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Doctor of Philosophy 

 
CHARACTERSING THE DROSOPHILA EXTRACELLULAR SUPEROXIDE 

DISMUTASE GENE 
 

By Michael James Blackney 
 
The indiscriminate action of reactive oxygen species (ROS), if left unregulated, has 

long been considered contributory to a range of disease processes within the animal 

kingdom and is also a factor associated with ageing. Consequently modifying the 

molecular mechanisms that regulate ROS levels may prove therapeutic and could also 

positively affect longevity. One of the key components of this machinery is the 

superoxide dismutase (SOD) family of enzymes which regulate ROS levels by 

scavenging the ROS superoxide. Mammals have three distinct SOD enzymes each 

responsible for managing superoxide levels in different cellular compartments. In 

Drosophila homologues of two of the mammalian SODs, the intracellular (SOD1) and 

mitochondrial (SOD2) SODs, have been identified and studied extensively 

demonstrating a clear link between SOD and oxidative protection and survival. 

Recently the sequence of a third sod gene, homologous to both the relatively poorly 

characterised mammalian (sod3) and C. elegans (sod-4) extracellular sod, was 

identified in Drosophila and is also predicted to locate extracellularly (sod3). To date, 

no (published) work has been carried out to assess the role of sod3 within insects. This 

thesis reports the molecular and biochemical characteristics of sod3 in Drosophila. 

Detailed within are the steps taken to clone the sod3 gene which appears to be 

expressed as two gene products formed by alternative splicing. Furthermore, a 

combination of gene expression, proteomic and functional analysis of a number of sod 

mutants was used to: i) reveal sex specific sod gene expression; ii) validate a sod3 

hypomorph mutant; iii) indicate a functional role for sod3 in protection against H2O2 

induced oxidative stress; iv) suggest a SOD1-SOD3 co-dependency for maintaining Cu 

Zn SOD activity; v) demonstrate the appearance of genetic modifiers in the sod3 

hypomorph. The findings of this report and further studies on the Drosophila sod3 gene 

should encourage the re-evaluation of the previous work concerning SOD’s influence 

on disease states and lifespan regulation.
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CHAPTER 1 

 

1. Introduction 

 

Organisms across all taxa routinely experience ‘stress’ of some variety. Dr Richard 

Carlson (1961–2006), an American author, psychotherapist and motivational speaker, 

wrote: “Stress is nothing more than a socially acceptable form of mental illness.” 

Although a witty one-liner, this statement highlights a key concept that defines 

‘stress’, that is; rather than stress being something that happens to an individual (often 

termed the “stressor”), it is in fact the reaction or response to the thing that has 

happened.  

 

Although the term ‘stress’ had a use within psychological terminology prior to the 

1930’s, it is generally accepted that it was not until 1936 that renowned Austrian-born 

Canadian endocrinologist, Hans Selye (1907-1982), first described ‘stress’ as a 

biological occurrence (Selye 1936). Selye reported observing a conserved but non-

specific condition in rats in response to a number of biological insults including, cold 

shock, muscle exertion and injection of sub-lethal doses of various drugs. He went on 

to term this non-specific damage the ‘General Adaptive Syndrome’ (GAS), with 

‘stress’ being the manifestation of the GAS (Selye 1936;Viner 1999). The 

identification of ‘stress’ as a biological trait prompted much research into its link with 

disease states, with biological stresses of some variety being implicated in the 

pathology of numerous diseases including cardiovascular disease, cancer, ageing, 

neurodegenerative disorders, arthritis, diabetes, hypertension, anxiety, depression and 

AIDS. 

 

Oxidative stress is a subtype of biological stress and refers to the cytotoxic effect of 

oxidation by reactive variants of oxygen, as will be discussed. 
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1.1 Oxidative Stress, Reactive Oxygen Species (ROS) 

and Reactive Nitrogen Species (RNS) 

 

The ability of cells to produce energy through the reduction of molecular oxygen 

during aerobic respiration is fundamental to life. However a consequence of living in 

an oxygen rich environment is the production of intermediate reactive oxygen and 

nitrogen species (ROS and RNS, respectively). Although physiological levels of 

ROS/RNS are critical for maintaining cellular function, increased oxidant production 

can be destructive. Antioxidant systems are employed to regulate ROS/RNS levels, 

but when the equilibrium fails and the pro-oxidant capacity overwhelms the pro-

antioxidant capability then free ROS/RNS can cause cellular macromolecular damage 

as well as disturbed redox signalling. A delicate balance must therefore be maintained 

between the oxidant and antioxidant systems in order to preserve cellular function, 

regulation and adaptation. Dysregulation of this ROS/RNS homeostasis has long been 

considered causative in the pathology of numerous human diseases and a factor 

associated with ageing. Oxidative stress (or nitrosative stress in reference to RNS) is 

the term used to describe the adverse consequences of the action of various ROS on 

an individual system. 

 

1.1.1 Species of ROS/RNS and their sources 

 

ROS encompass a range of radical (species with an unpaired electron in their outer 

electron shell) and non-radical molecules (Table 1.1), formed by the reduction of 

molecular oxygen. These molecules are usually highly unstable and, as their name 

suggests, will react rapidly with numerous cellular components as well as other ROS. 

Superoxide (O2¯·) is considered a primary ROS and is formed by the one electron 

reduction of oxygen (O2) (eqn 1): 

 

O2   +   e¯   �   O2¯·   (1) 
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Table 1.1. Examples of ROS and RNS. 

Name Formula ROS/RNS Species 

Oxygen O2 ROS Non-radical 

Superoxide anion O2¯· ROS Radical 

Hydroxyl radical ·OH ROS Radical 

Hydroxyl anion OH¯ ROS Non-radical 

Hydroperoxyl HO2· ROS Radical 

Hydrogen peroxide H2O2 ROS Non-radical 

Hypochlorite anion ClO¯ ROS Non-radical 

Nitric oxide NO· RNS Radical 

Peroxynitrite anion ONOO¯ RNS Non-radical 

Nitrogen dioxide NO2 RNS Non-radical 
 

The majority of O2¯· and other ROS are produced through metabolic processes. One 

of the most well studied sources of O2¯· is as a by product of mitochondrial aerobic 

respiration where the reduction of O2 can result in the formation of H2O and O2¯· as 

electrons leak out of the electron transport chain (ETC) (Loschen et al. 1974;Nohl and 

Hegner 1978). For example, in the ETC there is a propensity for a single electron to 

directly reduce molecular O2 to O2¯· as coenzyme Q (ubiquinone) cycles between its 

fully oxidised (quinine) and fully reduced (quinol) states (Cadenas and Davies 2000) 

(Figure 1.1). It has been estimated that 1-2% of total daily O2 consumed by the 

mitochondrial respiratory chain is converted to O2¯· (Cadenas & Davies 2000), 

leading to suggestion that aerobic respiration may be a primary intracellular source of 

O2¯·. However the true rate of O2¯· production is likely to be considerably less than 

this since most experiments measuring O2¯· production are performed by exposing 

isolated mitochondria to room air, which is hyperoxic for the organelles (Halliwell 

and Gutteridge 2007).  Furthermore, the in vivo mitochondrial O2¯· leakage rate is 

minimised by a number of factors.  Firstly, the actual intra-mitochondrial O2 

concentration is fairly low.  Secondly, the electron transport carriers are complexed in 

such a way as to facilitate electron movement to the next component of the chain 

rather than allowing escape to react with O2.  Thirdly, the presence of uncoupling 

proteins within the inner mitochondrial membrane allows the passage of protons 

which lead to the collapse of the proton gradient, causing the energy derived from 

electron transfer to be released as heat rather than ATP.  This proton leak is proposed 

to minimise O2¯· production by preventing a ‘back up’ of electrons escaping to react 

with O2 (Halliwell & Gutteridge 2007). The anionic nature of O2¯· at neutral pH also 
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means that this radical is ineffective at permeating biological membranes (Gus'kova et 

al. 1984;Takahashi and Asada 1983). Thus, since the ETC is located on the inner 

mitochondrial membrane it is likely that the majority of O2¯· produced by this means 

is retained within the mitochondrial matrix rather than being released into the cytosol 

or extracellularly. 

 
 

Figure 1.1. Production of O2¯· by the mitochondrial electron transport chain. 
Complex I (NADH:ubiquinone oxidoreductase), catalyses the transfer of electrons 
from NADH, derived from cytosolic glucose oxidation or the mitochondrial citric acid 
cycle, to ubiquinone (Q). Ubiquinone is also reduced by electrons donated by FADH2-
containing dehydrogenases such as complex II (succinate:ubiquinone oxidoreductase). 
Complex III (ubiquinol:cytochrome c oxidoreductase) catalyses the reduction of 
cytochrome c by accepting electrons from the ubisemiquinone (Q·) radical-generating 
Q cycle. Complex IV finally catalyses the oxidation of cytochrome c by O2. Electrons 
that are transferred through complexes I, III and IV are coupled to translocation of 
protons, with the resulting gradient able to drive ATP synthesis through the ATP 
synthase. Figure is adapted from (Brownlee 2001). 
 

There are, however, a number of endogenous enzymes that use molecular O2 as a 

substrate which generate O2¯· in the cytosol and/or extracellular matrix. NADPH 

(nicotinamide adenine dinucleotide phosphate) oxidase (NOX) is an enzyme primarily 

present in the membrane of the phagocytotic vacuole of immune cells and generates 

O2¯· in the cytosol and extracellularly through the removal of electrons from NADPH 

(Lambeth 2004) (eqn 2): 
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2O2   +   NADPH   �   2O2¯·   +   NADP+   +   H+   (2) 

 

Although important for immune cell function (as will be discussed) components of 

NOX have also been found in non-phagocytic cell types, such as fibroblasts (Meier et 

al. 1991), endothelial cells (Jones et al. 1996) and neurons (Tammariello et al. 2000). 

Xanthine oxidase (XO), part of the xanthine oxidoreductase complex, is another 

endogenous enzyme which produces O2¯· using O2 as its oxidising substrate. 

Important for purine catabolism and innate immunity (Vorbach et al. 2003), XO 

catalyses the oxidative hydroxylation of hypoxanthine to xanthine and subsequently 

xanthine to uric acid with by products of O2¯· and also H2O2. Interestingly, whilst O2¯· 

and H2O2 are effective oxidant species, uric acid is a known potent antioxidant (Ames 

et al. 1981), thus XO appears to have both pro- and antioxidant properties. As well as 

a product of enzymatic function, O2¯· and/or H2O2 are also produced by intracellular 

organelles such as the endoplasmic reticulum and the peroxisomes of the liver and 

kidney (Hool 2006). O2¯· can either directly or through enzyme- or metal-catalysed 

reactions, interact with other molecules to generate ‘secondary’ ROS. For instance the 

antioxidant enzyme superoxide dismutase (SOD) will metabolise O2¯· to O2 and H2O2, 

as will be discussed later. A further example is in the generation of OH¯ and the 

highly reactive ·OH.  Under stressful conditions an excess of O2¯· can lead to iron 

(Fe2+) release by oxidising [4Fe-4S] cluster-containing enzymes (Liochev and 

Fridovich 1994). This free Fe2+ can react with H2O2 in the Fenton Reaction to 

generate these ROS (eqn 3). 

 

Fe3+   +   O2¯·     �   Fe2+   +   O2 

Fe2+   +   H2O2   �   Fe3+   +   OH¯   +   ·OH    

 

The major RNS is the NO· radical which is a highly abundant oxidant species 

involved in diverse signalling processes. It is generated by the action of specific Ca2+-

calmodulin dependent nitric oxide synthases (NOSs) which metabolise L-arginine to 

citrulline (Ghafourifar and Cadenas 2005). As previously stated, cells of the immune 

system, as well as generating O2¯·, also contain the inducible form NOS (iNOS) and 

thus also produce NO· (Hevel et al. 1991;Tumurkhuu et al. 2009). These two ROS can 

subsequently readily react together to form the highly reactive ONOO¯ anion (eqn 4). 

 

(3) 
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2NO·   +   2O2¯·   �   2ONOO¯   (4) 

 

Additionally, mitochondria contain another member of the NOS family (mtNOS) and 

are therefore also a site of NO· production (Bates et al. 1995;Elfering et al. 2002). 

Thus depending on the formation rates of O2¯· and NO· mitochondria can also be a 

site of ONOO¯ synthesis (Packer et al. 1996). Under normal physiological conditions 

the O2¯· scavenging enzyme SOD and NO· essentially compete for available O2¯·, 

however in situations where SOD activity is low (for example in tumour cells (Puscas 

et al. 1999)) or when high concentrations of NO· are generated (for example in 

ischemia/reperfusion injury (Lui et al. 1999;Zweier et al. 1995)), NO· out-competes 

SOD and generates ONOO¯. Since both H2O2 and ONOO¯ can easily cross biological 

membranes, it is believed that some of the reactions of these two ROS will promote 

O2¯· generation outside of the mitochondria (Schoneich 1999). The common pathways 

by which ROS and RNS are produced are summarised in Figure 1.2. 

 

 
 
Figure 1.2. The many sources of ROS/RNS generation in a cell. The particular 
ROS/RNS described in the text are shown in the figure. Abbreviations: ER, 
endoplasmic reticulum; ETC, electron transport chain; GPX, glutathione peroxidase; 
Gred, glutathione reduced; NOS, nitric oxide synthase; NOX, NADPH oxidase; 
SOD1, 2 and 3, superoxide dismutase 1, 2 and 3; XO, xanthine oxidase. Figure 
adapted from (Trachootham et al. 2009). 
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Whilst the majority of O2¯· and other ROS are produced through metabolic processes 

(as discussed) there are also a multitude of exogenous sources. Environmental factors 

including ultraviolet light and χ- and γ-radiation generate ROS, as do pollutants such 

as car exhaust emission and pesticides. Furthermore, behavioural activities such as 

cigarette smoking and chronic exercise are also known to elevate ROS levels (Gracy 

et al. 1999). 

 

1.1.2 The importance of ROS and RNS in fundamental 

biological processes 

 

Traditionally ROS and RNS production were considered unavoidable deleterious 

consequences of living in an oxygen rich environment. Consequently research on 

these molecules focused on the ways in which organisms protect themselves from 

oxidative damage.  This changed in the late 1980’s following the discovery of NO· as 

an “endothelium derived relaxing factor” which is critical in maintaining vascular 

tone (Palmer et al. 1987). Consequently considerable research has turned towards 

understanding the mechanisms by which ROSs/RNSs function to affect fundamental 

cellular process such as signal transduction and metabolism. Some roles of oxidant 

species under different physiological conditions are discussed below. 

 

1.1.2.1 Maintenance of ‘Redox Homeostasis’ and ‘Redox 

Signalling’  

 

The term ‘redox homeostasis’ refers to the ability of cells to maintain a condition of 

oxidant/antioxidant equilibrium within their internal environment in order to preserve 

normal cellular function. ROS and other oxidant species exist in cells at low but 

measurable concentrations, however the comparatively high levels of intracellular 

antioxidants means there are substantial clearance mechanisms keeping ROS/RNS 

under tight cellular control. The main antioxidant species maintaining the cellular 

redox state include the enzymes superoxide dismutase (SOD), catalase (CAT) and 

glutathione peroxidase (GPx), whilst non-enzymatic regulators include glutathione 

(GSH), α-tocopherol (Vitamin E), ascorbate (Vitamin C) and free amino acids. 

Throughout its life cycle the redox homeostasis of a cell is constantly fluctuating in 
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response to changes in environment and metabolic needs and these changes in the 

redox balance occur through redox signalling. Redox signalling generally occurs 

during times of oxidative stress caused by either increased ROS formation or a 

decrease in the antioxidant capacity. For example, during times of enhanced oxidative 

stress GSSG (the oxidised form of GSH) levels rise causing an increase in the 

disulphide content of thiol residue containing proteins (Valko et al. 2007). These 

proteins include signalling mediators such as receptors, protein kinases and 

transcription factors. Consequently, the function of these proteins, and therefore also 

the pathways in which they are involved, becomes altered in response to changes in 

the thiol/disulphide redox state. Examples of thiol/disulphide sensitive signalling 

pathways include: Src family kinases, c-Jun N-terminal kinase (JNK), p38 mitogen-

activated protein kinase (MAPK) and insulin receptor kinases (reviewed in (Droge 

2002;Valko et al. 2007)). The GSH/GSSG couple are thus examples of redox 

signalling molecules. 

 

1.1.2.2 Oxidant signal transduction 

 

It is perhaps unsurprising that ROS and RNS make attractive signalling molecules. 

Many are small, easily diffusible, highly reactive with short half lives and there are 

numerous systems in place, in the form of antioxidants, to terminate their production. 

Intracellular signalling cascades are typically initiated by the binding of extracellular 

ligands such as hormones, peptide growth factors, cytokines and neurotransmitters to 

specific cell surface receptors. Activation of a number of these receptors has been 

shown to initiate ROS mediate signal transduction in non-phagocytic cell types (Bae 

et al. 1997;Lo et al. 1996;Lo and Cruz 1995). The best characterised of the growth 

factor receptor (also known as the receptor tyrosine kinase (RTK)) class include the 

epidermal growth factor (EGF) receptor and platelet derived growth factor (PDGF) 

receptor. Both receptors are not only sensitive to ROS stimulation but have also been 

shown to promote H2O2 formation upon activation which consequently leads to 

downstream signalling effects (Bae et al. 1997;Catarzi et al. 2002). Likewise, 

stimulation of the cytokine tumour necrosis factor alpha (TNFα) receptor and also the 

interleukin 1-beta (IL-1β) receptor results in increased ROS formation (Sundaresan et 

al. 1996). ROS generated through this ligand/receptor interaction can function as 
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intracellular second messengers acting on downstream targets including: protein 

tyrosine phosphatases (PTPs), protein tyrosine kinases (PTKs), serine/threonine 

kinases, serine/threonine phosphatases, insulin receptor kinases, small G proteins, 

phospholipase-C (PLC), calcium (Ca2+) and a variety of transcription factors 

(reviewed in Valko et al. 2006 and Droge 2002). Whilst elaborating on the details of 

individual ROSs interactions with different target molecules is beyond the scope of 

this chapter, Table 1.2 summarises the nature of ROSs effects on these signalling 

targets. ROS mediated signalling has been shown to be important in regulating 

cellular functions such as inflammatory responses (Millar et al. 2007), proliferation 

(Stone and Collins 2002) and apoptotic decisions (Kasahara et al. 1997). 

 

Table 1.2. ROS/RNS target signalling molecules. Table recreated from (Kamata 

and Hirata 1999). 

ROS target signalling molecule   Oxidant effect   

Protein tyrosine kinases  Activation  
EGF and PDGF receptors, Src     

       

Protein tyrosine phosphatases  Inactivation  
       

Protein serine/threonine kinases  Activation/Inactivation 
MAPK, JNK, p38, Akt, PKC     

       

Protein serine/threonine phosphatases Inactivation  
PP1, PP2A       

       

Small G proteins   Activation  
Ras       

       

Lipid signalling   Activation  
PLC, PI 3-kinase      

       

Ca2+    Activation  
Ins(1,4,5)P3 receptor, Ca2+ ATPase    

       

Transcription factors  Activation/Inactivation  
AP-1, NFκB, p53           

 

1.1.2.3 The immune response 

 

ROS are also biologically important for the correct functioning of the host innate 

immune system in defence against pathogens, infectious agents and tumours. 

Macrophages and neutrophils are phagocytic immune cells and become activated 
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during the inflammatory response and generate ROS in order to carry out their 

phagocytotic defensive tasks.  

 

 
 

Figure 1.3. The multicomponent NADPH oxidase (NOX) complex. Unactivated 
the phox p22 and phox gp91 subunits reside unoccupied with the plasma membrane 
of phagocytic cells. Upon activation the cytosolic regulatory subunits phox p67 and 
phox p47, together with the phox p40 accessory protein and a RAC-GTP binding 
protein translocate to the cell membrane forming the NOX complex. During the 
respiratory burst, large amounts of O2 are consumed which, coupled to NADPH 
oxidation, generates O2¯·. Figure adapted from (Rommel et al. 2007). 
 

As mentioned previously, NOX present in the membrane of the phagocytotic vacuole 

of immune cells generate ROS to carry out their killing function. Upon infection, the 

cytosolic components of the NOX complex translocate to the membrane bound 

machinery to form the activated enzyme (Figure 1.3). Specific initiators of activation 

include microbial products such as endotoxin (Moore and MacKenzie 2009), as well 

as cytokine production (Kim et al. 2007) and IgG-binding (Shao et al. 2003). Once 



 11 

activated the NOX complex consumes large amounts of O2 and transports electrons 

out of the cell causing the reduction of O2 to generate O2¯· in the vacuole and 

extracellularly, a phenomenon known as the “respiratory burst”. Whilst O2¯· itself has 

been shown to be bactericidal ex vivo (Babior et al. 1973), its production can also give 

rise to further anti-microbial metabolites such as ·OH and OH¯, via the iron catalysed 

Haber-Weiss reaction, and H2O2, via dismutation by SOD present within the 

phagocytic vacuole. Other ROSs/RNSs of the immune system include NO·, which, as 

described previously, is generated by iNOS in macrophages and neutrophils upon 

activation and also the reactive ClO¯, generated in neutrophils (but not macrophages) 

containing the enzyme myeloperoxidase (MPO) which catalyses the reaction between 

H2O2 and Cl¯. 

 

Currently, the anti-microbial mechanisms of NOX function are not clearly 

understood, however the discovery that NADPH oxidase dysfunction leads to chronic 

granulomatous disease (CGD) in which patients are prone to, and struggle to rid 

themselves of, bacterial and fungal infections (Segal 1996) suggests that at least O2¯· 

may be critical. NO· has also been proposed to have cytotoxic immune effects due to 

the observation of highly elevated iNOS activities in neutrophils of patients with 

urinary tract infections (Wheeler et al. 1997). However, NO·’s precise importance in 

microbial killing is uncertain since, whilst NO· scavengers have been shown to inhibit 

macrophage-induced cytostasis (Hibbs, Jr. et al. 1987), knocking out iNOS in highly 

expressing species such as mice has been shown to have little effect on the organisms 

anti-microbial ability (Segal 2005). The functioning of MPO, however, appears 

critical to maintaining efficient immunity, suggesting a key role for ClO¯, since it is 

observed that mice lacking MPO are significantly more susceptible to bacterial and 

fungal infection (Aratani et al. 1999;Aratani et al. 2000).  

 

Traditionally it was believed that the reactive nature of ROS enabled them to carry out 

their immune function by directly attacking and destroying phagocytosed pathogens. 

However, it has recently been suggested that ROS alone are insufficient for microbial 

destruction, since microbial killing was found to be abolished in mice lacking major 

neutrophil proteases despite having a normal respiratory burst (Segal 2005). As such 

it is now proposed that ROS may not be directly responsible for microbial killing. The 

action of NOX pumping electrons out of the phagocytotic vacuole and the resulting 
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translocation of compensating ions and digestive enzymes into the vacuole, together 

with the abundance of ROS within the vacuole, have been suggested to create an 

environment ideal for microbe destruction (Segal 2005). 

 

1.1.3 The damaging effects of ROS and RNS 

 

Whilst physiological levels of ROS and RNS are required for efficient cellular 

functioning, maintenance and growth as discussed, higher levels, or decreased levels 

of protective antioxidant enzymes, can result in cellular damage and consequently are 

postulated to be causative of a number of diseases and ageing. The 3 main classes of 

biological macromolecules (DNA, lipids and proteins) can all be affected by ROS 

induced oxidation.   

 

1.1.3.1 Oxidative DNA damage 

 

The hydroxyl radical (·OH) is perhaps the best characterised of all ROS known to 

attack DNA molecules, with this radical species able to damage both the purine and 

pyrimidine bases as well as the sugar moiety of the deoxyribose backbone 

(Dizdaroglu et al. 2002). The resulting strand breaks or erroneous cross links can 

cause the incorrect initiation or termination of transcription, the synthesis of abnormal 

proteins, replication errors and genomic instability, all of which are purported to be 

causative of carcinogenesis and other diseases (Valko et al. 2006). ·OH radicals 

transmit oxidative damage to DNA bases through addition reactions, generating OH-

adduct radicals, whereas they attack carbon-centred sugars through abstraction 

reactions, producing carbon-centred radicals. Furthermore, if present, O2 can also add 

to OH-adduct radicals and carbon-centred radicals to produce peroxyl radicals 

(Dizdaroglu et al. 2002). It is the downstream reactions of these base and sugar 

radicals that generate modified bases and sugars, strand breaks and DNA-protein 

cross-links. A recognised example of ·OH induced oxidative DNA damage is its 

reaction with guanosine to form the carcinogenic and mutagenic 8-hydroxyguanosine 

(8-OH-G). This oxidised species has been identified in human urine and therefore has 

been proposed as a useful biomarker for oxidative stress and also possibly cancer 

(Shigenaga et al. 1989). The RNSs NO· and ONOO¯ can also cause DNA damage. 
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Oxidation of NO· by O2 generates the nitrosating agent N2O3 which can directly 

attack DNA by deaminating bases. Deamination of cytosine, for example, forms 

uracil which has the propensity to give rise to a G:C � T:A transversion mutations 

through mispairing (Burney et al. 1999). The intrinsically more reactive ONOO¯ 

exerts its damage in an oxidative manner, causing sugar fragmentation and DNA 

strand breaks, believed to be via a mechanism involving hydrogen abstraction leading 

to carbon-centred sugar radical formation (Burney et al. 1999). Along with nuclear 

DNA, mitochondrial DNA (mtDNA) is also believed to be susceptible to ROS 

induced damage. Indeed, the oxidised base 8-OH-G has been found to be far more 

prevalent in mtDNA than in nuclear DNA (Richter et al. 1988), suggesting that 

mtDNA may be more oxidatively susceptible under physiological conditions, possibly 

due to the limited mtDNA repair capacity and absence of mtDNA protection from 

histones (Valko et al. 2006). 

 

1.1.3.2 Lipid peroxidation 

 

The mechanism by which ROS cause lipid oxidation has been well characterised. The 

methylene groups of polyunsaturated fatty acid side chains of phospholipids, the key 

constituents of biological membranes, are highly susceptible to oxidation. Oxidant 

species such as O2¯· and ·OH can remove a hydrogen atom from the methylene group, 

generating carbon-centred fatty acid radicals. These in turn will readily react with O2 

to form peroxyl radicals. The fate of the peroxyl radical is dependent upon its position 

within the fatty acid chain. A peroxyl radical located at the end of a fatty acid chain 

will be reduced to hydroperoxide, by either another fatty acid or by vitamin E 

(Marnett 1999). Although relatively stable, hydroperoxide generation can propagate 

further fatty acid oxidation. Peroxyl radicals formed in internal positions within fatty 

acid chains have a number of fates. Firstly, they can react with another peroxyradical 

from a nearby fatty acid side chain, resulting in covalent cross-links that will cause 

significant reduction in membrane fluidity and consequently change the membrane’s 

properties. However, typically the peroxyl radical will undergo a cyclisation reaction 

to an adjacent double bond producing a cyclic peroxide, which can undergo a second 

cyclisation to form a precursor of malondialdehyde (MDA) (Marnett 1999). MDA has 

be found to be mutagenic in bacterial and mammalian cells and also carcinogenic in 
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rats (Valko et al. 2007). Furthermore, MDA is known to form adducts with DNA 

bases, with guanine adducts shown to be particularly mutagenic in E. coli by causing 

mutations of guanine to adenine and thymine (Fink et al. 1997). 

 

1.1.3.3 Protein oxidation 

 

Similarly to lipid peroxidation, the polypeptide backbone of proteins is highly 

susceptible to oxidative damage. Both O2¯· and ·OH are able to abstract a hydrogen 

atom from the peptide backbone forming a carbon-centred radical species which, 

under aerobic conditions, will generate the peroxyl radical mentioned previously. The 

peroxyl radical species has a number of fates, including: reacting with other carbon-

centred peptides or lipid backbones to form stable crosslinks; abstracting a hydrogen 

atom from a neighbouring amino acid generating another carbon-centred radical or 

reacting with other reactive oxygen radical species to form further ROS derivatives 

such as the alkoxyl radical, which can undergo peptide bond cleavage (Stadtman 

2004). The side chains of amino acids are also highly susceptible to oxidative attack. 

For instance, oxidation of cysteine residues can result in the formation of mixed 

disulphides between protein thiol groups and low molecular weight thiols such as 

glutathione (GSH) (Valko et al. 2007). Furthermore, direct oxidation of amino acid 

side chains by ROS can result in protein carbonyl formation leading to altered protein 

function. Additionally, amino acid residues located at metal binding sites, such as 

lysine, arginine, proline and histidine, readily undergo metal-catalysed oxidation to 

generate protein carbonyls (Amici et al. 1989). Carbonyls can be generated by a 

number of different mechanisms, of which only a couple have been touched on here. 

There are a variety of methods for assaying for carbonyl groups and since their 

concentration is significantly higher than any other product of protein oxidation, 

protein carbonyl content is typically used as a measure of oxidative protein damage 

(Stadtman 2004). Along with ROS, the RNS ONOO¯ can also mediate protein 

oxidation through nitrosation of cysteine sulfhydryl groups (Stubauer et al. 1999), 

nitration of tyrosine residues (Radi et al. 2001) and via oxidation of methionine 

residues (Squadrito and Pryor 1998), all in a CO2 dependent manner. Nitration of 

tyrosine residues can be particularly harmful as it can prevent phosphorylation of 

tyrosine residues, a key step in many signalling pathways. Whilst protein oxidation 
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can be deleterious to correct cellular functioning, some of the oxidative lesions 

described are transiently reversible. For instance, methionine oxidation to methionine 

sulphoxide can be reversed by methionine sulphoxide reductases, which have been 

found to be present in mammalian cells (Dean et al. 1997). Those proteins in which 

oxidation is non-reversible however are usually marked for destruction, a process 

carried out by intracellular proteases (Stadtman 2004).  

 

Whilst the mechanisms underlying the oxidation of proteins, lipids and nucleic acids 

can vary greatly, the oxidised products of each often interact. For example, the 

oxidation of DNA can lead to irregular transcription instruction and consequently 

abnormal proteins can result. These versions of native proteins may be particularly 

susceptible to oxidation and thus will be targeted for degradation (Figure 1.4).   

 

 
Figure 1.4. The interaction of ROS/RNS, proteins, lipids and nucleic acids. Figure 
re-created from (Stadtman 2004). 
 

1.1.4 ROS associated disorders 

 

As described above, the consequence of pathologically elevated, or insufficiently 

regulated, levels of ROS can be macromolecular destabilisation or even cell death, 
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however the downstream consequences of such events have yet to be addressed. 

Oxidative stress has been implicated in various conditions including cancer, 

cardiovascular disease, neurological disorders, diabetes, ageing and many other 

diseases. The following is an introduction to a selection of the disease states in which 

the action of ROS have been implicated.  

