed differences in their 

response to both stressors, indicating a potential functional differentiation of the two isozymes in 

stress tolerance. This project is a step in the use of Drosophila to explore the GS network and 

how glutamine modulates cell survival.  

 

Keywords 

Glutamine synthetase, glutamine addiction, oxidative stress, heat shock, Drosophila 
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Chapter 1  

1 General introduction 

In my MSc research I investigated the role of the glutamine synthetase (GS) isozymes in the 

stress response. The goal of my research was to determine if there is a correlation between stress 

tolerance and GS expression in Drosophila melanogaster. This goal is the first step in 

determining if Drosophila can be used as a model organism in the study of glutamine biology. 

Actively proliferating cells, such as cancer cells, display an increased need for simple molecules, 

including amino acids and sugars, to be used in the synthesis of more complex macromolecules 

(e.g. enzymes and DNA) (Bensinger and Christofk 2012) As a result, actively proliferating cells 

alter their metabolism from a more “energetic” to a “biosynthetic” mode. A common example 

this metabolic programming of actively proliferating cells is the Warburg effect, in which cells 

uptake large quantities of glucose for survival (Bensinger and Christofk 2012). This metabolic 

reprogramming also causes actively proliferating cells to display a dependence on the amino acid 

L-glutamine, a phenomenon known as “glutamine addiction” (DeBerardinis and Cheng 2010).  

This dependence on glutamine has medical implications. Limited nutrient availability results in 

the metabolic reprogramming of cancer cells to ensure their growth and survival in the stressful 

tumor microenvironment (Krall and Christofk 2015). Most cancers consume large amounts of 

glutamine; thus, the withdrawal of glutamine can be sufficient to trigger cell death in these cases. 

This observation has inspired a search for ways to interfere with the pro-survival mechanisms of 

glutamine in order to target and selectively trigger the death of cancer cells (Wise et al. 2008). 

However, currently the mechanisms by which cells sense glutamine and relay this information to 

the cell survival machinery are unknown. Interestingly, some of the functions of glutamine in 
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tumor cell survival relate to glutamine’s role in the stress response. For example, increased 

proliferation is associated with increased reactive oxygen species (ROS) production, and 

glutamine provides a precursor for the antioxidant glutathione (Amores-Sanches et al. 1999).  

Although other amino acids are necessary for cell survival, a possible explanation for the large 

glutamine requirement of proliferating cells is that glutamine has such diverse, and fundamental, 

roles within cells. Glutamine has the ability to provide precursors for, not only nucleotide and 

glutathione synthesis, but the synthesis of other amino acids. While glutamine can be used to 

make all other nonessential amino acids, these nonessential amino acids are unable to substitute 

for glutamine in the various biochemical pathways in which glutamine plays a central role (Bott 

et al. 2019; Yoo et al. 2020). In fact, research has shown that supplementation of glutamate, a 

major product of glutamine, cannot rescue impaired cell growth (Pavlova et al. 2018). 

My research explored the use of Drosophila melanogaster, the common fruit fly, as a model for 

glutamine addiction. Glutamine synthetase (GS) is the main glutamine-producing enzyme in 

cells, and is the focus of this project. There are two isozymes of GS in flies, each of which are 

distinct proteins that are encoded at distinct loci. GS1 is located in the mitochondria, and GS2 is 

located in the cytosol. Studies involving Drosophila have shown that knockout mutants of GS1 

are associated with increased sensitivity to oxidative stress (Frenz and Glover 1996), and 

knockdowns of GS2 are associated with increased sensitivity to heat shock and decreased life 

span (Neely et al. 2010). While these studies show that GS1 and GS2 expression are implicated 

in stress tolerance, neither study examined both isozymes, and conclusions regarding the 

functional differences between the two isozymes cannot be made. Additionally, these studies did 

not examine the effects of enzyme activity on stress tolerance.  
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In this thesis, I use Drosophila to determine if there is a correlation between GS activity and 

stress tolerance. GS assays were optimized for future work to examine naturally occurring 

variation in a population of flies. Additionally, RNAi-based gene knockdowns for GS1 and GS2 

were produced to explore functional differences between GS1 and GS2 in the context of stress 

tolerance.  

1.1 Glutamine addiction 

Actively proliferating cells have an increased need for simple molecules in comparison to non-

dividing cells. This increased need for simple molecules stems from the requirement of these 

proliferating cells to synthesize complex macromolecules (i.e., enzymes, DNA; Bensinger and 

Christofk 2012). As a result, a dividing cell’s metabolism shifts from an “energetic” mode to a 

“biosynthetic” mode. A common example of this altered metabolism is the Warburg effect, in 

which tumor cells metabolize large amounts of glucose through glycolysis to produce 

biosynthetic precursors, even in the presence of oxygen (Bensinger and Christofk 2012). 

Similarly, research has shown that tumor cells consume large amounts of glutamine compared to 

non-proliferating cells (Eagle 1955). Such cells are unable to survive without exogenous 

glutamine, and, therefore, display “glutamine addiction”. These observations have initiated a 

search to characterize and understand the regulation of glutamine metabolism in cancer, and to 

develop therapies that specifically target glutamine metabolism in cancer. 

Glutamine is the most abundant amino acid in blood plasma, and is an important modulator of 

cell physiology (Mazat and Ransac 2019). Glutamine contributes to many key metabolic tasks of 

proliferating tumor cells (DeBerardinis and Cheng 2010). For example, glutamine plays a role in 

ATP production, and provides intermediates for macromolecule synthesis, both of which are 

important needs of proliferating tumor cells (Deberardinis et al. 2008). Recent work has shown 
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that oncogenes influence glutamine metabolism, and that the expression levels of oncogenes and 

tumor suppressor genes determine if the survival of cancer cells is dependent on glutamine (Kim 

and Kim 2013).  

1.2 Glutamine’s role in the stress response 

In addition to its various roles in metabolism, cell signaling, and gene expression, glutamine also 

plays a role in protection against oxidative stress and heat shock.  

Oxidative stress is caused by an imbalance between the production/accumulation of ROS and the 

organism’s ability to detoxify these species. ROS include superoxide radicals, hydrogen 

peroxide, hydroxy radicals, and singlet oxygen, all of which have important regulatory roles 

within cells (Sena et al. 2013). ROS are regularly generated as a by-product of oxygen 

metabolism, and function in normal cell processes when present in low to moderate 

concentrations (Pizzino et al. 2017). However, under stress conditions, such as exposure to UV, 

pollutants, and toxic metals, the production of ROS is greatly increased, and the cells may be 

unable to detoxify these species (Pizzino et al. 2017). The accumulation of ROS causes damage 

to nucleic acids, lipids, & DNA, potentially leading to apoptosis. However, antioxidants work to 

counterbalance the effects of ROS (Birben et al. 2012). Glutathione is the major thiol-containing 

antioxidant of the cell, and works in several different capacities as a redox buffer against 

oxidative stress (Birben et al. 2012). For example, glutathione can donate its electron to 

hydrogen peroxide, reducing it to H2O and O2, and reduced glutathione donates protons to 

membrane lipids for protection against ROS damage (Birben et al. 2012). Thiols often undergo 

oxidation by ROS in order to protect the cell structures from damage (Schilter 2017). The 

oxidation of thiols can form disulfides, and the product of glutathione oxidation is glutathione 

disulfide (Schilter 2017). Glutathione is comprised of glutamate, cysteine, and glycine; however, 
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its production is highly dependent on glutamine supply (Deberardinis and Cheng 2010) because 

glutamine metabolism produces glutamate, which is then used to form glutathione. Many studies 

have highlighted the importance of glutamine and its role in maintaining glutathione levels 

during oxidative stress, and the supplementation of glutamine is associated with increased 

glutathione levels (Dumaswala et al. 2001, Amores-Sanches and Medina 1999). 

In addition to its role in protection against oxidative stress, glutamine also modulates the cell 

response to heat shock. The heat shock response results in the increase of the presence of 

molecular chaperones to protect against rapid changes in the cell’s environment (Morimoto 

1993). Heat shock proteins are molecular chaperones that were initially thought to be expressed 

in response to exposure to high temperature. However, they are now understood to also be 

expressed during other stressors such as cold exposure, UV, and during wound healing, to 

maintain protein structure and function. Work with Drosophila cultured cells has shown that 

glutamine is required for the maximal expression of heat shock proteins, although the exact 

mechanism by which this increased expression occurs is unknown (Sanders and Kon 1992). 

Other work has shown that glutamine supplementation reduces heat shock-induced cell death in 

rat epithelial cells in a dose-dependent manner (Chow and Zhang 1998), again indicating 

glutamine’s ability to modulate cell survival against heat shock.  

Glutamine’s role in protection against stress has also been well documented in human health. 

Starvation, major trauma, surgical procedures, sepsis, and certain cancers are all associated with 

significantly reduced glutamine levels in the blood plasma (Oehler et al. 2002). Further, it has 

been shown that supplementation of glutamine can assist in decreasing the severity of the critical 

stressors and diseases (Neu et al. 1996). Similar to glutamine’s role in heat shock response, the 
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exact mechanisms by which glutamine supplementation can decrease severity of critical illness is 

poorly understood.  

Considering glutamine’s various roles in the stress response, it is not surprising that certain 

cancers are associated with increased glutamine requirements (Eagle 1955), especially when the 

stressful conditions of tumor microenvironments are considered. While glutamine has many 

functions in metabolism, as previously described, the glutamine requirements of actively 

proliferating cells far exceeds the amount of glutamine required for protein synthesis (Nguyen 

and Duran 2018). It is possible that this increased need for glutamine also stems from the cells’ 

need to survive in the stressful tumor microenvironment, in which nutrients can be sparse, and 

there are increased levels of ROS due to the rapid proliferation.  

My research was an initial step toward determining if Drosophila can be used to model 

glutamine addiction, and understanding the mechanisms by which glutamine can regulate cell 

survival.  

Glutamine has a diverse set of roles within proliferating cells. Glutamine is a nitrogen donor for 

the synthesis of purines and pyrimidines: two glutamine molecules donate nitrogen to the 

formation of the purine ring, while another glutamine molecule is used in the conversion of 

xanthine monophosphate to guanosine monophosphate (DeBerardinis and Cheng 2010). This 

observation could provide an explanation for why some transformed cells in glutamine-deprived 

conditions experiences delayed movement through S-phase (Gaglio et al. 2009); glutamine 

deprivation limits the supply of deoxyribonucleotides, limiting proliferation. Glutamine is also 

required for the biosynthesis of glutathione, polyamines, amino sugars, and NAD(P) cofactors 

(Newsholme et al. 2003; Young and Ajami 2001). Glutamine also plays other roles in supporting 
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cell survival and growth through the modulation of signal transduction pathways, as it has been 

found to have a stimulatory effect on the mammalian target of rapamycin (mTOR) pathway, and 

extracellular signal-regulated protein kinase (ERK) signaling pathway (Nicklin et al. 2009, 

Rhoads et al. 1997). 

The discoveries of glutamine’s diverse and crucial roles in metabolism, cell signaling, and gene 

expression have initiated a search to interfere with the pro survival mechanisms of glutamine in 

order to potentially selectively trigger the death of cancer cells that are dependent on glutamine. 

While progress in explaining these roles has been made, there is still work to be done uncovering 

the exact mechanisms of how cells sense glutamine and relay this information to the cell survival 

machinery. 

1.3 Glutamine synthetase 

Glutamine synthetase (GS) is the main glutamine-producing enzyme in cells, and is widely 

distributed in microorganisms, animals, and higher plant tissues (De Pinto et al. 1987). GS 

catalyzes the reaction that converts glutamate and an ammonium ion to glutamine, in the 

presence of ATP (Fig 1.1) (Berlicki 2008).  Researchers have estimated that two of the classes of 

GS were produced by a gene duplication event that predates the divergence of eukaryotes and 

prokaryotes (Kumada et al. 1993). It is predicted that GS’s importance throughout evolution is 

due to its role in nitrogen metabolism (Kumada et al. 1993).  
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Figure 1.1. Glutamine Synthetase reaction. Glutamate is phosphorylated by ATP, forming the 

intermediate product, g-glutamyl phosphate. This intermediate product reacts with ammonia, 

producing glutamine. 

The GS structure varies between eukaryotes and prokaryotes. The GS enzyme consists of twelve 

subunits in bacteria, and ten subunits in eukaryotes, with twelve or ten active sites, respectively 

(Berlicki 2008). The active sites form a bifunnel with two openings on either side for the binding 

of ammonia and glutamate (Berlicki 2008). The glutamate binding site is highly conserved 

between eukaryotes and prokaryotes, and binds glutamate via hydrogen bonds and ionic 

interactions between its g-carboxylate and metal ion in the active site (Berlicki 2008).  