 

1.1.4.1 Cancer 

 

The cells of a number of different cancer types present a redox imbalance (Valko et 

al. 2007) suggesting an intimate link between oxidative stress and cancer. Although it 

is not clear whether this redox imbalance is a cause or a result of the cancer, what is 

clear, is that DNA mutation is an essential primary step in the progression of 

carcinogenesis and oxidatively damaged DNA has been found in a number of tumour 

cells. For instance, as mentioned earlier, the oxidised base 8-OH-G is an established 

marker for oxidatively damaged DNA and has been found to be elevated in 

carcinomas such as lung (Vulimiri et al. 2000), gastric (Lee et al. 1998) and colon 

(Oliva et al. 1997). As discussed above, ROS can directly attack DNA with the 

oxidation products causing mutations through stand breaks, base transitions and 

replication errors. Furthermore, the lipid peroxidation product MDA is able to form 

adducts with DNA bases generating carcinogenic and mutagenic phenotypes. For 

example, MDA DNA base adducts have been found to be significantly elevated in 

breast cancer tissue (Wang et al. 1996). Both redox and non-redox metals have also 

been implicated in the mechanisms of carcinogenesis. For instance, iron catalysed 

ROS generation is proposed to be an oncogenic factor in the propagation of colon 

cancer (Valko et al. 2001) and cadmium (McElroy et al. 2006), chromium (Gibb et al. 

2000) and arsenic (Smith et al. 1992) exposure have all been shown to be linked to 

carcinogenesis. Along with DNA damage, abnormal cellular signalling is proposed to 

be another critical ROS mediated factor associated with cancer, since cellular 

signalling is a key mediator of cell growth and proliferation, a fundamental attribute 

of cancer development. ROS sensitive signalling targets include: a number of growth 

factor receptors, such as epidermal growth factor receptor (EGFR) and platelet 

derived growth factor receptor (PDGFR), where expression of EGFR has been 

intimately linked to the progression of lung cancer (Hirsch et al. 2003) and high 
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PDGFR expression is observed in prostate cancer (Hagglof et al. 2010); the 

transcription factor NFκB, which has been found to be activated in breast tumours 

(Biswas et al. 2004); and the tumour suppressor protein p53, inactivation of which, 

possibly due to ROS induced DNA base modification, has been associated with a 

number of cancers (Hollstein et al. 1991). 

 

1.1.4.2 Neurological disorders 

 

Unsurprisingly the brain is particularly vulnerable to oxidative damage due to its high 

oxygen requirement, significant polyunsaturated fatty acid content and abundance of 

redox metals. Oxidative damage is coupled to age in the case of neurodegenerative 

disease, with age being the primary risk factor in the disorders subsequently 

described. Alzheimer’s disease (AD) is characterised by the loss of neurones and 

synapses in the cerebral cortex caused by protein misfolding due to the accumulation 

of oligomeric amyloid-β peptide (Aβ) in senile plaques and the deposition of 

neurofibrillary tangles (Valko et al. 2007). There is a wealth of evidence supporting 

the notion of increased oxidative stress in the brains of AD sufferers including: 

increased transition metal abundance (Lovell et al. 1998); increased lipid peroxidation 

(Sayre et al. 1997); increased protein oxidation (Aksenov et al. 2001); increased DNA 

oxidation (Lovell et al. 1999) and elevated carbonyl levels (Aksenov et al. 2001). 

Furthermore, the lipid carrier, Apolipoprotein E (APOE), has been proposed as a risk 

factor for AD and its peroxidation by ROS damage or knockout by mutation 

correlates with AD progression and increases vulnerability to Aβ induced oxidative 

stress (Butterfield et al. 2002). Parkinson’s disease (PD) is another neurodegenerative 

disease characterised by the loss of dopaminergic neurones in the substantia nigra, 

leading to impaired communication between nigral and striatum cells through 

dopamine depletion. As with AD, there exists significant evidence for the role of 

oxidative stress in PD etiology. For instance, oxidative stress has been shown to 

induce nigral cell death (Jenner 1998) and increased oxidative stress is observed in 

PD patients (reviewed in (Jenner 2003)). Furthermore, it appears that mitochondrial 

complex I dysfunction may be causative in PD, with this dysfunction suggested to be 

a result of nitration through NO· and ONOO¯ action (Brown and Borutaite 2004;Good 
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et al. 1998;Swerdlow et al. 1996). Indeed treatment of cells with NOS inhibitors can 

prevent complex I inhibition (Frost et al. 2005). 

 

1.1.4.3 Ageing 

 

A role for ROS in determining lifespan was first proposed in the 1950’s when 

Denham Harman proposed the “free radical theory” of ageing (Harman 1956). This 

theory suggested that endogenous free radicals were generated within cells and that 

they caused accumulative damage leading to ageing. The realisation that many ROS, 

which are not technically free radicals, can also cause oxidative damage in cells (as 

has been discussed) has led many to accept a modified version of the free radical 

theory – the oxidative damage theory of ageing (Muller et al. 2007).  

 

Currently, support for the oxidative damage theory of ageing appears to fall into two 

classes of evidence. ‘Weak’ support is provided by evidence demonstrating that 

oxidative damage is ‘associated’ with ageing, whilst ‘strong’ support is given by 

evidence which clearly shows that oxidative damage determines lifespan (Muller et al. 

2007;Beckman and Ames 1998). Presently, there exists a wealth of evidence 

supporting the ‘weak’ proposal. Such evidence includes:  

- the observation of lowered oxygen consumption in both long lived queen bees 

compared to workers and larger longer lived animals compared to smaller 

short lived ones (Valko et al. 2007) 

- the finding of accumulated levels of lipofuscin, a biomarker of lipid 

peroxidation, in aged tissues in a number of model species (Beckman and 

Ames 1998) 

- the finding that the protein carbonyl content (a marker of oxidative protein 

damage) in aged tissue is 2- to 3-fold higher than the levels found in younger 

tissue (Beckman and Ames 1998)  

- the observation that the activity of several oxygen-sensitive enzymes, such as 

glutamate synthase, decreases in mammalian models of ageing (Beckman and 

Ames 1998) 
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For a comprehensive overview of the evidence for the association of oxidative 

damage and ageing please see the review by Beckman and Ames (1998).   

 

Whilst the evidence described above clearly demonstrates that there is a link between 

ageing and oxidative damage, evidence proving that oxidative damage mediates 

lifespan (i.e. ‘strongly’ supporting the oxidative damage theory of ageing) is not 

nearly so abundant. Generally such evidence comes from interventionist studies in 

which lifespan is assessed in models where genetic modifications, leading to 

increased or decreased oxidative stress resistance, have been applied. The most 

extensive research in this area has focused on knocking out and overexpressing the 

superoxide dismutase (SOD) family of enzymes which scavenge O2¯· in various 

cellular locations. Whilst the results of these studies are explained in more details later 

in the chapter, the general trend in a number of organisms is that by knocking out the 

sod genes, the organisms become more sensitive to oxidative stress often with 

shortened lifespan, thus lending ‘strong’ support to the idea that increased oxidative 

damage mediates lifespan (Muller et al. 2007). It should be noted however that this 

increased oxidative stress sensitivity does not always correlate with reduced lifespan. 

For instance, in C. elegans knocking out the mitochondrial sod genes (sod-2 and sod-

3) was shown to have no effect on lifespan despite severe hypersensitivity to 

hyperoxia (Doonan et al. 2008). In terms of sod overexpression, lifespan extension 

can be achieved in Drosophila, dependent on the genetic background used, whilst in 

C. elegans and rodent models, overexpression of sod appears to have little effect on 

longevity (Muller et al. 2007). With regard to other enzymes involved in oxidative 

protection, knocking out of glutathione peroxidase 1 (GPx1), the enzyme responsible 

for degrading intracellular H2O2, in mice was, perhaps surprisingly, found to have no 

effect on lifespan (Muller et al. 2007). However, knocking out methionine sulfoxide 

reductase A (MsrA), the enzyme responsible for repairing oxidised methionine 

residues, was found to decrease the lifespan of mice significantly and overexpression 

of MsrA in the nervous system of Drosophila caused an increase in lifespan of ~70% 

compared to controls (Ruan et al. 2002). The current evidence therefore suggests that 

in some models and backgrounds the expression of genes required for oxidative 

protection can directly determine lifespan whilst in others it appears to have little 

effect. For a comprehensive overview of the evidence for oxidative damage 

determining lifespan please see the review by Muller and colleagues (2007). 
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Therefore, whilst lifespan and oxidative damage are linked, the free radical and 

oxidative damage theories of ageing appear too simplistic, since it is still unclear 

whether this oxidative damage causes or is a result of ageing. However, the 

relationship between oxidative damage and lifespan may become clear through 

emerging studies of ROS sensitive signalling pathways. Whilst it is clear that 

antioxidant levels must be sufficient to protect against ROS induced macromolecular 

damage, what effect modifying ROS levels might have on complex signalling 

pathways is still unclear. It is entirely possible that altered transcription factor 

activation and therefore altered gene expression, resulting from modified signalling 

cascades may prove as important in determining lifespan as the rate of 

macromolecular damage accumulation. 

 

1.2 Antioxidants and the SOD gene family 

 

In biology antioxidants can be considered any compound that serves to reduce or 

regulate the levels or effect of ROS. Typically they take the form of enzymes which 

metabolise various ROS molecules, however they can also be agents that decrease 

ROS formation, such as mitochondrial uncoupling proteins which decrease ROS 

production through reducing the mitochondrial membrane potential and pH gradient 

(Lambert and Brand 2004;Miwa et al. 2003), or proteins that protect molecules from 

oxidative damage through other means, such as the heat shock protein (HSP) family 

of molecular chaperones (Benjamin and McMillan 1998). The focus of this section is 

on antioxidant enzymes which are considered to be one of the primary means by 

which cells regulate ROS levels to ensure appropriate cellular function whilst 

simultaneously protecting themselves from oxidative damage.  

 

The three most widely studied antioxidant enzymes are the superoxide dismutases 

(SODs), catalase (CAT) and glutathione peroxidise (GPx). The SOD family of 

enzymes are critical to maintaining cellular viability by reducing toxic O2¯· to O2 and 

H2O2 (eqn 5). H2O2 itself is a toxic ROS and can be metabolised by both CAT, which 

degrades H2O2 to H2O and O2 (eqn 6), and GPx, which reduces H2O2 through 

glutathione (GSH) oxidation (eqn 7). Furthermore, GPx can also catalyse the GSH-
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dependent reduction of fatty acid hydroperoxides, a product of lipid peroxidation, to 

an alcohol (eqn 8).  

 

2O2¯·   +   2H+   �   O2   +   H2O2    (5)  

 

2H2O2   �   2H2O   +   O2     (6) 

 

2GSH   +   H2O2   �   2H2O   +   O2 +   GSSG  (7) 

 

2GSH   +   LOOH   �   H2O   +   GSSG   +   LOH  (8) 

 

1.2.1 Superoxide dismutase 

 

The catalytic activity of a copper containing enzyme able to dismutate O2¯· radicals 

was first identified in bovine erythrocytes in 1969 by Joe McCord and Irwin 

Fridovich (McCord and Fridovich 1969). McCord and Fridovich called this enzyme 

superoxide dismutase (SOD). In the proceeding years following its original discovery 

a number of different SODs have been discovered which are characterised by their 

catalytic metal prosthetic group and/or cellular location, and are abundant in both 

prokaryotic and eukaryotic cells. To date, the SOD family of enzymes have been 

found to be copper/zinc- (Cu Zn), manganese- (Mn), iron- (Fe) or nickel-binding (Ni) 

enzymes. Despite the distinction in metal groups all SODs are believed to dismutate 

O2¯· via a metal ion-catalysed cyclic redox pathway (eqn 9) (Johnson and Giulivi 

2005). 

 

Metalox   +   O2¯·   �   Metalred   +   O2 

Metalred   +   O2¯·
   +   2H+   �   Metalox   +   H2O2 

 

1.2.1.1 Structure and compartmentalisation of eukaryotic SODs 

 

Cu Zn-SOD, or SOD1, encoded by the sod1 gene in mammals, was the first isoform 

to be characterised and was identified as a copper and zinc-binding homodimer with a 

molecular mass of approximately 32 kDa (Richardson et al. 1975). While zinc is not 

 (9) 
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required for catalytic purposes, it is needed to maintain protein structure (Johnson & 

Giulivi 2005). Cu Zn-SOD is primarily found intracellularly within the cytoplasm, 

nucleus and lysosomes (Chang et al. 1988;Crapo et al. 1992), however, fractionation 

of mitochondria from chicken liver identified a small amount also localising in the 

intermembrane space (IMS) of mitochondria (Weisiger and Fridovich 1973).  

 

Mn-SOD, or SOD2, encoded by the sod2 gene in mammals, binds manganese as the 

metal co-factor and is located within the mitochondrial matrix (Weisiger & Fridovich 

1973). The enzyme is a homotetramer with a molecular weight of approximately 92 

kDa (Barra et al. 1984), although it has been suggested that it is the dimeric form that 

is required for function (Jackson and Cooper 1998). Since one of the main sources of 

O2¯· is as a by product of mitochondrial aerobic respiration, Mn-SOD is likely one of 

the first lines of defence against intracellular sources of ROS.  

 

Extracellular SOD, or SOD3, encoded by the sod3 gene in mammals, is also a copper 

and zinc binding protein found as a homotetramer with a molecular mass of 

approximately 135 kDa (Marklund 1982). SOD3 was first discovered in extracellular 

fluids including plasma, serum, lymph, ascites and cerebrospinal fluid (Marklund et 

al. 1982), however it is far more abundant in tissues than in plasma (Marklund 

1984a;Marklund 1984b). Despite being predominantly an extracellular enzyme, 

immunohistochemical analysis of mouse tissue also demonstrated that the gene 

product can be secreted and transported back into the cell nucleus where it protects 

genomic DNA (Ookawara et al. 2002). Upon its discovery, extracellular SOD was 

also found to have various degrees of affinity for heparin suggesting that the enzymes 

extracellular location is determined through its interactions with polyanions such as 

heparin-sulphate (Marklund 1982) (this is discussed in further detail in Chapter 2).   

 

The genomic sequence and gene structures have been identified for each of the three 

SOD isoforms in human tissue (Folz and Crapo 1994;Levanon et al. 1985;Wan et al. 

1994) and has revealed that, whilst there is reasonable homology (approximately 40-

60%) between the human sod1 and sod3 genes, sod2 shows no significant homology 

to the two Cu Zn-containing enzymes (Figure 1.5) (Zelko et al. 2002). 
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Figure 1.5. Genomic arrangement of the 3 human SOD isoforms. Whilst sod1 and 
sod3 show considerable sequence homology, sod2 shows no significant homology 
with either sod1 or sod3. Figure taken from (Zelko et al. 2002). 
 

1.2.1.2 SODs in other organisms 

 

Expression of the sod isoforms may vary greatly within eukaryotic species, however 

the cellular location of these antioxidants does not change across kingdoms. Whilst 

mammals boast all three of the SOD proteins, Saccharomyces cerevisiae, the 

unicellular eukaryotic yeast, unsurprisingly only contains the cytosolic Cu Zn SOD 

and mitochondrial Mn SOD subtypes. Cu Zn SOD has been found to account for 90-

95% of the total SOD activity in S. cerevisiae (O'Brien et al. 2004), meaning 

mutations in the Sod1 gene are likely to be far more damaging to the organism. Since 

O2¯· does not easily cross biological membranes, this would also imply that non-

mitochondrial derived sources of O2¯· are the major contributor to oxidative damage 

in S. cerevisiae. Indeed, it has been shown that sod1 null mutants grow more slowly 

and are less viable under normal conditions and normoxia, than sod2 null mutants, 

which in fact grow like wild type cultures (Longo et al. 1996).  This confirms the 

hypothesis of sod1 mutant sensitivity in S. cerevisiae, and also that protection from 

endogenous sources of ROS is critical for S. cerevisiae survival. 

 

Along with Cu Zn- and Mn-binding enzymes, SOD isoforms also exist that bind Fe 

and Ni. Fe SOD is primarily a prokaryotic protein although has also been found in 

some plant types (Salin and Bridges 1982). Fe SODs are found either as homodimers 
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or homotetramers and they show significant primary sequence and structural 

homology with prokaryotic Mn SODs (Parker et al. 1987). Moreover, Parker et al. 

reported that the two prokaryotic SOD isoforms are not easily distinguishable based 

on primary, secondary and tertiary structure and that differences between the two 

proteins likely arise from single amino acid substitutions. Due to this high level of 

homology it is perhaps unsurprising that cambialistic SODs within the Mn/Fe SOD 

family have been observed. A number of studies have shown that these enzymes in 

bacteria are capable of using either Fe- or Mn- catalytically (Gabbianelli et al. 

1995;Lancaster et al. 2004). The level of significant homology between the Mn/Fe 

SOD isoforms also implies that both enzymes evolved from a common ancestor, thus 

supporting the notion that mitochondria originated from proteobacteria engulfed by 

eukaryotic cells (Wallin 1923). The tetra- or hexameric Ni SOD is restricted to 

prokaryotes too and has been purified in strains of Streptomyces (Youn et al. 1996). 

Whilst showing little sequence or amino acid homology to other SODs, Ni SOD 

retains a similar specific activity per metal to that of Cu Zn SOD and can thus is 

considered a novel SOD. The structure of the different SODs’ catalytic active sites 

and their respective metal configurations were well summarised in a review by Anne-

Francis Miller in 2004 (Miller 2004). 

 

1.2.1.3 Identification and evolution of invertebrate extracellular 

SOD 

 

Whilst vertebrates have long been known to synthesise an extracellular form of SOD, 

until recently, invertebrates were assumed to only possess cytosolic Cu Zn SOD and 

Mn SOD. The nematode C. elegans contains a cytosolic Cu Zn SOD, but has two 

isoforms of the Mn SOD, (SOD-2 and SOD-3) which have been cloned and mapped 

to separate chromosomes (Suzuki et al. 1996).  It was not until 1998 that Fujii et al. 

characterised an extracellular sod gene (sod-4) in C. elegans (Fujii et al. 1998). By 

cloning and sequencing the sod-4 gene they identified two gene products (SOD4-1 

and SOD4-2) formed from alternative splicing, with both containing an N-terminal 

signal cleavage sequence homologous to mammalian extracellular SOD. SOD4-2 also 

contained a C-terminal transmembrane domain and when expressed in mammalian 

cells, both protein isoforms were extracellularly located with SOD4-2 also membrane 
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bound. Thus at this point, C. elegans was considered to have 4 SODs, compared to the 

3 found in mammals. Unfortunately, this makes for slightly confusing nomenclature 

since the mammalian extracellular SOD is referred to as SOD3, yet in C. elegans 

SOD-3 denotes one of the Mn SOD isoforms (Table 1.3). Despite the appearance of 

an extracellular SOD in C. elegans, it was still generally accepted that insects 

contained only a cytosolic Cu Zn SOD and a mitochondrial Mn SOD (Kirby et al. 

2002). That changed in 2004 when Parker et al. cloned a novel Cu Zn SOD mRNA 

from the ant L. niger (Parker et al. 2004a). Sequence analysis with the SODs of other 

species, and in particular the well characterised extracellular SOD of Mus musculus 

and SOD-4 of C. elegans, revealed that this Cu Zn SOD was indeed a novel 

extracellular SOD expressed in insects. The sequence analysis also revealed a 5th C. 

elegans SOD which closely resembled C. elegans cytosolic Cu Zn SOD. This second 

cytosolic Cu Zn SOD (called SOD-5) is believed to have arisen from gene duplication 

(Parker et al. 2004a).  

 

The SOD family of enzymes first appeared around 2 billion years ago following the 

emergence of oxygen producing photosynthetic organisms. Two separate types of 

SOD appeared, Cu Zn-containing and Fe/Mn-containing, with their distinct lack of 

homology suggesting they did not evolve from a common SOD ancestor (Zelko et al. 

2002). Sequence and structural analysis have also revealed that the extracellular Cu 

Zn SODs appear to have diverged from the cytosolic Cu Zn SODs early on during 

evolution (Zelko et al. 2002). Phylogenetic analysis of the Cu Zn SOD gene in insects 

(Parker et al. 2004a) and of all the SOD genes and proteins in a wide range of species 

(including insects) (Landis and Tower 2005) have confirmed this diversion. However, 

Landis and Tower have proposed that the extracellular SODs in the species analysed 

have all evolved independently from the cytosolic SOD. Due to the significant lack of 

sequence homology between Cu Zn SOD and extracellular SOD, compared to a 

strong homology between the extracellular SODs in different insects (Parker et al. 

2004a), it appears more reasonable to assume that extracellular SODs have evolved 

from a common ancestor. 
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Table 1.3.  Nomenclature of SODs across a variety of species. Adapted from 
(Culotta et al. 2006). 
Species Metal co-factor Localisation Protein Name 

E. coli Manganese Intracellular SodA 

 Iron Intracellular SodB 

 Copper-Zinc Periplasmic SodC 

    

S. cerevisiae Copper-Zinc Cytoplasm and Mitochondrial IMS  SOD1 

 Manganese Mitochondrial matrix SOD2 

    

Drosophila Copper-Zinc Cytoplasm and Mitochondrial IMS  SOD1 

 Manganese Mitochondrial matrix SOD2 

 Copper-Zinc Extracellular SOD3 

    

C. elegans Copper-Zinc Cytoplasm and Mitochondrial IMS  SOD-1 

 Manganese Mitochondrial matrix SOD-2 

 Manganese Mitochondrial matrix SOD-3 

 Copper-Zinc Extracellular SOD-4 

 Copper-Zinc Cytoplasm and Mitochondrial IMS  SOD-5 

    

Mammals Copper-Zinc Cytoplasm and Mitochondrial IMS  SOD1 

 Manganese Mitochondrial matrix SOD2 

  Copper-Zinc Extracellular SOD3 

 

It should be noted that from this point on the SOD isoforms will be referred to by the 

names listed in the ‘Name’ column of Table 1.3. 

 

1.2.2 Catalase 

 

As described above, dismutation of O2¯· generates H2O2, however so do a number of 

oxidase enzymes including xanthine oxidase, urate oxidase, glucose oxidase and D-

amino acid oxidase. Whilst H2O2 is a ROS, and therefore is proposed to be cytotoxic 

if left unregulated, it actually has relatively poor reactivity with biological 

macromolecules, a feature which probably enables it to act as a common signalling 

molecule (Halliwell & Gutteridge 2007). Although some cellular damage by H2O2 can 

be direct, such as the oxidation of haem proteins (Rice et al. 1983), the primary 

cytotoxic effects mediated by H2O2 are proposed to occur through its reaction with 

intracellular copper and iron ions to generate the highly reactive and damaging ·OH 

species (Halliwell & Gutteridge 2007). Consequently, regulation of H2O2 levels is 

critical for maintaining cellular viability through minimised macromolecular damage 

and maintenance of appropriate signalling cascades. 
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Catalase (CAT) is a ubiquitous enzyme in animals which catalyses the direct 

composition of H2O2 to ground-state O2 (see equation 6; section 1.2).  In animals 

CAT is composed of four subunits, each with Fe(III)-haem bound at the active site 

along with one molecule of NADPH. The CAT activity of animal and plant cells is 

largely located in the peroxisomes (Chance et al. 1979), in which it colocalises with 

several H2O2 enzymes, such as glycollate oxidase, urate oxidase and flavoprotein 

dehydrogenases, possibly as a protective mechanism (Halliwell & Gutteridge 2007). 

Interestingly, mitochondria and the ER contain little CAT (Chance et al. 1979; 

Antunes et al. 2002), meaning any H2O2 produced by these organelles will be 

degraded by other means, unless diffusion to the peroxisomes occurs (Halliwell & 

Gutteridge 2007). Although enzymatic activities vary between cell types, in animals 

the highest concentrations of CAT are found in the liver and erythrocytes, whilst the 

brain, heart and skeletal muscles have been found to harbour considerably lower 

levels (Halliwell & Gutteridge 2007).  

 

1.2.3 The glutathione peroxidases 

 

The glutathione peroxidase (GPx) family of enzymes are widely distributed in animal 

tissues and degrade H2O2 by coupling its reduction to H2O with the oxidation of 

reduced glutathione (GSH) (see equation 7; section 1.2). A number of GPx exist, with 

the classical GPx (GPx1) being a cytosolic protein and thus is probably responsible 

for scavenging the majority of mitochondrially-derived H2O2 (Muller et al. 2007). 

Another GPx is found in cells lining the gastrointestinal tract (GPx2) which may 

metabolise peroxides within ingested food lipids (Halliwell & Gutteridge 2007). The 

third member of the GPx family (GPx3) is found at low levels in mammalian 

extracellular fluids such as plasma, milk, seminal fluid and amniotic fluid. As well as 

using GSH as a substrate GPx3 can also utilise thioredoxin (Halliwell & Gutteridge 

2007). The final member of the GPx family (GPx4) is able to not only reduce H2O2 

and synthetic organic peroxides but also fatty acid and cholesterol hydroperoxides 

which remain esterified (see equation 8; section 1.2) (Halliwell & Gutteridge 2007). 

GPx1, 2 and 3 are all tetrameric proteins with each subunit binding a selenium atom at 

their active site, whilst GPx4 is monomeric harbouring only a single selenium atom. 
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Consequently, traces of selenium are essential in the diet of animals to maintain GPx 

activity. This has been demonstrated in rodent models deprived of selenium which 

had lowered GPx activity (Rotruck et al. 1973). 

 

1.3 Genetic and phenotypic studies of SOD 

manipulations in model systems 

 

The precise role that the SOD family of enzymes play in regulating ROS/oxidative 

stress associated disorders has been the focus of much research for many decades. 

Traditionally this has been achieved through genetic manipulation and transgenic 

techniques to generate specific sod mutants or drive sod over-expression in a number 

of model organisms, with the results providing interesting insights into the functional 

role of the SODs within in a variety of organisms. The following will discuss some of 

the genetic studies of all three SOD isoforms, with the focus on oxidative stress, 

longevity and certain disease states.  

 

1.3.1 SOD1 

 

1.3.1.1 Familial amyotrophic lateral sclerosis 

 

One of the best characterised pathologies associated with SOD1 mutations is that of 

amyotrophic lateral sclerosis (ALS), also know as “Lou Gehrig’s Disease”. This is a 

neurodegenerative disease primarily affecting the motor neurones or the spinal cord 

and the brain, leading to muscle weakness, paralysis and ultimately death, usually 

within 5 years of onset (Potter and Valentine 2003). Whilst approximately 90% of 

ALS cases are sporadic, the remaining 10% are familial (FALS), with 20-25% of all 

FALS cases having been linked to mutations of the sod1 gene (Rosen et al. 1993). To 

date over 100 different, and seemingly random, mutations (mainly point mutations) 

within this gene have been implicated in the pathology of FALS (Lindberg et al. 

2005;Potter & Valentine 2003). The mechanisms of cytotoxicity are poorly 

understood, however it appears not to be due to accumulative ROS damage through 

SOD1 dysfunction, since histological analysis of sod1 knockout mice reveals no signs 
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of spinal cord motor neurone pathology (Reaume et al. 1996). Thus FALS appears to 

be attributed to a toxic gain of function mutation within SOD1, possibly through the 

formation of protein aggregates. Indeed, numerous studies suggest that protein mis-

folding, oligomerization and incorrect disulfide formation leads to SOD1 ALS-

associated aggregate formation (Elam et al. 2003;Furukawa et al. 2006;Hough et al. 

2004;Lindberg et al. 2005). Aggregate induced pathology is believed to be achieved 

through impairment of axonal transport, protein degradation and anti-apoptotic 

functions. For instance, Okado-Matsumoto and Fridovich propose that heat-shock 

proteins (HSPs) bind and inhibit mitochondrial uptake of the mutant SOD1 and that 

the hsps consequent occupation interferes with their anti-apoptotic function, with 

neuronal death then resulting (Okado-Matsumoto and Fridovich 2002). Alternatively, 

Turner and colleagues propose that mutant sod1 pathogenesis is achieved by 

impairment of mutant SOD1 secretion due to golgi and endoplasmic reticulum 

breakdown (Turner et al. 2005). In fusing the SOD3 signal peptide to a number of 

Sod1 mutant’s pathogenesis could be attenuated through extracellular secretion of the 

mutant proteins. Interestingly, while toxic gain of function mutations in sod1 

expressed in transgenic mouse models leads to a FALS phenotype, a similar 

phenotype is not apparent in transgenic Drosophila models. For instance, expression 

of human FALS-SOD in Drosophila motorneurones can rescue the short lived 

phenotypes of SOD1-null mutants (Elia et al. 1999;Mockett et al. 2003), and the 

minimal SOD activity of FALS-SOD mutants is, in fact, sufficient to extend longevity 

in Drosophila (Elia et al. 1999). It would therefore seem that the mechanism, (or 

perhaps mechanisms) by which the many different point mutations within the sod1 

gene transfer toxicity, remains to be identified. 

 

1.3.1.2 Oxidative stress and lifespan 

 

Due to the popularity of the ‘free radical theory’ of ageing much research has gone 

into understanding the role of the SODs in this fundamental process. Knocking out the 

Sod1 gene has been found to result in conserved phenotypes of reduced lifespan and 

susceptibility to oxidative stress. This has been observed in yeast which show severe 

O2 hypersensitivity and reduced viability, together with decreased sporulation and 

reduced amino acid biosynthesis and increased mitochondrial protein carbonylation 
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(Liu et al. 1992;Longo et al. 1996;O'Brien et al. 2004). Drosophila sod1 nulls display 

similar traits of paraquat (a herbicide superoxide generator) sensitivity, adult 

infertility, reduced lifespan and DNA damage (Phillips et al. 1989;Rogina and 

Helfand 2000;Woodruff et al. 2004), with genetic studies suggesting that the reduced 

longevity of sod mutants is due to an accelerated rate of ageing rather than an 

acquired pathological process (Rogina & Helfand 2000). In C. elegans, deletion of the 

major Cu Zn SOD, sod-1, is found to increase paraquat sensitivity and reduce lifespan 

modestly, however no hypersensitivity to mild hyperoxia is observed. Additionally 

deletion of the sod-5 gene has no effect on any of the test parameters (Doonan et al. 

2008). Studies in mice, reveal that an absence of Sod1 results in paraquat sensitivity, 

reduced female fecundity, an increase in oxidative stress markers and shortened 

lifespan (Elchuri et al. 2004;Ho et al. 1998;Sentman et al. 2006). Interestingly, like 

with C. elegans, sod1 deficient mice also appear tolerant to hyperoxia (Ho et al. 

1998;Ho 2002). Furthermore, the shortened lifespan associated with the null mutants 

may be a result of hepatocellular carcinoma development (Elchuri et al. 2004), likely 

due to the high rate of DNA mutations observed in sod1 knockout mice (Busuttil et al. 

2005). 

 

It is apparent that sod1 mutations confer a phenotype more susceptible to oxidative 

stress with reduced lifespan. However, with regards to lifespan, it is unknown whether 

this reduction is due to the absence of sod1 affecting pathways or molecules essential 

for life (for instance as might be concluded by the appearance of carcinoma’s in sod1 

deficient mice) rather than those directly involving ageing. Methods that extend 

lifespan, however, are believed to function by changing or retarding the ageing 

process in some way. Thus sod1 expression patterns in long-lived model species and 

transgenic Sod1 over-expression have both been utilised to assess exactly how or if 

Sod1 and/or oxidative stress resistance regulate longevity. 

 

Using artificial selection, through delayed reproduction, a number of long lived 

Drosophila strains have been generated (Arking 1987;Luckinbill et al. 1984). In these 

long lived lines enhanced paraquat resistance is observed (Arking et al. 1991) as well 

as enhanced sod1 and cat expression (Dudas and Arking 1995;Hari et al. 1998). 

Reverse selection of the long-lived strain for the normal-lived strain abolished the 

extended longevity phenotype, decreased antioxidant mRNA levels, specifically sod1, 
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and reduced antioxidant defence capacity (Arking et al. 2000). These studies suggest a 

tight correlation between oxidative protection, through SOD1 activity, and lifespan, 

thus supporting the ‘free radical theory’ of ageing. However, studies in other long-

lived models present a different picture. For instance, long lived queens of the ant 

species, Lasius niger, have been found to have significantly decreased sod1 gene 

expression and protein activity levels compared to considerably shorter lived males 

and workers of the same species (Parker et al. 2004b). Furthermore, naked mole rats, 

which can live up to eight times longer than similar sized rodents, have only 

moderately higher levels of SOD1 and other antioxidants (Andziak et al. 2005), thus 

not satisfactorily explaining this extended lifespan and additionally no difference in 

sod1 or sod2 expression was observed in two rodent species of significantly differing 

lifespan (Csiszar et al. 2007). These results suggest that perhaps longer-lived species 

produce lower rates of ROS and therefore have reduced SOD1 activity (Perez-Campo 

et al. 1998). 

 

A number of transgenic tools are available in Drosophila to promote ectopic gene 

expression, thus this model species has been extensively employed to research the 

effect of sod1 over-expression on lifespan and oxidative stress resistance. Whilst 

several experiments in which transgenic flies over-expressing native sod1 showed no 

additional resistance to oxidative stress and no extended lifespan (Orr et al. 2003;Orr 

and Sohal 1993;Seto et al. 1990), other groups have demonstrated the ability of sod1 

over-expression to increased fly longevity and oxidative stress resistance (Orr and 

Sohal 1994;Parkes et al. 1998;Sun and Tower 1999), whilst high levels of sod1 over-

expression has been shown to be toxic (Reveillaud et al. 1991). This variable ability 

of sod1 over-expression to extend lifespan has been proposed to be dependent upon 

the genetic background of the test strains of Drosophila and the method of over-

expression used (Orr and Sohal 2003;Spencer et al. 2003). Studies in other organisms 

also suggest that sod1 over-expression is insufficient to extend lifespan. For instance, 

mice show a marginal decrease in lifespan with sod1 over-expression (Huang et al. 

2000), with no enhanced paraquat resistance in whole animals despite elevated 

resistance in embryonic fibroblasts (Mele et al. 2006). Interestingly, over-expression 

of human sod1 in mice has been found to cause a number of neurodegenerative 

phenotypes and motor abnormalities (Jaarsma et al. 2000) akin to FALS symptoms, as 

well as muscle wastage (Rando et al. 1998a). Conversely, in C. elegans, sod1 over-
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expression is found to promote modest lifespan extension (Doonan et al. 2008), and 

whilst supplementation with SOD mimetics has been found to extend longevity in 

some instances (Melov et al. 2000), in others no effect on lifespan is seen despite 

oxidative protection being observed (Keaney et al. 2004).  

 

Whilst its role in lifespan regulation appears complex at best, manipulative studies of 

SOD1 to date at least demonstrate this antioxidant’s importance in oxidative 

protection. 

 

1.3.2 SOD2 

 

1.3.2.1 Oxidative stress and lifespan 

 

As stated previously, mitochondrial aerobic respiration is proposed to be one of the 

major sources of intracellular O2¯· production. Additionally, since O2¯· does not easily 

penetrate biological membranes SOD2 dysfunction can be predicted to result in serve 

phenotypes. Indeed, mice lacking sod2 suffer a range of pathologies including, neo-

natal lethality coupled with multiple organ complications (Li et al. 1995), progressive 

neurodegeneration (Lebovitz et al. 1996;Melov et al. 1998), significant hyperoxia 

sensitivity (Asikainen et al. 2002), together with mitochondrial respiratory chain 

enzyme dysfunction and increased oxidative DNA damage (Melov et al. 1999). Sod2 

also appears vital for survival in Drosophila with null mutants displaying severely 

reduced mortality and enhanced oxidative stress sensitivity, as well as mitochondrial 

respiratory chain enzymes defects, such as seen in mice (Duttaroy et al. 2003;Kirby et 

al. 2002). In other model species, however, the requirement of SOD2 is less well 

defined. For example, in yeast, knocking out sod2 is found to dramatically increase 

ageing in an environmental oxygen dependent manner in the stationary phase of life, 

but have no effect during the logarithmic growth phase (Longo et al. 1996;Longo et 

al. 1999). In C. elegans, sod-2 null strains are found to be hypersensitive to oxidative 

stress but show no change in lifespan (Doonan et al. 2008;Honda et al. 2008) or are 

found to have increased oxidative damaged but increased lifespan (Van Raamsdonk 

and Hekimi 2009). 



 33 

Sod2 over-expression, particularly in Drosophila, reveals contradictory results with 

regard to lifespan extension, similar to as is seen for sod1 over-expression. For 

instance, evidence has been presented that sod2 over-expression can extend lifespan 

in Drosophila (Phillips et al. 2000;Sun et al. 2002;Sun et al. 2004), however work 

from other labs suggests sod2 over-expression is insufficient to influence longevity 

(Mockett et al. 1999;Orr et al. 2003), although oxidative protection can be conveyed 

(Bayne et al. 2005). Interestingly, while Bayne and colleagues observed increased 

resistance to oxidative stress, they found flies showed a decrease in lifespan of up to 

43% with over-expression of sod2 and cat. To my knowledge only one study has 

assessed the influence of sod2 over-expression on lifespan in mice, revealing over-

expression in hippocampal neurones to indeed increase longevity, together with 

reducing mitochondrial superoxide levels, but with no effect on memory (Hu et al. 

2007). However, over-expression of sod2 has been found to make animals no more 

resistant to hyperoxia induced oxidative stress (Ho 2002).  

 

1.3.2.2 Disease states 

 

The severe phenotype observed in sod2 deficient mice and Drosophila suggests that 

sod2 is in some way crucial for survival in these organisms. In many cases the 

pathology underlying the neo-natal causes of death in these models is unknown, 

however it is likely the mechanisms involved will be the same as those found in many 

disease states. As described sod2 null mice present a range of complications including 

neurodegeneration, and mutations in the sod2 gene have been associated with the 

progression of both Parkinson’s disease (PD) (Shimoda-Matsubayashi et al. 1996) and 

Alzheimer’s disease (AD) (Wiener et al. 2007). Furthermore, increased sod2 protein 

and activity levels have been found in ALS patients (Liu et al. 1998;McEachern et al. 

2000), suggesting a casual link with the disease, whilst sod2 over-expression has been 

found to protective against neurotoxic agents (Callio et al. 2005;Maragos et al. 2000). 

The observation of DNA damage in sod2 null mice also suggests a link between sod2 

and cancer (Melov et al. 1999). Indeed decreased sod2 expression has been observed 

in a number of carcinomas including pancreatic (Cullen et al. 2003), prostate (Best et 

al. 2005) and breast (Soini et al. 2001). Furthermore, whilst heterozygous sod2 

knockout mice show no accelerated ageing they do have increased tumour 
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development (Van et al. 2003) and sod2 over-expression is shown to increase 

resistance to chemical carcinogens (Zhao et al. 2001) as well as reduce tumour 

proliferation (Cullen et al. 2003;Venkataraman et al. 2005).  

 

1.3.3 SOD3 

 

1.3.3.1 Oxidative stress and lifespan 

 

In comparison with SOD1 and SOD2, relatively little is known about the ability of 

SOD3 to regulate lifespan in model systems, however there is evidence that this 

isoform protects against oxidative stress. For instance mice lacking sod3 have 

relatively mild phenotypes, developing normally with no reduction in lifespan 

(Sentman et al. 2006), however they are found to die prematurely under hyperoxia 

(Carlsson et al. 1995), a feature not observed with sod1 deficient mice (Ho et al. 

1998). Furthermore, it is unclear whether sod3 knockout mice suffer increased 

oxidative stress since one marker of oxidative stress (urinary isoprostane levels) has 

been found not to be elevated, whilst another marker (plasma thiobarbituric acid-

reactive substances) has in this model (Sentman et al. 2006). Interestingly, in C. 

elegans extracellular Cu Zn SOD removal (sod-4) alone was also found to have no 

effect on lifespan and also no effect on oxidative stress sensitivity (Doonan et al. 

2008;Van Raamsdonk & Hekimi 2009). However, surprisingly, sod-4 knockout was 

found to increase the lifespan of longer lived daf-2 mutants. The daf-2 gene encodes a 

member of the insulin receptor family, mutations of which have been show to increase 

C. elegans lifespan through reduced insulin signalling (Gems et al. 1998;Houthoofd et 

al. 2003;Kimura et al. 1997). Furthermore, daf-2 regulates whether C. elegans arrests 

at the dauer larvae stage of development (a quiescent state with extend longevity and 

high stress resistance (Larsen 1993)) or whether it proceeds into a reproductive 

lifecycle (Kimura et al. 1997). Doonan et al. suggest that an absence of sod-4 reduces 

H2O2 production, which would normally function to promote insulin signalling by 

inhibiting redox-sensitive, signal-suppressing phosphatases, thus reducing insulin 

signalling and promoting longevity (Doonan et al. 2008). This proposal of reduced 

insulin signalling is supported by the authors’ observation of increased dauer larva 

formation in daf-2; sod-4 mutants.  
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Sod3 expression is particularly high in the lungs (Folz et al. 1997), probably due to 

the level of direct exposure to oxygen encountered within airways, thus SOD3’s 

dysfunction or over-expression in this organ can be critical for managing lung disease 

and injury. For instance, sod3 knockout mice are significantly more vulnerable to 

hyperoxic lung injury (Carlsson et al. 1995) which is attenuated by transgenic sod3 

over-expression (Auten et al. 2006;Folz et al. 1999) which also protects against 

hyperoxia induced pulmonary hypertension (Nozik-Grayck et al. 2008). Furthermore, 

under hyperoxic conditions, SOD3 levels are found to decrease in lung tissue of mice 

in an mRNA independent manner by apparent proteolytic cleavage of the heparin-

binding domain (Oury et al. 2002). This may further propagate pulmonary injury by 

disturbing the oxidant/antioxidant redox state of the lungs.   

 

1.3.3.2 Disease states 

 

Since SOD3 is the only known enzymatic extracellular scavenger of O2¯· it has been 

proposed to play a role in the pathology of a number of diseases. Along with the 

lungs, sod3 expression is also high in blood vessels (Oury et al. 1996;Stralin et al. 

1995), and thus has been suggested as important in the pathophysiology of many 

vascular-related diseases. Atherosclerosis is one such disease and is associated with 

increased ROS secretion, particularly O2¯·, from cells within the atherosclerotic lesion 

(Fukai et al. 1998;Mugge et al. 1994;Ohara et al. 1993). A number of atherosclerotic-

promoting growth factors have been found to down-regulate sod3 in vascular smooth 

muscle cells (Stralin and Marklund 2001), whilst over-expression of sod3 has been 

found to inhibit low-density lipoprotein oxidation (Takatsu et al. 2001), an important 

factor in atherosclerosis development (Kita et al. 2001). Furthermore, Fukai and 

colleagues discovered a novel, mutated SOD3 which increased with the progression 

of atherosclerosis (Fukai et al. 1998). Increased O2¯· levels due to reduced SOD3 are 

also proposed to exacerbate atherosclerotic lesion formation by reacting with NO·, to 

form ONOO¯ which is a potent mediator of lipoprotein oxidation (White et al. 1994). 

Furthermore, NO· occupation will interfere with its ability to regulate vascular tone. 

Other vascular diseases in which sod3 plays a role include diabetes, where glycation 

of SOD3 is associated with reduced heparin affinity leading to an accumulation of 

glycated SOD3 in diabetes patients (Adachi et al. 1994), and ischemia/reperfusion 
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injury, in which transgenic mice over-expressing sod3 show increased cardiac 

protection following injury (Chen et al. 1998). 

 

Sod3 has also been proposed to play a role in neurological functioning and disease. 

For example, both knockout and over-expression of sod3 has been shown to impair 

long term potentiation (Levin et al. 1998;Levin et al. 2000;Thiels et al. 2000), 

however improved memory has been observed in ageing mice over-expressing SOD3 

(Levin et al. 2005). These results suggest that, rather than being neurotoxic, 

extracellular sources of O2¯· in the brain may in fact function as important signalling 

molecules. Furthermore, SOD3 has been shown to be important in regulating cerebral 

vascular tone by preventing NO· inactivation (Demchenko et al. 2010). Additionally, 

after traumatic brain injury transgenic sod3 over-expressing mice show more rapid 

neurological recovery (Pineda et al. 2001), while increased heparin-dissociated 

mutant SOD3 levels have been found in patients suffering from familial amyloidotic 

polyneuropathy type 1 (FAP), an autosomal dominant disease characterised by 

amyloid deposition around blood vessels (Sakashita et al. 1998). 

 

1.4 Conclusions about the biological significance of 

the SODs 

 

The importance of the SOD isoforms in a variety of disease processes has been well 

documented (see above). However, there does not seem to be a common mechanism 

by which disease pathology is propagated in relation to SOD dysfunction. The most 

attractive theory would seem to suggest that an absence of SOD results in disease 

states through the accumulation of oxidative damage by unscavenged ROS. Whilst 

this may be the case in many cancer types, characterised by oxidative DNA damage in 

sod2 null mice (Melov et al. 1999), or in hyperoxic lung injury in sod3 mutants 

(Carlsson et al. 1995), the neurodegenerative disease FALS results from sod1 mutants 

acquiring toxic, pro-oxidant, gain of function properties (Mockett et al. 2003), while 

both under- and over-expression of sod3 have been shown to impair neurological 

function (Levin et al. 1998), suggesting a pathology characterised by disturbed redox 

signalling, most likely through altered H2O2 production. Furthermore, excessive sod 

over-expression has been associated with a number of disorders including muscular 
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dystrophy (Rando et al. 1998b) and Down’s syndrome (Groner et al. 1994). Thus the 

SOD enzymes role in disease pathology, while crucial, appears complex. While 

enzymatic levels must be high enough to prevent oxidative damage occurring, they 

must, at the same time, be sufficient to regulate, but not disturb, critical signalling 

cascades. 

  

1.4.1 Oxidative stress and lifespan 

 

To date, evidence suggests that while SOD levels are important in regulating 

oxidative sensitivity, their influence on lifespan and ageing is contentious. While sod1 

mutations are found to reduce lifespan only modestly in mice and C. elegans (Doonan 

et al. 2008;Sentman et al. 2006), they dramatically reduce the lifespan of Drosophila 

(Phillips et al. 1989;Rogina & Helfand 2000;Woodruff et al. 2004) and yeast (Liu et 

al. 1992;Longo et al. 1996;O'Brien et al. 2004). Over-expression of sod1 is found to 

have no effect on mice lifespan (Huang et al. 2000), marginally increase C. elegans 

lifespan (Doonan et al. 2008) but can significantly increase the lifespan of Drosophila 

(Orr & Sohal 1994;Parkes et al. 1998;Sun & Tower 1999), dependent on genetic 

background. In the case of sod2 deficient mutants, early life mortality is observed in 

mice (Li et al. 1995) and Drosophila (Duttaroy et al. 2003;Kirby et al. 2002), but no 

effect is seen on the lifespan of C. elegans (Doonan et al. 2008;Honda et al. 2008). 

sod2 over-expression can extend the lifespan of both Drosophila (Phillips et al. 

2000;Sun et al. 2002;Sun et al. 2004), again dependent upon genetic background, and 

mice (Hu et al. 2007). Sod3 dysfunction is found to have no effect on mice lifespan 

(Sentman et al. 2006), but is found to extend C. elegans lifespan in conjunction with 

mutants promoting decreased insulin signalling (Doonan et al. 2008). Thus it appears 

that whilst SOD can regulate longevity in some organisms, and in certain genetic 

backgrounds, it does not appear to be a common mechanism by which organisms 

control ageing. As scavengers of ROS, the SODs are important in protection against 

macromolecular oxidative damage, however the observation of O2¯· and particularly 

H2O2 as important cellular signalling molecules means that the downstream 

consequences of altered SOD levels in response to ROS are complex and significant 

work is still required to unravel how these signalling cascades function to regulate 

disease, ageing and lifespan. 
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1.5 Aims of this thesis 

 

As has been described previously, compared with sod1 and sod2, relatively little is 

known about the in vivo function of the extracellular sod3 gene. This has been 

primarily due to the absence of short lived model systems, particularly insect species, 

in which initial genetic and phenotypic studies would usually be carried out. As has 

been discussed, the Drosophila sod3 gene was only recently discovered, and to date 

there has been no published work detailing any aspects of this gene in this model 

species. Furthermore, presently all oxidative stress and longevity data from 

Drosophila in which SOD1 and/or SOD2 activity has either been removed (using 

null-mutants) or increased (by transgenic overexpression), has been interpreted based 

on the assumption that no SOD3 existed. Therefore the aim of this study was to use 

genetic and biochemical approaches to characterise the molecular features of the sod3 

gene in Drosophila. Results of this work will not only provide important information 

about a gene that was previously thought to be absent in insect species, but it will also 

provide the foundations upon which further sod3 characterisation work in mammalian 

models can be carried out.  

 

Furthermore, it is thought that characterising the Drosophila sod3 gene will resolve a 

number of concerns surrounding the SOD family. For instance, why was SOD3 never 

detected in Drosophila before Parker et al. (2004) discovered it? Phillips et al. (1989) 

used adult fly homogenates and gel electrophoresis to analyse Cu Zn SOD levels in 

his Sod1 mutational studies and picked up no SOD activity. Since there is currently no 

means of distinguishing between SOD1 and SOD3 activity if the two are not 

separated during isolation (Parker et al. 2004a), the observation of no Cu Zn SOD 

activity in Sod1 mutants is somewhat surprising given the knowledge that a sod3 gene 

is present. It is also thought that characterising the sod3 gene may encourage re-

interpreting of the previous transgenic data with sod1 and sod2 and might help to 

explain the conflicting longevity results described with transgenic sod1 and sod2 

overexpression.      

 

The following chapters detail the experimental work carried out and results obtained 

to characterise the Drosophila sod3 gene. 
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CHAPTER 2 

 

2. Cloning and sequencing of the Drosophila 

sod3 transcript 

 

2.1 Aim 

 

This chapter details the steps taken to experimentally verify the presence of the 

extracellular sod gene in Drosophila.    

 

2.2 Introduction 

 

SOD3 is the least well characterised and most recently discovered of the SOD family. 

The human form of SOD3 was first identified in extracellular fluids and lung tissue 

around 30 years ago (Marklund et al. 1982;Marklund 1982), while the first 

invertebrate extracellular Sod gene was not identified until 1998 in C. elegans (called 

sod-4) (Fujii et al. 1998). The discovery of insect genes apparently belonging to the 

extracellular sod family were only discovered more recently through molecular 

phylogenetic analysis of insect gene sequences following cloning and sequencing of a 

sod mRNA in the ant species Lasius niger (Parker et al. 2004a). 

 

Mammalian SOD3 is composed of three distinct domains: an N-terminal hydrophobic 

secretion peptide, a Cu Zn SOD like domain, and a C-terminal heparin-binding 

domain (Folz et al. 1997). Although sharing significant homology with SOD1, the 

copper co-factor loading pathway of SOD3 is dissimilar to that of SOD1. The metal 

co-factor is not inserted by the CCS copper chaperone, but rather the secreted protein 

is loaded with copper within the secretory compartments (Culotta et al. 2006). The 

heparin-binding domain of mammalian SOD3 is formed by a cluster of positively 

charged amino acids within the C-terminal region. The proteoglycan heparan-sulfate 

is present on cell surfaces and within the extracellular matrix and the ability of 

SOD3’s heparin-binding domain to electrostatically interact with heparan-sulfate is 
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key to maintaining SOD3 localisation (Karlsson et al. 1988). Three different forms of 

mammalian SOD3 have been characterised based on their affinity for heparin: A, B 

and C, with no affinity, low affinity and high affinity for heparin, respectively 

(Karlsson et al. 1988;Marklund 1982) (Figure 2.1). Most tissue SOD3 is found as the 

C form and this accounts for 90-99% of the total SOD3 in the body (Fattman et al. 

2003;Marklund 1984b). Whilst the tissue distribution of SOD3 varies within 

mammalian species, highest concentrations are found in the lungs, kidneys and the 

uterus (Marklund 1984a;Marklund 1984b), where its activity can exceed that of SOD1 

and SOD2 (Zelko et al. 2002).   

 

 

 

 

 
Figure 2.1. Illustration of the tetrameric assembly of the heparin binding C-

terminal domains of the 3 members of the mammalian SOD3 family. The heparin 
binding domains are maintained by intersubunit disulfide bonds. Figure recreated 
from (Fattman et al. 2003). 
 

In mammals, the A and B forms are believed to be circulating forms of SOD3 found 

in plasma, whilst the C form is thought to exist attached to endothelial cell surfaces, 

but has been shown to release into the plasma upon intravenous injection of heparin 

(Karlsson and Marklund 1988a;Karlsson and Marklund 1988b). Interestingly, the 

heparin-binding sequence has also been shown to act as a nuclear localisation signal 

in a number of cell types (Ookawara et al. 2002). Consequently, SOD3 is proposed to 

provide DNA and nuclear proteins with antioxidant protection, as well as being a 
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scavenger of exogenous ROS in mammals. It would, however, appear that this 

heparin-binding domain is not be present in invertebrates. Upon cloning sod4-1 and 

sod4-2 in C. elegans, Fujii et al. (1998) noted that there existed no positive cluster of 

amino acids in the C-terminus end corresponding to a conserved heparin-binding 

domain. Rather the membrane bound form of the protein was generated by inserting a 

hydrophobic region into the C-terminus (Fujii et al. 1998).   

 

This chapter describes the work undertaken to clone and sequence the sod3 gene in 

Drosophila, with the aims of experimentally verifying that the gene is expressed and 

identifying the mechanisms by which the gene is assembles.  
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2.3 Materials and methods 

 

2.3.1 Genomic DNA preparations 

 

Three adult Oregon R flies (a gift from Dr K Ubhi, University of California, San 

Diego) were anaesthetised by placing the tube containing them on ice. Each fly was 

then transferred into a separate 0.5mL microfuge tube containing 50µL of Squishing 

Buffer (10mM Tris-Cl (pH 8.2), 1mM EDTA, 25mM NaCl and 200µg/mL proteinase 

K). Using a pipette tip, each fly was homogenised in the Squishing Buffer and then 

each tube was incubated at 37°C for 20 mins. Each tube was then subjected to a 

further incubation at 95°C for 2 mins in order to inactivate the proteinase K. Genomic 

preparations were stored at 4°C until required. 

 

2.3.2 Primer design 

 

Nested gene specific primers were designed based on the alignment of the GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/) nucleotide sequences of four Drosophila 

sod3 variants, predicted from expressed sequence tag (EST) data (GenBank accession 

numbers: NM_165829 (transcript variant A); NM_136838 (transcript variant B); 

NM_001038850 (transcript variant C); NM_001043071 (transcript variant D)) with 

the complete Drosophila chromosome 2R genomic sequence (GenBank accession 

number AE013599) (Table 2.1). All sequence alignments were performed using the 

BioEdit Sequence Alignment Editor programme. Primers were designed such that: the 

C:G content was ~50%; the length was no longer than 24 nucleotides; primers had 

minimal propensity to form secondary structures; primers did not form dimers; and 

the melting temperatures were within approximately 1°C of each other.   

 

Table 2.1. Sod3 gene specific primer sequences 

Primer name  Primer sequences 

3’ outer nested  5’-TTGCCTATCTGATTGGACCCGT-3’ 
3’ inner nested 5’-ACGGCTTCCACATTCACGAGAA-3’ 
5’ outer nested 5’-CCAATAACACCACACAGGCAATGC-3’ 
5’ inner nested 5’-CAACAACTCCCCTGCCAATGAT-3’ 

 



 43 

All primers were reconstituted in nuclease-free H2O (Ambion, Inc.) to a concentration 

of 100µM according to the manufacturer’s instructions (Sigma Genosys), and used at 

a concentration of 10µM in polymerase chain reactions (PCRs).  

 

2.3.3 RNA 

 

Adult, larval and embryo poly(A)+ RNA (5µg) were purchased from Clontech 

Laboratories, Inc. and used in the subsequent RLM-RACE experiments. 

 

2.3.4 RNA Ligase Mediated – Rapid Amplification of 

cDNA ends (RLM-RACE) 

 

2.3.4.1 RLM-RACE theory 

 

The Drosophila sod3 gene was cloned by RNA Ligase Mediated Rapid Amplification 

of cDNA Ends (RLM-RACE). Traditional Rapid Amplification of cDNA Ends 

(RACE) is a technique employing polymerase chain reaction (PCR) to clone full-

length cDNA sequences, often from low abundance or complex DNA mixtures 

(Frohman et al. 1988;Schaefer 1995). Typically, first strand cDNA is synthesized 

from either total or poly(A) RNA in a reverse transcription reaction. The 5’ and 3’ 

ends of the cDNA are then amplified following attachment of oligonucleotide 

adapters to each end of the cDNA to which specific primers can attach. The principal 

inadequacy of conventional RACE stems from the lack of specificity for fragments 

corresponding to the actual 5' ends of mRNA. Reverse transcriptases are often 

prematurely terminated resulting in stunted cDNAs and since all cDNAs make 

suitable templates, the RACE PCR steps will preferentially produce smaller, non-full 

length amplicons, resulting in a heterogeneous population of products. 

 

With RLM-RACE, oligonucleotide adapters are ligated directly to the 5’ and 3’ ends 

of mRNA species prior to cDNA synthesis, thus improving on conventional RACE 

techniques by amplifying only cDNA from full-length, capped mRNA (Liu and 
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Gorovsky 1993). cDNA sequences are then amplified using a combination of adapter 

specific and gene specific primers (Figure 2.2). 

 

 

Figure 2.2. Illustration of the RLM-RACE theory. Following adapter ligation to 
full length mRNA species, first strand cDNA is synthesised and adapter specific and 
gene specific primers are employed to amplify overlapping portions of the target 
cDNA. 1 = 5’ RACE specific primer; 2 = 5’ gene specific primer; 3 = 3’ gene specific 
primer; 4 = 3’ RACE specific primer. 
 

2.3.4.2 5’ RNA processing 

 

Each RNA sample (adult, larval and embryo) underwent RNA processing to attach an 

adapter to the 5’ end of the capped mRNA, according to the RLM-RACE 

manufactures protocol (Ambion, Inc.). Firstly, the RNA samples were treated with 

Calf Intestine Alkaline Phosphatase (CIP) to remove 5’-phosphates from 

contaminating and fragmented RNA and DNA, as follows:  250ng of the poly(A)+ 

RNA sample (adult, larval or embryo) was added to 2µL 10X CIP buffer (Ambion, 

Inc), 2µL CIP (Ambion, Inc.) and made up to 20µL with nuclease-free H2O. The 

mixture was mixed, spun briefly and then incubated at 37°C for 1 hour. The CIP 

reaction was terminated by the addition to the mixture of 15µL ammonium acetate 

solution (Ambion, Inc.), 115µL nuclease free H2O and 150µL acid phenol:chloroform 

(Ambion, Inc.). This mixture was vortexed and centrifuged at 13,200 rpm for 5 mins 

at room temperature. The aqueous layer was then transferred to a new 1.5mL 

microfuge tube and 150µL of chloroform (Ambion, Inc.) was added to this. This 

mixture was vortexed, centrifuged at 13,200 rpm for 5 mins at room temperature and 

again the aqueous phase was transferred to a new tube. To this, 150µL of isopropanol 

(Sigma) was added and the mixture was chilled on ice for 10 mins. The mixture was 

then centrifuged at 13,200 rpm for 20 mins and the pellet was rinsed in 0.5mL cold 

70% ethanol. After another 5 mins centrifugation at 13,200 rpm at room temperature 

the ethanol was removed and the pellet allowed to air dry. The pellet was resuspended 

in 11µL of nuclease free H2O and placed on ice for use in the following de-capping 
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step. The cap structure which is present on full length mRNA molecules required 

removing. This was achieved through treatment of the CIP treated RNA with Tobacco 

Acid Pyrophosphate (TAP) as follows: 5µL CIP’d RNA was combined with 1µL 10X 

TAP buffer (Ambion, Inc.), 2µL TAP (Ambion, Inc.) and 2µL nuclease-free H2O. 

This was mixed, spun briefly and incubated at 37°C for 1 hour. This mixture was then 

used in the flowing ligation step. Treatment with TAP leaves a 5’-monophosphate 

exposed to which a 5’-adapter can be ligated as follows: 2µL CIP/TAP-treated RNA 

is mixed with 1µL 5’RACE adapter, 1µL 10X ligase buffer, 2µL T4 RNA ligase 

(2.5U/µL) and 4µL nuclease-free H2O. This was mixed, spun briefly and incubated at 

37°C for 1 hour to complete adapter ligation. This 5’ adapter provides the region to 

which the 5’RACE inner and outer primers can bind in subsequent PCR reactions. 

 

2.3.4.3 3’ RNA processing 

 

Unlike RNA to be used in 5’ RLM-RACE, RNA molecules for 3’ RACE do not 

require any processing since the adapter can ligate directly to the poly(A) tail present 

at the 3’ end of RNA molecules.  

 

2.3.4.4 Reverse transcription 

 

First strand complementary DNA (cDNA) was prepared from the 5’ ligated RNA 

according to the RLM-RACE handbook (product of the RLM-RACE: 5’ RNA 

processing step) as follows: 2µL of ligated RNA was mixed with 4µL dNTP mix 

(Ambion, Inc.), 2µL random decamers (Ambion, Inc.), 2µL 10X RT buffer (Ambion, 

Inc.), 1µL RNase inhibitor (Ambion, Inc.), 1µL M-MLV reverse transcriptase 

(Ambion, Inc.) and 8µL nuclease-free H2O. The mixture was mixed, spun briefly and 

incubated at 42°C for 1 hour. This mixture was used in subsequent PCR reactions.  

 

3’ reverse transcription was achieved by mixing 2µL of 50ng poly(A)+ RNA (adult, 

larval or embryo) with 4µL dNTP mix, 2µL 3’RACE adapter, 2µL 10X RT buffer, 

1µL RNase inhibitor, 1µL M-MLV reverse transcriptase and 8µL nuclease-free H2O. 

This was mixed, spun briefly and incubated at 42°C for 1 hour. This mixture was used 

in subsequent PCR reactions. The resulting cDNA had a 3’ adapter ligated to the 
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poly(A) tail and it is to this adapter that the 3’RACE inner and outer primers can bind 

in the subsequent PCR reactions. 

 

2.3.5 Polymerase Chain Reactions (PCRs) 

 

2.3.5.1 PCR of genomic DNA preparations 

 

PCRs were initially performed on the 3 genomic DNA samples in order to validate the 

nested gene specific primers designed. Different combinations of the 5’ and 3’ inner 

and outer nested primers were tested in order to confirm the presence of PCR products 

of the predicted size with genomic DNA (Table 2.2). PCR reactions were prepared in 

200µL thin walled PCR reaction tubes (Abgene) as follows: 1µL genomic DNA was 

mixed with 2µL 10X PCR Buffer (Qiagen), 0.4µL 10mM dNTP mix (10mM each of 

dATP, dGTP, dCTP and dTTP) (Qiagen), 0.4µL 10µM 5’ inner or outer nested 

primer, 0.4µL 10µM 3’ inner or outer nested primer, 0.1µL of 5U/µL Taq DNA 

polymerase (Qiagen) and made up to 20µL with nuclease-free H2O. The mixture was 

mixed, spun briefly and then subjected to PCR using the DNA Engine tetrad 2® 

thermocycler (MJ Research). Thermocycling conditions used are shown in Table 2.3.  