Members of the classes of GS all catalyze the same glutamine-producing reactions, and are also 

inhibited by the same molecules. Typically, GS activity is measured using a transferase activity 

assay or a biosynthetic activity assay. Measurement of GS activity is most commonly quantified 

using the more sensitive GS transferase activity assay (Figure 1.2) (De Pinto et al. 1987). The 

transferase assay refers to the non-physiological reaction that converts glutamine and 
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hydroxylamine into g-glutamylhydroxamate and ammonia in the presence of ADP, Mn2+, and 

Na3AsO4 (De Pinto et al. 1987). The transferase reaction is considered to be non-physiological 

because it does not occur naturally in cells. Glutamine is a product of GS, and is not used as a 

reactant, as it is used in the transferase assay, under natural physiological reactions of GS. The 

biosynthetic assay of GS (Figure 1.3) is most widely used to determine kinetic parameters, and 

involves the substitution of ammonium with hydroxylamine, resulting in the formation of g-

glutamylhydroxamate, whose concentration can be measured spectrophotometrically (De Pinto et 

al. 1987). 

 

Figure 1.2. GS Transferase activity assay reaction. GS transferase reaction converts glutamine 

and hydroxylamine into g-glutamylhydroxamate and ammonia in the presence of ADP, Mn2+, 

and Na3AsO4. 
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Figure 1.3. GS Biosynthetic activity assay reaction. The GS biosynthetic reaction involves the 

substitution of ammonium with hydroxylamine, resulting in the formation of g-

glutamylhydroxamate, whose concentration can be measured spectrophotometrically. 

The expression of GS contributes to the ability of cells to protect themselves from environmental 

stressors. For example, the overexpression of GS in plants decreases the toxic effects caused by 

cadmium, which induces the production of ROS (Lee et al. 2013). In bacteria, GS expression is 

associated with antibiotic susceptibility (Millanao et al. 2020). Inhibition of GS, and null GS 

mutants GS, allow for greater susceptibility of bacteria to antibiotics. Across species, other 

functions of GS include detoxifying ammonia, regulating acid-base balance, supplying glutamine 

to energy production. Additionally, GS controls glutamate levels in the brain to protect neurons 

from excitotoxicity in humans (Suarez et al. 2002). GS is also thought to be a potential 

therapeutic target for cancer treatment as it is highly expressed in the tumor microenvironment, 

and, due to glutamine’s role in response to stress, allows cancer cells to continue with growth 

and proliferation (Matias and Degregori 2011). 
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The mechanisms of glutamine metabolism, and the interactions of GS with other genes are still 

widely unknown. This project will explore the roles of GS in different stress conditions, as a 

starting point for further exploration of these unknown mechanisms and networks.   

1.4 Drosophila as a model organism for glutamine addiction 

While the importance of glutamine and GS in relation to cell survival is well documented in 

literature, there is a lack of understanding of the interactions of GS with other genes. Targeting 

GS and its regulators could provide an effective cancer therapeutic strategy; however, these 

targets are currently not well understood. Therefore, understanding the effects of knocking down 

GS expression could provide insight on the compensatory effects that result from changes in GS 

expression. This project aims to explore GS expression and the effect on Drosophila 

melanogaster, the common fruit fly. Drosophila has been used as a model organism for over one 

hundred years, and provides researchers with a tool to examine genotype-phenotype interactions. 

Drosophila are an effective tool to study human diseases such as Alzheimer’s, Parkinson’s, 

certain cancers, and diabetes. Nearly 75% of human disease-related genes have a functional 

ortholog in the fly (Jennings et al. 2001; Pandey and Nichols 2011). Flies are also commonly 

used in the study of metabolic disorders as many metabolic pathways are conserved between 

flies and humans, such as the insulin signaling pathway (Pandey and Nichols 2011). Many 

signaling pathways that control cell growth and invasion in mammals also have conserved 

function in flies, making them a suitable model for mimicking tumor biology in a simple 

organism (Millburn et al. 2016). 

In addition to the conservation of genes, metabolic, and signaling pathways between humans and 

Drosophila, the use of flies in research also comes with many practical benefits. Drosophila 
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melanogaster’s relatively short life cycle, approximately two weeks from egg to adult and 100-

day lifespan, allows for experiments to be performed in a relatively short period of time and 

studies that may include many generations of flies (Jennings et al. 2011). Also, their rapid life 

cycle and high fecundity allow for hundreds, or even thousands, of offspring to be produce in 

less than two weeks, facilitating large sample sizes (Pandey and Nichols 2011).   

Drosophila is also a powerful research tool due to the ability to study the effect of genetic 

variation on fly phenotype. Many Drosophila researchers have taken advantage of the ability to 

study natural populations of flies from various geographical locations to examine genetic 

variation in the context of adaptation in evolutionary genetics (e.g., Grenier et al. 2015, Cogni et 

al. 2017, Long et al. 2018). More recently, researchers have created curated sets of flies with 

complete and annotated genome sequences and a suite of phenotypic data. For example, the 

Drosophila melanogaster genetic reference panel (DGRP) is living library of over 200 fly lines 

that have been isolated from a natural population and inbred over several generations. While 

variation exists between lines, within a line there is little variation, allowing researchers to 

explore many genotypes in a single study (Mackay et al. 2012).  

Another genetic tool available for the use with Drosophila research involves the GAL4/UAS 

system, which provides the ability to knockdown or overexpress a gene of interest (Duffy 2002). 

This system has been adapted from yeast, and involves the transcriptional activator GAL4 that 

binds to UAS enhancer sequences (Duffy 2002). Genes or shRNA encoded downstream of the 

UAS sequence are then expressed in the presence of GAL4, thus knocking down, or driving, 

expression of your target gene (Duffy 2002). The GAL4 driver can be expressed in a tissue- and 

developmental-specific manner, and the expression can be turned on when desired, depending on 

the driver line that is chosen (Duffy 2002). The system is also relatively easy to use, as RNAi 
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lines have been created for many, perhaps most, D. melanogaster genes (Zirin et al. 2020) and 

these are readily available from stock centers (https://bdsc.indiana.edu/index.html). Additionally, 

the transgenic RNAi Project (TRiP) has generated many RNAi stocks that can be used with any 

GAL4 driver line, and include genetic background control stocks that are isogenic to the RNAi 

lines (Perkins et al. 2015). This simple way of knocking down the expression of a target gene is 

beneficial in the exploration of gene activity on a measurable phenotype such as stress tolerance. 

1.5 Forms of GS in flies  

There are two forms of GS in Drosophila; GS1, located in the mitochondria, and GS2, located in 

the cytosol. While these isozymes catalyze the same reactions, the natural biological function of 

the two forms of GS is currently unknown. Interestingly, GS1, the mitochondrial form, was 

previously shown to have higher biosynthetic activity than the cytosolic form, while GS2 has 

higher transferase activity than the mitochondrial form (De Pinto et al. 1987). While both 

isozymes have a similar optimum pH of 7.0, GS1 is more active than GS2 at higher temperatures 

(De Pinto et al. 1987). Both GS proteins require the binding of a divalent ion (Mg2+ or Mn2+) for 

reaction catalysis. In the transferase assay, GS2 can achieve maximum activity with a lower 

concentration of Mn2+ than GS1. Furthermore, the isozymes differ in molecular weight and 

isoelectric point (De Pinto et al. 1987). Two different loci encode for the GS isozymes in 

Drosophila. The genes share partial homology with one another, and it is hypothesized that GS1 

originated from a gene duplication event when the split between vertebrates and invertebrates 

occurred (Caggese et al. 1994).    

While the kinetic differences between the GS isozymes in Drosophila have been characterized, 

the biological significance of the presence of the two forms of GS is unknown. GS1 appears to 

be associated with larval stages, and fast changing tissues, while GS2 is more abundant in adults 
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(De Pinto et al. 1987). The functional differentiation between the two forms is also supported by 

observation that show that GS2 is unable to substitute for GS1, as GS1 null mutants are lethal, 

despite functioning GS2 (Caggese et al. 1988). Additionally, the GS1 null mutants did not affect 

GS2 activity (Caggese et al. 1988). 

There is evidence that both forms of GS in Drosophila are associated with stress tolerance. Male 

GS1 knockouts were found to have an increased sensitivity to oxidative stress (Frenz and Glover 

1996). A separate RNAi screen found that GS2 knockdowns are associated with increased 

sensitivity to heat shock (Neely et al. 2010). However, there is currently a lack in knowledge 

exploring knockdowns, or knockout, of both isozymes, exposed to the same stressor, which 

could potentially uncover information about the functional differences of the isozymes in 

Drosophila. Additionally, there has not been work done in Drosophila examining if there are 

sex-specific differences in GS function in stress tolerance. 

1.6 Objectives & Hypothesis 

My research has examined the role of GS1 and GS2 in the stress response, as a starting point to 

determine if Drosophila can be used as a model for glutamine addiction. GS has the potential to 

be a target for novel cancer therapies, however there is still a lack of understanding of how 

glutamine modulates cell survival, and the role of GS in the stress response. Additionally, there 

is a lack of understanding of the interactions of other genes with GS. While previous work with 

Drosophila has suggested a role of GS in the stress response, it is unclear if the two isozymes 

have functional differences. Drosophila are an excellent tool to study the effects of genotype on 

phenotype, through the use of flies from various genetic backgrounds. Additionally, RNAi-based 

gene knockouts are relatively easy to perform in this species, allowing us to potentially 

determine the effect of gene knockdown on fly phenotype.  
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The first objective of my study was to optimize a protocol to measure GS biosynthetic and 

transferase activity within fly homogenate. This involved optimizing a protocol that will separate 

the mitochondria and cytosol, as well as validating assay reagents to measure GS transferase and 

biosynthetic activity with Drosophila homogenate. The mitochondria and cytosol require 

separation because GS1 is located in the mitochondria, and GS2 is located in the cytosol.  

The second objective of the study was to generate RNAi-based gene knockdowns for GS1 and 

GS2. I determined the stress tolerance of the knockdowns exposed to heat shock, and oxidative 

stress. Both knockdowns were exposed to both stressors, which has not previously been done in 

literature, and may point to functional differences of the two isozymes. Both sexes were also 

used in these assays, to determine if there are sex-specific differences in the GS isozymes and 

stress tolerance.  

Future directions for this project include exploring naturally occurring variation in GS activity 

and stress tolerance, and exploring the GS network to better understand GS interactions. 

Additionally, future work could explore the effect of diet on stress, in which the removal of 

dietary glutamine can be examined in the context of stress. 

I hypothesize that fly homogenate will be separated into mitochondrial and cytosolic fractions 

using a cell fractionation protocol. Furthermore, I hypothesize that the GS assays will be 

validated for use with Drosophila homogenate, as our lab has extensively shown that a variety of 

enzyme assays are appropriate for use with fly homogenate. Finally, I hypothesize that flies with 

GS1 or GS2 knocked down will have a higher sensitivity to both heat shock and oxidative stress. 

However, evidence points to a functional differentiation of the isozymes, and I hypothesize that 
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knocking down GS1 or GS2 will not result in the same sensitivity to the stressors. This study will 

provide insight on the possible functional differentiation of the GS isozymes in Drosophila.  
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Chapter 2  

2 Exploring GS expression and stress tolerance in Drosophila 
melanogaster 

2.1 Introduction 
In this study, I explore the effect of GS expression on stress tolerance in Drosophila 

melanogaster. Specifically, I examine the functional differences of the D. melanogaster GS 

isozymes in stress tolerance. This project is a first step in determining the use of Drosophila in 

the study of glutamine metabolism and function, to eventually use Drosophila as a model for 

glutamine addiction.  

2.1.1 Metabolic reprogramming of proliferating cells & glutamine 
addiction 

Actively proliferating cells alter their metabolism from an “energetic” mode to a “biosynthetic” 

mode in order to maintain the production of complex macromolecules such as DNA, and cell 

structures (Bensinger and Christofk 2012). A common example of this metabolic reprogramming 

is the Warburg effect; in which cells uptake large quantities of glucose to fuel proliferation 

through ATP synthesis and the provision of intermediates for macromolecule production 

(Bensinger and Christofk 2012). Similarly, actively proliferating cells, cancerous and non-

cancerous, show a strict dependence on the amino acid L-glutamine for their survival (Bensinger 

and Christofk 2012). This dependence on glutamine is so strict, that the removal of glutamine is 

sufficient to trigger apoptosis, a phenomenon known as “glutamine addiction” (Deberardinis and 

Cheng 2010). This phenomenon has potential medical implications, as glutamine metabolism of 

proliferating cells has become a potential therapeutic target in cancer treatments. While targeting 

the glutamine addiction pathway in cancer therapies could provide a way to selectively trigger 
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the death of cancer cells, this approach is currently hindered due to our current lack of 

understanding of how cells sense glutamine and relay this information to the cell machinery.  