 

Table 2.2. Predicted PCR product size with different combinations of gene 

specific primers using genomic DNA as the template.  

Primer Combination Predicted PCR product size (bp) 

5' outer nested* + 3' outer nested no product 

5' inner nested + 3' inner nested 290 

5' outer nested* + 3' inner nested no product 

5' inner nested + 3' outer nested 419 
*5’ outer nested primer spans an intron thus produces no product when genomic DNA 
is used as the template. 
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Table 2.3. Thermocycling conditions for PCR amplification of genomic DNA 

preparations. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 45 sec 94 
    Annealing 45 sec 63 
    Extension 1 min 72 
4. 29 more cycles to step 3 - - 
5. Final extension 10 mins 72 

 

2.3.5.2 RLM-RACE PCR 

 

cDNA produced by the RLM-RACE steps were subjected to PCR using different 

combinations of either:  

 

i) one of the 5’ gene specific primers (outer nested or inner nested) designed 

above with one of the 5’RACE adapter specific primers (outer or inner) 

ii) one of the 3’ gene specific primers (outer nested or inner nested) with either of 

the 3’RACE adapter specific primers (outer or inner) supplied. 

iii) either of the 5’ gene specific primers with one of the 3’ gene specific primers.  

 

Using different combinations of these primers in our PCR reaction generated different 

length products of predicted sizes (Table 2.4). 

 

PCR reactions were set up according to the RLM-RACE protocol. That is: 1µL of 

cDNA (product of the 2.3.4.4 Reverse transcription step) was mixed in a 200µL thin 

walled PCR tube (Abgene) with 5µL 10X PCR buffer, 4µL dNTP mix, 2µL of the 

gene specific primer (10µM), 2µL RACE primer or 2µL alternative gene specific 

primer (10µM), 0.25µL of 5U/µL Taq DNA polymerase (Qiagen) and made to 50µL 

with nuclease-free H2O. The reaction was mixed, spun briefly and then subjected to 

PCR using a DNA Engine tetrad 2® thermocycler. Typical thermocycling conditions 

used are shown in Table 2.5, however annealing temperatures and extension times 

were often varied to optimise the desired PCR products. 
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Table 2.4. Predicted PCR product size for each GenBank variant for different 

combinations of RACE and gene specific primers using cDNA as the template. 

GenBank
®

 variant Primer combination 
Predicted PCR 

product size (bp) 

A 5' RACE outer + 5' outer nested 679 
 5' RACE inner + 5' inner nested 576 
 5' RACE outer + 5' inner nested 583 
 5' RACE inner + 5' outer nested 672 
 3' RACE outer + 3' outer nested 759 
 3' RACE inner + 3' inner nested 630 
 3' RACE outer + 3' inner nested 630 
 3' RACE inner + 3' outer nested 759 
B 5' RACE outer + 5' outer nested 824 
 5' RACE inner + 5' inner nested 720 
 5' RACE outer + 5' inner nested 727 
 5' RACE inner + 5' outer nested 817 
 3' RACE outer + 3' outer nested 759 
 3' RACE inner + 3' inner nested 630 
 3' RACE outer + 3' inner nested 630 
 3' RACE inner + 3' outer nested 759 
C 5' RACE outer + 5' outer nested 2357 
 5' RACE inner + 5' inner nested 2256 
 5' RACE outer + 5' inner nested 2263 
 5' RACE inner + 5' outer nested 2350 
 3' RACE outer + 3' outer nested 754 
 3' RACE inner + 3' inner nested 625 
 3' RACE outer + 3' inner nested 625 
 3' RACE inner + 3' outer nested 754 
D 5' RACE outer + 5' outer nested 680 
 5' RACE inner + 5' inner nested 576 
 5' RACE outer + 5' inner nested 583 
 5' RACE inner + 5' outer nested 673 
 3' RACE outer + 3' outer nested 953 
 3' RACE inner + 3' inner nested 824 
 3' RACE outer + 3' inner nested 824 
 3' RACE inner + 3' outer nested 953 
A, B, C and D 5' outer nested + 3' outer nested 450 
 5’ outer nested + 3’ inner nested 321 
 5’ inner nested + 3’ outer nested 356 
 5’ inner nested + 3’ inner nested 227 
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Table 2.5. Thermocycling conditions for PCR amplification of RLM-RACE PCR 

products. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 30 sec 94 
    Annealing 30 sec 55 – 65* 
    Extension 30 sec 72 
4. 34 more cycles to step 3 - - 
5. Final extension 7 mins 72 

*annealing temperature varied depending on the primer pairs but was usually tested at 
~5°C below the Tm of the primers. 
 

2.3.5.3 Gradient PCR of RLM-RACE cDNA 

 

In instances where the Tm of the primer pairs differed dramatically gradient PCRs of 

the RLM-RACE cDNAs were performed to determine the optimum annealing 

temperatures for PCR product production. PCR reactions were assembled according 

to the methods detailed in section 2.3.5.2 RLM-RACE PCR, and carried out with 

thermocycling conditions as listed in Table 2.6, in the DNA Engine tetrad 2® 

thermocycler.   

 

Table 2.6. Gradient PCR thermocycling conditions of RLM-RACE PCR 

products. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 30 sec 94 
    Annealing gradient 30 sec 55 – 65 
    Extension 30 sec 72 
4. 34 more cycles to step 3 - - 
5. Final extension 7 mins 72 

 

2.3.6 Gel electrophoresis 

 

PCR products were revealed on 1-2% (depending on the size of the product expected) 

(w/v) agarose (Sigma)/TAE (40mM Tris/acetate (pH 8.0), 1mM EDTA) gels 

containing 1µL Ethidium Bromide (Fisher Scientific). Following gel setting, 10µL of 

PCR amplified DNA was mixed with 2µL of 6X type III gel loading buffer (0.25% 
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bromophenol blue, 0.25% xylene cyanol FF and 30% glycerol in H2O), and the whole 

12µL was loaded onto the gel. Additionally, 5µL of either 100 bp low ladder (Sigma) 

or 1 kb ladder (Sigma), depending on the size of product expected, was mixed with 

5µL dH2O and 2µL 6X type III gel loading buffer and loaded onto the gel to assess 

PCR product size. The gel tank was filled with 1X TAE buffer and run at 110 volts 

for 45 mins with a Powerpac 300 (Bio-Rad), before visualising under UV light. 

 

2.3.7 Subcloning 

 

Candidate PCR products to be sequenced were run on large 100mL 1-2% 

agarose/TAE gels. Appropriate PCR bands were cut from the gels with a scalpel and 

transferred to a 1.5mL microfuge tube. After weighing the gel slice the DNA was 

purified on spin columns according to the Qiagen QIAquick spin protocol (Qiagen). 

Purified DNA was quantified spectrophotometrically by applying 1µL to a NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies). Isolation of correct bands 

was also reconfirmed by running 5µL of the purified DNA sample on a 2% 

agarose/TAE gel. 

 

2.3.7.1 Ligations and transformations of pGEM
®
-T Easy Vectors  

 

The purified DNA was then subcloned by ligation into pGEM®-T Easy Vectors 

(Promega) (Figure 2.3) as follows: 3µL of purified DNA (PCR product) was added to 

5µL 2X rapid ligation buffer, 1µL pGEM®-T Easy Vector (50ng) and 1µL T4 DNA 

ligase (3 Weiss units/µL). The reaction was mixed by pipetting and incubated for 1 

hour at room temperature. High-efficiency competent cells (JM109) (≥1 x 108cfu/µg 

DNA) were then transformed with the ligated vectors. 50µL of cells was mixed with 

2µL of ligation reaction, placed on ice for 20 mins, heat-shocked at 42°C for 45-50 

secs and placed back on ice again for 2 mins. Nine hundred and fifty microlitres of 

SOC medium (Invitrogen) was added to the reaction and the mixture was incubated 

for 1.5 hours at 37°C with constant shaking. One hundred microlitres of 

transformation culture was transferred on to pre-made duplicate LB Agar (1% 

Tryptone, 0.5% yeast extract, 1% NaCl and 1.5% Agar in dH2O, adjusted pH to 7.0 

and autoclaved) culture plates supplemented with 100µg/ml ampicillin (Sigma) 
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(hereafter referred to as LBA/amp plates) and with 100µL of 100mM IPTG 

(Promega) and 20µL of 50mg/ml X-Gal (Promega) spread on the plate surface 

(hereafter referred to as LBA/amp/IPTG/X-Gal plates). Plates were incubated 

overnight at 37°C. White colonies observed were assumed to contain PCR inserts. 

 

 

Figure 2.3. pGEM
®

-T Easy Vector circle map. Taken from the Promega pGEM®-T 
and pGEM®-T Easy Vector System technical manual.  
 

Selected single white colonies were cultured by smearing onto a new LBA/amp plate 

and incubated overnight at 37°C. PCR reactions were run of each colony to confirm 

the presence of inserts. After overnight incubation white colonies were grown up in 

4mL LB medium with ampillicin added to a final concentration of 100µg/mL. The 

bacterial cells were harvested by centrifugation at 10,000 rpm for 3 mins at room 

temperature. The DNA plasmids were purified according to the QIAprep spin mini 

prep protocol (Qiagen). One microlitre of the resulting purified plasmid DNA was 

quantified on the NanoDrop spectrophotometer and PCRs were run again to confirm 

the presence of the correct inserts following purification. A minimum concentration of 

100ng/µL DNA was required for sequencing of the PCR inserts. 
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2.3.8 DNA sequencing 

 

Sequencing of the DNA inserts was carried out by Microsynth AG, Switzerland. 

Thirty microlitres of purified DNA plasmid was supplied at a concentration of 

100ng/µL. The plasmids were sequenced in both directions from the T4 and SP6 

promoters present on the pGEM®-T Easy Vector.  
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2.4 Results 

 

2.4.1 Validation of primers 

 

The nested gene specific primers listed in Table 2.2 were first verified against adult 

Drosophila genomic DNA, which also served to corroborate preliminary working 

PCR conditions. Figure 2.4 illustrates PCR products produced with 3 biological 

replicates of adult flies when either the 5’ and 3’ inner nested primer sets were tested 

together (lanes 1 – 4) or when the outer nested primers were used (lanes 5 – 8) (lanes 

4 and 8 are no DNA controls with respective primer pairs). As predicted, each fly 

sample tested with the 5’ and 3’ inner gene specific primers produced a single band at 

290 bp, whereas no product was found when the 5’ and 3’ outer gene specific primers, 

due to the 5’ primer lying across an intron/exon junction.  

 

 
 

Figure 2.4. PCR products of adult fly genomic DNA preparations. Lanes 1 – 3  = 
adult fly samples, lane 4 = no DNA control – all with 5’ inner gene specific and 3’ 
inner gene specific primers; Lanes 5 – 7 adult fly samples, lane 8 = no DNA control – 
all with 5’ outer gene specific and 3’ outer gene specific primers. Samples are run 
against a 100bp ladder. 
 

2.4.2 RLM-RACE: PCR products 

 

Since the nucleotide sequence of the four Drosophila sod3 variants is available 

through GenBank it was possible to predict the size of the expected PCR products 

(Table 2.4). Alignment of the available sequences with the genomic Drosophila 

   1       2       3       4       5       6       7       8 
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sequence also meant PCR product size could be predicted if the primers bound to any 

genomic DNA present through contamination. Figure 2.5 illustrates PCR products (on 

agarose gels) produced through RLM RACE. 5’ RLM-RACE PCR with inner gene 

specific and inner RACE primers produced products at 581 bp for each cDNA sample 

(adult, larval and embryo) (Figure 2.5A). More interesting were the products of the 3’ 

RLM-RACE PCR. For each cDNA, when tested with outer gene specific and RACE 

primers, a prominent band was visible at 848 bp; however a second band at 720 bp 

was also visible, most prominently in the embryonic cDNA sample (Figure 2.5B). 

The bright bands at ~160 bp are likely due to primer dimer formation. To confirm that 

the 720 bp product was definitely present in adult cDNA samples, a gradient PCR was 

performed to find the optimal primer annealing temperature (55–65°C)  that could 

help amplify this particular PCR product (Figure 2.5C). At an annealing temperature 

of 65°C this second band became clearly discernable from the 848 bp product with 

the adult cDNA. Products to be subcloned and sequenced were re-run on large 

agarose gels and excised and purified as specified in the methods. Figure 2.5D is an 

example of a gel run with 5µL of amplified adult cDNA products from 3’ RLM 

RACE, following gel extraction and purification. Lanes 1 and 2 are replicates of 

products when adult cDNA was amplified with 5’ and 3’ gene specific outer primers. 

Lanes 3 and 4 show adult cDNA products following the successful separation of the 

two bands (at 848 bp and at 720 bp) found in previous 3’ RLM RACE PCR reactions. 
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Figure 2.5. PCR products resulting from RLM-RACE. (A) PCR products from 5’ 
RLM RACE. Lane 1 = adult cDNA, lane 2 = larval cDNA, lane 3 = embryo cDNA, 
lane 4 = internal control, lane 5 = internal control, lane 6 = no template control. 
Samples run against a 100bp ladder. Single PCR products are seen at 581 bp and 
represent the distance from the 5’ inner gene specific primer to the 5’ inner RACE 
primer. (B) PCR products from 3’ RLM RACE. Lane 1 = adult cDNA, lane 2 = larval 
cDNA, lane 3 = embryo RNA, lane 4 = no template control. A prominent product is 
found in each cDNA sample at 848 bp. A second band is also found at 720 bp, most 
prominently in the embryonic cDNA sample. PCR products represent the distance 
from the outer gene specific primer to the outer RACE primer. (C) Gradient PCR 
products of 3’ RLM RACE of adult cDNA samples. Lane 1 = 55°C annealing 
temperature; lane 2 = 60°C annealing temperature; lane 3 = 65°C annealing 
temperature. The two bands at 720 bp and 848bp become more visible at the 65°C 
annealing temperature. (D) Gel extracted and purified adult cDNA 3’ RLM-RACE 
PCR products. Lanes 1 and 2 = products with 5’ and 3’ gene specific outer primers. 
Lane 3 = the larger product (848 bp) from Figure 2.5C and lane 4 = the smaller band 
(720 bp) from Figure 2.5C. This gel confirms that these two bands were separated and 
purified successfully. 
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2.4.3 cDNA sequencing 

 

Following ligation of a variety of PCR products into pGEM®-T Easy Vectors and 

subsequent subcloning, the purified DNA samples were sequenced. The T7 and SP6 

promoters present on the plasmids flanked the DNA inserts and thus were used as 

primer sites for sequencing. Using both promoters meant sequencing was performed 

in both directions on the DNA inserts. The raw nucleotide sequences produced from 

each PCR fragment were aligned and edited using BioEdit and revealed two related 

sod3 cDNA sequences of 859 bp and 988 bp, respectively. Alignment of the two 

sequences with the Drosophila genomic sequence for chromosome 2R (Appendix 1) 

revealed that the two cDNA species differ in their final exon. The short form of sod3,  

termed sod3v1, is composed of 5 exons whereas the long species, sod3v2, is made up 

of 6 exons (Figure 2.6), indicating that sod3v1 and sod3v2 are encoded by alternative 

splicing of the sod3 gene. The coding sequence (shown in orange in Figure 2.6) was 

determined from the predicted start and stop codons in GenBank, and the sequencing 

has included the 5’ and 3’ untranslated regions (shown in white in Figure 2.6). 

 

 

 

Figure 2.6. Exon arrangement of the Drosophila sod3 gene. The genomic sequence 
is symbolized as the solid horizontal line. Open boxes represent the non-coding 
regions and filled orange boxes are the coding regions of the sod3 gene. Number 1–6 
represent the appropriate exon for each transcript. The numbers below these represent 
the start and end of the sod3 nucleotide sequence and include the 5’ and 3’ 
untranslated regions (UTRs). Diagram is not drawn to scale.   
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2.4.4 Translation analysis 

 

Utilising the translation tools available through the online proteomics site ExPASy 

(Expert Protein Analysis System http://expasy.org/), the two sod3 nucleotide 

sequences were translated using the start codons predicted in GenBank. Translation of 

the sod3v1 and sod3v2 cDNA sequences predicts peptides of 181 amino acids and 

19.2 kDa molecular weight, and 217 amino acids and 23.1 kDa molecular weight, 

respectively. These two translated sequences were then aligned against the 

Drosophila cytoplasmic Cu Zn SOD, SOD1 (GenBank accession number 

NP_476735), amino acid sequence, again using BioEdit (Figure 2.7). SOD3v1 and 

SOD3v2 were found to have identical amino acid compositions except SOD3v2 

contains an additional 3’ flanking region of 36 amino acids. Furthermore, upon 

comparison with SOD1, SOD3v1 and SOD3v2 were both found to contain the key 

metal binding residues and SOD signature sequences previously identified by Parker 

and colleagues for Drosophila SOD1 and L. niger SOD3 (Parker et al. 2004a). A Kyte 

and Doolittle hydropathy plot (Kyte and Doolittle 1982) of SOD3v1 (Figure 2.8A) 

and SOD3v2 (Figure 2.8B) revealed the amino acids located at the N- terminus of 

each peptide sequence to be particularly hydrophobic, however the C-terminal 

residues of SOD3v2 were found to be even more so.   
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Figure 2.7. Alignment of Drosophila SOD3v1 and SOD3v2 translated peptide 

sequences with SOD1. *, Cu binding sites; ^, disulphide bond sites; #, Cu and Zn 
binding site; +, Zn binding sites; †, possible alternative translation start site; boxed 
regions are the SOD signature sequences. 
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  A 

 

 

  B 

 

 

Figure 2.8. Hydropathy plots of SOD3v1 and SOD3v2. (A) Plot of the 181 amino 
acids of SOD3v1. Dashed white line indicates the hydrophobic N-terminal region 
predicted to encode the signal peptide. (B) Plot of the 217 amino acids of SOD3v2. 
Dashed white lines indicate both the hydrophobic N-terminal region predicted to 
encode the signal peptide, as well as the more hydrophobic extra 36 amino acids 
located at the C-terminal.  
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2.5 Discussion 

 

2.5.1 Sod3 cDNA cloning and discrepancies with GenBank 

predictions 

 

Using the RLM-RACE PCR technique the Drosophila sod3 transcript was cloned 

from adult poly(A)+ RNA. Sequencing of a variety of the PCR products produced 

revealed that there are two forms of the sod3 gene formed by alternative splicing. 

There is a short variant, termed sod3v1, and a long variant, sod3v2. Both variants 

contain the important catalytic metal binding residues as well as the Cu Zn SOD 

signature sequence, consequently sod3v1 and sod3v2 can be considered splice 

variants of a novel sod gene. To my knowledge this is the first experimental evidence 

of alternative splicing in Drosophila sod genes.  

 

As stated in the methods, the NIH genetic sequence database GenBank predicts four 

transcripts of the sod3 gene (transcripts A–D). These transcripts were identified from 

EST data taken from the sequenced Drosophila genome (Adams et al. 2000). ESTs 

are short nucleotide sequences (up to 500 nucleotides) sequenced at the ends of cDNA 

of genes predicted to be expressed and then are used to pull out a complete gene 

sequences from chromosomal DNA. mRNA sequence analysis of these four predicted 

sod3 variants, together with their alignment with sod3v1 and sod3v2 cloned here (data 

not shown), reveals subtle differences in the proposed genomic construction of the 

sod3 gene.  The nucleotide sequence of transcript A and sod3v1 are identical, and 

likewise with transcript D and sod3v2, however the predicted transcripts B and C, 

whilst predominantly also identical to sod3v1, show important dissimilarities.  

Transcript B has a small additional exon inserted within what is the large first intron 

of sod3v1, whilst transcript C is predicted not to have the first intron present in sod3v1 

(i.e. exons 1 and 2 of sod3v1 are joined).  Furthermore, transcript C is slightly 

truncated compared to the other three predicted transcripts, with the first 20 bases of 

the 5’ untranslated region apparently missing.  Analysis of the peptide sequences of 

each sod3 variant reveals that transcripts A and B are identical to SOD3v1 and 

transcript D is identical to SOD3v2.  The peptide sequence of transcript C, however, 
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has an additional 7 amino acids at the N-terminal end, suggesting that this predicted 

variant has an alternative transcription start site than variants A, B and D and 

therefore may possibly be functionally altered compared to the other variants. Whilst 

ESTs are essential tools for gene discovery, unless the gene is physically cloned and 

sequenced EST data is limited to predicting gene sequences and expression by 

computational processing, analysis and database mapping. Furthermore, since ESTs 

are derived from cDNA they preclude the influence of introns in gene affects. As 

such, this might explain why four separate transcripts are listed in GenBank whereas 

only two were cloned, sod3v1 and sod3v2, from adult cDNA.  

 

2.5.2 Sod3 sequence analysis 

 

The distinction between the two sod3 variants lies in their final exons, where the 

shorter variant has five exons and the longer variant has six. Consequently the 

difference in the translated peptide sequence lies in the C-terminal end, with SOD3v2 

containing an additional C-terminal flanking sequence. Comparison with Drosophila 

SOD1 (Figure 2.7) revealed that both the SOD3 variants contain an additional N-

terminal sequence of amino acids.  

 

Although the scope of this chapter does not extend to determine protein localisation, 

sequence analysis suggests that the SOD3 enzyme will localise extracellularly (Landis 

& Tower 2005;Parker et al. 2004a). Both SOD3 isoforms have the N-terminal 

sequence (first 23 amino acids) that was previously identified as a likely signal 

cleavage sequence for routing of the SOD3 protein extracellularly (Parker et al. 

2004a). Another potentially important observation from the sequence data is the 

existence of ATG sites corresponding with the cytoplasmic sod (sod1) gene which 

could act as an alternative start site for transcription initiation (site 24 in the translated 

sequence, Figure 2.7). Such conserved sites are present in several insects and even 

mice (see figure 1 in (Parker et al. 2004a)) suggesting that extracellular SOD protein 

may not always have the routing sequence and might be cytoplasmic in some 

instances. 
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Extracellular binding of the mammalian SOD3 enzyme is governed by post-

translational modification. The mature protein is synthesised with a unique C-terminal 

domain containing a cluster of nine positively charged amino acids (3 lysines and 6 

arginines) which have been found to have a strong affinity for heparin and heparan-

sulfate (Fattman et al. 2003). It is through this C-terminal interaction with heparan-

sulfate proteoglycans on cell surfaces and in the extracellular matrix that the 

extracellular localisation of SOD3 is maintained in mammals (Fattman et al. 2003). 

Upon targeted extracellular secretion (dictated by a cleaved N-terminal signal 

sequence), this C-terminal region may be cleaved producing a heterogeneous mixture 

of extracellular SOD3s which have both low and high affinities for heparin. As 

illustrated in figure 2.1, three SOD3 fractions have been separated which have low 

(fraction A), weak (fraction B) and strong (fraction C) affinities for heparin. Fraction 

A has been found to be composed of homotetramers in which all subunits have been 

found to be lacking the positively charged C-terminal domain. Fraction B is made up 

of heterotetramers of subunits that contain intact heparin binding domains but also 

subunits lacking this domain. Finally, fraction C is composed entirely of 

homotetramers of subunits with intact heparin binding domains (Fattman et al. 2003). 

Fractions A and B are generally found to be circulating forms of the SOD3 protein, 

while fraction C exists primarily in tissues where it binds heparan-sulfate 

proteoglycans on cell surfaces and haparan-sulfate located within the extracellular 

matrix (Fattman et al. 2003).   

 

The observation that insects lack heparin, and furthermore the finding by Parker and 

colleagues of no positively charged C-terminal region in insect extracellular SODs, 

suggests that invertebrates have alternative mechanisms for managing extracellular 

SOD localisation (Parker et al. 2004a). This is further supported by the findings of 

Fujii and colleagues that the secreted and membrane bound forms of the C. elegans 

extracellular SODs (SOD4-1 and SOD4-2, respectively) are encoded by alternative 

splicing (Fujii et al. 1998).  Both SOD4 peptides were found to contain a putative 

signal sequence at their N-terminus while SOD4-2 also contains a hydrophobic 

membrane-binding domain at its C-terminal (Figure 2.9).  Interestingly, the 

hydropathy plots of Drosophila SOD3v2 (Figure 2.8B) reveals a particularly 

hydrophobic area present at the C-terminus (the region missing from SOD3v1) and, 

furthermore, an alignment of the Drosophila SOD3v2 translated sequence with the C. 
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elegans SOD4-2 sequence reveals strong homology between the two sequences that 

extends into the C-terminal region of both peptides (Figure 2.10).  This suggests 

SOD3v2 in Drosophila is analogous to SOD4-2 in C. elegans and may well be a 

secreted membrane associated protein, whereas SOD3v1 is analogous to SOD4-1 in 

C. elegans and is likely extracellular. 

 

 

Figure 2.9. Exon arrangement of the sod-4 gene in C. elegans. The horizontal line 
denoted the genomic sequence. The coding region is shown by the shaded boxes and 
the non-coding region by open boxes. The numbers represent the beginnings and ends 
of the coding regions. The arrows denote primer positions used to amplify the DNA. 
The bars represent the position of the signal peptide and transmembrane domains. 
Figure is not drawn to scale (Fujii et al. 1998). 
 

 

 

Figure 2.10. Alignment of Drosophila SOD3v2 with C. elegans SOD4-2. A 
considerable degree of homology is observed between the peptide sequences of the 
two extracellular proteins, with 41% of amino acids being identical (*), 19% being 
conserved (:) and 14% being semi-conserved (.). 
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2.5.3 Clues to sod3 evolution 

 

Identification of the sod3 gene in Drosophila may help our understanding of the 

evolution of the gene within the animal kingdom. Sequence and structural analysis 

has revealed that the extracellular Cu Zn sods diverged from the cytosolic sods at an 

early stage of evolution (Zelko et al. 2002). Phylogenetic analysis of the sod1 gene in 

insects (Parker et al. 2004a) and of all the sod genes and proteins in a wide range of 

species (including insects) (Landis & Tower 2005) have confirmed this divergence. 

However, Landis and Tower have suggested that an organism’s extracellular sod has 

derived directly from its individual cytoplasmic sod through addition of a signal 

peptide (Landis & Tower 2005). However, the striking similarities in the exon 

arrangement of the C. elegans (Figure 2.9) and Drosophila extracellular sod (Figure 

2.6) along with the significant lack of sequence homology between sod1 and sod3 in 

Drosophila, compared to a strong homology between the sods in different insects 

(Parker et al. 2004a) supports the notion of extracellular SOD having a single 

ancestor. 
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CHAPTER 3  

 

3. Analysis of sod mRNA expression levels in 

diverse fly backgrounds and in response to 

oxidative insults 

 

3.1  Aim 

 

The aim of the present chapter is to measure the relative expression profiles of each of 

the sod genes in various fly backgrounds using real-time PCR techniques. Whilst the 

previous chapter detailed the steps taken to experimentally confirm transcription of 

the sod3 gene, and additionally presented evidence that the sod3 gene may be 

expressed in two splice forms, it is unknown how highly expressed the sod gene is, 

particularly in relation to the other members of the sod family. Furthermore, the affect 

of application of oxidative stress on sod gene expression profiles was also assessed to 

ascertain whether the sod isoforms act as oxidant responsive ROS scavenging species.  

 

3.2  Introduction 

 

Regulation of gene expression is fundamental for an organism’s development, 

homeostasis and adaptation to environmental change. The mechanisms underlying 

gene expression are well established and almost every step involved in the synthesis 

of gene products (typically proteins, but also ribosomal RNA (rRNA) and transfer 

RNA (tRNA)) is subject to dynamic control. Such steps include: structural changes in 

chromatin domains, transcription initiation, RNA splicing, mRNA covalent 

modifications and transport, translation and also post-translational modifications 

(Nestler and Hyman 2002). 

 

The expression of Cu Zn sod, Mn sod and extracellular sod varies greatly within the 

eukaryotic kingdom. Expression of mammalian sods is vital to cell survival and the 
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expression profiles of the sod isoforms have been characterised. Sod1 is constitutively 

expressed in a wide range of metabolically active mammalian cells, such as the liver 

and kidneys (Marklund 1984a). Crapo and colleagues used immunocytochemistry to 

confirm its ubiquitous distribution in the nucleus and cytosol of human HepG2 cells, 

as well as other mammalian tissues (Crapo et al. 1992). Transcriptional regulation of 

sod1 appears to be tightly regulated and can be affected by extra- and intracellular 

messengers and stimuli. Elevated sod1 expression has been found to occur in response 

to heat shock (Hass and Massaro 1988;Yoo et al. 1999b), heavy metals (Yoo et al. 

1999a), NO· (Frank et al. 2000) and H2O2 (Yoo et al. 1999b), whereas decreased sod1 

mRNA levels were found in both alveolar type II epithelial (ATII) cells and lung 

fibroblasts in response to hypoxia (Jackson et al. 1996). Like sod1, sod2 is widely 

expressed in metabolically active cells where respiration is high, such as the liver and 

kidneys (Marklund 1984a). Inflammatory cytokines such as interleukin-1α (IL-1α) 

and IL-6 have be shown to increase sod2 mRNA levels in the rat liver by 2- and 15-

fold respectively, suggesting a role for sod2 as an antioxidant in the inflammatory 

process (Dougall and Nick 1991). It is well established that sod2 expression is 

suppressed in many cancer types, however more recently it has been suggested that 

this decreased expression may be due to epigenetic regulation. Human breast 

carcinoma cell lines have been shown to have significantly reduced sod2 levels 

caused by DNA methylation, histone acetylation and a repressive chromatin 

structure(Hitchler et al. 2006;Hitchler et al. 2008). Whereas sod1 and sod2 levels are 

fairly similar, Sod3 is less abundant, with tissue analysis revealing the highest levels 

to be found in the plasma and also the lungs of a variety of mammalian species such 

as humans, pigs, rabbits and mice (Marklund 1984a).  Like sod2, sod3 up-regulation 

can be achieved through cytokine exposure (Marklund 1992), although this is only 

achieved by interferon-γ (INF-γ) and IL-1α in human fibroblasts. Sod3 is also up-

regulated in response to NO· levels (Fukai et al. 2000). Human aortic smooth muscle 

cells exposed to an NO· donor showed increased sod3 expression and Fukai et al. also 

demonstrated that increased exercise in wild type mice enhanced NO· production 

resulting in elevated sod3 expression. Sod3 expression is down-regulated by a number 

of growth factors including growth factor-β (Marklund 1992), platelet-derived growth 

factors, fibroblast growth factors and epidermal growth factor (Stralin & Marklund 

2001). 
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Reported in this chapter are the gene expression results of a number of fly 

backgrounds. Along with gene expression quantification in a number of sod mutant 

lines also detailed are the efforts taken to generate a sod3 knockout fly and the lethal 

effect such a knockout may have. Also raised is the issue of genetic background as a 

biological control and furthermore the effect oxidative stress on sod gene expression 

was also investigated. 
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3.3  Materials and Methods 

 

3.3.1  Fly strains 

 

The fly strains used in subsequent experiments are listed in Table 3.1 and include the 

source of the flies as well as the abbreviated name by which the strains are referred to 

in the text. All flies were maintained on standard Drosophila medium (Appendix 2) at 

23°C in a 12 hour light/dark cycle. 