Glutamine is involved in several cell mechanisms and pathways that are key to cell growth and 

survival. In addition to its role as a building block in protein synthesis, glutamine donates 

nitrogen for purine synthesis, contributes to ATP production, and is a regulator of gene 

expression (Deberardinis and Cheng 2010). While other amino acids are necessary for cell 

survival, the strict dependence of proliferating cells on glutamine could be due to glutamine’s 

central role in several fundamental pathways, such as the tricarboxylic acid (TCA) cycle. 

Glutamine can be converted to glutamate by glutaminase (Mates et al. 2013), which is further 

converted into a-ketoglutarate via transaminases or glutamate dehydrogenase, thus fueling the 

TCA cycle (Yang et al. 2014). Additionally, while glutamine can be used for the production of 

other non-essential amino acids, and drives the uptake of essential amino acids (Bott et al. 2019), 

these other amino acids are unable to substitute for glutamine in these pathways. In fact, even 

supplementation of glutamate, a major product of glutamine metabolism, is unable to rescue 

impaired cell growth during glutamine deprivation (Pavlova et al. 2018). 

Glutamine’s diverse, and critical, roles in metabolism, cell signaling, and gene expression make 

it a potential target for cancer therapeutics. To meet this potential, emphasis has been placed on 

research outlining the glutamine addiction pathway in order to interfere with the pro-survival 

function of glutamine to potentially selectively trigger the death of cancer cells.  

2.1.2 Glutamine and stress tolerance 

Glutamine is also associated with stress responses. Glutamine protects cells from oxidative stress 

and heat shock. Reactive oxygen species (ROS) are generated as a result of normal cellular 
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reactions, however ROS levels can be increased by exposure to UV, toxic metals, and increased 

proliferation (Pizzino et al. 2017). When the balance of ROS is not maintained within cells, these 

molecules can cause damage to DNA, lipids, and cell structures (Pizzino et al. 2017). Glutamine 

acts to prevent oxidative damage by providing glutamate for the synthesis of the important 

antioxidant glutathione (Deberardinis and Cheng 2010) and the supplementation of glutamine 

increases glutathione levels, preventing damage to the cell by oxidative stress (Amores-Sanches 

and Medina 1999, Dumaswala et al. 2001). 

Heat shock proteins are chaperone proteins that protect protein structure and function following 

extreme changes in environment. As the name of these proteins suggests, they are expressed 

during heat shock, however, exposure to UV, cold shock, or other stressors also increases heat 

shock protein expression (Morimoto 1993). In Drosophila cultured cells, glutamine has been 

shown to be required for maximal expression of heat shock proteins under stressed conditions 

(Sanders and Kon 1992). However, the mechanism by which glutamine can allow for maximal 

expression of heat shock proteins is not understood (Sanders and Kon 1992).  

The protective effect of glutamine extends to human diseases, as supplementation of glutamine 

in critically ill patients has been found to assist in decreasing the severity of illnesses such as 

sepsis, or following surgical procedures (Oehler et al. 2002). However, the exact mechanism by 

which glutamine assists in decreasing the severity of illness is not well understood. At the 

cellular level, cancer cells must survive in the stressful tumour microenvironment, in which 

nutrients are sparse, but proliferation is one of the top priorities of the cells. Increased 

proliferation also drives the increase of ROS production. It is possible that, in addition to its role 

in metabolism, glutamine’s role in the stress response is in assisting the survival of these cells. 

Ultimately, furthering our understanding of the mechanism by which glutamine can modulate 
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cell survival will allow for more effective treatments to target the death of cancer cells, or 

decrease the severity of certain illnesses. 

2.1.3 Glutamine synthetase and the role in stress response 

Glutamine synthetase (GS) is the main glutamine-producing enzyme in cells (De Pinto et al. 

1987). The activity of GS is measured most commonly with the GS transferase activity assay, 

and the GS biosynthetic activity assay (De Pinto et al. 1987). The transferase assay is more 

sensitive than the biosynthetic assay, and is more commonly used to quantify enzyme activity. 

The reaction that is catalyzed in this assay is the conversion of glutamine to g-

glutamylhydroxamate, although this reaction is non-physiological, meaning it does not occur 

naturally in cells, as glutamine is a product of GS, and is not used as a reactant under natural 

physiological reactions of GS (De Pinto et al. 1987). The biosynthetic assay, most commonly 

used to measure enzyme kinetics, refers to the reaction that catalyzes the conversion of glutamate 

to g-glutamylhydroxamate (De Pinto et al. 1987).  

Across a broad range of species, GS is implicated in stress tolerance. Inactivation of GS in 

bacteria increases susceptibility to antibiotics, presumably because GS can no longer provide 

precursors for macromolecule synthesis, decreasing the thickness of the cell wall (Millanao et al. 

2020).  In plants, GS overexpression lessens the effect of metal-induced oxidative stress (Lee et 

al. 2013). The implications of GS in stress tolerance are also observed in the common fruit fly, 

Drosophila melanogaster, the model organism used in this project. GS has been shown to affect 

the tolerance of the fly to both heat shock and oxidative stress (Frenz and Glover 1996, Neely et 

al. 2010).  
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There are two forms of GS in flies: GS1, located in the mitochondria, and GS2, located in the 

cytosol. These isozymes are distinct proteins that are encoded at distinct loci (De Pinto et al. 

1987). These isozymes catalyze the same reactions, however the kinetic parameters differ; GS1 

is more active in the biosynthetic assay, while GS2 is more active in the transferase assay (De 

Pinto et al. 1987). The biological significance of the two isozymes has yet to be determined. 

While GS1 is typically assumed to be associated with larval development and GS2 is the 

predominant form in adults, other functional differences have yet to be determined (De Pinto et 

al. 1987).  

Both isozymes have been shown to be associated with stress tolerance in Drosophila. A mutant 

knockout of GS1, the mitochondrial form, results in flies with increased sensitivity to oxidative 

stress (Frenz and Glover 1996). On the other hand, cardiac-specific knockdowns of GS2 result in 

flies with increased sensitivity to heat shock (Neely et al. 2010). It is important to note that, in 

both of these studies, both isozymes were not studied. Therefore, functional differences between 

the isozymes are unable to be determined. Additionally, sex-specific differences were not 

explored in these studies.  

 While the association of GS and stress tolerance is well documented in literature, the 

mechanisms of glutamine metabolism and the interactions of GS with other genes is widely 

unknown.  

2.1.4 Aim of study 
The aim of this study is to explore the effect of GS expression on stress tolerance in Drosophila 

melanogaster. GS activity assays were validated for used with Drosophila, as well as a sample 

preparation protocol to separate the mitochondria and cytosol, the subcellular locations of GS1 
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and GS2, respectively. GS1 and GS2 knockdowns were produced and were exposed to 

paraquat—induced oxidative stress and heat shock, in order to determine if functional 

differences between the isozymes exist in a stress-related context. Heat shock was chosen as a 

stressor due to glutamine’s role in heat shock protein expression, and because cardiac-specific 

knockdowns of GS2 in Drosophila have been shown to have increased sensitivity to heat shock 

(Neely et al. 2010, Sanders and Kon 1992). Oxidative stress was chosen because of glutamine’s 

role in the production of glutathione, and because knockouts of GS1 in Drosophila have 

previously been shown to have increased sensitivity to oxidative stress (Deberardinis and Cheng 

2010, Frenz and Glover 1996). Both sexes were used in these assays to determine if there are 

sex-specific differences in the GS isozymes and stress tolerance. Ultimately, this project is the 

initial step in exploring glutamine metabolism, and the GS network in Drosophila, in hopes of 

using Drosophila in the future as a model for glutamine addiction.  

2.2 Materials and Methods 

2.2.1 Fly stocks and lines 
Fly lines used in the GS transferase and biosynthetic activity assays were obtained from the 

Bloomington Drosophila Stock Centre (BDSC; Bloomington, USA). Lines were selected from 

the Drosophila Genetic Reference Panel (DGRP; Mackay 2004) to use in the optimization of the 

GS biosynthetic and transferase assays. The GS activity assays used male and female adult flies 

aged 3-5 days, adult abdomen segments, or wandering third instar larvae. Flies were kept at 25 

°C in a temperature-controlled incubator, and maintained with a light: dark schedule of 12:12. 

All flies were fed a standard diet consisting of cornmeal, sugar and yeast (CSY) (7.40 g/L agar, 

25.91 g/L cornmeal, 26.91 g/L yeast extract, 1.62 g/L methylparaben, and 0.04 g/L penicillin). 
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2.2.2 Fly homogenization 

Larvae and abdomen samples were homogenized in 300 μL homogenizing buffer using a 1 mL 

glass Dounce homogenizer at a concentration of 15 adult flies or abdomens or larvae per 300 μL 

of buffer. The homogenizing buffer consisted of: 225 mM mannitol, 75 mM sucrose, 10 mM 3-

(N-morpholino) propanesulfonic acid (MOPS) and 1 mM ethylenediaminetetraacetic acid 

(EDTA), pH 7.2. The tissues were homogenized using 10 strokes of the pestle with greater 

clearance, followed by 10 strokes of the pestle with smaller clearance. Samples were kept on ice 

to preserve enzyme activity. All GS activity assays were performed using three biological 

replicates for each line and sex. 

2.2.3 Citrate synthase assay 

The citrate synthase assay follows the protocol described by Orr et al. (2005). In brief, 10 μL of 

homogenate was added to a 96-well plate. 90 μL of assay buffer (0.1 mM 5,5-dithio-bis-(2-

nitrobenzoic acid (DTNB), 0.3 mM acetyl- CoA, 1 mM oxaloacetate, and 50 mM Tris pH 8.0) 

were added to each sample. The absorbance measured the formation of the yellow-colored 5-

thio-2-nitrobenzoic acid (TNB) product at 412 nm every 15 sec for 10 min (at 25 °C) using the 

kinetic mode of the spectrophotometer (Molecular Devices SpectraMax 384 Plus 96-Well Plate 

Spectrophotometer).  

2.2.4 Separation of mitochondria and cytosol 

GS1 and GS2 are located in the mitochondria and cytosol, respectively. In order to measure the 

activity of GS1 and/or GS2, three sample types, total, cytosolic, and mitochondrial were 

prepared following Villa-Cuesta & Rand (2015) with minor modifications. Briefly, the procedure 

was as follows. Homogenized samples were centrifuged at 300 x g for 5 minutes at 4 °C to pellet 
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the fly exoskeleton, a portion of supernatant, representing the “total” fraction, was removed and 

placed on ice to be tested for total GS activity. The remaining supernatant was removed and 

placed in a new microcentrifuge tube, and the pellet was discarded. The supernatant was then 

centrifuged at 6 000 x g for 10 minutes at 4 °C to pellet the mitochondria. The supernatant, 

containing the cytosolic fraction was placed into a new microcentrifuge tube and placed on ice to 

be tested for cytosolic GS activity. The pellet containing the mitochondrial fraction was washed 

twice with 300 μL homogenizing buffer and resuspended in 100 μL of homogenizing buffer to 

be tested for mitochondrial GS activity. 

2.2.5 SDS-PAGE and western blotting 

SDS-Page and Western Blotting were used to confirm that the mitochondria and cytosol were 

effectively separated, and to confirm that GS1 and GS2 were separated following the sample 

preparation procedure described above. Twenty μL of each sample (total, mitochondrial, cytosol) 

were mixed with 4 μL of 6X SDS sample buffer (4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 0.004% bromophenol blue and 0.125 M Tris-HCl, pH 6.8). Proteins were 

denatured by heating at 100 °C for 5 minutes. Samples were resolved by polyacrylamide gel 

electrophoresis using pre-cast 4-20% acrylamide gels (BioRad, Product # 456-9033). 

Electrophoresis buffer contained 25 mM Tris-base, 192 mM glycine, and 0.1 % SDS. Following 

electrophoresis, gels were blotted onto polyvinylidene fluoride (PVDF) membranes (Immobilon, 

Product #IPVH00010) for 30 min at 10 V. Transfer buffer contained 48 mM Tris-base, 39 mM 

glycine, 20 % HPLC-grade methanol. The gel was stained using Coomassie Blue (0.5% (w/v) 

Brilliant Blue R, 45% (v/v) ethanol, 10% (v/v) acetic acid), and the membrane was stained with 

Ponceau S (0.1% (w/v) in 5% acetic acid) for 5 minutes to verify the efficiency of the transfer. 

The Ponceau S stain was removed with distilled water, and the membrane was incubated for 1 
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hour in a blocking solution. The blocking solution was: 5% BSA in Tween-20 Tris-Buffered 

Saline (TTBS) (0.02M Tris-HCl, pH 7,6; 0.14 M NaCl; 0.1% Tween-20). The primary 

antibodies were prepared as a 1:1000 dilution in the blocking buffer, and the membranes were 

placed in the antibody dilution and left overnight at 4 °C. The primary antibody used to 

determine the separation of the mitochondria was anti-pyruvate dehydrogenase E1-alpha subunit 

(PD) (Abcam, Product # 9H9AF5). The primary antibody to determine the separation of the 

cytosol was anti-a-tubulin (Abcam, Product # 15246). The three different GS primary antibodies 

used were from Abcam (Product # AB64613), Sigma Aldrich (Cat. Number G2781), and 

GeneTex (Cat. Number GTX109121). Membranes were washed with TTBS (3 x 5min) and 

incubated at room temperature with the appropriate secondary antibody, prepared as a 1:5000 

dilution, for 1 hour. 

The secondary antibody used with the anti-PD primary antibody was anti-mouse IgG horseradish 

peroxidase-conjugated antibody for PD (Cell Signaling Technology, Product # 58802), and an 

anti-rabbit IgG horseradish peroxidase (HRP)-conjugated antibody (Cell Signaling Technology, 

Product # 5127) was used with all other primary antibodies. Following incubation with the 

secondary antibody, membranes were washed with TTBS, and incubated for 5 minutes with 

Immobilon Western Reagent (Product # WBKLS0500) for chemiluminescence detection. The 

signal was captured using a Fluorchem Imager 8000 system.  

2.2.6 Glutamine synthetase transferase activity assay 

GS transferase activity was quantified using a protocol described by De Pinto et al. (1987). The 

GS transferase reaction converts glutamine into γ-glutamylhydroxamate. Assays contained 20 μL 

homogenate and 20 μL assay buffer (0.04 M imidazole, 0.09 M glutamine, 0.03 M 
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hydroxylamine, 0.003 M MnCl2, 0.0004 M ADP, 0.02 M sodium arsenate, final pH 6.7). The 

reaction was monitored against a blank consisting of 20 μL homogenizing buffer and 20 μL 

assay buffer. Samples and blanks were incubated for 3 min at 37 °C, and 40 μL of the stop buffer 

(3.3% FeCl3, 2% trichloroacetic acid, and 0.25 N HCl) was added. Sample absorbance was 

measured at 535 nm and concentrations of γ-glutamylhydroxamate were determined by 

comparison with a commercially available standard (Sigma Aldrich, St Louis, MO, G2253). 

Results are reported as nmol min-1 g protein-1. In some cases, the samples were heated or 

inhibited to determine the specificity of the measurement of GS transferase activity. Samples 

were either boiled for 10 minutes at 100 °C to denature proteins, or inhibited with 100 mM 

methionine sulfoximine (MSO, Sigma Aldrich, St Louis, MO, M5379), a known GS inhibitor. 

Samples were then used in the assay as previously described. The assay was also ran using 

commercially available purified GS (Sigma Aldrich, St Louis, G1270). Purified protein, 20 μL 

was used in the reaction, rather than fly homogenate, with no other changes to the protocol.  

2.2.7 Glutamine synthetase biosynthetic activity assay 

GS biosynthetic activity was quantified using a protocol described by De Pino et al.  (1987). The 

GS biosynthetic reaction converts glutamate into γ-glutamylhydroxamate. Assays contained 20 

μL homogenate and 20 μL assay buffer (0.11 M Tris/HCl, 0.11 M glutamate, 0.095 M 

hydroxylamine, 0.0055 M ATP, 0.045 MgCl2, final pH 7.0). The reaction was monitored against 

a blank consisting of 20 μL homogenizing buffer and 20 μL assay buffer. Samples and blanks 

were incubated for 5 min at 37 °C, and 40 μL of the stop buffer (3.3% FeCl3, 8% trichloroacetic 

acid, and 0.67 N HCl) was added. Sample absorbance was measured at 535 nm and 

concentrations of γ-glutamylhydroxamate were determined by comparison with a commercially 

available standard (Sigma Aldrich, St Louis, MO, G2253). Results are reported as nmol min-1 g 
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protein-1. In some cases, the samples were heated or inhibited to determine the specificity of the 

measurement of GS biosynthetic activity. Samples were either boiled for 10 minutes at 100 °C, 

or inhibited with 100 mM MSO. Samples were then used in the assay as previously described. 

The assay was also done using commercially available purified GS (Sigma Aldrich, St Louis, 

G1270). Purified protein, 20 μL was used in the reaction, rather than fly homogenate, with no 

other changes to the protocol. 

2.2.8 Soluble protein content 

Protein content was quantified for all samples used in the GS activity assays to standardize for 

differences in fly size between samples. Soluble protein content was quantified using the 

bicinchoninic acid (BCA) assay and a commercially available kit (Pierce, Thermo Scientific, 

Rockford, IL, Catalog No. 23225) following the manufacturer’s protocol. Briefly, assays 

contained 10 µl homogenate and 100 µl of working reagent and were incubated at 37 ˚C for 30 

minutes. Sample absorbance was measured at 562 nm, and total soluble protein concentrations 

were determined by comparison with bovine serum albumin standards (Sigma Aldrich, St Louis, 

MO, A4503).  

2.2.9 Optimization of quantitative RT-PCR assay for GS1 and GS2 

Quantitative reverse transcription PCR (RT-qPCR) was chosen to quantify expression levels of 

GS1 and GS2 to confirm the efficacy of the RNAi-based gene knockdowns. Primers for GS1, 

GS2, and RPL32 were processed for validation for their specificity and efficiency. It should be 

noted that four primer pairs in total were used for that target GS2. They are labelled GS2, GS2A, 

GS2B, and GS2C, in order to differentiate the primer pairs while discussing the results, however 

all pairs target GS2. Total RNA was isolated from groups of ten flies per sample using the 
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RNeasy Kit (QIAGEN, Valencia, CA) according to the manufacturer’s instructions, and was 

stored at -80 °C until reverse transcribed. A list of primers can be found in Table 2.1. All qPCR 

reactions consisted of 5 μl of diluted cDNA, 0.4 μM of each primer, and 10 μl of PowerUp 

SYBR Green Master Mix (Applied Biosystems), for a total reaction volume of 20 μl. Reaction 

conditions followed the manufacturer’s instructions (Applied Biosystems). No-template controls 

lacking reverse transcriptase for each sample were used as a negative control to assess the level 

of genomic DNA contamination and overall contamination.  

Three biological replicates, along with four technical replicates per sample, were used in the 

determination of the specificity of primers using melt curve analysis. The efficiency of primers 

was determined by plotting a relative standard curve in which cDNA from four biological 

replicates was pooled, serially diluted, and tested with each primer pair. Four technical replicates 

were run for each cDNA concentration and primer pair. 
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Gene Primer 

name 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

GS1 GS1 GCCGGGAAAGAACGACGTAAT CAGGGCTCCTGATCGCTAAT  

GS2 GS2 CCCCAGGGACCCTACTATTG  CGTACAGACAGGCGCGATA  

GS2A CGATCCTGGAGGACTCGCC  GGGGAATGAAGTCGAGGGTG  

GS2B CCGCTATGTCCGCTAGGAT  TCCTTGGGATCTTGGGGAAT  

GS2C CGATCCTGGAGGACTCGCC  GTGCCATCGATCCACACGTA  

RPL32 RPL32 AGCATACAGGCCCAAGATCG  TGTTGTCGATACCCTTGGGC  

Table 2.1. Primers used in the optimization of an RT-qPCR assay to assess efficacy of 

GS1/GS2 knockdowns. All primers were diluted to 0.4 µM and mixed in a 20 µL reaction 

volume with PowerUp SYBR Green Master Mix and diluted cDNA. 

2.2.10 Gel electrophoresis of PCR products 

The PCR gel electrophoresis protocol was adapted from Lee et al. (2012). Briefly, a 1% agarose 

gel with 3 µL of ethidium bromide was prepared with 1X TBE buffer (45 mM Tris-borate, 1 mM 

EDTA). Samples were prepared using 2 µL loading buffer (BioShop, product #DNA999L) and 

10 µL PCR product. 10 µL of the 100-bp ladder (Bioshop, product #DNA0009A) was added to 

the first well, and 10 µL of the samples were loaded onto the subsequent wells. The gel was run 
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at 100 V until the loading dye had migrated through around 75% of the gel. Images were 

captured using the Alpha Innotech Multi Image II.   

2.2.11 GAL4/UAS RNAi knockdown of GS1 and GS2 

RNAi was used to knock down expression of GS1 or GS2. Flies that contained the Transgenic 

RNAi Programme (TRiP) were obtained from the BDSC to generate flies with GS1 or GS2 

knocked down. TRiP uses the Gal4-UAS system to knockdown the expression of a gene of 

interest when crossed to a driver line. hsp70-GAL4 (BDSC #2077) was used to drive ubiquitous 

expression of UAS-RNAi constructs from the VALIUM20 library. BDSC # 52974 expresses the 

dsRNA for RNAi of GS1, and BDSC # 40949 expresses the dsRNA for RNAi of GS2. Both of 

the RNAi lines are under UAS control in the VALIUM20 vector. P{y+t7.7=CaryP}attP40 (BDSC 

#36304) was used as a control for the VALIUM20 construct. This control line is isogenic to the 

knockdown lines except for the specific hairpin- containing transgene. Virgin females from the 

driver line were crossed to males of the TRiP RNAi lines. Expression of RNAi constructs was 

driven by heat shock, using a previously described protocol (Wijesekera 2016). Briefly, flies 

aged 3-5 days were placed in pre-heated vials and kept at 37 °C for 1 h. The flies were kept at 

room temperature for 3 h before being used in the stress tolerance assays. 

2.2.12 Heat shock stress tolerance assay 

A heat shock stress tolerance assay was used to determine if flies with GS1 or GS2 knocked 

down differ in their ability to tolerate heat shock. Flies with either GS1 or GS2 knocked down, as 

well as the background control cross, were separated by sex and placed in vials (20 flies per 

vial). Vials were submerged in a hot water bath at 40 °C and mortality was scored every 15 
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minutes. Controls with GS1 or GS2 knocked down, along with the background control cross, 

were placed at 25 °C. Ten biological replicates were used for each cross, sex, and condition. 

2.2.13 Paraquat-induced oxidative stress tolerance 
Oxidative stress was induced using paraquat (PQ; methyl viologen, 1,1’-dimethyl-4,4’-

bipyridinium dichloride) to determine if flies with GS1 or GS2 knocked down differ in their 

ability to tolerate oxidative stress. Flies with either GS1 or GS2 knocked down, as well as the 

background control cross, were separated by sex and placed in vials (20 flies per vial). Flies were 

fed 400 mM PQ (Fisher Scientific, Ottawa, ON, Cat. No 227320010) in 1% sucrose for 6 h. 200 

µL of solution was soaked into a piece of round filter paper at the bottom of the vial. Control 

flies were kept on 1% sucrose. Dead flies were counted after 6 h of exposure to PQ, and 

mortality was calculated as percentage of the total flies per vial, reported as mean ± SE. Ten 

biological replicates were used per line, sex, and condition. 

2.2.14 Data analysis 

All enzyme activity assays included three biological replicates. Data was presented as the mean 

and error bars indicate ± standard error. Tukey’s Honestly Significant Difference (HSD) multiple 

comparison tests were performed using JMP 14 Software (SAS Institute) to determine if there 

was significance in GS transferase/biosynthetic activity.  

Stress tolerance assays included ten biological replicates per sex, line, and condition. Survival 

curves were graphed using JMP 14 Software, and significance was measured using log-rank test 

as compared to the control cross. 
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2.3 Results 

2.3.1 Separation of mitochondria and cytosol in Drosophila 
melanogaster 

In order to assay (mitochondrial) GS1 and (cytosolic) GS2, the mitochondria and cytosol from 

fly homogenate must be separated. GS1 is located in the mitochondria, and GS2 is located in the 

cytosol. Both forms of GS catalyze the same reactions, and are inhibited by the same molecules, 

although reaction kinetics typically differ. In order to measure GS1 or GS2 activity, I needed to 

physically separate the mitochondria and cytosol. Using published protocols as a starting point, I 

developed and optimized a procedure for the separation of mitochondria and cytosol using larvae 

and adult abdomen segments. However, I was not able to successfully obtain mitochondrial and 

cytosolic fractions from whole adult flies. 