 

3.3.2  Transposon excision from the Sod
06029

 strain 

 

The sod3 mutant (Sod3
06029) strain was generated by the Berkley Drosophila Gene 

Disruption Project (BDGDP) and contains a stable single transposon insertion (P-

element, P{SUPorP}KG06029) located on the second chromosome, 1,798 nucleotides 

upstream of the Sod3 translation start site (Bellen et al. 2004b) (Figure 3.1).  

 

 

 

Figure 3.1. Illustration of the P-element genomic insertion site. Diagram is not 
drawn to scale.  
 

The P-element was excised using standard crossing techniques (Duttaroy et al. 2003) 

as illustrated in Figure 3.2. Initially male Sod3
06029 flies were mass mated with 

females of the transposase strain P(∆2-3), sb/TM6, Ubx. Single males, heterozygous 

for the transposon insertion and for the (∆2-3) transposase, were identified by the 

stubble marker (stubbly bristles) associated with the ∆2-3 P-element and  
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y w/Y; KG06029; +/+ 

Mass mating 

                X 
 

y w; +/+; P(∆2-3), sb/TM6, Ubx 

 
 
 
 
y w/Y; KG06029/+; P(∆2-3), sb/+ 

Single ♂ 

             X 
 

y w; CyO/Sco; +/+ 

 
 
 

 
y w/Y; */CyO; +/+ 

Single ♂ 

          X 

 

    y w; CyO/Sco; +/+ 

 
 
 
 
 
 
 

 

                    y w/Y; */CyO; +/+       X        y w; */CyO; +/+ 
 
 

Stocks established 

 

Figure 3.2. The crossing scheme used to generate KG06029 P-element excision 

lines. Excision events (*) were identified by loss of the white+ phenotype associated 
with the P-element insertion. 
 

were subsequently crossed with 3-5 females of the CyO/Sco balancer stock. Excision 

events in the progeny were identified by loss of the white+ phenotype associated with 

the KG06029 P-element transposon. Appropriate single white eyed males containing 

the CyO marker (curly wings) and normal bristles were then crossed with 3-5 

CyO/Sco virgin females to generate sister excision flies. Brother and sister excision 
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flies were then crossed to establish excision lines. In total 236 individual excision 

lines were generated. 

 

3.3.3 Genomic DNA preparations of excision lines 

 

Approximately 15 anaesthetised male flies of each excision line were homogenised 

with a sterile Pellet Mixer (Treff Lab) in a 1.5mL eppendorf tube containing 200µL of 

Buffer A (100mM Tris-HCl, pH 7.5, 100mM EDTA, 100mM NaCl and 0.5% SDS). 

A further 200µL of Buffer A was added and the sample incubated at 65°C for 30 

mins. 800µL LiCl/KAc solution (1 part 5M KAc : 2.5 parts 6M LiCl) was added and 

the mixture was incubated on ice for a minimum of 10 mins. Following centrifugation 

at 13,200 rpm for 15 mins at room temperature, 1mL of the supernatant was 

transferred to a new tube. Six hundred microlitres of isopropanol was added, the 

mixture was vortexed and then re-centrifuged at 13,200 rpm for 15 mins. The 

supernatant was aspirated away, the pellet was washed with 70% ethanol, allowed to 

dry and then resuspended in 150µL TE (10mM Tris-Cl (pH 7.5) and 1mM EDTA) 

buffer. Preparations were stored at -20°C until required. 

 

3.3.4  Excision primers 

 

As stated previously, P-element excision events were assumed to occur in white eyed 

individuals. However, to confirm this and to also assess whether excision events 

occurred cleanly (i.e. without disrupting genomic DNA adjacent to the transposon 

insertion site) primers were designed which localised about the insertion site (KG P2, 

Sod3 del F and Sod3 del R) and also that bind internally to the transposon P-element 

(KG ins F) (Table 3.2). 
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Table 3.2. Primers used to test transposon excision. 

Primer name Primer sequences 

KG ins F 5'-CACGGACATGCTAAGGGTTAATC-3' 

KG P2 5'-ATGCGTGCATTCGATCCGAT-3' 

Sod3 del F 5'-CTGAACAATTTGATCGCAGGGC-3' 

Sod3 del R 5'-GGTGGCGCTCTCAATTCTCAAT-3' 

 

3.3.5  PCR of excision lines 

 

PCRs were run with male genomic DNA of each of the 236 Sod3
06029 excision lines 

using the primer combinations shown in Table 3.3 and illustrated in Figure 3.3. 

Predicted PCR product sizes are listed. 

 

Table 3.3. P-element excision primer combinations and predicted product sizes.  

Primer combinations 
Primer numbers in 

Figure 3.3 
Predicted product size 

KG ins F + KG P2 1  �  2 3.618 Kb 

Sod3 del F + Sod3 del R 3  �  4 0.779 Kb 

 

 

 

 
Figure 3.3. Illustration of the binding regions of each of the excision primers in 

relation to the inserted P-element. * Primer 1 will only bind if the P-element 
remains within the genome. Primers 3 and 4 will only produce a 0.799 Kb product if 
the P-element is precisely excised. Diagram is not drawn to scale. 
 

PCR reactions were prepared in 200µL thin walled PCR reaction tubes as follows. For 

KG ins F + KG P2 primer pair – 2µL genomic DNA was mixed with 4µL 5X 

Phusion® HF Buffer (NEB), 1µL 10µM primer 1, 1µL 10µM primer 2, 0.1µL 10mM 

dNTP mix (Qiagen), 0.4µL 25mM MgCl2 (Qiagen), 0.2µL 2U/µL Phusion® DNA 

polymerase (NEB) and made up to 20µL with nuclease-free H2O. The reaction was 
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mixed, spun briefly and then subjected to PCR using the DNA Engine tetrad 2® 

thermocycler (MJ Research). Thermocycling conditions used are shown in Table 3.4. 

For Sod3 del F + Sod3 del R primer pair – 2µL genomic DNA was mixed with 2µL 

10X PCR Buffer (Qiagen), 1µL 10µM primer 1, 1µL 10µM primer 2, 0.1µL 10mM 

dNTP mix (Qiagen), 0.4µL 25mM MgCl2 (Qiagen), 0.1µL 5U/µL Taq DNA 

polymerase (Qiagen) and made up to 20µL with nuclease-free H2O. The reaction was 

mixed, spun briefly and then subjected to PCR using the DNA Engine tetrad 2® 

thermocycler (MJ Research). Thermocycling conditions used are shown in Table 3.5. 

 

Table 3.4. Thermocycling conditions for the KG ins F + KG P2 primer pair. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 1 min 94 
    Annealing 45 sec 63 
    Extension 3 min (+ 5 sec each cycle) 72 
4. 34 more cycles to step 3 - - 
5. Final extension 7 mins 72 

 

Table 3.5. Thermocycling conditions for the Sod3 del F + Sod3 del R primer pair. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 1 min 94 
    Annealing 45 sec 64 
    Extension 2 min 72 
4. 34 more cycles to step 3 - - 
5. Final extension 7 mins 72 

 

PCR products were revealed on 1-2% (w/v) agarose/TAE gels as detailed in Section 

2.3.6. 

 

3.3.6  Assessing development of excision lines 

 

A number of transposon excision lines were tested for viability and developmental 

changes by utilising the reporter properties of the ‘enhanced’ derivative of Aequorea 

victoria green fluorescent protein (EGFP) under the control of the GAL4/UAS 

expression system (Brand and Perrimon 1993).  
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The GAL4/UAS system is a biochemical tool that allows for temporal control of 

ectopic gene expression in a cell- or tissue-specific manner. It has two components: 

GAL4, a transcription factor derived from S. cerevisiae maintained under the control 

of an endogenous promoter, and a gene of interest under the control of a GAL4 

response promoter called the upstream activating sequence (UAS). Under conditions, 

or in cells or tissues, where the endogenous GAL4 promoter is activated, GAL4 will 

be expressed which in turn will bind to the UAS sequence, initiating target gene 

transcription. This is illustrated in Figure 3.4. 

 

In the case of the Gla, wg
Gla-1

/CyO, twi, EGFP line, two P-element insertions have 

been introduced into the second chromosome (Halfon et al. 2002). The first contains 

GAL4 under the endogenous twist (twi) promoter. The twi gene is a transcription 

factor predominantly involved in embryonic mesoderm development (Thisse et al. 

1987). The second insertion contains two copies of the EGFP gene downstream of a 

UAS promoter. Thus, pronounced EGFP can be visualised in the embryos of this fly 

strain. Adults of this strain are characterised by small eyes with reduced colour, 

transferred by the glazed (Gla) marker and curly wings (CyO). 

 

 

 

Figure 3.4. The GAL4/UAS binary system. GAL4 is expressed in cells or tissues in 
which the endogenous promoter is active. GAL4 drives cell/tissue specific target gene 
expression by binding to the UAS fused to the target gene initiating transcription.   
 

To assess changes in development in the excision lines, male heterozygotes were 

crossed with virgin females of the Gla, wg
Gla-1

/CyO, twi, EGFP strain, according to 

the crossing scheme in Figure 3.5. In the resulting progeny, males and females with 

normal eyes but curly wings were selected and crossed together on an egg lay plate 

(Appendix 2) supplemented with semi-dry yeast for 12 – 24 hours. After this time, 

flies were repeatedly transferred to fresh egg lay plates. Following fly withdrawal, egg 

lay plates were visualised under a Leica MZ 16F fluorescence stereomicroscope with 
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an EGFP filter set (488 nm excitation and 530 nm emission wavelengths). Non-

fluorescent embryos were assumed to be homozygous for the transposon excision and 

were placed on a food plate of standard Drosophila medium (Appendix 2). Plates 

were incubated at 23°C in a 12 hour light/dark cycle. Development of embryos was 

monitored by daily visual inspection. 

 
 
     y, w/Y; */CyO; +/+ 

     Mass mating 

                    X 
 

                  w; Gla, wg
Gla-1

/CyO, twi, EGFP; +/+      

  

                  
 

 

 

     
 
 
 

          w/Y, */CyO, twi, EGFP; +/+     X          y, w/w; */CyO, twi, EGFP; +/+ 
          Mass mating on an  
          egg lay plate 
    
 
 
 
 
 

y, w/Y; */*; +/+ or  w/Y; */*; +/+ or y, w/w; */*; +/+ or w; */*; +/+ 

 
 
Figure 3.5. The genetic crossing for selection of homozygous excision lines. Non-
EGFP embryos were selected and transferred to a food plate. Development was 
observed.  
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3.3.7  Backcrossing of yw 
c 

 

To investigate the effects of genetic background in gene expression measurements 

with Sod3
06029 flies, the yw 

c strain was backcrossed with the Sod3 mutant background 

as illustrated in Figure 3.6. Initially three virgin female yw 
c flies were mated with one 

male Sod3
06029 fly. Single pair matings of the F1 generation were made and 10 further 

single pair matings were made of resulting progeny that had white eyes and yellow 

bodies to generate the backcrossed control stock yw 
c-iso. 

 
 
y, w/y, w; +/+ 

Three ♀ 

X 

 
y, w/Y; KG06029; +/+ 

              Single ♂ 
 
 
 

y, w/y, w; KG06029/+ 

Single ♀ 

X 

 
          y, w/Y; KG06029/+ 

              Single ♂ 
 
 

 

 

     
 
 

      y, w/y, w; +/+        X       y, w/Y; +/+ 
         Ten single ♀   Ten single ♂ 
 
 
Figure 3.6. The genetic cross for generation of the backcrossed Sod3

06029
 control 

line (yw 
c-iso

). 
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3.3.8  RNA isolation 

 

Approximately 10 flies of appropriate genotype were briefly anesthetised and snap 

frozen in liquid nitrogen (LN2) and RNA was prepared using the RNeasy mini kit 

(Qiagen). The concentration and purity of isolated RNA was determined by analysing 

1µL of each RNA sample on the NanoDrop spectrophotometer. 

 

3.3.9  First strand cDNA synthesis 

 

The reverse transcription reaction was assembled in a 200µL thin walled PCR tube as 

follows: 0.565µg/µL RNA was added to 5µL 10X TaqMan® reverse transcription 

buffer (Applied Biosystems, California, USA), 5.5µL 25mM MgCl2 solution (Applied 

Biosystems), 10µL 10mM dNTPs (2.5mM each of dATP, dCTP, dGTP and dTTP) 

(Applied Biosystems), 2.5µL 50µM random hexamers (Applied Biosystems), 1µL 

20U/µL RNase inhibitor (Applied Biosystems) and 1.25µL 50U/µL MultiScribe® 

reverse transcriptase. The reaction was made up to 50µL with nuclease-free H2O. The 

reverse transcription reaction was initiated by incubation at 25°C for 10 mins, 

followed by a 30 minute incubation at 48°C. The reaction was terminated by 

incubating at 95°C for 5 mins. The resulting cDNA was diluted 1:10 in nuclease-free 

H2O, verified by PCR and stored at -20°C until required for subsequent real-time PCR 

reactions. 

 

3.3.10  Oxidative stress treatments 

 

3.3.10.1  Paraquat 

 

WT mixed sex adult flies up to seven days old were briefly anesthetised and 

transferred from standard plastic food vials to empty plastic vials for a maximum of 

one hour (~30 flies per vial), as previously described (Arking et al. 1991). After one 

hour, and without anesthetisation, flies were transferred into plastic vials containing 

five pieces of Whatman filter paper soaked in 500µL of 30mM paraquat (methyl 

viologen dichloride hydrate) (SIGMA, Dorset, UK) dissolved in 5% sucrose. Control 
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flies were given 5% sucrose. The vials were incubated at 23˚C for 24 hours. After 24 

hours, surviving flies exposed to paraquat were snap frozen in LN2. RNA was 

extracted and cDNA was synthesised as described previously in preparation for gene 

expression analysis. 

 

3.3.10.2  H2O2 

 

For H2O2 (SIGMA, Dorset, UK) application, the same procedure was followed as 

with paraquat administration above, except for test flies five pieces of Whatman filter 

paper were soaked in 500µL of 15% H2O2 dissolved in 5% sucrose. 

 

3.3.11  TaqMan
® 

real-time PCR 

 

Real-time PCR (also know as quantitative PCR (qPCR)) employs DNA binding 

fluorophores to quantify DNA amplification in a ‘real-time’ manner. Here, the 

TaqMan® system (Applied Biosystems) was employed. TaqMan® gene expression 

assays comprise a sequence specific DNA probe and primer pair, with the DNA probe 

being labelled with a fluorescent reporter dye (in this case 6-carboxyfluorescein 

(FAM) and a non-fluorescent quencher (NFQ). When the probe is intact the energy 

from the reporter dye is transferred to the quencher by means of fluorescence (or 

Förster) energy transfer (FRET) preventing fluorescence emission. The sequence 

specific probes and primers will bind to template DNA and the 5’ exonuclease activity 

of DNA polymerases means that, when added, the probe becomes digested, separating 

the reporter and quencher, allowing a quantifiable fluorescent signal at 518 nm to be 

measured. 

 

3.3.11.1  TaqMan
® 

probe and primer design 

 

Custom TaqMan® gene expression assays were created using the File Builder 3.1 

software available from the Applied Biosystems website 

(https://www2.appliedbiosystems.com/support/software/filebuilder/). The GenBank 

sequences for the GAPDH (reference (or housekeeping) gene) (accession number 

M11254), sod1 (accession number NM_057387) and sod2 (accession number 
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NM_057577) were used to design gene specific reporter and primer sequences. For 

sod3v1 and sod3v2 the nucleotide sequences sequenced from cloning of the sod3 

transcript (Chapter 2) were used. In order to generate specificity between the sod3v1 

and sod3v2 assays, the sod3v2 reporter binds in the 6th exon of the sod3v2 transcript 

(i.e. the exon unique to sod3v2) and thus will not cross-react with the sod3v1. 

Furthermore, the sod3v1 reverse primer binds over the junction of the 5th exon and the 

3’ untranslated region that is specific for the sod3v1 transcript and therefore cannot 

bind to sod3v2 cDNA. The primer and reporter sequences designed are listed in Table 

3.6. 

 

Table 3.6. Custom TaqMan
®

 Gene Expression Assay reporter and primer 

sequences. 

Gene Primer/Reporter Sequence 

GAPDH Forward primer CGACATGAAGGTGGTCTCCAA 
 Reverse primer ACGATCTCGAAGTTGTCATTGATGA 
 Reporter (forward strand) CTGCCTGGCTCCCC 
sod1 Forward primer CCAAGGGCACGGTTTTCTTC 
 Reverse primer CCTCACCGGAGACCTTCAC 
 Reporter (reverse strand) CCGCTGCTCTCCTGTTC 
sod2 Forward primer GTGGCCCGTAAAATTTCGCAAA 
 Reverse primer GCTTCGGTAGGGTGTGCTT 
 Reporter (reverse strand) CCGCCAGGCTTGCAG 
sod3v1 Forward primer CCAAGAAGACCGGCAATGC 
 Reverse primer GCTGACACGTTGGAAGGGATATTTA 
 Reporter (reverse strand) ACCACAGGCAATGCG 
sod3v2 Forward primer CGCATTGCCTGTGGTGTTATTG 
 Reverse primer GCCACCATCGCGACATG 
 Reporter (reverse strand) CCACATCCGAGTTGATGC 

 

3.3.11.2  Real-time PCR reagents and conditions 

 

Real-time PCR assays were carried out according to the Custom TaqMan® Gene 

Expression Assay manufacturer’s instructions (Applied Biosystems). Each Custom 

TaqMan® Assay was supplied in a 20X scale and contained 18µM of each primer and 

5µM of the probe. Real-time PCR reactions were made up in clear 96-well plates (Bio 

Rad) as follows: 9µL cDNA was mixed with 10µL 2X TaqMan® Universal PCR 

Master Mix, No AmpErase UNG and 1µL 20X Custom Assay Mix. Reactions were 

mixed by pipetting and plates were capped with clear strip caps (Applied Biosystems). 

Plates were then centrifuged at 3,000 x g for 3 mins and real-time PCR was run on a 
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Chromo4 Real-Time PCR Detection System (Bio-Rad) using the Opticon Monitor III 

program. 

 

Real-time PCR thermocycling conditions are as listed in Table 3.7. 

 

Table 3.7. TaqMan
®

 real-time PCR thermocycling conditions. 

Steps Incubation time Temperature (°C) 

1. Hold 10 min 95 
2. 2 step cycling - - 
    Denaturation 15 sec 95 
    Annealing/extension 1 min 60 
3. Fluorescence reading - - 
4. 39 more cycles to step 2 - - 

 

3.3.11.3  Real-time PCR analysis 

 

Real-time PCR analysis depends on obtaining a cycle threshold (C(t)) value. The C(t) 

itself is a user defined figure (0.025 in all experimental reactions) that lies 

significantly above the baseline fluorescence. Thus, the C(t) value is the cycle number 

at which fluorescent emissions from the exponential accumulation of PCR products 

during the log-linear phase exceed this predetermined threshold.   

 

Initial experiments were carried out to validate the efficiency of the primer pairs 

designed above. Serial dilutions (1:1, 1:5, 1:25 and 1:125) of two of the fly strain 

cDNAs (WT and n108/TM3) were run according to the conditions stated above with 

each of the primer/probe sets. The mean C(t) value for each primer/probe set was then 

plotted against the Log cDNA dilution with the amplification efficiency (Eff) of the 

primer pairs being calculated from the slope of the log-linear phase according to the 

following equation: 

 

Eff = 10(-1/slope) 

 

Ideally the amplification efficiency of the primers should be 2, representing a 

doubling of the DNA product after each cycle, however values of 1.6 – 2.2 are 

acceptable.  
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For test samples, gene expression was quantified according to the relative expression 

model using the following formula: 

 

         (Efftarget)
∆C(t)target (control sample – test sample) 

Relative expression ratio = 
     (Effreference)

 ∆C(t)reference (control sample – test sample) 

 

‘Target’ refers to the target gene being assayed (i.e. Sod1, Sod2, Sod3v1 or Sod3v2) 

and ‘reference’ indicates the reference gene being assayed (i.e.GAPDH). Expression 

ratios for different fly strains or under various experimental conditions were then used 

to illustrate gene expression results as either a proportion of GAPDH expression or as 

a fold-change in gene expression compared to control Sod gene expression. Statistical 

analysis of the data was performed using unpaired t-tests and a minimum of four 

biological replicates were tested for each cDNA sample in triplicate for each gene. 
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3.4 Results 

 

3.4.1  Sod gene expression in WT flies 

 

Using real-time PCR analysis the expression of sod1, sod2, sod3v1 and sod3v2 in 

male and female WT
 flies was quantified (Figure 3.7). Measured as a proportion of 

GAPDH (housekeeping gene) expression, sod1 appeared to be the most prevalent of 

all the sod gene species in both sexes. Sod2 was less highly expressed and both 

sod3v1 and sod3v2 had lower expression still, with sod3v1 having the lowest 

expression profile, in both sexes. Interestingly, while sod1 and sod2 expression was 

equivalent between sexes, females were shown to express significantly higher levels 

of both sod3 variants than males (for sod3v1 df = 8, P = <0.01 and for sod3v2 df = 8. 

P = <0.001). Furthermore, whilst sod3 expression levels were comparable between 

variants in males, in females sod3v2 was found to be significantly more abundant than 

sod3v1 (df = 8, P = <0.01).   

  

 

 

Figure 3.7. Sod gene expression profiles in male and female WT flies as a 

proportion of GAPDH expression. Five biological replicates of each sex were tested 
in triplicate for each gene. Error bars are standard error of the mean (SEM). **, P = 
<0.01; ***, P = <0.001.   
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3.4.2  Sod gene expression in sod mutant lines 

 

Following quantification of sod expression levels in WT flies equivalent 

measurements were made in a number of sod mutant lines. Previous work by Phillips 

and colleagues reported that upon knocking out sod1 in Drosophila, Cu Zn SOD 

activity was found to be completely abolished (Phillips et al. 1989). These findings 

now seem curious given that in the previous chapter it was demonstrated that 

Drosophila also contain a proposed extracellular Cu Zn SOD (sod3). Gene expression 

measurements were therefore taken in a number of sod1 and sod3 mutant lines to 

assess whether compensatory or co-transcriptional changes in sod gene expression 

occur in response to altered sod1 and sod3 expression, which may account for sod3 

being missed in the original sod1-null work.  

 

WT cDNA was included as a non-isogenic control and the mutant lines tested were the 

sod1 heterozygous mutants, x39/TM3, n108/TM3, the sod1 homozygous n108 line and 

the sod3 P-element insertion allele, Sod3
06029.  As discussed, the sod3 mutant line 

(Sod3
06029) is a product of the BDGDP gene disruption project and, until now, 

remained unexplored. However, homozygous sod3
06029 flies were observed to be both 

viable and fertile and therefore were tested as homozygotes. The two sod1 mutant 

lines are well established. The n108 allele was originally recovered as an 

ethylmethane sulfonate (EMS) induced recessive lethal mutation and results in a 

missense mutation, believed to be at the site of dimer interaction, which interferes 

with structural stability and leads to reduced lifespan and paraquat hypersensitivity 

(Campbell et al. 1986;Phillips et al. 1989;Phillips et al. 1995). The x39 allele was 

generated by ionizing γ irradiation and results in a 395 bp deletion encompassing the 

transcription start site, all of the first exon and part of the single intron of sod1 

(Phillips et al. 1995). Whilst x39 flies are only viable as heterozygotes, and are 

therefore tested as such, homozygous n108 flies can be recovered meaning both 

heterozygous and homozygous n108 flies were assayed for gene expression. It should 

be noted however that the n108 line was assayed in a separate experiment.   

 

Sod gene expression profiles for WT flies of each sex (Figures 3.8A and C for males; 

Figures 3.8B and D for females) matched that found previously, with sod1 being most 
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highly expressed, followed by sod2, then sod3v2 and finally sod3v1. However, in all 

the mutant strains tested, and in both sexes, sod2 was found to be the most highly 

expressed. Additionally, both sod3 variants were found to be more highly expressed 

in females than in males in all lines tested except for the female Sod3
06029 strain. Here 

we found reduced sod3v1 expression in females compared to males whereas sod3v2 

was equally expressed between the sexes.  

 

Analysis of the fold changes in gene expression compared to WT levels reveals more 

about the expression profiles of each Sod gene in each mutant strain:   

 

3.4.2.1  Males 

 

Male x39/TM3 flies showed statistically significant reduction of sod1 mRNA levels 

(df = 8, P = <0.05) by greater than 2- fold (Figure 3.9A) compared to WT, whilst sod2 

and sod3 (both variant) expression levels did not differ significantly. In contrast, no 

measurable change in sod1 expression was observed in the other heterozygous sod1 

mutant line, n108/TM3. There was, however, significant down-regulation of both 

sod3v1 (df = 8, P = <0.05) and sod3v2 (df = 8, P = <0.05) in this strain, but no 

statistically measurable change in sod2 expression. With the homozygous form of this 

strain (n108) however, whilst all sod genes were found to be down-regulated, none 

showed any statistically significant change in expression (Figure 3.9C). A significant 

reduction in expression of both sod3v1 (df = 8, P = < 0.001) and sod3v2 (df = 8, P = 

<0.01) (around 2-3 fold) in the sod3
06029

 strain was also measured but little change in 

sod1 or sod2 was observed (Figure 3.9A).  
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Figure 3.8. Sod gene expression profiles in various sod mutant lines as a 

proportion of GAPDH expression. A, expression in WT, x39/TM3, n108/TM3 and 
Sod3

06029 male flies; B, expression in females of the same strain; C, expression in WT 
and n108 males; D, expression in females of the same strain. All samples are tested at 
N = 5 and error bars are SEM. 

 

3.4.2.2  Females 

 

A similar trend was seen in female flies where x39/TM3 flies showed ~2-fold down-

regulation of sod1 (df = 8, P = <0.001) but no significant difference in sod2, sod3v1 

or sod3v2 expression compared to WT (Figure 3.9B). Unlike in males, a statistically 

significant down-regulation of sod1 (df = 8, P = <0.05) was seen in n108/TM3 flies. 

Also, unlike male flies, no significant down-regulation of sod3v1 or sod3v2 was 

observed in this strain. Once again, sod2 levels did not vary significantly compared to 

WT in n108/TM3 female flies. Interestingly, whilst no significant reduction in sod1 

expression was observed in the n108 line, in this homozygous strain we did see a 

A B 

C D 
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significant down-regulation of sod3v1 (df = 8, P = <0.05) and sod3v2 (df = 8, P = 

<0.05) expression (Figure 3.9D). As expected Sod3
06029

 females showed a 

considerable reduction in both sod3v1 (df = 8, P = <0.001) and sod3v2 (df = 8, P = 

<0.001) expression of 8- to 10-fold (Figure 3.9B). Whereas sod1 levels did not differ 

compared to WT females, we also observed a significant up-regulation of sod2 (df = 8, 

P = <0.01) in Sod3
06029

 females. 
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Figure 3.9. Fold change in Sod gene expression in the Sod mutant lines compared 

to WT flies. All samples are tested at N = 5 and error bars are SEM. *, P = <0.05; **, 
P = <0.01; ***, P = <0.001. 
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3.4.3  Transposon excision 

 

The aim of excising the inserted P-element present in the promoter region of the 

Sod3
06029 strain was two fold. Firstly, generating revertant excision lines would allow 

for confirmation that any changes in gene expression found in the sod3 mutant were 

indeed caused by transposon insertion. As such, revertant excision lines would be 

expected to have dramatically increased sod3 transcript levels compared to Sod3
06029. 

Secondly, P-element excision can sometimes be imprecise (Robertson et al. 1988;Salz 

et al. 1987). In such circumstances removal of the element will also excise a portion 

of genomic DNA adjacent to the insertion site. When the P-element lies within a gene 

transcript region (as the KG06029 element does in Sod3
06029 hypomorph) this can lead 

to knockout mutants being generated, which would be useful to help characterise the 

function of the sod3 gene in Drosophila.    

 

By crossing homozygous Sod3
06029 flies with the transposase producer, P(∆2-3), 

sb/TM6, Ubx, 236 individual transposon excision lines were generated. As described 

in the methods, to generate individual excision stocks a single male heterozygous for 

the excision over a CyO balancer (*/CyO), was crossed with the CyO/Sco balancer 

stock. Resulting male and virgin female progeny of the */CyO genotype were then 

crossed together to propagate the stock. Typically, where P-element excision has 

occurred cleanly the ratio of straight wing (homozygous):curly wing (heterozygous) 

flies (i.e */* : */CyO) would be 1:2. Should imprecise excision occur and disrupt 

genomic DNA encoding a gene critical for survival, the number of CyO flies may be 

expected to be higher or straight wing flies may be absent altogether if homozygous 

excision lines are lethal.      

 

Of the 236 excision lines generated, 199 (84.3%) produced the expected 1:2 ratio of 

homozygous:heterozygous flies and 37 (15.7%) of the stocks only produced 

heterozygous offspring, suggesting lethal imprecise excision may have occurred in 

these stocks. Initially, excision events were assumed to have occurred in white eyed 

individuals as the white+ phenotype (i.e. red eyes) is carried by the P-element. 

However, this was verified in all stocks (including heterozygotes) by PCR screening 

with a primer binding internally to the transposon (KG ins F) and a genome specific 
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primer (KG P2). Genomic DNA from the Sod3
06029 strain was used as a positive 

control. Despite all adults having white eyes, 10 of the 236 lines (ex24, ex25, ex50, 

ex59, ex69, ex81, ex98, ex151, ex180 and ex206) gave rise to a 3.618 Kb product with 

the primer pair, indicating that the P-element was still present in these lines. Figure 

3.10 shows the PCR products of the lines in which the P-element is still present. 

Results for all stocks are not shown as a positive result (i.e. transposon excision) is 

illustrated by no product. 
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Figure 3.10. PCRs of stocks in which the P-element remained inserted. 3.618 Kb 
product indicates that the P-element is still inserted. The lanes in which a 3.618 Kb 
was found (white box) and the corresponding excision line are listed: lane 14 = ex24; 
15 = ex25; 23 and 24 = duplicates of ex53; 33 and 34 = duplicates of ex59; 44 = ex69; 
58 = ex81; 61 = ex98; 71 = ex151; 77 = ex180; 90 = ex206. Remaining lanes are 
excision lines in which the P-element was cleanly excised. PCR products other than 
those enclosed by a white box are due to non-specific primer binding. 
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Following confirmation of those stocks which had had the P-element insertion 

removed (and thus were now predicted to be like wild-type flies) each stock was 

screened for the presence of small genomic DNA deletions adjacent to the transposon 

insertion site. The Sod3 del F and Sod3 del R primers were used with the conditions 

detailed in the methods. Cleanly excised stocks were predicted to produce PCR 

products of 0.799 Kb, whereas in those stocks where imprecise excision has occurred 

an additional smaller product would be expected to be seen. Appendix 3 shows the 

PCR products of each of the excision lines tested with the Sod3 del primer pair. Of the 

236 excision lines subjected to PCR, 217 produced products of 0.799 Kb, indicating 

clean transposon excision. Of the remaining 19 stocks; five gave products of greater 

than 0.779 Kb: ex24, ex63, ex82, ex172 and ex236; four produced very faint bands in 

the 0.779 Kb region: ex49, ex121, ex151 and ex239; nine gave no product at 0.779 

Kb: ex50, ex59, ex69, ex98, ex100, ex137, ex179, ex182 and ex206; and one stock 

gave a product that may be smaller than 0.779 Kb fragment: ex233. 

 

All heterozygous excision lines, and lines in which a 0.799 Kb fragment was not 

found, were retained for future investigations. Additionally a number of lines in which 

the P-element was predicted to have been excised cleanly, therefore producing 

homozygous flies, were also retained. Table 3.8 summarises the nature of the excision 

lines generated.  
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3.4.4  Sod gene expression in transposon excision lines 

 

Three of the retained homozygous excision lines (ex136, ex141 and ex158) were separated 

by sex and subjected to real-time PCR analysis in order to verify that removal of the P-

element would increase sod3 gene expression. Analysis of expression data for each 

excision line as a proportion of GAPDH (housekeeping gene) expression showed that 

removal of the P-element in both sexes served to increase sod3 gene expression compared 

to the sod3 mutant line (Figure 3.11A (males) and 3.11B (females)). However, whilst in 

both sexes the increase in sod3v1 was similar, the increase in sod3v2 expression in females 

was far more dramatic with the expression matching that of sod1 and sod2. We previously 

showed that in both male and female WT flies sod1 was the most highly expressed of the 

sod isoforms. However, in the sod3
06029 strain sod2 expression predominated (see Figure 

3.8A and 3.8B). In each of the male excision lines tested, sod1 reverted to be the most 

highly expressed (Figure 3.11A) however this reversal was not found to occur in female 

excision strains (Figure 3.11B).  

 

Analysis of the fold-change in gene expression compared to Sod3
06029 reveals the degree to 

which sod expression changes upon transposon removal. For all 3 male excision stocks, 

removal of the transposon resulted in an increase in the expression of sod3v1 of 3.5 – 5.5-

fold and of sod3v2 of 2.5 – 3.5-fold (Figure 3.12A). Interestingly, a concurrent rise in sod1 

(1.5 – 3-fold) and, to a lesser extent, sod2 (1 – 2-fold) transcript expression was also 

found. Female excision lines exhibited greater upregulation of both sod3v1 (9 – 13-fold) 

and sod3v2 (9 – 21.5-fold) (Figure 3.12B) in each excision line, supporting the notion that 

sod3 gene expression is higher in females. Increased sod1 (1 – 2-fold) and sod2 (1 – 2-

fold) expression was also observed in female excision stocks. The P values for appropriate 

results are listed in the figure legend. 
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Figure 3.11. Sod gene expression profiles in excision lines. Sod gene expression was 
quantified in male (A) and female (B) excision lines as a proportion of GAPDH 
expression. All samples are tested at N = 4 and error bars are SEM.  
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Figure 3.12. Fold change in Sod gene expression in excision lines compared to the 

Sod3
06029

 mutant line. (A) Male excision lines and (B) female excision lines were tested 
at N = 4 and error bars are SEM. *, P = <0.05; **, P = <0.01; ***, P = <0.001. 
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3.4.5  Development of excision lines 

 

Two of the excision lines in which only heterozygous progeny are generated (ex110 and 

ex155) were crossed to the embryonic EGFP strain, Gla, wgGla-1/CyO, twi, EGFP, as 

detailed in the methods. Non-EGFP embryos were selected and their development 

monitored. Non-EGFP embryos of both excision strains successfully underwent 

organogenesis and cytodifferentiation, maturing to first instar larvae stage around 24 hours 

post embryo picking. First instar larvae underwent the two molts to second and third instar 

larvae by day 8 and two days later pupae were seen. Pupae appeared to undergo normal 

development with adult structures such as the head, abdomen and thorax being formed. 

Furthermore, later pupal developmental features such as bristles were also seen. However, 

none of the homozygous excision pupae, for either stock, were able to eclose as adults. 

Figure 3.13A and B show homozygous pupae from the ex110 stock and Figure 3.13C and 

D are of those from the ex155 stock. The lack of eye pigmentation indicates that only 

homozygous embryos were picked initially.  

 

   

  

Figure 3.13. Phenotypes of lethal homozygous excision lines. A and B are ex110 pupae 
and C and D are ex155 pupae. Flies develop normally until the late pupal stage but then 
fail to eclose. Characteristic structures are shown which allowed development to be 
assessed. 1 = dark wings; 2 = bristles; 3 = lack of eye pigmentation. 
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3.4.6  Sod gene expression vs the backcrossed control strain 

 

As detailed in the methods, a backcrossed control for the Sod3
06029 strain (yw 

c-iso) was 

generated by backcrossing of the parental yw c line with the sod3 mutant. Analysis of the 

change in expression of each sod gene in Sod3
06029 compared to yw 

c-iso, revealed that in 

males there was variable change in sod3 expression, with sod3v1 showing no measurable 

change in expression whilst sod3v2 was significantly up-regulated (df = 6, P = <0.05) 

(Figure 3.14A). A statistically significant rise in the expression of both sod1 (df = 6, P = 

<0.01) and sod 2 (df = 6, P = <0.01) of around 2-fold was also found. In female Sod306029 

flies sod3v1 expression was highly significantly suppressed ~3-fold (df = 6, P = <0.001) 

whereas sod3v2 was down-regulated ~2-fold (df = 6, P = <0.01) (Figure 3.14B). As was 

found with males, sod1 and sod2 were found to be up-regulated although only marginally. 

 

3.4.7  Sod gene expression vs the non-backcrossed control 

strain 

 

Sod gene expression in the non-backcrossed male and female Sod306029 flies was also 

compared to the parental line, yw 
c. Both sod3v1 and sod3v2 were found to be significantly 

down-regulated in male flies approximately 2-fold (df = 6, P = <0.01 and df = 6, P = 

<0.05, respectively) (Figure 3.15A), whilst no measurable change in sod1 and sod2 

expression was observed. In females, down-regulation of sod3v1 and sod3v2 was 

significantly more pronounced at around 8-fold for both variants (both df = 6, P = <0.01) 

(Figure 3.15B). Sod1 expression was also found to be significantly repressed in female 

flies (df = 6, P = <0.05) whereas sod2 expression remained unchanged. 
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Figure 3.14. Fold change in Sod gene expression in male (A) and female (B) Sod3

06029
 

flies compared to the backcrossed control line, yw 
c-iso

. Samples are tested at N = 4 and 
error bars are SEM. *, P = <0.05; **, P = <0.01; ***, P = <0.001. 
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Figure 3.15. Fold change in Sod gene expression in male (A) and female (B) Sod3

06029
 

flies compared to the non-backcrossed control line, yw 
c
. Samples are tested at N = 4 

and error bars are SEM. *, P = <0.05; **, P = <0.01. 
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3.4.8  Sod gene expression in response to oxidative stress 

 

3.4.8.1  Paraquat 

 

Sod gene expression profiles were also quantified in mixed sex WT adults in response to 

oxidative insults. After 24 hours of exposure to 30mM paraquat WT flies had ~50% 

mortality whereas control flies exposed to 5% sucrose showed 0% mortality (data not 

shown). Quantification of sod gene expression revealed all sod genes to be marginally 

down-regulated in surviving flies exposed to paraquat with sod1 (df = 8, P = <0.05) and 

sod3v2 (df = 8, P = <0.05) showing statistically significant reductions in expression 

(Figure 3.16).   
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Figure 3.16. Fold change in Sod gene expression in mixed sex WT flies in response to 

exposure to 30mM paraquat for 24 hours. *, P = <0.05. Samples are tested at N = 5 and 
error bars are SEM. 
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3.4.8.2  H2O2 

 

After 24 hours of exposure to 15% H2O2 WT flies had ~50% mortality whereas control 

flies exposed to 5% sucrose showed 0% mortality (data not shown). As with paraquat 

experiments, quantification of sod gene expression revealed all sod genes to be marginally 

down-regulated in surviving flies exposed to H2O2 with sod1 (df = 6, P = <0.05) and sod2 

(df = 6, P = <0.05) showing statistically measurable down-regulation of expression (Figure 

3.17). 
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Figure 3.17. Fold change in Sod gene expression in mixed sex WT flies in response to 

exposure to 15% H2O2 for 24 hours. *, P = <0.05. Samples are tested at N = 5 and error 
bars are SEM. 
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3.5  Discussion 

 

The main aims of the work presented in this chapter was to quantify the gene expression 

profiles of the sod isoforms in a number of Cu Zn sod mutants and to generate new sod3 

loss of function alleles. The sod3 hypomorph strain used was generated by the Berkley 

Drosophila Gene Disruption Project (BDGDP) which aims to perturb each Drosophila 

gene through insertion of a single transposable element (P-element) (Bellen et al. 2004a). 

This sequence based screening project does not explore the consequence of disrupting 

individual genes and as such the P-element was excised, firstly to confirm that its insertion 

causes disturbed sod3 transcription and secondly to try and generate sod3 knockout 

mutants. Further work included exploring both the influence of genetic background and 

oxidative stress on sod gene transcription.   

 

3.5.1  Sod gene expression in WT flies reveals sex specific 

variation 

 

Initial real time PCR experiments quantifying gene expression levels was carried out in 

WT adult flies and revealed differences in sod3 expression between sexes. Whilst Sod1 

and sod2 expression was comparable within sexes and between sexes, sod3 expression 

was found to be lower in both genders. However, compared to males, females showed 

considerably higher expression of both sod3 variants and furthermore WT females appear 

to express considerably higher levels of sod3v2 than sod3v1, whereas males showed 

similar levels of expression of each. This higher level of antioxidant in females parallels 

the finding in honey bees that vitellogenin acts as an antioxidant which is highly expressed 

in egg-laying queens (Corona et al. 2007;Seehuus et al. 2006). Further support of higher 

antioxidant gene expression in females is given by developmental time-course microarray 

data showing sod3 expression to be higher in females (Gauhar et al. 2008). Interestingly, 

the same study also revealed that sod3 expression was found to be elevated in early 

embryos, during larval development and during metamorphosis. As illustrated in Figure 

2.5B (Chapter 2), we also suggested that Drosophila embryos may express both sod3 
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variants more highly than larvae or adults thus supporting this notion. The scope of this 

study did not extend to determine the reason behind this sex specific genetic variation and 

thus the reasons for it can only be hypothesised. The most likely explanation is that 

females may contain tissues that have a higher abundance of sod3, possibly as a 

reproductive requirement, thus paralleling the findings of Corona and colleagues and 

Seehuus and colleagues (Corona et al. 2007;Seehuus et al. 2006). Alternatively, increased 

sod3 expression may occur as an adaptive change in response to females being subjected 

to higher levels of extracellular O2¯· than males. This again could be due to a reproductive 

requirement, however this finding of sex specific sod expression requires further work to 

explain.      

 

3.5.2  Sod gene expression in a sod3 mutant line suggests 

compensatory changes in expression 

 

WT cDNA was employed as the control in comparative real time PCR experiments with 

the Sod mutant lines. As found previously, in WT flies, in both sexes, sod3v1 and sod3v2 

were less highly expressed than sod1 and sod2, however females showed considerably 

higher expression of both sod3 variant than males. As well as expressing higher levels of 

sod3v1 and sod3v2, the degree to which expression is down-regulated in Sod306029 flies is 

much greater in female flies than males. It is important to note, however, that there is still 

a degree of sod3 expression in the Sod3
06029 strain so this fly line must be considered a 

hypomorph rather than a null mutant. This is not entirely unexpected since the P-element 

insertion is upstream of the sod3 coding sequence thus would likely only disrupt 

transcription. Interestingly, there was a general trend of sod gene suppression in all mutant 

lines tested and in both sexes. In the x39/TM3 line sod1 transcription was down-regulated 

around 2-fold in both sexes. This was to be expected since the x39 allele is a deletion 

allele and as such heterozygous flies would be expected to exhibit at least half the 

expression of sod1 compared to WT flies. Sod1 gene expression in this particular fly strain 

could therefore be considered a control. However, in other lines compensatory changes in 

transcription were observed in response to the specific mutation. For instance, in male 

n108/TM3 flies reduced expression of both the sod3v1 and sod3v2 transcripts almost 2-
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fold was found, in female Sod3
06029

 flies a significant increase sod2 expression was 

observed and male n108 flies had significantly suppressed sod3v1 and sod3v2 expression. 

These results imply that the sod genes are not entirely independent of each other and have 

either direct or indirect effects on each others’ transcription. Studies in C. elegans support 

the notion of compensatory changes in sod expression in response to removing alternative 

members of the sod gene family, with a general trend of compensatory sod upregulation 

being observed (Back et al. 2010;Van Raamsdonk & Hekimi 2009).  

 

3.5.3  Limitations of using WT flies as a control 

 

As described, the control strain used for the comparative real-time PCR experiments was 

the wild-type Oregon R strain (WT). The major drawback of employing this strain is the 

lack of control for the influence of genetic background, or genetic variation, in each of the 

mutant fly strains. For instance, the transposon used to generate the sod3 mutant line was 

inserted in to the yellow white (yw) background, not Oregon R. yw flies contain mutations 

in the yellow (y) and white (w) genes which cause phenotypic pigmentation deficiencies. 

The downstream effects or epistatic interactions of these mutations with the genetic 

background may be unknown but are likely to result in quantitative genetic variation that 

will not be present in Oregon R flies. Furthermore, inbred laboratory strains of Drosophila 

can accumulate alleles in a strain-specific manner. This has been shown in respect to 

lifespan, where strain specific accumulation of deleterious alleles has identified alleles 

which extend lifespan by suppressing the short-lived phenotype (Linnen et al. 

2001;Spencer et al. 2003). Another consideration is the maternally inherited intracellular 

proteobacterium, Wolbachia. Wolbachia has been shown to have unpredictable effects on 

host fitness associated traits which is dependent upon genetic background in Drosophila 

strains (Dean 2006). Around 30% of stocks present at the Bloomington Drosophila Stock 

Centre are thought to contain Wolbachia (Clark et al. 2005), however it is unknown 

whether any of the strains used in this report are infected and even if they are what affect 

Wolbachia may be contributing to gene transcription. A number of recent studies have 

highlighted this need to control for genetic background in Drosophila genetics (Dworkin 

et al. 2009;Toivonen et al. 2007). Toivonen and colleagues suggest that, after correcting 
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for genetic background, Indy (I’m not dead yet) mutants, which have been shown to have 

long lived phenotypes (Rogina et al. 2000), actually show no increase in lifespan. 

Furthermore, Dworkin et al. determined the importance of genetic background in 

determining the phenotypic effect of a mutation in the scalloped (sd) gene in two wild type 

strains. Oregon R and Samarkand flies both have normal oval wings which differ only 

subtly, however whereas a sd mutation in Oregon R flies resulted in severely reduced wing 

size throughout the wing blade, the same sd mutation in Samarkand flies caused wings to 

remain elongated but with substantial tissue loss. The role that genetic background may 

play in influencing gene transcription must therefore be considered when interpreting the 

comparative real-time PCR results where WT flies were used as the control (see section 

3.5.6). 

 

3.5.4  Transposon excision restores gene expression but a 

knockout sod3 mutant is not immediately obvious 

 

Of the 236 independent excision lines generated, three homozygous precise excision lines 

(ex136, ex141 and ex158) of each sex were analysed for sod gene expression. The purpose 

of measuring sod gene expression in these lines was to confirm that the reduction in sod 

expression found in the Sod3
06029 line was indeed due to transposon insertion. As a result 

precise excision of the P-element would be expected to return sod gene expression to WT 

levels. In each case sod3 gene transcript levels were found to increase substantially in both 

sexes. The increase in expression was more dramatic in females (9 – 21.5-fold) than in 

males (2.5 – 5.5-fold), supporting our WT gene expression data which showed females to 

express higher levels of both sod3 species. Interestingly, subtle differences in gene 

expression between sexes in our excision lines were also observed. Whilst in male lines 

sod1 was found to be the most highly expressed isoform, in females it was sod2. 

Furthermore, transposon excision was found to be coupled to increased sod1 and sod2 

transcription in both sexes suggesting that Sod3 may help to regulate the expression of 

sod1 and sod2. 
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Attempts to generate a sod3 knockout mutant through imprecise P-element excision 

revealed some interesting results, which require further work to fully explain. Each of the 

236 lines were subjected to PCR with a variety of primer pairs to identify any deletions 

around the P-element insertion site. Genomic deletions can be uni- or bi-directional 

(Adams and Sekelsky 2002) therefore primers were designed such that they bound a given 

distance either side of the P-element insertion site. As detailed in the results, PCRs with a 

primer pair spanning 799 bp of genomic DNA across the P-element locus revealed no 

smaller products indicating no small genomic deletion upon excision. A number of other 

primer pairs (data not shown) with predicted genomic products of up to ~5.5 Kb were also 

tested, again with no smaller products being found. Although no deletions were 

immediately obvious by PCR, in 15.7% of the 236 excision lines only heterozygous flies 

ever eclose, suggesting a lethal deletion mutation has occurred upon P-element excision in 

these strains. It should be noted that typically imprecise excision events are proposed to 

occur at a frequency of 2-10% (Adams & Sekelsky 2002), making this value slightly 

above the average. A reasonable explanation for the lack of observed genomic DNA 

deletion in these heterozygous lines is due to the unpredictable size of deletions. Deletions 

can range from a few base pairs up to tens of Kb’s (for examples see: (Cayirlioglu et al. 

2001;Hiesinger and Bellen 2004;Mihaly et al. 1997;Suzanne et al. 1999)) therefore it is 

probable that in these heterozygous lines the deletions extend into regions past where the 

primers bind, thus the PCR products revealed are likely those produced from the 

corresponding balancer chromosome, giving a wild type genomic size product. This 

argument becomes more reasonable given the observation that a gene critical for larval 

heart development (flybase: communication), sprite (sprt), is located 645bp upstream from 

the 5’ UTR of sod3. It therefore appears likely that the deletions arising from imprecise 

excision of the P-element remove DNA coding for sprt and it is the knocking out of this 

gene, rather than sod3, which generates lethality in the heterozygous excision lines. This 

explanation is supported by the observation that mice lacking sod3 actually have relatively 

mild phenotypes (Sentman et al. 2006), meaning it would be surprising if an absence of 

sod3 in Drosophila was lethal. It cannot be ruled out, however, that the lethality of the 

heterozygous excision lines could occur from the P-element actually being excised cleanly 

but then subsequently re-inserting elsewhere in the genome within a critical gene, 

disruption of which is lethal. This would seem unlikely however, and particularly at the 
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frequency observed, since all excision lines were observed to be lacking the white+ 

phenotype associated with the P-element.  

 

The excision lines produced are listed in Table 3.8. Those stocks italicised and in red have 

been retained for future work to determine the size of the individual deletions. All 

heterozygous lines have been retained as they likely are deletion alleles. Also retained are 

those strains in which aberrant PCR products were found and also a number of clean 

revertant excision lines have been kept.   

 

3.5.5  Phenotypes of heterozygous excision lines  

 

Whilst genomic DNA deletions were not confirmed by PCR, the appearance of only 

heterozygous offspring upon transposon excision indicates the generation of lethal 

imprecise excision mutants. As detailed in the results, two of the heterozygous lines 

(ex110 and ex158) were crossed to an embryonic EGFP producing strain. This allowed for 

identification of homozygous offspring by selecting those non-EGFP embryos. While 

homozygous excision lines appear to develop normally, with structures associated with 

late metamorphosis visible, they fail to eclose from the pupal case. A likely explanation is 

that an absence of sod3 leaves the homozygous strains unable to tolerate an increase in 

oxygen consumption that has been shown to be highest during the late stages of 

Drosophila pupal development (Clare 1925;Wolsky 1938). Interestingly, SOD levels have 

been found to show a U-shape trend during Drosophila development from egg to adult 

(Nickla et al. 1983), with a significant increase in SOD activity found between larval and 

one day adult stage (Massie et al. 1980). This increased oxygen consumption coupled with 

a rise in SOD activity around the pupal stage suggests that an absence of the sod3 gene 

may be lethal for Drosophila development. 
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3.5.6  Sod gene expression in a sod3 mutant line compared to a 

backcrossed and non-backcrossed control suggests the 

appearance of modifiers 

 

As discussed above, there are a number of limitations of using the WT line as the control 

in which to assess the contribution of sod mutations to gene transcription. Therefore, a 

backcrossed control line was generated (yw c-iso) with which to compare the Sod3 mutant. 

sod gene expression was quantified in our Sod3 mutant line against both the backcrossed 

control and also the non-backcrossed yw c parental line. yw c was considered an 

appropriate control since P-element insertions are made into the yw background (y1
 w

67c23
; 

P{SUPor-P}CG9027
KG06029). Female Sod3

06029 flies compared to the backcrossed control 

showed down-regulation of sod3 expression of around 2-fold, whereas in comparison with 

yw 
c flies a more dramatic down-regulation of around 8-fold was observed. Equivalent 

measurements in male flies revealed relatively little change in expression of the sod3 

transcript when compared to yw 
c-iso

  flies, but when yw 
c was the control sod3 expression 

was suppressed ~2-fold. Males did however show an upregulation of sod1 and sod2 of 

around 2-fold with the yw c-iso control, but this up-regulation was shown to be noticeably 

reduced with the yw 
c control strain. Sod1 and sod2 expression were moderately up-

regulated in female Sod306029 flies in comparison with the backcrossed yw c-iso line, 

however an equivalent down-regulation of expression was observed when yw 
c was the 

control strain. The opposing sod1 and sod2 gene expression trends in males and female 

Sod306029 flies when yw c was the control highlights the differential co-transcriptional sod 

gene expression dependencies among sexes. The most likely explanation for the variation 

in sod expression with the backcrossed and non-backcrossed lines is that in backcrossing 

the mutant line, yw 
c-iso flies are revealing the effects of genetic modifiers inherited from 

the Sod3
06029 line. Genetic modifiers (or modifier genes) are an established facet of 

biology and have been proposed to act to indirectly stabilise an organism’s fitness (Karlin 

and McGregor 1972). Furthermore, there is evidence for the protective effect of modifier 

genes in a sod1 mutation of an ALS mouse model (Al-Chalabi et al. 1998). It appears that 

the unknown modifiers inherited by the backcrossed control line are also having protective 

effects since increased sod1 and sod2 transcription as well as reduced sod3 knockdown in 
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the sod3 mutant was observed. This suggests that the hypomorph mutation is having a 

significant impact on fitness and survival in the Sod3
06029 flies, and this could explain why 

the homozygous sod3 knockout strains, generated through P-element excision, are found 

to be lethal.   

 

3.5.7  No responsive increase in sod expression in response to 

oxidative stress insults 

 

Interestingly we found that subjecting WT flies to both paraquat and H2O2 resulted in 

decreased rather than increased, as might be expected, expression of each of the sod genes. 

It is perhaps surprising that increased sod gene expression is not driven since a link 

between paraquat resistance, in particular, and sod expression in Drosophila has been 

observed. Using artificial selection by delayed reproduction, several long lived Drosophila 

strains have been generated (Arking 1987;Luckinbill et al. 1984) that show enhanced 

paraquat resistance (Arking et al. 1991;Force et al. 1995). Gene expression analysis of 

these strains revealed that a significant increase in sod1 expression accompanied this 

increased paraquat resistance and long life (Dudas & Arking 1995). Equally, when these 

long lived strains were reverse-selected for normal lifespan, antioxidant gene expression 

was found to drop back to normal levels (Arking et al. 2000). Thus it seems the sod genes 

are not responding to oxidative stress induced by paraquat implying that their main 

function is not as a responsive defence mechanism. Instead, the increase in paraquat 

resistance appears to be a by-product of increased SOD activity in Drosophila. However, 

studies in other model systems such as the honey bee (Choi et al. 2006), mouse lung 

(Tomita et al. 2007) and even maize (Matters and Scandalios 1986) has demonstrated 

paraquat’s ability to increase some of the sod’s gene expression profiles. Furthermore, rat 

sod1 mRNA levels have been observed to increase in response to paraquat, heat shock and 

also H2O2 treatment (Yoo et al. 1999b). H2O2 is a product of SOD catalysis not a substrate, 

and therefore it may seem a little odd that it should stimulate sod mRNA levels. However, 

a 3-5 fold increase in promoter activity was observed with each of the three treatments and 

functional analysis showed that H2O2 stimulates transcription through a H2O2-responsive 

element (HRE) within the promoter, whereas heat shock and paraquat function through a 



 111 

heat shock element (HSE). If we simply consider the proposed extracellular location of 

both sod3 variants it is perhaps less surprising that neither variant’s expression increased 

in response to paraquat. In vivo, paraquat is believed to undergo a NADH-dependant 

reduction to form the paraquat radical (Pa+) intracellularly at microsomal and/or 

mitochondrial sites (Farrington et al. 1973;Fukushima et al. 2002). Pa+ will then rapidly 

react with oxygen to form the superoxide radical and Pa2+. Our results therefore support 

the notion that sod3 in Drosophila encodes extracellular proteins which, unlike sod1, do 

not function to protect against paraquat or H2O2 induced intracellular oxidative stress. 

 

It should, however, be noted that the concentrations of the oxidative insults (30mM 

paraquat and 15% H2O2) applied in this study are severe.  These concentrations were 

chosen to parallel those used in the functional assays described in chapter 5 in order to 

determine whether any functional changes in oxidative stress resistance conferred by Cu 

Zn sod mutations could be attributed to compensatory changes in sod expression (see 

chapter 5 discussion). Due to the nature of the highly acute oxidative insult applied to the 

mutant lines tested in this chapter it is possible that the trend of decreased sod expression 

observed, recorded after paraquat and H2O2 exposure, actually results from global adaptive 

changes occurring to promote survival in the grossly toxic experimental conditions rather 

than as a direct response to the oxidative insult. As such it would be useful to repeat these 

experiments with lower concentrations of paraquat and H2O2 which would exert a less 

severe and more chronic stress condition. Under such conditions a more appropriate 

evaluation could be made of whether the expression of the sod genes alters in response to 

oxidative stress. 
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CHAPTER 4  

 

4. Proteomic analysis of SOD levels in diverse fly 

backgrounds and in response to oxidative 

insults 

 

4.1  Aim 

 

The aim of the current chapter is to build on the previous chapters’ work and link gene 

expression to protein levels by highlighting the efforts of proteomic studies of SOD levels 

in a variety of fly backgrounds and again in response to oxidative stress. Results will 

demonstrate whether post-transcriptional changes are occurring in response to both 

specific sod mutations and oxidative stress treatments.  

 

4.2  Introduction 

 

Whilst gene transcription is a useful measure for assessing genetic changes occurring in an 

organism in response to changes in, for example, environment, development, stress and 

nutritional needs, protein levels and activities may correlate independently of their genetic 

foundations. Logically it would seem inefficient for genes to be transcribed to specific 

levels to manage an organisms current or changing needs, thus post-transcriptional and/or 

post-translational control would seem at least as important as gene expression in 

modulating protein activities. Translational regulation is a conserved feature of cellular 

hemostasis and occurs in the form of alterations in the levels, activities or availability of 

translation factors (initiation, elongation and/or release factors) and through interactions 

with regulatory features in the untranslated regions (UTRs) of mRNA species, such as by 

microRNA (miRNA) binding. Post-translational regulation generally occurs in the form 
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modifications, such as glycosylation or phosphorylation, or irreversible actions such as 

proteolysis.  

 

Whilst there are examples of post-transcriptional regulation events of SOD in diverse 

species (Dubrac and Touati 2002;Sunkar et al. 2006) including Drosophila (Gu and Hecht 

1996), perhaps the most critical regulatory feature of the SOD isoforms is that of metal 

redox co-factor insertion, required for catalytic function. In the case of SOD1 the catalytic 

copper ion is usually post-translationally inserted into each SOD1 subunit through 

interactions with the CCS copper chaperone (Culotta et al. 1997;Rae et al. 2001). The apo-

form of SOD1 is characterised by a disulfide bond between the 2 subunits making up the 

dimeric active protein. In aerobic conditions, or in the absence of CCS, this disulfide bond 

can become reduced allowing the CCS to dock with this reduced disulfide link to transfer 

the metal ion to the subunits. This is important for the fraction of SOD1 that localises 

within the mitochondrial intermembrane space (IMS), since only the reduced disulfide 

apo-form of SOD1 can enter the IMS (Culotta et al. 2006;Field et al. 2003). Using a yeast 

model it was shown that increased abundance of CCS in the mitochondrial IMS elevated 

SOD1 abundance within the IMS by increasing retention of the enzyme within the 

mitochondria through protein-protein interactions of SOD1 and CCS (Field et al. 2003). 

Whilst the co-factor insertion mechanism for SOD1 is well understood, for SOD2 the 

precise details are unknown. It is known, however, that manganese is inserted post-

translationally within the mitochondrial matrix since a mutant SOD2 from S. cerevisiae, 

lacking the mitochondrial targeting sequence was shown to pool in the cytosol and have 

no enzymatic activity (Luk et al. 2005). Furthermore, the same SOD2 mutant was used to 

demonstrate that, unlike SOD1 metal insertion, manganese can only be inserted into newly 

translated proteins and not into existing SOD2-apo proteins (Luk et al. 2005). These 

findings, together with the observation that the ribosomes required for SOD2 translation 

are adjoined to the mitochondrial outer membrane, lead Culotta and colleagues to propose 

a model by which translation, mitochondrial import and co-factor insertion of SOD2 are 

coupled (Culotta et al. 2006). In spite of the homology between SOD3 and SOD1, the 

copper loading mechanisms appear to be somewhat different, with SOD3 co-factor 

insertion occurring independently of CCS within intracellular secretory departments, 

particularly in the trans-Golgi network. The copper chaperone Atox 1, is understood to 
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deliver copper to the trans-Golgi network and has been shown to be essential for SOD3 

activity in fibroblasts by positively regulating sod3 gene expression (Jeney et al. 2005). 

These differential co-factor insertion mechanisms highlight the importance of post-

translational modifications in maintaining SOD activity.  

 

The present chapter details the results of studies of the SOD isoforms at the protein level. 

Highlighted is the development of a 96-well microtitre plate based assay allowing for the 

measurement of SOD activity in mutant lines and in response to oxidative stress, thus 

expanding on the gene expression measurements of the previous chapter. Also presented 

are the efforts to validate a Drosophila SOD3 specific antibody, initially for use in western 

blotting and finally described are proteomic studies, using the iTRAQ (isobaric tag for 

relative and absolute quantitation) technique, to measure quantitative changes in protein 

levels in response to various sod gene mutations.   
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4.3  Materials and methods 

 

4.3.1  Fly strains 

 

The fly strains used in subsequent experiments are listed in Table 3.1 and were maintained 

on standard Drosophila medium (Appendix 2) at 23°C in a 12 hour light/dark cycle. 

 

4.3.2  Oxidative stress treatments 

 

Paraquat and H2O2 treatment methodology was as described in section 3.3.10. 

 

4.3.3  Preparation of protein samples for SOD activity assays 

 

Adult flies to be assayed for SOD activity were briefly anaesthetised with CO2, separated 

by sex (if appropriate) into a 1.5mL microtube (Eppendorf, UK), flash frozen in LN2 and 

stored at -20°C until required. Protein preparations were made by homogenisation of 

frozen flies in 50mM potassium phosphate buffer (pH 7.8) as follows: Flies were 

transferred to 2mL screw-cap microtubes (Greiner Bio One) containing 10 – 20 1.4mm 

zirconium silicate beads (Quackenbush) along with an appropriate amount of 50mM 

potassium phosphate (pH 7.8) buffer (usually ~30 flies in 300µL). Tubes were placed in a 

Mini-Beadbeater homogeniser (BioSpec) and homogenised for 30 secs at 4,800 rpm (this 

was the default speed at which the Mini-Beadbeater was used unless stated otherwise). 