My initial separation protocol was based on Lessel et al (2017).  I homogenized 5 whole adult 

flies in 500 µL Tris buffer and used differential centrifugation to separate the mitochondria and 

cytosol as previously described (Lessel et al. 2017). I used the homogenate in the transferase 

(Fig 1.2) and biosynthetic (Fig 1.3) GS activity assays. The results of these assays show that the 

mitochondrial fraction had greater GS biosynthetic activity, while the cytosolic fraction had 

greater GS transferase activity (Fig 2.1 A, B), which is consistent with the GS activity found in 

De Pinto et al (1987). Therefore, the results of the transferase and biosynthetic assays followed 

the expected outcome, and GS1 and GS2 were thought to be successfully separated following the 

sample preparation protocol, however this needed to be validated. 
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Figure 2.1. GS biosynthetic and transferase assays initially show separation of 

mitochondria and cytosol with whole adult flies. Glutamine synthetase A) Biosynthetic and B) 

Transferase activity assays separated by sex. Samples had three biological replicates and the 

means were used for analysis. Error bars represent ± SE. A Tukey’s Honest Test was used to 

determine significance between fractions. Asterisks denote the following: *p<0.05, ** p<0.01, 

*** p<0.001. 

I  used a citrate synthase (CS) assay to confirm separation of the mitochondrial and cytosolic 

fractions in the samples using whole flies. Citrate synthase activity is expected to be present only 

in the total and mitochondrial fractions, and not the cytosolic fraction (Wei et al. 2020). 

Unexpectedly, the activity of CS was detected in the total, cytosolic, and mitochondrial samples 

(Fig 2.2), which indicated separation of the mitochondria and cytosol did not occur. I then 

modified the homogenizing buffer to contain sucrose, which is commonly used for the extraction 

of mitochondria due to its ability to prevent organelle disruption (Burden 2008). I also modified 

the homogenizing method: instead of using a Dremel to homogenize samples, I used a glass-

Dounce homogenizer to burst the cells while keeping organelles intact, hopefully preventing 

mitochondrial leakage. The sample preparation was also modified to use softer fly tissues such as 
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larvae, and adult abdomen segments. The modified sample preparation was validated using 

Western blotting. 

 

Figure 2.2. Citrate synthase activity assay to determine separation of mitochondria and 

cytosol in whole fly Drosophila samples. Samples had three biological replicates and the means 

were used for analysis. Error bars represent ± SE. A Tukey’s Honestly Test was used to 

determine significance between fractions within each sex, however no significance was found. 

I performed the Western blotting of Pyruvate dehydrogenase, a mitochondrial enzyme, and 

confirmed the separation of mitochondria and cytosol using the modified sample preparation 

protocol (Fig 2.4). I was not successful in obtaining a clear Western Blot result for GS, even after 

several GS antibodies were tested (Fig. 2.3). This is likely attributable to the fact that no 

commercially available antibodies could be found with species reactivity toward the Drosophila 

GS enzymes. Using whole adult fly homogenate, mitochondrial protein pyruvate dehydrogenase 

(PD) was detected in the total, cytosol, and, mitochondrial fractions, indicating that the sample 

preparation protocol was unsuccessful using whole adult flies (Fig 2.4A). 
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Figure 2.3. Western blot analysis using several commercially available primary antibodies 

for GS. Abcam anti-glutamine synthetase antibody with A) larvae and B) abdomen tissues. 

Genetex anti-glutamine synthetase antibody with C) larvae and D) abdomen tissues. Sigma 

Aldrich anti-glutamine synthetase antibody with E) larvae and F) abdomen tissues. T, C, and M 

refer to the total, cytosolic, and mitochondrial fractions, respectively. A mouse cell line was used 

in E) and F) as a positive control. Molecular weights are expressed as kDa. 
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Figure 2.4. Western blot analysis to determine separation of mitochondria and cytosol. A) 

An anti-PD antibody was used to detect the presence of the mitochondrial enzyme in total, 

cytosol, and mitochondria fractions from whole adult flies, larvae, and adult abdomen segments. 

B) An anti-a-tubulin antibody was used to detect the presence of the cytosolic protein in total, 

cytosol, and mitochondria fractions from larvae, and adult abdomen segments. 

Adult flies have a tough outer cuticle which may have disrupted the mitochondria during 

extraction, so I next attempted to obtain mitochondrial and cytosolic fractions using fly larvae, 

which do not have a cuticle. I used third instar larvae and abdomen segments to separate 

mitochondria and cytosol using the sample preparation protocol to determine if using a softer 

tissue would lessen the chance that the mitochondria would burst during the sample preparation, 

resulting in the contents of the mitochondria spilling out into the cytosol (Fig 2.4A). I detected 

PD strongly in the total and mitochondrial fractions, showing that the mitochondria and cytosol 

were separated, with minimal mitochondrial leakage into the cytosol. 
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I further confirmed the separation of mitochondria and cytosol by detecting the presence of a-

tubulin, a cytosolic protein, within the larvae and abdomen samples to determine the purity of the 

mitochondrial fractions. (Fig 2.4B). If the mitochondrial pellet was not washed successfully, 

there would be contamination of the mitochondrial fraction with cytosolic proteins, such as a-

tubulin. In the larvae and abdomen samples, I detected a-tubulin in the total and cytosolic 

fractions, and not the mitochondrial fraction (Fig 2.4). Although the signal was weak in these 

fractions, this was likely due to the antibody requiring further optimization for use, and for the 

purpose of simply needing to determine if there is the presence of a-tubulin in the fractions, the 

signal obtained was acceptable. The absence of a-tubulin in the mitochondrial fraction confirms 

that the separation protocol is successful with minimal contamination from the cytosol in the 

mitochondrial fractions. I found that the sample preparation protocol was successful in 

separating the mitochondria and cytosol, and could be used for further work with the GS activity 

assays. 

2.3.2 Optimization of the GS biosynthetic and transferase assays 

Although I did obtain cell fractions, I was not able to successfully assay GS from these cytosolic 

and mitochondrial fractions prepared from fly homogenate from whole adults, abdomen 

segments, and larvae. Through a series of optimization steps, described below, I determined that 

fly homogenate would not allow for the measurement of GS biosynthetic and transferase activity, 

possibly because of a heat stable component of the homogenate that reacts with the assay 

solutions. I confirmed that the assays solutions themselves were correct using commercially 

available purified GS enzyme.  
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Using the cell fractionation protocol that I developed, above, I conducted a series of experiments 

to optimize GS biosynthetic and transferase assays with larvae and/or adult abdomen segments. 

Larvae and abdomens were used in the assays, rather than whole adult flies, as I previously 

determined that the mitochondria and cytosol were effectively separated using these tissue types. 

My first step in the optimization of the GS transferase and biosynthetic assays was to determine 

the amount of abdomen or larvae tissue to use per sample. I initially used 5 adult abdomens or 5 

larvae per sample in the GS biosynthetic (Fig 2.5A) and GS transferase (Fig 2.5B) assays. I 

found that 5 abdomens or larvae per sample resulted in inconsistent results and, in some samples, 

such as the male abdomen segments in the biosynthetic assay (Fig 2.5A), no enzyme activity was 

detected. These inconsistent results, some of which were negative values, likely reflect the 

background noise detected in these samples, indicating further optimization is necessary.  
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Figure 2.5. Glutamine synthetase assays using larvae and abdomen segments. Glutamine 

synthetase A) Biosynthetic and B) Transferase activity assays separated by sex and tissue type. 

Samples had three biological replicates and the means were used for analysis. Error bars 

represent ± SE. A Tukey’s Honestly Test was used to determine significance between fractions 

within each sex and tissue type. 

My next step was to increase the amount of tissue used in the assays to 15 larvae or abdomen 

segments per sample. I expected that increasing the amount of tissue used would increase the 

amount of GS within each sample, generating more g-glutamylhydroxomate that and that this 

higher concentration would be able to be measured with the spectrophotometer with greater 

accuracy. As expected, increasing tissue amount resulted in more consistent results than in the 

initial assay using a lesser amount of fly tissue. I measured significantly higher biosynthetic 

activity in the mitochondrial fractions compared to the cytosolic fractions in both tissue types 

and sexes (Fig 2.6A). For the transferase activity assay, I measured significantly higher activity 

in the mitochondrial fractions compared to the cytosol fractions in the larvae tissues (Fig 2.6B). I 
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concluded that using 15 larvae or abdomen segments per sample gave consistent values and 

continued to use this tissue amount as I continued to optimize the assays (Fig 2.6). However, 

further optimization was needed because the transferase assay showed the opposite expected 

trend, with higher activity in the mitochondrial fractions in both sexes (Fig 2.6B). 

 

Figure 2.6. GS Assays using increased amounts of larvae and abdomen tissues. Glutamine 

synthetase A) Biosynthetic and B) Transferase activity assays separated by sex and tissue type. 

Samples had three biological replicates and the means were used for analysis. Error bars 

represent ± SE. A Tukey’s Honestly Test was used to determine significance between fractions 

within each sex. Asterisks denote the following: *p<0.05, ** p<0.01, *** p<0.001. 

The next step I took in the optimization process of the GS biosynthetic and transferase assays 

was to attempt to optimize the incubation time of the samples with the assay buffers. I measured 

GS biosynthetic (Fig 2.7A, B) and transferase (Fig 2.7C, D) activity in abdomen and larvae 

samples. Samples were incubated with the assay buffer for 2,3,5, or 10 minutes, before adding 

the stop buffer and measuring the absorbance. In both GS assays, the data shows that greater GS 
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activity results from shorter incubation periods. For the biosynthetic assay I determined that 5 

minutes was the ideal incubation time due to the separation between data points, and consistency 

of the results for both tissue types (Fig 2.7A, B). I determined that 3 minutes was the ideal 

incubation time for the transferase assay, due to the separation between data points, and 

consistency of the results for both tissue types (Fig 2.7C, D). 

 

 

Figure 2.7. Optimization of incubation time for GS Transferase and Biosynthetic assays. 

Glutamine synthetase biosynthetic activity using abdomen (A) and larvae (B) samples. 

Glutamine synthetase transferase activity using abdomen (C) and larvae (D) samples. Samples 
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are separated by sex and fraction. Samples had three biological replicates and the means were 

used for analysis. 

While the results of the GS assays were consistent within sample types, and showed significant 

differences in GS activity between the mitochondrial and cytosolic fractions (Fig 2.8), the 

transferase assay continued to not show the expected trend between sample fractions (Fig 2.8B) 

as GS2, the cytosolic form, is expected to have higher transferase activity in comparison to the 

mitochondrial form of GS. 

 

Figure 2.8. GS assay following optimization of tissue amount and incubation time. 

Glutamine synthetase A) biosynthetic and B) transferase activity assays separated by sex, 

fraction, and tissue type. Samples had three biological replicates and the means were used for 

analysis. Error bars represent ± SE. A Tukey’s Honestly Test was used to determine significance 

between fractions within each sex and tissue type. Asterisks denote the following: *p<0.05, ** 

p<0.01, *** p<0.001. 
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In order to test that the activity I was measuring in both assays was, in fact, GS activity, I used 

three different larvae samples: larvae, larvae samples that were heated for 10 minutes at 100 °C, 

and larvae samples that were inhibited with methionine sulfoximine (MSO), an inhibitor of GS. 

Surprisingly, both assays were not specific to GS activity. In both the biosynthetic (Fig 2.9A) 

and transferase (Fig 2.9B) activity assays, I found that there was GS activity in all samples, 

regardless of treatment, including the heat killed treatment that was expected to eliminate 

enzyme activity. I found that in the biosynthetic assay, the larvae sample that was heated had 

significantly higher GS biosynthetic activity compared to the larvae sample and the larvae 

sample treated with MSO (Fig 2.9A). In the transferase assay, all samples showed the same 

measurement of transferase activity.  
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Figure 2.9. GS activity assays with inhibited and heat denatured enzyme. Glutamine 

synthetase A) biosynthetic and B) transferase activity assays. Larvae sample refers to the total 

fraction of larvae homogenate used in the assay. Larvae + Heat refers to larvae homogenate that 

was heated at 100 °C for 10 minutes before use in the assays. Larvae + MSO refers to samples 

that were inhibited with the GS inhibitor MSO. Larvae + Heat + MSO refers to samples that 

were heated at 100 °C for 10 minutes and inhibited using MSO. Samples were not separated by 

sex. Samples had three biological replicates and the means were used for analysis. Error bars 

represent ± SE. A Tukey’s Honestly Test was used to determine significance between fractions. 

Asterisks denote the following: *p<0.05, ** p<0.01, *** p<0.001. 

To test whether these unexpected results were the result of the assay solutions that I had created, 

I used commercially available purified GS from E. coli in the GS biosynthetic and GS transferase 

assays to determine if the assays were specific to GS and to determine if I measured biosynthetic 

GS activity (Fig 2.10A) in the purified samples that were used in the assay, while the samples 

that were heated, treated with MSO, or treated with heat and MSO, showed no GS activity. 
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Similarly, GS transferase activity was only detectable in the purified protein samples (Fig 

2.10B). The GS biosynthetic and transferase assays work with enzymes that are purified, and I 

propose that there is something present in the fly homogenate that interferes with the assay, that 

this interference is not affected by heat, and that fly homogenate is inappropriate for use with 

these GS assays. 

 

Figure 2.10. GS assays using purified GS. Glutamine synthetase A) biosynthetic and B) 

transferase activity assays. Purified GS was used in the assay in place of fly homogenate. The 

same volume of purified enzyme was added to the reaction, and the assays followed the same 

protocol as previously described. Purified protein + Heat refers to protein that was heated at 100 

°C for 10 minutes. Purified protein + MSO refers to purified enzyme that was inhibited with 

MSO. Purified protein + Heat + MSO refers to protein that was that was heated at 100 °C for 10 

minutes and inhibited with MSO. Error bars represent ± SE. A Tukey’s Honestly Test was used 

to determine significance between fractions. Asterisks denote the following: *p<0.05, ** p<0.01, 

*** p<0.001. 
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2.3.3 Optimization of a qPCR protocol to validate GS1 and GS2 
knockdowns 

I was unable to validate an RT-qPCR protocol to measure GS1 and GS2 expression to confirm 

the GS1 and GS2 RNAi-based gene knockdowns. Primers for GS1 and GS2 were validated for 

specificity, however the efficiencies of the primers were outside of the ideal efficiency range of 

90-100%, and need further optimization. 

I used the Fly Primer Bank (Hu et al. 2013) to obtain oligonucleotide sequences of primer pairs 

targeting GS1, GS2, and RPL32. All primer pairs were additionally assessed with NCBI Primer-

BLAST to ensure specificity of primers to their target, and their sequences can be found in Table 

2.1.  

I attempted to optimize one set of primers targeting GS1. The GS1 melt curve (Fig 2.11) 

indicated the amplification of a single product with a melting temperature of approximately 88 

°C, however the curves did not meet detection threshold. I used gel electrophoresis to validate 

the presence of a single amplification product, and to confirm the size of the amplified GS1 

product (Fig 2.12). The product amplified by the GS1 primer pair was approximately 152 bp. 

Before validating the primers for use, I optimized the concentration of each primer used in the 

reactions. The mean and standard deviation of the CT values for each primer concentration 

combination is summarized in Table 2. The various primer concentration combinations resulted 

in varied amplification and consistency. The primer pair concentration combination with the 

lowest, most consistent CT values were forward primer concentration: reverse primer 

concentration combinations of 0.80 μM:0.40 μM for the GS1 primer pair. The final step in 

validating the primer pair targeting GS1 was to determine the efficiency of the primers. 

Unfortunately, at this stage in the project the qPCR machine I had been using failed and I 
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continued on a new instrument, a CFX Connect (Bio-Rad). However, it was also determined at 

this stage that there was contamination present the reactions, as the -RT controls began to show 

amplification. Due to the insolvency filings at Laurentian University, new reagents were ordered, 

however they were not delivered for approximately three months. As reagents slowly arrived, the 

efficiency of the GS1 primer pair was found to be 131%. Although the primer pair was specific 

to the target, the efficiency was not sufficient for use. New primer pairs targeting GS1 were 

ordered and will need to be optimized.  

 

Figure 2.11. Melt curve analysis for GS1 primer pair. Flies from DGRP lines 083 and 721 

were used to optimize the qPCR protocol for primer pairs targeting GS1. Two biological 

replicates per line and sex were used per primer pair. Each sample had four technical replicates. 

Forward and reverse primers of each pair had a final concentration of 0.1μM in the reaction. 

Curves were generated by the Realplex 4 Mastercycler (Eppendorf). 
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Figure 2.12. Analysis of specificity of primer pairs using gel electrophoresis. A 1% agarose 

gel with EtBr was run in TBE buffer at 100V until the loading dye had migrated approximately 

halfway down the gel. Samples were prepared with post-qPCR products and 6X loading buffer. 

A 100bp ready-to-use ladder was run in the left-most lane, and a sample prepared with the plate's 

-/- control was run in the right-most lane. The products amplified in the GS1 reactions are 152 

bp. The products amplified in the GS2 reactions (using the GS2A primer set) are 184 bp. The 

products amplified in the RPL32 reactions are about 153 bp in length. 
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Target 
Gene 

Reverse 
Primer 
Concentration 
(µM) 

Forward Primer Concentration (µM) 
0.05 0.10 0.20 0.40 0.60 0.80 

Mean 
CT 

St. 
Dev. 

Mean 
CT 

St. 
Dev. 

Mean 
CT 

St. 
Dev. 

Mean 
CT 

St. 
Dev. 

Mean 
CT 

St. 
Dev. 

Mean 
CT 

St. 
Dev. 

GS1 

0.05 NA NA NA NA NA NA 23.31 1.98 25.38 5.70 26.66 2.80 
0.10 32.47 0.81 31.95 0.52 31.72 0.27 26.94 0.80 24.21 0.69 25.85 1.76 
0.20 25.84 1.07 25.07 0.21 24.88 0.51 22.48 0.80 21.74 2.38 21.57 1.02 
0.40 22.79 2.19 24.58 1.85 23.24 2.41 24.11 1.20 23.57 4.04 20.33 0.54 
0.60 21.63 0.55 20.21 0.83 20.79 1.07 24.77 1.33 22.02 0.47 20.50 0.42 
0.80 24.87 4.13 21.21 0.12 21.76 1.42 24.25 1.29 22.35 0.78 23.90 1.35 

GS2 

0.05 26.24 0.49 28.13 6.83 31.55 8.68 20.47 0.44 20.72 0.16 20.61 0.13 
0.10 25.78 0.36 26.10 3.83 22.46 0.13 26.86 0.08 26.81 0.08 30.50 4.95 
0.20 26.49 7.03 21.11 0.11 20.08 0.11 22.40 0.15 29.61 7.08 22.57 0.06 
0.40 33.24 3.93 38.32 0.22 33.87 0.00 22.54 0.03 22.64 0.04 22.45 0.26 
0.60 22.85 0.74 20.33 0.19 24.23 8.69 22.47 0.21 22.39 0.06 22.63 0.35 
0.80 25.35 1.03 24.55 1.45 22.47 0.05 20.47 0.08 20.44 0.04 20.61 0.16 

RPL32 

0.05 28.58 3.38 29.14 2.89 27.15 5.99 27.40 0.45 28.00 0.33 25.69 0.29 
0.10 22.69 3.38 24.59 2.41 26.92 0.47 22.09 0.27 22.15 0.11 22.49 3.02 
0.20 18.56 0.50 19.23 0.76 21.73 0.74 23.25 0.11 23.00 0.12 31.20 0.00 
0.40 18.34 0.26 19.64 1.94 20.94 0.56 25.86 0.27 25.30 0.32 27.95 2.17 
0.60 19.63 3.47 20.05 3.05 19.74 1.91 26.88 0.27 26.01 0.68 28.54 2.79 
0.80 22.69 0.27 22.36 0.55 17.06 0.14 20.14 0.47 20.28 0.20 20.76 0.51 

Table 2.2. Summary of CT values for the primer optimization of GS1, GS2A, and RPL32. 

Flies from DGRP lines 083 and 721 were homogenized, RNA was extracted, and cDNA was 

synthesized following previously described methods (2.2.9). Two biological and four technical 

replicates were used per target and concentration combination. The mean CT and standard 

deviation (population) of each concentration combination was calculated without the inclusion of 

replicates where no amplification was detected or replicates that were determined to be outliers.   

I tested four sets of primer pairs targeting GS2. The first pair is referred to as “GS2” while all 

others are referred to as GS2A, GS2B, or GS2C. All pairs target GS2. To determine the target 

specificity of all pairs, the melt curves were visually analyzed. The GS2 melt curve (Fig 2.13A) 

indicated the amplification of two products. Due to the presence of more than one amplified 

product, the GS2 primer pair was invalidated for use. The GS2A primer pair produced a single 

peak at approximately 87 °C that most consistently reached the threshold detection (Fig 2.13B). 

The GS2B primer pair produced a single peak at approximately 87 °C (Fig 2.13C), however the 
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peaks did not consistently meet the threshold detection value. The GS2C primer pair produced a 

single peak, however not all samples reached the detection threshold (Fig 2.13D). The GS2A 

primer pair was used in further analysis. Gel electrophoresis was used to confirm the presence of 

a single amplification product from the GS2A primer set, and to confirm the size of the amplified 

product (Fig 2.12). The product amplified by the GS2A primer pair was approximately 184 bp. I 

optimized the primer pair concentrations (Table 2.2) and determined that the GS2A primer pair 

concentration combination with the lowest, most consistent CT values were forward primer 

concentration: reverse primer concentration combinations of 0.60 μM:0.80 μM. However, it was 

determined that the efficiency was 128%, and the primers could not be validated for use.  New 

primer pairs targeting GS2 were ordered and will need to be optimized. 
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Figure 2.13. Melt curve analysis of GS2, GS2A, GS2B, and GS2C primer pairs. Flies from 

DGRP lines 083 and 721 were used to optimize the qPCR protocol for primer pairs GS2(A) 

GS2A(B), GS2B(C), and GS2C(D). Two biological replicates per lines and sex were used per 

primer pair. Each sample had four technical replicates. Forward and reverse primers of each pair 

had a final concentration of 0.1μM in the reaction. Curves were generated by the Realplex 4 

Mastercycler (Eppendorf). 

I attempted to optimize one pair of primers for RPL32. The pair was validated for specificity 

using melt curve analysis and gel electrophoresis. The RPL32 melt curve indicated the 

amplification of a single product with a melting temperature of approximately 84 °C (Fig 2.14). 

The presence of a single amplification product was confirmed using gel electrophoresis (Fig 

2.12). I optimized the primer pair concentrations (Table 2) and determined that the primer pair 

concentration combination with the lowest, most consistent CT values were forward primer 
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concentration: reverse primer concentration combinations of 0.20 μM:0.80 μM. The primer pair 

had an efficiency of 70%, making it unfit for use. A previously validated primer pair for RPL32 

(Ponton et al. 2011) was ordered for future use.  

 

Figure 2.14. Melt curve analysis for initial RPL32 primer pair. Flies from DGRP lines 083 

and 721 were used to optimize the qPCR protocol for the primer pair targeting RPL32. Two 

biological replicates per line and sex were used per primer pair. Each sample had four technical 

replicates. Forward and reverse primers of each pair had a final concentration of 0.1μM in the 

reaction. Curves were generated by the Realplex 4 Mastercycler (Eppendorf). 

2.3.4 Heat shock stress survival 
Flies with GS1 or GS2 RNAi-based gene knockdowns were exposed to heat stress to determine if 

the knockdowns display differences in survival compared to each other, and compared to the 

genetic control. It should be noted that these knockdowns still require validation, but the genes 

will be referred to as being “knocked down” while discussing the results of the stress assays. 

Interestingly, the knockdowns displayed differences in survival when subjected to heat shock at 

40 °C. These differences in survival also varied between sexes. The 40 °C heat shock stress itself 

resulted in substantial mortality. Between 90 and 100% of flies exposed to this heat shock died 
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within 140 minutes. In contrast, all experimental control flies, i.e., GS1 and GS2 knockdown 

flies, as well as the genetic (attP40) control flies, survived at 25 °C during the duration of the 

heat shock treatment. 

GS1 

Reducing GS1 expression reduced heat shock lethality. Surprisingly, GS1 knockdown females 

and males survived longer than the genetic control flies, although this increased survival was 

only significant in males (Fig 2.15A, B).  

GS2 

Reducing GS2 expression increased heat shock lethality. The GS2 knockdowns also displayed 

sex-specific differences. GS2 knockdown females had significantly decreased survival under 

heat shock than genetic control females (Fig 2.15A), while GS2 knockdown males did not show 

differences in survival compared to the genetic control males (Fig 2.15B). 

 

Figure 2.15.Heat shock survival of GS knockdowns. Survival curves of GS knockdowns in 

females (A) and males (B) at 40 °C. Each curve represents 200 flies. Significance was 

determined by log-rank test. Asterisks denote the following: *** p<0.0001. 
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2.3.5 Paraquat-induced oxidative stress survival 

Flies with GS1 or GS2 RNAi-based gene knockdowns were exposed to paraquat in order to 

induce oxidative stress to determine if the knockdowns display differences in survival compared 

to each other, and compared to the genetic control. The knockdowns displayed differences in 

survival under paraquat stress and these differences also varied between sexes. PQ exposure 

resulted in substantial mortality. Between 24 and 80% of flies exposed to PQ died over the 

course of the experiment. In contrast, all experimental control flies, i.e., GS1 and GS2 

knockdown flies, as well as the genetic controls flies, survived on 1% sucrose for the duration of 

the experiment. 