Following homogenisation, tubes were centrifuged briefly and the buffer/debris solution 

was transferred to a fresh 1.5mL microfuge tube by pipetting. Tubes were then centrifuged 

for 10 min at 10,000 x g at 4°C and the supernatant was retained.  

 

- For preparations to be analysed for total SOD activity: supernatants were diluted 8:11 

in the same homogenisation buffer (80µL supernatant + 30µL buffer) and centrifuged 

for 10 mins at 20,000 x g at 4°C. The supernatant was retained for activity 

measurements. 
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-  For preparations to be analysed for Cu Zn SOD activity: supernatants were diluted 

8:10 with 10% (w/v) sodium dodecyl sulfate (SDS) (20µL SDS + 80µL supernatant), 

incubated for 30 mins at 37°C and chilled on ice for 5 mins. The mixture was 

subsequently treated with 3M KCl (10µL KCl per 100µL), chilled for 30 mins on ice 

and centrifuged for 10 mins at 20,000 x g at 4°C. The supernatant was retained for 

activity measurements.  

 

4.3.4  Determination of protein concentration for SOD activity 

assays, western blots and iTRAQ analysis 

 

The protein concentration of the samples prepared above was determined using the Bio-

Rad DC protein assay (Bio-Rad). This assay uses the reaction between protein in the test 

samples and copper in an alkaline medium to reduce Folin reagent (Lowry et al. 1951). 

The protein concentration was then determined for each of the samples in duplicate at two 

dilutions by measuring the colorimetric change against a standard curve of bovine serum 

albumin (BSA) (Sigma) standards at concentrations of: 0.03, 0.06, 0.125, 0.25, 0.5, 1 and 

2mg/mL. Assays were prepared according to the manufacturer’s instructions in 96-well 

optical bottom plates (Nunc) and measured spectroscopically at 680 nm in a FLUOstar 

OPTIMA plate reader (BGM Labtech). 

 

4.3.5  SOD activity assay 

 

SOD activities were measured according to the principle of Beauchamp and Fridovich 

(Beauchamp and Fridovich 1971). This method uses the reaction of xanthine with xanthine 

oxidase to produce O2¯· which reduce NBT (nitro blue tetrazolium chloride) to formazon, 

formation of which can be measured spectroscopically. SOD competes with NBT for O2¯· 

and thus SOD activity can be determined by the degree of inhibition of formazon 

formation after the addition of protein homogenates. The protocol is a modified version of 

that designed by Mockett et al. in that it allows for measurements to be taken in 96-well 
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plates in volumes of 200µL (Mockett et al. 2002). Assays reactions were prepared in 96-

well plates (Nunc) as follows:  

 
Per well:  
 

10µL  assay buffer 
10µL protein sample of known concentration (homogenisation buffer for 

blanks and standards) 
 
 
 
 
 132µL   assay buffer 
 5µL  Catalase (40U/mL) 
 5µL  NBT (2.24mM) 
 17µL  Xanthine (1.8mM) 
 1µL  BCS (10mM) 
 
  Mix 
  

 
20µL  Xanthine Oxidase (0.025U/mL) (buffer for blanks) 

 

NOTE : Assay buffer: 50mM potassium phosphate buffer (pH 7.8), 1.33mM 
diethylenetriaminepentaacetic acid  (DTPA), 0.2mg/mL bovine serum albumin (BSA). 
Homogenisation buffer: 50mM potassium phosphate buffer (pH 7.8). BCS: 
bathocuproinedisulfonic acid disodium salt. NBT: nitrotetrazolium blue chloride. All assay 
reagents were obtained from Sigma. ‘Blanks’ refer to wells where no protein sample or 
enzyme was added in order to give a baseline reading of absorbance. ‘Standards’ refer to 
wells where only protein sample is absent and therefore gives a maximal, uninhibited, 
absorbance reading.  
 

The reaction was initiated following the addition of 20µL xanthine oxidase (0.025U/mL) 

and measured spectroscopically at 560 nm for 30 mins. Each protein sample concentration 

was tested in quadruplicate and a minimum of four concentrations were tested for each 

sample such that two were predicted to inhibit the reaction rate by more than 50% and two 

by less than 50%. One unit of SOD activity is described as the concentration of protein 

sample required to inhibit the reaction rate by 50% under the experimental conditions. 

Purified SOD from bovine erythrocytes (Sigma) was used as a positive control sample in 

each assay. Statistical analysis of the data was performed using an unpaired t-test. 

 

Make up as 
master mix, 
enough for 
160µL per 
well being 
used 
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4.3.6  Preparation of protein samples for SOD activity gels 

 

Protein preparations were made by homogenisation of frozen mixed sex adult flies in 

10mM dithiothreitol (DTT)/0.1% Triton-X100 (both Sigma) using the Mini-Beadbeater 

homogeniser as described above. Five microlitres of homogenisation buffer was required 

per fly and a minimum of 80 flies required homogenising. The homogenate was 

centrifuged at 10,000 x g for 10 mins at 4°C and the supernatant was retained for assaying.  

 

4.3.7  SOD activity gels 

 

In-gel SOD activity was determined using the NBT negative staining principle of 

Beauchamp and Fridovich (Beauchamp & Fridovich 1971). Protein samples were assayed 

by native (non-denaturing) polyacrylamide gel electrophoresis (PAGE). One point five 

millimetre gels were cast with a 5% separating gel (Table 4.1) and a 4% stacking gel 

(Table 4.2). Following gel polymerisation, gels were loaded into a gel tank, submerged in 

1X gel running buffer (0.25M Tris and 1.92M glycine) (both Sigma) and left to equilibrate 

for 5 – 10 mins. Protein samples were mixed with an equal volume of 2X non-denaturing 

loading buffer (25% Tris-HCl (pH 6.8), 20% Glycerol, 0.02% Bromophenol blue) and a 

maximum volume of 40µL (20µL protein + 20µL loading buffer) was applied to the gels. 

A positive control of purified SOD from bovine erythrocytes was also loaded on each gel. 

Gels were run for 1 hour and 45 mins at 120 volts. 

 

Following completion of the run, gels were removed from the gel plates, the top left corner 

was cut off (for orientation) and the gel was submerged in 10mL of gel stain solution 

(12.24mM NBT, 6.63M TEMED, 0.18mM riboflavin, 1M K2HPO4) in a light proof box. 

The box was gently agitated on a rotary shaker at 35 rpm for 20 mins. Following staining, 

gels were illuminated with white light to initiate the photochemical reaction. Exposure to 

light causes the riboflavin within the gel stain to generate O2¯· in the presence of O2 and 

TEMED. NBT soaked into the gels and SOD in the protein samples compete for the O2¯· 

as explained earlier. Those areas of the gel without SOD become purple-blue due to NBT 

reduction, whereas regions of the gel where SOD is present remain transparent as SOD 
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scavenges O2¯·. Illumination was maintained for 10 – 15 mins or until there was maximum 

contrast between transparent gel and purple-blue areas. Gels were analysed using the 

ImageJ image processing program.  

 

Table 4.1. Components of a 5% separating gel. 

Volume of reagent (mL) for a total volume of: 

  10mL 20mL 30mL 40mL 

Distilled water 5.7 11.4 17.1 22.8 
30% Bis acrylamide (Bio Rad) 1.7 3.4 5.1 6.8 
1.5M tris-HCL (pH 8.8) (Sigma) 2.5 5 7.5 10 
10% ammonium persulfate (APS) (Sigma) 0.1 0.2 0.3 0.4 
TEMED (Sigma) 0.016 0.024 0.032 0.040 

 

Table 4.2. Components of a 4% stacking gel. 

Volume of reagent (mL) for a total volume of: 

  2mL 4mL 6mL 8mL 

Distilled water 1.408 2.926 4.384 5.842 
30% Bis acrylamide 0.27 0.53 0.8 1.07 
1.5 M tris-HCL (pH 6.8) 0.3 0.5 0.75 1 
10% APS 0.02 0.04 0.06 0.08 
TEMED 0.002 0.004 0.006 0.008 

 

4.3.8  Antibody production 

 

A polyclonal antipeptide antibody to Drosophila SOD3 was manufactured by Eurogentec 

Ltd. Through analysis of the translated Drosophila SOD3 sequence, a 12 amino acid 

region was chosen based on the prediction that none of the residues in the sequence were 

important for catalytic function but that they were believed to reside on the outside face of 

the native protein. The following peptide sequence was chosen: 

 

Drosophila SOD3 (residues 156-167):  GLGNHTDSKKTG  

 

The peptide antigen was synthesised by Eurogentec Ltd. and used to generate a rabbit anti-

peptide polyclonal SOD3 antibody. The antibody generation schedule involved a first 

immunisation with the antigen followed by a boost 2 weeks later. A second boost followed 

2 weeks after that and a small bleed serum sample was taken from the animal 
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approximately 9 days following. One month after the second boost the animal received a 

third boost and 9 days after this a large serum bleed was taken. A final bleed was taken 

approximately 3 weeks after this. Each of the bleed serums were supplied as well as a 

stock of the affinity purified antibody, reconstituted in phosphate buffered saline (PBS) (+ 

0.01% thimerosal, BSA 0.1%) supplied at a concentration of 160µg/mL. Also supplied 

was the free peptide to which the antibody was raised (1.85g). 

 

4.3.9  Preparation of protein samples for western/dot blots 

 

Whole fly protein samples were made by homogenising 40 mixed sex whole flies in 

600µL homogenisation buffer (5% SDS plus a Complete Mini protease inhibitor tablet 

(Roche)) using the Mini-Beadbeater homogeniser. The homogenised protein samples were 

centrifuged at 13,000 rpm briefly to separate solid fly particles and the supernatant was 

retained for protein concentration determination and use in subsequent western blots.  

 

4.3.10  Western blots 

 

Western blots were carried out according to standard procedures (Sambrook et al. 1989), 

using a 10% or 12% separating gel (specific gel compositions are detailed in individual 

results). Protein samples were prepared by mixing with an equal volume of 2X sample 

buffer (125mM Tris-HCL pH 6.8, 4% SDS (w/v), 20% glycerol (v/v), 10% 2-

mercaptoethanol (v/v) and 0.002% bromophenol blue (w/v)) and boiling at 95°C for 5 

mins. Protein samples (maximum volume of 40µL (20µL protein + 20µL sample buffer)) 

were loaded on the gel along side either 5µL of a Broad-Range prestained SDS-PAGE 

standard (Bio Rad) or 10µL of a Dual Colour Precision Plus Protein Standard (Bio Rad) 

and run at 150V for 1hour. Samples were subsequently transferred to a nitrocellulose 

membrane (Hybond-C Extra, Amersham) at 15V for 1 hour using the Trans-blot SD semi 

dry transfer cell (Bio Rad) and, following transfer, the membrane was incubated in a 

blocking solution of either 3 – 5% BSA in 0.5% tween PBS (tPBS) buffer or 3 – 5% milk 

powder in 0.5% tPBS buffer for a minimum of 1 hour at room temperature with gentle 

agitation at 35 rpm. The membrane was subsequently incubated in a variety of primary 
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antibody dilutions (see Table 4.3 – specific dilutions for individual experiments are 

detailed in the results), diluted in blocking solution, and agitated at 35 rpm at 4°C, 

overnight. After washing the membrane in 0.5% tPBS for a total of 15 mins, the 

membrane was incubated with the secondary antibody (see Table 4.4 – specific dilutions 

for individual experiments are detailed in the results), again made up in blocking solution, 

for 1 hour at room temperature with agitation at 35 rpm. Two five minute washes in 0.5% 

tPBS buffer, plus a further five minute wash in PBS buffer followed, before the membrane 

was visualised either using the Li-Cor Odyssey Infrared Imaging System (Li-Cor 

Biosciences) or the enhanced chemiluminescence (ECL) detection technique 

(Supersignal® West Pico, Thermo Scientific). 

 

Table 4.3. Primary antibodies used in western blots. 

Antibody name Supplier Dilution range 

Drosophila SOD3 Eurogentec Ltd. 1 : 50 - 1 : 5000 

Murine SOD3 
T. Fukai, University of 

Illinois at Chicago 
1 : 500 - 1 : 2000 

 

Table 4.4. Secondary antibodies used in western blots. 

Antibody 

name 

Host/reactivity Conjugate Supplier Dilution 

range 

Detection 

method 

Alexa Fluor 
680 

Goat/rabbit 
680 nm 

fluorophore 
Invitrogen 

1 : 2000 - 
1 : 10000 

Li-Cor 

Alexa Fluor 
780 

Goat/rabbit 
780 nm 

fluorophore 
Invitrogen 

1 : 2000 - 
1 : 10000 

Li-Cor 

HRP* anti-
rabbit 

Goat/rabbit HRP Abcam 
1 : 2000 - 
1 : 10000 

ECL 

*horseradish peroxidase 

 

4.3.11  Dot blots 

 

1–1.5µL samples of whole fly protein homogenate were spotted on to a nitrocellulose 

membrane (Hybond-C Extra, Amersham) and allowed to air dry. Once dry, the membrane 

was placed in blocking solution (3 – 5% BSA 0.5% tPBS or 3 – 5% milk powder 0.5% 

tPBS) for 1 hour at room temperature and agitated at 35 rpm. Multiple dilutions of the 

primary antibody were made in blocking solution and following blocking, each dilution 
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was spotted on top of a homogenate sample (see results for individual dilutions). The blots 

were incubated at room temperature for 1 hour. Blots were rinsed for a total of 15 mins in 

0.5% tPBS and then a 1:10,000 dilution of the Alexa Fluor 780 secondary antibody, made 

up in blocking solution, was applied. Blots were incubated at room temperature for 1 hour 

with agitation at 35 rpm and were then washed twice for five minutes in 0.5% tPBS buffer, 

plus a further five minute wash in PBS buffer. The membrane blot was visualised using 

the Li-Cor Odyssey Infrared Imaging System. 

 

4.3.12  Competition assays 

 

For competition reactions western blots were repeated but the primary antibody was first 

pre-incubated with an excess of the free peptide (as specified in the results) to which the 

antibody was raised (supplied by Eurogentec Ltd. along with the antibodies). Pre-

incubation was for a minimum of 2 hours at room temperature up to overnight at 4°C with 

gentle mixing (35 rpm).   

 

4.3.13  Preparation of protein samples for iTRAQ analysis 

 

Using the Mini-Beadbeater homogeniser, mixed sex adult flies were homogenised in 0.5M 

TEAB buffer (0.5M triethylammonium bicarbonate, 0.1% SDS). Following 

homogenisation, samples were centrifuged at 10,000 x g for 10 mins at 4°C and the 

supernatants were retained for subsequent protein concentration analysis and iTRAQ 

analysis. 

 

4.3.14  iTRAQ – Theory 

 

iTRAQ technology allows for proteins from different samples to be identified and 

quantified in a single experiment. This technique employs the covalent N-terminal 

labelling of proteolytically digested peptides with specific isobaric (same mass) tags. Each 

tag contains a reporter group of a defined mass and a balancer group resulting in tagged 
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peptides of identical mass due to mass distribution within the isobaric tag. Samples are 

pooled, fractionated by strong cation exchange (SCX), peptides are separated by reverse 

phase nano liquid chromatography (nanoLC) and then analysed by tandem mass 

spectrometry (MS/MS). Collision induced dissociation of the peptides during MS results 

in fragmentation of the isobaric tag, releasing a low molecular mass reporter ion which is 

unique to the tag used to label each digest. Database searching of the fragmentation data of 

the peptides allows for the identification of labelled peptides and hence the corresponding 

proteins. Analysis of the intensity of the reporter ions, enables the simultaneous relative 

quantification of the peptides and hence proteins.   

 

The iTRAQ technique was employed to identify quantitative proteomic changes resulting 

from a reduction in Cu Zn SOD activity using either the sod1-null line (n108) or the sod3 

hypomorph strain (Sod306029). As described previously, n108 flies are characterised by 

severely reduced lifespan and paraquat hypersensitivity (Phillips et al. 1989), thus any 

proteomic changes observed in these flies compared to the isogenic control line (red) will 

likely be functioning either to promote survival in this species or are resulting from the 

reduced oxidative protection conferred by a lack of cytosolic Cu Zn SOD. Any proteomic 

changes observed in the Sod306029 line compared to the yw c-iso control however, are 

expected to be revealing proteins that are functioning to influence fitness as a result of the 

genetic modifications proposed to have been revealed by backcrossing the sod306029 line 

(see section 3.5.6 of chapter 3).  

 

4.3.15  iTRAQ – Methodology 

 

All subsequent procedures were carried out at the Centre for Proteomic Research at the 

University of Southampton. 

 

4.3.15.1  Peptide labelling 

 

iTRAQ labelling of protein samples was performed according to the manufacturer’s 

instructions (Applied Biosystems, Warrington, UK). To each of 100µg of four duplicate 
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protein samples (Sod3
06029, yw 

c-iso, n108 and red) in ≤34µl of 0.5M TEAB 1µL of 2% 

SDS and 2µL of the reducing agent, 50mM (tris-(2-carboxyethyl) phosphine was added 

and mixed by brief vortexing. After reduced samples had been incubated at 60°C for 1 

hour, methyl methane-thiosulfonate in isopropanol (1µL of 200mM) was added and 

incubated for a further 10 mins at room temperature. Proteins were digested by adding 

10µL of 1mg/ml trypsin in 80mM CaCl2 and incubated for 16 hours at 37°C. Tryptic 

peptides were labelled with iTRAQ 8-plex tags by mixing the appropriate iTRAQ 

labelling reagent with the relevant sample (Sod306029 1 – reagent 113; Sod306029 2 – reagent 

114; yw 
c-iso 1 – reagent 115; yw 

c-iso 2 – reagent 116; n108 1 – reagent 117; n108 2 – 

reagent 118; red 1 – reagent 119 and red 2 – reagent 121) and incubating at room 

temperature for 2 hours. If required, up to 5µL of 0.5M TEAB was added to ensure the pH 

was < 7.5 for each sample. All samples were pooled and then lyophilised in a centrifugal 

vacuum concentrator (Thermo Scientific) for approximately 3 hours. 

 

4.3.15.2  Fractionation and mass spectrometry 

 

The sample was resuspended in 1mL of buffer A (95% acetonitrile containing 0.1% 

formic acid) and the combined peptide mixture was fractionated on a C18 RP column (2.1 

mm x 250 mm column, Phenomenex). Peptides were detected at 214 nm and fractions 

collected at 1 min intervals into a 96-well microtitre plate. To each sample fraction, 30µL 

of 10% acetonitrile containing 0.1% formic acid was added and peptide separation was 

achieved by loading individual fractions onto a reverse phase trap column (5 mm x 300 

µm, id, Dionex, Camberley, UK) and eluting by analytical nano-LC separation using a 

Pepmap C18 Reverse phase column (3 µm, 150 mm x 75 µm, i.d., Dionex, Camberley, 

UK). Fractions were separated over 120 mins using a gradient of 0 to 80% Buffer B at 

200nL/min and electrosprayed into the mass spectrometer. All data were acquired using a 

Q-tof Global Ultima (Waters Ltd, Manchester, UK) fitted with a nanoLockSpray™ source.  
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4.3.15.3  Peak list generation and database searching 

 

Peak lists were generated using the ProteinLynx Global Server 2.2.5 (Waters Ltd, 

Manchester, UK). The following parameters were used for processing the MS/MS spectra; 

normal background subtraction with a 25% background threshold and medium de-

isotoping with a threshold of 1%, no smoothing was performed. Peak lists from the 

MS/MS analysis of were submitted to the MASCOT search engine version 2.2.1 

(MatrixScience, London, UK) and the data searched against a protein translation of the 

drosophila genome. The corresponding quantitative information using the iTRAQ reporter 

ions was also obtained via MASCOT. Protein identifications required the assignment of 

≥2 different peptides with a significance threshold for accepting a match of P = <0.05. The 

protein ratios were calculated using MASCOT version 2.2.1, where the peptide ratios were 

weighted and median normalisation was performed, automatic outlier removal was chosen 

and the peptide threshold was set to ‘at least homology’. False discovery rates were 

calculated by running all spectra against a decoy database using the MASCOT software.  
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4.4  Results 

 

4.4.1  SOD activity in mutant lines 

 

To complement the gene transcription data presented in Chapter 3, SOD activity 

measurements were initially taken in the same mutant backgrounds. Compared with a WT 

control, total SOD activity was found to fall significantly in Sod3
06029, x39/TM3 and 

n108/TM3 flies (all df = 8, P = <0.05) to approximately half that of the control samples 

(Figure 4.1A). Total SOD activity was found to be reduced further in homozygous n108 

flies (df = 8, P = <0.01), however there was no statistically significant difference between 

the activities in homozygous and heterozygous n108 flies. A similar trend was observed 

when Cu Zn SOD activities were measured in the same strains. Again SOD activities in 

Sod3
06029, x39/TM3 and n108/TM3 flies were comparable and found to be significantly 

reduced (all df = 8, P = <0.01) to around a third of the control activity level (Figure 4.1B). 

Furthermore, in n108 flies, Cu Zn SOD activity was found to be suppressed even further 

compared to WT flies (df = 8, P = <0.001). A highly significant difference in Cu Zn SOD 

activity was also observed between the heterozygous (n108/TM3) and homozygous (n108) 

alleles of the sod1 mutant line (df = 8, P = <0.001).  

 

4.4.2  SOD activity gels 

 

Along with quantitative activity assays, SOD activity was also assessed using on gel 

methods. WT samples were found to resolve two distinct bands on the gels, the upper 

being attributed to Mn SOD activity and the lower resulting for Cu Zn SOD activity 

(Figures 4.2A and B). With Sod3
06029 samples, a prominent band for Mn SOD was 

observed, however there was only a negligible amount of Cu Zn SOD detectable (Figures 

4.2A and C), a trend which was also observed with x39/TM3 flies (Figures 4.2A and D). 

With the heterozygous n108/TM3 mutant line, bands corresponding to both Mn SOD and 

Cu Zn SOD were clearly visible (Figures 4.2A and E), however, with the homozygous 

n108 strain there was no detectable Cu Zn SOD activity (Figures 4.2A and F). In the WT 
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line, Cu Zn SOD was more pronounced than the Mn SOD isoform, however in each of the 

mutant lines tested, Mn SOD predominated. 
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Figure 4.1. SOD activity measurements in mutant fly lines. (A) Total SOD activity was 
found to be significantly reduced in each of the mutant lines assayed compared to the WT 
control (all P = <0.05, df = 8, except n108, P = <0.01, df = 8) (B) Cu Zn SOD activities in 
the same mutant lines were also found to be significantly diminished compared to WT (all 
P = <0.01, df = 8, except n108, P = <0.001, df = 8), however, additionally, a highly 
significant decrease in activity was also observed between  n108/TM3 and n108 flies (P = 
<0.001, df = 8). WT samples were tested at N=6 and all other samples were tested at N=4. 
Error bars are SEM. 

B 
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Figure 4.2. In-gel analysis of SOD activity in mutant fly lines. SOD activity gels were 
performed (A) on: WT (lane 1); Sod3

06029 (lane 2); x39/TM3 (lane 3); n108/TM3 (lane 4); 
n108 (lane 5) and bovine Cu Zn SOD (lane 6) samples. Band peak intensities for each 
sample are also listed (B-F) and indicate a partial to complete absence of Cu Zn SOD 
activity in the Sod3

06029 and n108 samples. All samples were tested at a minimum of N=3.   

 

 

 

  1      2      3      4      5      6 

A B – peak intensities of lane 1 (WT) 

C – peak intensities of lane 2 (Sod3
06029) D – peak intensities of lane 3 (x39/TM3) 

E – peak intensities of lane 4 (n108/TM3) F – peak intensities of lane 5 (n108) 
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4.4.3  Cu Zn SOD activity in excision lines 

 

As described in the previous chapter, the transposon insertion present in the Sod3
06029 lines 

was excised to assess its influence on gene expression. Here the same excision lines were 

assayed for Cu Zn SOD activity and compared to the Sod3
06029

 line (Figure 4.3). Cu Zn 

SOD activities in all 3 excision lines (ex136, ex141 and ex158) was higher than in the 

Sod3
06029 strain with ex141 (df = 12, P = <0.05) and ex158 (df = 12, P = <0.01) having 

statistically significantly elevated levels of Cu Zn SOD activity.   
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Figure 4.3. Cu Zn SOD activities of excision lines. Measurement of Cu Zn SOD 
activities in each of the three excision lines (ex136, ex141 and ex158) revealed elevated 
activities compared to Sod3

06029 samples (P = <0.05, df = 12 for ex141 and P = <0.01, df = 
12 for ex158). All samples were tested at N=7 and error bars are SEM. 
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4.4.4  SOD activity vs the backcrossed control strain 

 

Both total and Cu Zn SOD activities were measured in the sod3 mutant line against the 

backcrossed control line, yw c-iso, generation of which was described previously. 

Unexpectedly, total SOD activity was found to be highly elevated in male Sod
06029 flies 

compared to the yw 
c-iso strain (df = 6, P = <0.001) (Figure 4.4A). So too was Cu Zn SOD 

activity in the same strains, although the difference in activity was not so distinct (df = 6, P 

= <0.05) (Figure 4.4B). In female flies, like males, Sod3
06029 was found to have elevated 

total SOD activity levels compared to yw c-iso, however the difference was not found to be 

statistically significant (Figure 4.4C). There was, however, a significant increase in Cu Zn 

SOD activity in female Sod3
06029 flies compared to the backcrossed control line (df = 6, P 

= <0.05) (Figure 4.4D).   

 

4.4.5  SOD activity vs the non-backcrossed control strain 

 

Total and Cu Zn SOD activities were also quantified in Sod3
06029

 flies in comparison with 

the non-backcrossed yw 
c
 line. Total SOD activity levels in male Sod3

06029
 flies were 

found to be marginally reduced compared to yw c flies (Figure 4.5A), however there was a 

highly significant reduction in Cu Zn SOD activity in the Sod3
06029 line compared to the 

non-isogenic control line (df = 6, P = <0.001) (Figure 4.5B). The same trend was observed 

in female flies with only a marginal difference in total SOD activity being measured 

between the two fly strains (Figure 4.5C). Like with male flies, female Sod3
06029 flies were 

found to have considerably lower Cu Zn SOD activity levels as compared with the yw c 

line (df = 6, P = <0.01) (Figure 4.5D). 
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Figure 4.4. SOD activity measurements of Sod3
06029 

samples compared to the 

backcrossed yw 
c-iso

 line. Male Sod3
06029 flies were found to have significantly elevated 

total (A) (P = <0.001, df = 6) and Cu Zn (B) (P = <0.05, df = 6) SOD activities. Whilst the 
increase in total SOD activity in female Sod3

06029 flies was not found to be statistically 
significant (C), the increase in Cu Zn SOD activity was found to be statistically 
measurable (D) (P = <0.05, df = 6). All samples were tested at N=4 and error bars are 
SEM. 
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Figure 4.5. SOD activity measurements of Sod3
06029 

samples compared to the non-

backcrossed yw 
c
 line. Male Sod3

06029 and yw 
c flies were found to have indistinguishable 

total SOD activities (A), however Cu Zn activity was found to be significantly lower in the 
sod3 hypomorph line (B) (P = <0.001, df = 6). A similar trend was observed in female 
flies where no difference in total SOD activity was found between genotypes (C), but a 
significant decrease in Cu Zn SOD activity of Sod3

06029 flies was observed (D) (P = <0.01, 
df = 6). All samples were tested at N=4 and error bars are SEM. 
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4.4.6  SOD activity in response to oxidative stress 

 

4.4.6.1  Paraquat 

 

SOD activity levels were quantified in WT flies in response to oxidative stress treatments. 

After 24 hours of 30mM paraquat exposure WT flies had ~50% mortality whereas control 

flies maintained on 5% sucrose showed 0% mortality. Total SOD activity analysis of 

surviving flies exposed to paraquat revealed there to be no statistical difference in activity 

with control flies, however a minor but measurable decrease in total SOD activity in test 

flies was observed (Figure 4.6A). Measurements of Cu Zn SOD activities in the same flies 

also revealed no difference in activity (Figure 4.6B). 
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Figure 4.6. SOD activity measurements in response to paraquat induced oxidative 

stress. WT flies exposed to 30mM paraquat for 24 hours had both total (A) and Cu Zn 
SOD activities (B) comparable with flies maintained on control medium (5% sucrose). All 
samples were tested at N=4 and error bars are SEM. 
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4.4.6.2  H2O2 

 

After 24 hours exposure to 15% H2O2 WT flies had ~50% mortality and control flies 

exposed to 5% sucrose had 0% mortality. As with the paraquat experiment, there was no 

statistical difference between the total SOD activity levels of flies exposed to H2O2 and 

those exposed to sucrose alone, although a minor suppression of total SOD activity was 

observed with H2O2 treatment (Figure 4.7A). Additionally, Cu Zn SOD activity 

measurements revealed no difference in activity between either treatment (Figure 4.7B). 

 

 

 

5% Sucrose 15% H2O2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

T
o
ta
l 
S
O
D
 A
c
ti
v
it
y
 (
u
n
it
s
/ µµ µµ
g
 p
ro
te
in
)

5% Sucrose 15% H2O2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

C
u
 Z
n
 S
O
D
 A
c
ti
v
it
y
 (
u
n
it
s
/ µµ µµ
g
 p
ro
te
in
)

   

 

Figure 4.7. SOD activity measurements in response to H2O2 induced oxidative stress. 
WT flies exposed to 15% H2O2 for 24 hours had both total (A) and Cu Zn SOD activities 
(B) comparable with flies maintained on control medium (5% sucrose). All samples were 
tested at N=4 and error bars are SEM. 
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4.4.7  Drosophila SOD3 antibody validation 

 

The antipeptide Drosophila SOD3 antibody generated was assessed for efficacy and 

specificity by a combination of dot blots, western blots and competition assays as will be 

discussed. 

 

4.4.7.1  Dot blots 

 

Initially dot blots were carried out with dilutions of the small bleed serum (taken 38 days 

post immunisation) to test for immunoreactivity with WT samples (Figure 4.8A). As a 

negative control the same dilutions were made with the pre-immune serum also supplied 

(Figure 4.8B). Both the small bleed serum and the pre-immune serum were tested at 

dilutions of 1:100 – 1:10,000. Immunoreactivity was observed at the highest dilution with 

the small bleed serum however reactivity was lost with the pre-immune sample after 

1:1000 dilution, indicating that specific immunoreactivity can be observed at the highest 

dilutions of the small bleed serum.   

  

 

           

 

Figure 4.8. Antibody screening by dot blots. Both the small bleed serum (A) and the 
pre-immune serum (B) were assayed for immunoreactivity with WT protein homogenates. 
Each serum was tested at dilutions of 1:100 (lane 1), 1:500 (lane 2), 1:1,000 (lane 3), 
1:5,000 (lane 4) and 1:10,000 (lane 5), blocked with 3% BSA tPBS and incubated with a 
1:10,000 dilution of the Alex fluor 680 secondary antibody. Whilst immunoreactivity was 
lost after the 1:1,000 pre-immune serum dilution, immunoreactivity was still observable at 
all dilutions of the small bleed serum. 
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4.4.7.2  Western blots and competition assays 

 

Having confirmed the presence of immunoreactivity through dot blots of the small bleed 

serum, western blots of whole fly homogenates were run with the purified Drosophila 

SOD3 antibody. Initial western blots were run to determine an appropriate primary 

antibody dilution with which subsequent western blots could be run (Figure 4.9A).  This 

was achieved by loading 600µg of WT total protein on a 12% gel and titrating with 

increasing dilutions of the primary antibody (from the stock solution up to a 1/2000 

dilution). A prominent band was seen above the fourth marker lane and estimated at ~30 

kDa which remained detectable at all antibody dilutions. A primary antibody dilution of 

1:1000 was chosen as a suitable initial working dilution based on this western blot since 

this dilution gave the greatest contrast between band intensity and background signal. 