GS1 

Reducing GS1 expression increased sensitivity to PQ stress in male, but not female, flies. Female 

GS1 knockdown flies did not show a significant difference in survival under PQ stress in 

comparison to the genetic control females flies (Fig 2.16A). In contrast, male GS1 knockdown 

flies had significantly decreased survival in comparison to the genetic control male flies (Fig 

2.16B). 

GS2 

Surprisingly, I found that GS2 knockdown females and males displayed significantly increased 

survival compared to the genetic control flies (Fig 2.16).  
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Figure 2.16. Paraquat-induced oxidative stress survival of GS knockdowns. Survival curves 

of GS knockdowns in females (A) and males (B) exposed to 400 mM paraquat in 1% sucrose for 

6 hours. Each curve represents 200 flies. Significance was determined by log-rank test. Asterisks 

denote the following: * p<0.05, *** p<0.0001. 
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2.4 Discussion 

While technical difficulties prevented me from answering the questions of fundamental biology 

that we set out to answer, I was able to make progress on the project and develop some protocols 

and techniques, and rule out others, all of which will be useful for future research into the 

Drosophila melanogaster Glutamine synthetase system. I validated a protocol to separate the 

mitochondria and cytosol from larvae and adult abdomen samples. I determined that an unknown 

inhibitory substance found in the fly interferes with the biosynthetic and transferase assays 

commonly used to measure GS activity. I took steps toward validating a qPCR assay for both 

genes. Most importantly, I showed that flies with RNAi-based knockdown of GS1 and GS2 

differed in their ability to tolerate heat shock and paraquat-induced oxidative stress. I 

documented sex-specific differences in stress tolerance in both stress assays. Interestingly, GS1 

knockdown males displayed an increased heat shock tolerance and a decreased paraquat 

tolerance, while GS1 knockdown females displayed decreased heat shock tolerance and GS1 

knockdown males and females showed increased paraquat tolerance. Moving forward, a qPCR-

based protocol is needed to confirm that the RNAi-based knockdowns of the GS1 and GS2, 

genes worked and to quantify the amount of reduction in mRNA.  

Mitochondria and cytosol are separated using larvae and abdomen segments, but 

not whole adult flies 

I optimized and validated a sample preparation protocol that effectively separates the 

mitochondria and cytosol using larvae and abdomen tissues. The protocol was not, however 

effective with whole adult flies. 
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In my initial experiments, I followed the methods of Lessel et al. (2017) to create mitochondrial 

and cytosolic fractions from adult flies and assay GS activity. These initial GS assay results (Fig 

2.1) displayed the same pattern in activity previously reported by De Pinto et al. (1987): putative 

GS1 higher in biosynthetic activity and putative GS2 higher in transferase activity. The 

mitochondrial fraction, assumed to contain GS1, was found to have higher activity in the 

biosynthetic assay, while the cytosolic fraction, assumed to contain GS2, was found to have 

higher activity in the transferase assay. I initially hypothesized that the mitochondria and cytosol 

were effectively separated because the results of Fig 2.1 displayed the expected trends in activity. 

The sample preparation procedure was then used in an assay measuring the activity of the 

mitochondrial enzyme citrate synthase. However, CS activity was measured in all samples, 

indicating that the mitochondria and cytosol had not been separated.  

In the follow up experiment, I attempted to improve the separation of the two cell fractions. I 

modified a mitochondrial isolation protocol to separate the mitochondria and cytosol (Lessel et 

al. 2017). The changes include: the homogenizing method, the homogenizing buffer, and the 

tissue types used. A glass-Dounce homogenizer was chosen to homogenize the samples due to its 

ability to homogenize the tissues, and burst cells, without bursting organelles (Burden 2008). The 

ability to not damage organelles was ideal for the use in my experiments because it is possible 

that, in the original sample preparation procedure, the mitochondria were bursting, resulting in 

the mitochondrial proteins contaminating the cytosolic fractions. The homogenizing buffer used 

was adapted from Villa-Cuesta and Rand (2015), in which they successfully prepared 

mitochondrial isolations from flies. I was initially using whole adult flies in the assay, and 

separation was shown to have not occurred, possibly because the tough adult cuticle was 

shearing the mitochondria during homogenization, spilling the contents of the mitochondria into 
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all fractions. Larvae and adult abdomen are softer and possibly less likely to shear the 

mitochondria.  

I  confirmed that the separation protocol was successful using larvae and abdomen segments (Fig 

2.4). Based on the Western blot results (Fig 2.4) in which the mitochondrial enzyme pyruvate 

dehydrogenase was found predominantly in the mitochondrial and total fractions of larvae and 

abdomen segments, and the cytosolic protein alpha-tubulin was not detected in the mitochondrial 

fractions, I determined that the protocol described in the methods was effective in separating the 

mitochondria and cytosol with little mitochondrial leakage into the cytosolic fraction.  

Future work for this project could determine if GS1 and GS2 are effectively separated using the 

sample preparation protocol. The goal of my project was to separate both forms of GS in order to 

assay the enzyme activities. However, I was only able to validate separation using the 

mitochondrial enzyme pyruvate dehydrogenase and the cytosolic protein a-tubulin. While the 

confirmation of separation of mitochondria and cytosol is commonly done using these two 

proteins as markers (Vila Cuesta and Rand 2015), the separation of GS1 and GS2 could be 

further confirmed to ensure that GS1 does not leak out of the mitochondria during the sample 

preparation. There are currently no commercially available antibodies specific to Drosophila GS, 

however future work with this project could design antibodies specific to GS1 and GS2 to 

confirm that the two isozymes are separated from one another following the sample preparation.  

While separation of mitochondria and cytosol was achieved using adult abdomen segments and 

larvae, both tissues have advantages and disadvantages to their use in the context of measuring 

GS activity to determine correlations between stress tolerance and GS activity. The benefit of 

using larvae in the assays is that they are a softer tissue to work with, allowing for the separation 
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of mitochondria and cytosol. However, because the larvae are at an earlier stage of development, 

the activities of both forms of GS are expected to change once flies reached adulthood: in 

particular, GS1 is known to be especially necessary in early development (De Pinto et al. 1987, 

Frenz and Glover 1996). Therefore, it would be difficult to draw comparisons between GS 

activity and stress tolerance between larvae and adult flies, because there is an expectation that 

the activity of GS would differ when comparing flies that come from earlier and later stages of 

development. This difference in activity between larvae and adult flies is avoided when using 

adult abdomen segments, and while both isozymes are expressed throughout the whole body of 

the fly, GS2 is also known to be highly expressed in the head and brain tissues (Sinakevitch et al. 

2010), therefore, the activity measured in abdomen segments may not be representative of the 

whole fly. 

Glutamine Synthetase transferase and biosynthetic assays require purified GS 

I was unable to measure GS activity from the fly homogenates, apparently because of something 

else in these preparations that interacted with the reaction solution and masked any true GS 

activity. I was able to use commercially available purified GS to show that the reaction mixes 

will quantify GS activity and do so in a heat- and inhibitor-sensitive manner. 

The absorbance values measured in larvae samples that had been heat treated and inhibited with 

MSO (Fig 2.9), indicated that there was something present in the fly homogenate that was 

interfering with the measurement of GS activity in the biosynthetic and transferase activity 

assays. In the initial optimization of the amount of abdomen and larvae tissue used in the assays, 

I increased the amount of tissue used per sample with the intention of increasing the amount of 

GS present in the samples. However, as I increased the tissue amount, I likely increased, not only 
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the amount of GS present, but also the amount of the agent responsible for the interference 

within each of the assays. It is possible that the assays do not work with fly homogenate because 

the interference present in the homogenate results in a large change in absorbance, masking the 

GS activity within each sample.  

I incubated samples with the biosynthetic or transferase assay buffer for 2, 3,5, or 10 minutes 

before adding the stop buffer to determine if there was an ideal incubation time. Surprisingly, I 

found that apparent activity decreased over time (Fig 2.7). This result suggested that the assays 

were not actually measuring GS because activity would typically be expected to increase over 

time as more product forms throughout longer incubation periods, assuming the enzyme remains 

active throughout the entire incubation time.  

Moving forward with the project, enzyme could be purified from Drosophila using a previously 

described protocol (De Pinto et al. 1987). The GS1 and GS2 isozymes from whole adult flies are 

completely separable using DEAE chromatography, allowing for the measurement of GS1 and 

GS2 activity using the transferase or biosynthetic assays. The original goal of the project was to 

examine naturally occurring variation in GS1 and GS2 activity within the DGRP lines in order to 

identify lines with high or low GS1 and/or GS2 activity. This protocol would allow for the 

activity of GS1 and GS2 to be measured using the DGRP lines.  

Additionally, this protocol for purifying GS from Drosophila samples and measuring GS activity 

could also be used to validate the RNAi-based gene knockdowns. While measuring protein 

activity would not validate the knockdown of mRNA expression, qPCR could quantify the 

amount gene expression was reduced, while the GS assays with purified enzyme could quantify 

the amount that enzyme activity was reduced. 
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Primer pairs for GS are specific to their targets but require further optimization 

I was not able to create a complete qPCR validation assay because of complications with 

developing appropriate primers. I was able to create primer pairs for GS1, GS2, and RPL32 (our 

reference gene) that were specific for their respective target genes, and check this using gel 

electrophoresis and visually analyzing the melt curves. Unfortunately, these primers had poor 

efficiencies due to primer dimer formation, and are unable to be used in a final assay.  

There are a number of reasons that these primer pairs may have failed. The efficiencies of the 

GS1 and GS2 primer pairs were greater than 120%, which could be a result of excessive primer-

dimer formation, as seen in the gel (Fig 2.12), or polymerase inhibition from excessive 

DNA/RNA in the samples. The purity of the RNA/DNA in the samples could be determined with 

spectrophotometric measured prior to qPCR. The purity of the samples is the ratio of absorbance 

values at 260 and 280 nm. If the purity score is not greater than 1.8 for DNA or 2.0 for RNA, the 

samples should be purified prior to use in the qPCR assays. Additionally, a previously validated 

primer pair from the lab could be used with the same samples to determine if the issue with the 

GS primers is due to poor sample quality.  

After the failure of the first set of primers, I designed and ordered new primers for GS1, GS2, 

and RPL32, and they appear to be specific to their targets based on initial melt curve analysis. 

The efficiencies of these primer pairs need to be measured to determine if further optimization of 

the protocol is necessary. Once the primers are validated for use, they can be used to validate the 

RNAi-based gene knockdowns of GS1 and GS2.  

Future work validating the efficacy of the RNAi knockdowns should also determine how long 

the knockdown lasts. RNAi-based gene knockdown destroys mRNA, but does not knockout the 
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gene in any permanent manner (Heigwer et al. 2018). I have frozen flies that could be tested in 

liquid nitrogen and stored them at -80 °C for use once the qPCR protocol is optimized. Flies 

were heat shocked to induce the GAL4 driver as previously described, and were frozen in liquid 

nitrogen 0,3,6,9,12, and 24 hours after heat shock. I chose the various time points to validate if 

the knockdowns were in effect during the heat and oxidative stress assays, and to determine how 

long the knockdown lasts. In the future, if various stress-associated phenotypes are studied they 

may require longer exposures to the stressor than done with this project. For example, metal-

induced oxidative stress was intended to be studied in this project, but ultimately it was 

determined that nickel-induced oxidative stress did not have a major lethality effect on flies 

within a 6-hour time period. Therefore, if the knockdowns are found to last for extended periods 

of time, such as 24 hours, the effects of nickel-induced oxidative stress tolerance and GS1/GS2 

expression could potentially be observed.  

GS knockdowns display sex-specific differences in tolerance to heat and oxidative 

stress 

The RNAi-based GS knockdown flies had differences in stress tolerance. Very interestingly, 

these differences varied not just between the GS1 and GS2 knockdowns or between heat shock 

and oxidative stress, but also between sexes. While final conclusions require validation of the 

duration and magnitude of the RNAi-based inhibition, the results I found are intriguing and I will 

discuss them with the assumption that the knockdown was successful, at least to some extent. It 

is possible, but unlikely, that the results of the stress assays are simply an artifact, if the 

knockdowns were not successful.  
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The two stress experiments have different results for each gene knockdown and the two sexes. In 

the heat shock tolerance assay, knocking down GS1 significantly increased survival of male flies, 

but did not significantly affect female flies. In contrast, the combination of heat shock and 

knocking down GS2 significantly reduced female survival, but did not significantly affect male 

flies. In the oxidative stress assay, knocking down GS1 significantly decreased survival of male 

flies, but did not significantly affect female flies. In contrast, the combination of oxidative stress 

and knocking down GS2 significantly increased survival in both male and females flies.  

A central question in my research was, do GS1 and GS2 have different roles in the stress 

response? Previous studies with Drosophila have examined GS knockdowns and response to heat 

shock or oxidative stress, however these studies have not looked at both GS1 and GS2, and have 

not determined if differences exist between sexes. Ultimately, there is little known about the 

differences in functionality between GS1 and GS2, as well as sex-specific differences of GS1 and 

GS2. Determining the response of both GS1 and GS2 to various stressors could potentially 

uncover information that is currently unknown about the functional differences between the GS 

isozymes in Drosophila. Additionally, differences between males and females are to be 

expected, and these differences between sexes could result in a greater understanding of the 

functional differences between GS1 and GS2. Mutant GS1 knockout males were found to have 

increased sensitivity to PQ exposure (Frenz and Glover 1996). However, GS2 knockouts were 

not observed, and the response of GS1 knockout females to PQ was not reported.  The male GS1 

knockdowns I produced also displayed an increased sensitivity to PQ, potentially indicating that 

the knockdown was successful. The female GS1 knockdowns I produced did not show 

significant differences in survival to PQ, and while the knockdown still requires validation, this 

potentially shows that there are sex-specific differences in the role of GS in the response to PQ. 
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A previous study found that a GS2 knockdown driven in cardiac-specific tissues resulted in flies 

with increased sensitivity to heat shock (Neely et al. 2010). However, GS1 knockdowns were not 

observed in this study, and males and females were grouped together in the analysis. The female 

GS2 knockdowns that I generated displayed an increased sensitivity to heat shock, potentially 

indicating that the knockdown was successful. The male GS2 knockdown I generated did not 

show significant differences in survival to heat shock, and while the knockdown requires 

validation, this result also potentially indicates that there are sex-specific differences in the role 

of GS in stress response to heat shock. The difference in response to the stressors that I measured 

indicates potential functional differences between the two isozymes. The different survival rates 

between the GS1 and GS2 knockdowns suggests that the two forms are distinct and one cannot 

fill the role of the other. This conclusion, that the GS proteins have distinct roles and are not 

simply redundant, is consistent with previous research suggesting that GS2 cannot substitute for 

GS1 (De Pinto et al. 1987). While the knockdowns need to be validated, the differences in stress 

tolerance between GS1 and GS2 knockdowns reinforces the interest in studying the functional 

differences between GS1 and GS2 in relation to stress. 

Due to glutamine’s role in allowing for maximal heat shock protein expression (Sanders and Kon 

1992) and its role as a precursor of glutathione (Dumaswala et al. 2001), I hypothesized that GS 

knockdowns would display increased sensitivity to heat shock and oxidative stress. While I did 

document this increased sensitivity in male GS1 knockdowns exposed to PQ and female GS2 

knockdowns exposed to heat shock, it was surprising that knocking down GS1 or GS2 could 

result in an increase in survival. In the heat shock assay, male GS1 knockdowns displayed an 

increase in survival.  In the paraquat-induced oxidative stress assay, male and female GS2 

knockdowns displayed an increased survival rate. While it initially seems counterintuitive that a 



72 

 

knockdown of a gene can result in increased survival, a possible explanation could be that each 

form of GS has a specific role in various stress responses, and low or high expression of GS may 

be beneficial to stress tolerance. GS is essential in cancer metabolism, and is highly expressed in 

the tumor microenvironment, making it a potential target for cancer therapies (Kim et al. 2021).  

GS expression and function differs between cancer type (Kim et al. 2021). For example, high GS 

expression in glioblastoma plays a role in sustaining cell growth in glutamine-starved conditions, 

while low GS expression can be necessary for ovarian cancer invasiveness (Kim et al. 2021). A 

possible explanation for the increased survival of the knockdowns in response to the stressors 

could be that expression of GS may be beneficial or detrimental to the organism, depending on 

the stressor present.  

Males and female knockdowns showed differences in their response to stress compared to the 

genetic controls. Flies exposed to PQ showed sex-specific differences. Females were found to be 

more sensitive to PQ-induced oxidative stress compared to the males. While females typically 

are more resistant to stressors, potentially due to their larger body mass (Pomatto et al. 2018), 

previous studies have found that male flies are more sensitive to PQ in the first week of adult life 

compared to females (Chaudhuri et al. 2007), which is consistent with the results of the paraquat 

tolerance assay. Future work could examine if chronic stressors result in different stress 

responses from flies with low GS expression compared to the results of the acute stressors done 

in this project.  
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Chapter 3  

3 Conclusion & Future Directions 

3.1 Explore solutions to the technique failures in this study 

In my thesis, I confirmed the separation of the mitochondria and cytosol, however, I did not 

confirm that the GS isozymes were separated. Future work could determine if the isozymes are 

effectively separated following the sample preparation protocol by creating antibodies that are 

specific to GS1 and GS2. Currently, there are no commercially available antibodies specific to 

Drosophila GS, and designing custom antibodies could provide a solution to this issue.  

While I determined that the GS activity assay solutions measure GS activity in purified protein 

and not fly homogenate, future work could set out to alter the assay solution recipes to determine 

if it is possible to measure GS activity in fly homogenate, as this would provide an easier method 

of measuring activity compared to purifying the enzymes for the quantification of enzyme 

activity. Currently, it is unclear exactly what is interfering with the measurement of GS activity 

in these assays. While I have shown that the interference in fly homogenate is not affected by 

heat or GS inhibitors, it is possible that another reagent could be added to the assay solutions that 

would inhibit the interference. Future work could explore the possibilities of measuring GS 

activity from fly homogenate by, initially, systematically removing one reagent from each of the 

reaction mixes to determine if there is a certain reagent responsible for the cross reactions. 

3.2 Explore variation in GS activity and the effect on stress tolerance 
In my thesis, I validated GS activity assays that work with purified enzyme. Additionally, I 

showed that GS knockdowns display differences in response to stress, and that these differences 

are sex-specific. While the knockdowns will need to be validated before continuing with future 
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directions of the project, a next step in the project would involve studying naturally occurring 

variation in GS activity, and the effect on stress tolerance.  

Future work for this project could explore naturally occurring variation and GS activity in 

relation to stress tolerance. The Drosophila melanogaster genetic reference panel (DGRP) is a 

living library of approximately 200 fully sequenced, genetically distinct, inbred fly lines derived 

from a natural population (Mackay 2012). The DGRP is a representative sample of naturally 

occurring variation, allowing for the study of the relationship between genetic variation and 

quantitative traits (Mackay 2012). Using the DGRP lines, future work can be done using the GS 

activity assays, and purified GS, to identify fly lines with low, intermediate, and high GS1 and/or 

GS2 activity. The stress tolerance of these lines would then be assessed, to determine if lines 

with low or high GS activity respond similarly to the stressors as flies with or without GS 

knocked down. Additionally, because the DGRP lines are fully sequenced, the GS sequences of 

the GS high and low activity lines can be compared to determine how genetic variation in the GS 

sequences is responsible for the low or high activity of the isozymes.  

3.3 Explore the GS network involved in stress response 

Future research could explore the interactions of other genes with GS to expand the GS network. 

In this study, I found that GS knockdowns are associated with varied response to stress. 

However, it is understood that the stress response is due to a network of interacting molecular 

mechanisms, as most traits are highly polygenic (Mackay 2012). The DGRP is an excellent 

resource to study the relationship between molecular variation, molecular networks, and genetic 

variation for complex traits (Mackay 2012). Using the DGRP, future work could uncover other 

genes that interact with GS in the stress response. Genome-wide association studies test genetic 

variants across the genome of many individuals to identify genotype-phenotype associations. 
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GWAS can be used to identify genetic variation associated with the stress response that we have 

shown are responsive to GS to begin to identify other genes associated with GS and with GS-

associated biological pathways. DGRP lines could be exposed to heat and oxidative stress, and 

survival times could be tested for association with SNPs previously identified by whole-genome 

sequencing of the DGRP lines. GWAS can also be used to associate variation of GS1 and GS2 

with other sites in the genome as an initial step in expanding current knowledge on GS 

interactions. While it is understood that the other identified sites may not necessarily have an 

association with GS, the identified sites would provide a starting point to explore GS pathway 

interactions.  

3.4 Glutamine-free diet and stress tolerance 

Future research could explore the effect of the removal of dietary glutamine on the stress 

response. In this study, I found that flies with knocked down expression of the main glutamine-

producing enzyme, GS, display differences in the ability to tolerate heat and oxidative stress. 

GS1 knockdown males have higher sensitivity to PQ and decreased sensitivity to heat shock, 

while GS2 knockdown females have higher sensitivity to heat shock and both sexes show 

decreased sensitivity to PQ. Future work could also determine if flies maintained on glutamine-

free diets display differences in their ability to tolerate stress. Previous work has shown that 

glutamine supplementation can allow for maximal heat shock protein expression (Sanders and 

Kon 1992), and can maintain glutathione levels (Amores-Sanches 1999).  Using a chemically 

defined-media, as described by Piper (2014), flies can be maintained on media without glutamine 

to determine if they display differences in their ability to tolerate stress. Fly lines with low or 

high activity of GS can be placed on glutamine free food, as well as the GS knockdowns, to 

further analyze the relationship between glutamine and stress tolerance.  
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3.5 Simultaneous knockdown of the GS isozymes 

Future research could explore simultaneous knockout and knockdown of GS1 and GS2 and the 

effect on stress response. In this study, I found that knocking down GS1 or GS2 altered the stress 

response in Drosophila. This preliminary work showed different responses to stress, possibly 

indicating the different functional roles of the GS isozymes. In the heat shock tolerance assay, 

knocking down GS1 increased survival in males, but did not affect female survival. In contrast, 

the combination of heat shock and knocking down GS2 significantly reduced females’ survival, 

but did not affect male flies. In the PQ exposure assay, knocking down GS1 significantly 

decreased survival of male flies, but did not significantly affect female flies. In contrast, 

knocking down GS2 and exposure to PQ significantly increased survival in male and female 

flies. Future work could be done to determine the stress response of the flies with both GS1 and 

GS2 knocked down. Unfortunately, I was unable to knock down both GS1 and GS2 due to the 

lines that were available to knockdown GS1 and GS2. Both of the lines used to knock down GS1 

and GS2 came from the Transgenic RNAi Project (TRiP), and the RNAi constructs are inserted 

into the same chromosome location, making it impossible to produce genetic crosses that contain 

both RNAi constructs for GS1 and GS2 that could be then crossed to a GAL4 driver, resulting in 

the knockdown of both genes. Current transgenic RNAi vectors, such as VALIUM20, can only 

accept a single shRNA, resulting in the search to produce vectors that can simultaneously target 

multiple genes (Qiao et al. 2018). Recently, current transgenic RNAi vectors were optimized, 

and the resulting construct was designated the pNP vector (Qiao et al. 2018). With this vector, 

multiple genes can simultaneously be targeted using an RNAi approach with great effectiveness, 

and could be explored in future work to knockdown GS1 and GS2 simultaneously (Qiao et al. 

2018).  
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Additionally, a simultaneous knockout of GS1 and GS2 could be explored using CRISPR/Cas9 

gene editing. This system consists of two components; Cas9, a nuclease protein, and a single 

guide RNA (sgRNA), specific to the target of interest (Ran et al. 2013). The sgRNA targets Cas9 

to the intended gene (Ran et al. 2013). Cas9 then induces double stranded breaks in the DNA, 

and the following DNA repair mechanism results in the formation of indel mutations at the site 

of the junction, which, in the coding region of a gene, can result in frameshift mutations and a 

premature stop codon, resulting in gene knockout (Ran et al. 2013, Gratz et al. 2016). Using this 

system, GS1 and GS2 knockout flies can be produced. A series of crosses can also be performed 

using these knockouts to produce flies with both GS1 and GS knocked down. The stress 

tolerance of flies with GS1 and/or GS2 knocked out can be assessed. 

3.6 Conclusion 

The is still much to be uncovered about the molecular and cellular mechanisms responsible for 

the modulation of cell survival by glutamine. This project is the starting foundation to determine 

if Drosophila can be used as a model for glutamine addiction. My research has validated assay 

solutions to be used with purified GS to measure GS activity. While knockdowns were not 

validated, they show promising results of the functional differences that the isozymes of GS play 

in the stress response. Future work will include validating the gene knockdowns with qPCR. 

Once validated, DGRP lines with low, intermediate, and high GS1 and GS2 activity can be 

identified using purified GS, and can be used in heat shock and oxidative stress assays to 

determine if the similar responses to stress as seen in the knockdowns occur. The stress response 

of flies can also be determined in fly lines that have been maintained on glutamine-free food. 

This work will give further understanding to the role of glutamine in cell survival. 
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