Subsequently, further western blots were performed to determine an appropriate amount of 

protein to use in future studies (Figure 4.9B). In this instance 80µg, 40µg and 20µg of WT 

protein was probed with a 1:1000 dilution of the primary antibody. The prominent band at 

~30 kDa seen previously was present in this blot at all protein quantities tested, however 

significant background reactivity was still observed suggesting that further dilutions of the 

primary antibody could still be tested for suitability in western blots. In order to assess 

which stained bands could be attributed to SOD3 immunoreactivity westerns were run 

with equal quantities of WT, Sod3
06029 and n108/TM3 protein homogenates and probed 

with a 1:5000 dilution of the primary antibody (Figure 4.10). The prominent band at ~30 

kDa observed previously was found in all 3 sample homogenates however the intensity of 

the stained band appeared diminished in the Sod3
06029 sample in comparison with the other 

two lines. To confirm that this ~30 kDa band was a result of SOD3 immunoreactivity 

western blot competition assays were performed in which the primary antibody (1:5000 

dilution) was pre-incubated with an excess of the free peptide (20-fold – 10,000-fold 

excess) to which the SOD3 antibody was raised for 4 hours and 20 mins (Figure 4.11A). 

Probing 300µg of total WT protein homogenate with each primary antibody-peptide 

incubation revealed no abolition of the signal intensity of the ~30 kDa band at any of the 

peptide concentrations tested.  
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Figure 4.9. Western blot. A, western blot (12% gel) in which 600µg of Oregon R total 
protein was probed with increasing dilutions of the Drosophila SOD3 primary antibody. 
Lane 1 = 1:1000 syntaxin antibody (mAb602) control; lane 2 = primary antibody stock 
solution; lane 3 = 1:50 primary antibody dilution; lane 4 = 1:100 dilution; lane 5 = 1/250 
dilution; lane 6 = 1/500 dilution; lane 7 = 1/1000 dilution; lane 8 = 1/2000 dilution. 
Blocking solution was 3% BSA tPBS. The secondary antibody used with the syntaxin 
primary antibody was 1:10,000 Alexa Fluor 680. The secondary antibody used with the 
SOD3 primary antibody was 1:10,000 Alexa Fluor 780. ~41 kDa band indicates syntaxin 
in lane 1. A prominent band of immunoreactivity was observed at ~30 kDa, observable at 
all antibody dilutions titrated (white box). B, western blots (10% gels) of decreasing 
amounts of WT total protein. Drosophila SOD3 primary antibody dilution = 1:1000. 
Blocking solution is 3% BSA tPBS. Lane 1 = 80µg protein; lane 2 = 40µg protein; lane 3 
= 20µg protein; lane 4 = bovine Cu Zn SOD (3µL of 1mg/mL protein run on gel). 
Secondary antibody = 1:10,000 Alexa Fluor 680. Minimal cross reactivity with bovine Cu 
Zn SOD is observed. The ~30 kDa band is visible at each protein dilution, however band 
staining intensity decreases with decreasing concentration.     
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Figure 4.10. Western blot. Western blot (12% gel) probing 1:5000 primary antibody 
against mutant protein homogenates. Lane 1 = 40µg WT homogenate, lane 2 = 40µg 
Sod3

06029, lane 3 = 40µg n108/TM3, lane 4 = 20µg WT homogenate, lane 5 = 20µg 
Sod306029 and lane 6 = 20µg n108/TM3. Blocking solution = 3% BSA tPBS and secondary 
antibody = Alexa Fluor 680 at 1:10,000 dilution. A decrease in ~30 kDa band intensity can 
be seen in Sod306029 samples at both concentrations in comparison to WT and n108/TM3 
samples.  
 

To assess the degree of non-specific binding occurring due to the primary and/or 

secondary antibody western blots were run with 250µg of WT total protein homogenate 

and probed with either: 

 

i) primary antibody (1/5000 dilution) plus secondary antibody  

ii) no primary antibody plus secondary antibody  

iii) primary antibody (1/5000 dilution) plus 10µg/mL peptide (~20,000-fold excess) 

plus secondary antibody  

iv) no primary antibody plus 10µg/mL peptide (~20,000-fold excess) plus secondary 

antibody.   

 

All samples were pre-incubated for 5 hours and 30 mins with gentle agitation. The lanes 

probed with the samples containing the peptide showed no difference to those without 

  1       2         3        4        5        6  
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peptide as was seen previously (Figure 4.11B). However, those lanes probed with the 

samples containing the secondary antibody alone produced the same staining pattern as 

those that also contained the primary antibody, indicating that it is in fact the secondary 

antibody that is reacting non-specifically. In an attempt to reduce this non-specificity 

samples were incubated in an alternative blocking solution of 5% milk powder in tPBS. 

The staining intensity of the blots in these lanes was significantly diminished compared 

with those incubated in the standard blocking solution of 3% BSA in tPBS, indicating that 

the milk-based blocking solution was more effective at reducing non-specific binding. A 

horse radish peroxidise (HRP) conjugated anti-rabbit secondary antibody was employed to 

test whether non-specific background immunoreactivity could be reduced using the ECL 

detection method. Using 5% milk powder in tPBS as the blocking solution an optimum 

dilution of the primary antibody was found to be 1:500 (data not shown). Probing of WT, 

Sod306029 and n108/TM3 protein samples with this primary antibody dilution produced a 

distinct band at ~30 kDa (as seen previously) with no background signal and showed a 

decrease in band intensity in the Sod3
06029

 strain (Figure 4.11C). 
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Figure 4.11. Western blots. A, western blot competition assay probed with a 1/5000 
dilution of the primary antibody pre-incubated with increasing concentrations of the 
peptide for 4 hours and 20 mins. 300µg of WT total protein loaded onto the gel (12% gel). 
Lane 1 = primary antibody alone; lane 2 = antibody + 26ng/mL peptide (100-fold excess); 
lane 3 = antibody + 65.8ng/mL peptide (250-fold excess); lane 4 = antibody + 130ng/mL 
peptide (500-fold excess); lane 5 = antibody + 660ng/mL peptide (2,500-fold excess); lane 
6 = antibody + 1.32µg/mL peptide (5,000-fold excess); lane 7 = antibody + 13µg/mL 
peptide (50,000-fold excess). Blocking solution = 3% BSA tPBS. Secondary antibody = 
Alexa Fluor 680 at 1:10,000 dilution. No abolishment of the ~30 kDa band was observed 
with any of the peptide pre-incubations. B, western blot investigating non-specific 
antibody binding and the effect of blocking solution. 250µg of WT total protein run on a 
12% gel. All samples were pre-incubated for 5 hours and 30 mins. Lane 1 = primary 
antibody (1/5000) + secondary antibody (Alexa Fluor 680 at 1:10,000); lane 2 = no 
primary antibody + secondary antibody; lane 3 = primary antibody (1/5000) + 10µg/mL 
peptide (38,500-fold excess) + secondary antibody; lane 4 = no primary antibody + 
10µg/mL peptide + secondary antibody; Lane 5 = empty; lanes 6-9 = as lanes 1-4. 
Samples used in lanes 1-4 were blocked with 3% BSA tPBS for 1 hour and 30 mins. 
Samples in lanes 6-9 were blocked with 5% milk powder tPBS for 1 hour and 30 mins. 
Whilst no decrease in ~30 kDa band intensity was observed in either blot, blocking with 
milk powder dramatically reduced the non-specific background signal. C, western blot 
(12% gel) probing 1:500 primary antibody against mutant protein homogenates. Lane 1 = 
20µg WT homogenate, lane 2 = 20µg Sod3

06029, lane 3 = 40µg WT, lane 4 = 40µg 
Sod3

06029, lane 5 = 80µg WT and lane 6 = 80µg Sod3
06029. Blocking solution = 5% milk 

powder tPBS for 2 hours and secondary antibody = HRP anti-rabbit at 1:2,000 dilution. A 
decrease in ~30 kDa band intensity can be seen in Sod3

06029 samples at both 20µg and 
40µg loaded compared to WT samples, with non-specific background noise eliminated. 
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4.4.8  iTRAQ analysis of proteomic changes in sod mutant lines 

 

Duplicate Sod3
06029 and n108 protein samples were assayed against respective controls (yw 

c-iso and red) for quantitative changes in protein levels by eight-plex iTRAQ analysis. With 

a false discovery rate of 1.69%, a total of 40 proteins were identified with a significance 

threshold of P = <0.05, of which 39 were identified by the assignment of ≥2 different 

peptides (Table 4.5). For Sod3
06029 samples, three proteins were found to be significantly 

differentially expressed (iTRAQ ratio ≥ ±1.4), with those being: ADP, ATP carrier protein 

(accession number: ADT_DROME); 14-3-3 protein zeta (accession number: 

1433Z_DROME) and apolipophorins (accession number: APLP_DROME), all of which 

were down-regulated. For n108 samples, four proteins were significantly differentially 

expressed: ATP synthase subunit alpha, mitochondria (accession number: 

ATPA_DROME); alcohol dehydrogenase (accession number: ADH_DROME); myosin 

regulatory light chain (accession number: 2 MLR_DROME), all of which were up-

regulated, and cytochrome P450 4g1 (accession number: CP4G1_DROME) which was 

down-regulated. Gene ontology annotation of all proteins identified revealed a diversity of 

molecular functions, with the majority of proteins found to be involved in muscle 

formation and function (30%), ion transport (15%) and oxidoreductase enzyme function 

(12%) (Figure 4.12). 
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Figure 4.12. Gene ontology classification of identified proteins according to 

cellular function. Whilst the range of cellular functions is broad, the highest number 
of proteins were found to be muscle proteins. 
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4.5  Discussion 

 

4.5.1  SOD activity in mutant lines implies compensatory 

changes in SOD activity in response to mutations and 

suggests a SOD1-SOD3 co-dependency 

 

The previous chapter presented the results of gene expression analysis in sod mutant 

lines and suggested that compensatory changes in sod activity may be occurring. As 

will be discussed, enzymatic analysis of SOD activities in the same mutant lines 

supports this transcriptional compensatory theory and also suggests a co-dependency 

of the Cu Zn SOD isoforms.  

 

Using WT samples for comparison, both sod1 heterozygous mutants were found to 

have reduced total SOD activity to half the WT level, and reduced Cu Zn SOD activity 

to a third of WT. Interestingly, the n108 line was found to reduce total SOD activity 

only a fraction more than the heterozygous sod1 null sample but Cu Zn SOD activity 

was almost completely abolished in this strain. This suggests that in times of complete 

SOD1 absence SOD2 activity may increase in a compensatory manner. Indeed by 

calculating the difference in units/µg between total and Cu Zn SOD for each fly strain, 

the activity contributed by Mn SOD can be calculated. In the WT, n108/TM3 and 

x39/TM3 samples Mn SOD contributes 0.4 – 0.6 units/µg to total SOD activity, 

however over 1.0 unit/µg is found to be contributed to total SOD activity by Mn SOD 

in n108/TM3 samples. Although a significant increase in sod2 gene transcription in 

the sod1 mutant lines was not observed, there was a significant upregulation in the 

Sod3
06029

 flies and a positive trend in the sod1 mutant lines (Figures 3.9A and B) 

suggesting that sod2 might be both transcriptionally and translationally regulated in 

response to overall SOD activity. Given that sod3 has been shown to be less highly 

expressed than sod1 in adult flies one might assume that the residual Cu Zn SOD 

activity seen in the n108 strains could be attributed to endogenous SOD3. However, 

Sod3
06029 flies were found to have total and Cu Zn SOD activities equivalent to that of 

the sod1 heterozygous mutant strains. Thus the P-element insertion in the Sod3
06029
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strain removes far more Cu Zn SOD activity than might be expected from the activity 

measurements.  

 

There are two likely explanations for the discrepancies in the summation of the Cu Zn 

SOD activities in the Cu Zn SOD mutant lines. Firstly, the lack of control for genetic 

background by using WT flies as a control may lead to unpredictable quantitative 

changes in protein expression (discussed in Chapter 3 in relation to gene expression) 

and thus SOD activity. Alternatively, it is possible that SOD1 and SOD3 interact in 

some manner and are mutually dependent for Cu Zn SOD activity in Drosophila.   

 

Analysis of sod mutant protein samples on SOD activity gels support the hypothesis 

that SOD1 and SOD3 may interact in some manner in Drosophila. In n108 flies, no 

band of activity corresponding to Cu Zn SOD was found in the gels and the same 

band was also found to be absent with Sod3
06029 flies. This suggests that the reduction 

in total and Cu Zn SOD activity found by spectroscopic measurements of Sod3
06029

 

and all Sod1 mutant lines appears in fact to be a result of global Cu Zn SOD inactivity, 

rather than due to SOD1 or SOD3 being independently absent. An explanation for the 

relationship between SOD1 and SOD3 could be that the endogenously active Cu Zn 

SOD measured in the assays results from heterodimers of SOD1 and SOD3 subunits, 

thus removing either would diminish the Cu Zn SOD activity proportionally. One 

more important caveat must be considered in interpreting these activity results. These 

assays were performed according to standard protocols where cellular debris was 

thrown away (Phillips et al. 1989). One would imagine that any extracellular SOD 

that is bound to membranes would be discarded with this fraction and therefore it was 

originally expected that no change in activity with the Sod3
06029

 flies would be found. 

The fact that changes in activity were observed in this line perhaps supports the notion 

of SOD1-SOD3 interaction or alternatively suggests that one or both of the SOD3 

variants is functioning in an intracellular location which would not be predicted by 

sequence analysis.  
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4.5.2  Transposon excision restores SOD activity 

 

The primary aims of excising the transposon from the Sod3
06029 line were discussed in 

the previous chapter. Cu Zn SOD activity analysis of the three excision lines (ex136, 

ex141 and ex158) found that activity levels increased in all three lines compared to 

Sod3
06029 flies. These results correlate with the gene expression data and provide 

further evidence that the P-element insertion causes decreased SOD activity.  

 

4.5.3  SOD activity of Sod3
06029 flies in comparison with 

backcrossed and non-backcrossed controls provides 

further evidence for the influence of modifiers 

 

Discussed in the previous chapter were the limitations to using WT samples as a 

control for mutant sod gene expression. Furthermore, mentioned above are the 

difficulties in interpreting some of the SOD activity data without controlling for 

genetic background. As such, SOD activity measurements were taken in individual 

sex Sod3
06029 lines against the same backcrossed (yw 

c-iso) and non-backcrossed (yw 
c) 

control strains described previously. As found with gene expression measurements of 

the same strains, differential activity measurements were observed with the 

backcrossed and non-backcrossed lines. In comparison with the yw 
c-iso line male and 

female flies showed similar trends with both total and Cu Zn SOD activities being 

found to be lower in the control line then in the sod3 mutant line. Conversely, using 

yw 
c
 as the control, sod3

06029 flies were found to have marginally reduced total SOD 

activity levels in both sexes and significantly reduced Cu Zn SOD activity levels. 

These activity measurements support the gene expression data in the same strains and 

thus the concept of genetic modifiers influencing fitness in Sod3
06029 flies. Sod1 and 

sod2 were found to be upregulated in male and female Sod3
06029 flies compared to the 

yw
 c-iso line, whilst sod3 knockdown was less pronounced than expected in female 

Sod3
06029 flies and mildly upregulated in males (Figures 3.14A and B). Since sod1 and 

sod2 are found to be expressed at higher levels than sod3 this increase in SOD activity 

could be accounted for by alterations in gene expression. Compared to yw 
c controls 

sod1 and sod2 expression was found to remain unchanged in Sod
06029

 flies whereas 
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sod3 was significantly down-regulated in both sexes (Figures 3.15A and B), thus 

explaining the suppression in Cu Zn SOD activity in the mutant line. The similarity in 

total SOD activity in these lines also supports the notion of compensatory SOD2 

changes occurring. It would therefore appear that in backcrossing the sod3 mutant line 

modification of, at a minimum, sod gene expression has occurred, manifesting in a 

decrease in SOD activity in the isogenic yw 
c-iso line.   

 

4.5.4  SOD activity shown not to alter in response to 

oxidative insults 

 

As with the gene expression data, application of oxidative stress in the form of 

paraquat or H2O2 treatment resulted in no change in SOD activity indicating that post-

translational modifications in response to oxidative insults are not occurring. Whilst 

the measurement of direct changes in SOD activities in response to paraquat and H2O2 

insults in Drosophila appear not to have been carried out previously, similar studies in 

the adult house fly, Musca domestica, parallel these findings with no change in SOD 

activities being found in response to administration of paraquat (Allen et al. 1984) or 

H2O2 (Sohal 1988). Paraquat has, however, been found to elevate Cu Zn SOD activity 

in murine lymphoma cells (Jaworska and Rosiek 1991), whilst H2O2 was shown to 

increase total SOD in maize strains (Pastori and Trippi 1992). Whilst it appears that in 

some instances paraquat and H2O2 administration can elevate SOD activity levels, in 

Drosophila the SODs do not seem to function as oxidative stress responsive proteins. 

However, as was described in the analogous gene expression studies in chapter 3, it 

should considered that the oxidant concentrations (30mM paraquat and 15% H2O2) 

used in this study exerted a grossly hypertoxic acute stress. This means that the 

activity measurements made in this chapter may not reflect the true effect that 

oxidative stress has on SOD activity. As such, experiments should be reconsidered 

using oxidant concentrations that apply a less toxic, more chronic stress condition. 

Analysis of SOD activity under such conditions may give a truer reflection of the 

SOD’s ability to act as oxidative stress proteins. 
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4.5.5  Validation of specificity of Drosophila SOD3 antibody 

is inconclusive 

 

After some initial promise with the Drosophila SOD3 antibody it appears further 

work is required to determine whether the antibody can indeed detect SOD3 in 

western blots. Initial results revealed a prominent band of immunoreactivity at ~30 

kDa, the intensity of which was found to diminish considerably with Sod3
06029 

samples, thus suggesting the antibody may have SOD3 specificity. However, the 

predicted molecular weights of the monomeric forms of SOD3v1 and SOD3v2 are 

19.2 kDa and 23.1 kDa, respectively, and since these masses are inclusive of the N-

terminal signal sequence it might seem unlikely that ~30 kDa band found on the blots 

is due to SOD3 reactivity. This does not, however, exclude the possibility that this 

band arises from SOD3 immunoreactivity. It is possible that post-translational 

modifications such as glycosylation and phosphorylation are occurring or that the 

denaturation step in the western blot protocol is insufficient to separate the protein 

subunits. The occurrence of either of these would resolve protein products of a higher 

molecular weight than would be predicted by sequence analysis alone.  

 

In an attempt to confirm that the ~30 kDa band is due to SOD3 immunoreactivity, 

competition assays were performed in which the primary Drosophila SOD3 antibody 

was pre-incubated with an excess of the free peptide to which the antibody was raised 

prior to probing protein samples. Any SOD3 specific bands would thus be expected to 

be abolished from subsequent western blots due to the primary antibody being 

coupled to the target peptide. However, competition assays in which the peptide 

excess went up to 50,000-fold failed to remove the ~30 kDa band, or any other protein 

band, suggesting that the primary antibody has limited or no immunoreactivity with 

SOD3. Furthermore, control assays in which the fluorescent secondary antibody alone 

was incubated with blots revealed that all protein bands could still be detected. 

Consequently, it appears the bands seen on these western blots were produced through 

unspecific binding of the secondary antibody and not through any binding of the 

primary antibody with SOD3. Coomassie stains of WT protein samples also revealed 

the major protein band of the homogenate samples to be located at the same mass as 
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the immunoreactive band seen previously supporting the notion of unspecific 

reactivity in the assays (Figure 4.13).  

 

In order to remove as much unspecific binding as possible alternative blocking 

solutions were utilised, with 5% milk powder in tPBS being found to be the most 

stringent. Furthermore, HRP conjugated secondary antibodies visualised by ECL were 

also found to reduce unspecific binding. Whilst competition assays were not carried 

out with this blocking solution and secondary antibody due to insufficient amounts of 

the free peptide, WT and Sod3
06029 protein homogenates were tested and a single band 

of immunoreactivity was observed, as previously, at ~30 kDa, with the intensity of the 

band being diminished in the sod3 hypomorph samples. The isolation of a knockout 

mutant, as attempted in Chapter 3, would allow for the confirmation of whether this 

band is indeed due to SOD3 reactivity.  

 

            1         2         3   

 

 

Figure 4.13. Coomassie stain revealing the major protein bands in Oregon R 

homogenates.  Lane 1 = 5µL dual colour ladder; lane 2 = 40µg Oregon R total 
protein; lane 3 = 20µg Oregon R total protein. The major protein band seen resolves at 
~30 kDa, exactly the same size at which the major band seen in our western blots is 
found. 
 

Currently the ability of the SOD3 antibody to detect Drosophila SOD3 remains 

unknown. It is possible that the SOD3 protein is extremely stable and that current 

37 � 

25 � 
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denaturation steps are insufficient to separate the SOD3 monomers. Indeed this has 

been observed as a feature of SOD1, which still shows enzymatic activity in the face 

of harsh denaturants such as 10M urea and 4% SDS and at temperatures of 80°C 

(Culotta et al. 2006). Whilst the antigenic epitope sequence is predicted to lie on the 

external face of the SOD3 protein, it is possible that the sequence lies at the interface 

of dimer and/or tetramer formation and thus immunoreactivity may not be seen 

against the native form of the protein. It should also be noted that a murine SOD3 

antibody (a kind gift from Professor T. Fukai, University of Illinois at Chicago) was 

tested for cross reactivity with Drosophila SOD3, however no such reactivity was 

observed (data not shown). The usefulness of having a Drosophila SOD3 antibody 

cannot be underestimated. In relation to the work presented in this thesis its primary 

use could be in confirming both the cellular location of the SOD3 proteins, through 

western blotting after cellular fractionation and/or immunocytochemistry of cells 

expressing SOD3 constructs, and furthermore any SOD3 interactions could be 

assessed through complex immunoprecipitation. It is possible that generation of an 

antibody to the total recombinant Drosophila SOD3 protein might prove more 

successful at producing a useful antibody and should be considered for future work. 

 

4.5.6  Proteomic analysis of sod mutants hints at protein 

targets subject to quantitative changes 

 

A preliminary screen to determine quantitative proteomic changes in Sod3
06029 and 

n108 flies (compared to yw
 c-iso

 and red controls, respectively) was carried out by 

iTRAQ analysis. A total of 39 proteins were identified that satisfied the selection 

criteria detailed in the results, with just three of these proteins in Sod3
06029 samples 

and four in n108 samples being observed to have a statistically significant change in 

expression. The variety of cellular processes in which the proteins are involved are 

diverse, with the majority of proteins found to be important for muscle formation and 

function, ion transport and oxidoreductase function. The observation of just 39 

proteins represents a low proteome coverage, with typically a few hundred proteins 

often being identified in equivalent experiments with Drosophila samples (Pedersen 

et al. 2010;Xun et al. 2008). Such a low proteome coverage suggests that either the 

protein concentration of the samples tested (100µg) was too low or that only the most 
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highly abundant proteins are being detected by MS/MS. Alternatively, the use of 

whole adult extracts may cause high sample complexity leading to decreased peptide 

detection sensitivity (Pedersen et al. 2010;Paul Skipp, personal communication).  

 

The three proteins found to be significantly repressed in Sod3
06029 flies are involved in 

cellular and ion transport (ADP, ATP carrier protein), differentiation (14-3-3 protein 

zeta) and lipid transport (apolipophorins), suggesting that the genetic modifications 

proposed to function in the Sod3
06029 line may be influencing fitness by decreasing the 

activity of one or more of these pathways. It should be noted, however, that the only 

control used in these experiments was the yw 
c-iso line, thus whether these decreases in 

protein expression occur as a result of inherited genetic modifiers can only be 

confirmed after assaying with the non-backcrossed yw 
c strain. In the sod1 null strain, 

n108, the proteins: ATP synthase subunit alpha, mitochondria (important for ion 

transport); alcohol dehydrogenase (an oxidoreductase) and myosin regulatory light 

chain (involved in muscle formation and function) were found to be significantly up-

regulated, whereas cytochrome P450 4g1 (an oxidoreductase) was significantly down-

regulated. As stated previously, n108 flies are characterised by significantly reduced 

mortality and paraquat hypersensitivity, suggesting that the proteomic changes 

observed either function as adaptive mechanisms promoting survival in this species or 

are as a result of the decreased oxidative protection in n108 flies and thus maybe 

causative of the reduced lifespan phenotype observed. 

 

The results of this study are preliminary since the proteome coverage revealed is so 

low. These experiments therefore need to be confirmed by repeating with either 

increased sample concentrations or with isolated Drosophila tissues, as well as with 

the non-backcrossed yw 
c strain. Furthermore, while just a few proteins were found to 

be significantly differentially expressed in this study, recently it has been suggested 

that current iTRAQ technology and analysis tends to underrepresent protein 

expression data, implying that proteins identified which fall outside of the 

significance threshold value may still be biologically relevant in comparative studies 

(Ow et al. 2009). It should also be noted that the iTRAQ technique only reveals 

quantitative changes occurring at the protein level, rather than at the genomic level 

which would be reported with techniques such as microarrays. It would be ideal to 

compare microarray data with the iTRAQ results presented in this chapter in order to 
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assess whether post-transcriptional events are occurring in response to the individual 

mutations tested. Whilst microarray analysis of these mutants was not carried out in 

this thesis, performing such experiments would be a useful addition to the study 

which could be carried out at a later date. 
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CHAPTER 5 

 

5.  Functional phenotypic studies of Drosophila 

SOD3 

 

5.1  Aim 

 

To date the function of the Drosophila sod3 gene can only be predicted from DNA 

sequence analysis which suggests the proteins primary role is as a scavenger of 

extracellular sources of O2¯·. This chapter presents the preliminary investigations into 

what might be the functional role of this protein in Drosophila by assaying sod3 

mutants for a functional phenotype. 

 

5.2  Introduction 

 

Compared to the number of intracellular sources, there are comparably few 

extracellular sources of ROS (see Figure 1.2). Furthermore, the anionic nature of 

certain ROS, including O2¯·, means that many species do not readily cross biological 

membranes leading to compartmentalised pools of ROS. The major producer of 

extracellular O2¯· is the NADPH oxidase (NOX) complex of phagocytic and non-

phagocytic cells (Lambeth 2004), however other extracellular sources of ROS include 

membrane bound xanthine oxidases and environmental factors such as ultraviolet 

light, χ- and γ-radiation and pesticides (Gracy et al. 1999). The extracellular SOD3 

enzyme is thought to protect cells against these peripheral oxidants, however due to 

SOD3 remaining undiscovered in short lived insect models for so long, the majority 

of work concerning functional characterisation of the SOD3 protein has been in 

mammalian models. Mice lacking SOD3 (or with SOD3 mutations) in fact display 

relatively mild phenotypes. Unlike sod1 and sod2 null mice, which have impaired 

survival (Li et al. 1995;Sentman et al. 2006), an absence of sod3 has no effect on 

lifespan, however there is evidence of increased oxidative damage (Sentman et al. 



 155 

2006). Furthermore, sod3 knockout mice are also significantly more vulnerable to 

hyperoxia (Carlsson et al. 1995), which correlates with the highest sod3 expression 

levels being found in blood vessels and arterial cell walls (Oury et al. 1996;Stralin et 

al. 1995), particularly of the lung (Folz et al. 1997). C. elegans lifespan is also found 

to be unaffected upon removal of the extracellular Cu Zn SOD gene (sod-4), however 

in contrast with mice, sod-4 deficient strains are no more susceptible to hyperoxia and 

additionally show no paraquat hypersensitivity (Doonan et al. 2008;Van Raamsdonk 

& Hekimi 2009). 

 

Detailed in this chapter are the studies carried out on the Drosophila sod3 hypomorph 

line to establish a functional phenotype for a sod3 deficiency in this model system. 
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5.3  Materials and methods 

 

5.3.1  Fly strains 

 

The fly strains used in subsequent experiments are listed in Table 3.1 and were 

maintained on standard Drosophila medium (Appendix 2) at 23°C in a 12 hour 

light/dark cycle. 

 

5.3.2  Oxidative stress tests 

 

5.3.2.1  Paraquat toxicity 

 

The susceptibility of adult flies to paraquat toxicity and was assessed by comparing 

survival rates of Sod3
06029

 and n108/TM3 lines against control strains. Same sex adults 

up to 12 days old were briefly anesthetized with CO2 and transferred from standard 

plastic food vials to empty plastic vials for a maximum of 1 hour (~10 flies per vial). 

After one hour, and without anesthetisation, flies were transferred into plastic vials 

containing 5 pieces of Whatman filter paper soaked in 500µL of 10mM paraquat 

dissolved in 5% sucrose. Flies were scored for survival at regular intervals and 

transferred onto fresh paraquat saturated filter paper every 24 hours. The experiment 

ran until all flies had died. Three replicates of each genotype were tested and the data 

was analysed by two-way analysis of variance (ANOVA). 

 

5.3.2.2  H2O2 toxicity 

 

The same fly strains were also assessed for H2O2 sensitivity. Adult flies up to 12 days 

of age were prepared as detailed for the paraquat toxicity assays, but maintained on 

15% H2O2, which was replaced every 24 hours until all flies has died. Three replicates 

of each genotype were tested and the data was analysed by two-way ANOVAs. 
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5.3.3  Climbing assays 

 

Climbing assays were carried out on separate sex, individual flies to assess locomotor 

ability with increasing age. Flies were isolated at the pupae stage of development and 

identified by sex by the presence (males) or absence (females) of sex combs (a patch 

of black bristles) on the forelegs, visible from within the pupae case. Flies were 

isolated by taking a damp paint brush, lightly moistening the sides of the pupae case 

and then gently detaching the pupae from the side of the food vial. Single pupae were 

placed on the inside of a 2mL microtube (Greiner Bio One), containing approximately 

0.5mL of standard Drosophila medium (Appendix 2), with a pin hole made in the lid 

to allow oxygen in. Flies were allowed to eclose and were transferred to fresh food 

microtubes every 2-3 days. Flies remained isolated throughout the duration of the 

experiment. 

 

At time points of 2, 4 and 6 weeks of age, each fly was assayed for its climbing ability 

as follows: individual flies were transferred from their microtube, without 

anesthetisation, to a plastic climbing vial marked with a line at 7 cm up from the 

bottom of the vial. Flies were gently tapped to the bottom of the vial and the time 

taken for each fly to climb 7 cm was recorded. For those flies not reaching 7 cm 

within 30 secs, the maximum height climbed within 30 secs was recorded. Flies were 

tested three times at each age and the best result (quickest time climbed/maximum 

height climbed) was taken. Statistical analysis of the ability to climb between 

genotypes at each age time point was carried out by two-tailed Z-tests and analysis of 

climbing velocity was calculated by two-tailed student T-tests. 
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5.4  Results 

 

5.4.1  Paraquat toxicity  

 

5.4.1.1  Sod3 mutant flies compared to the backcrossed control 

 

A highly significant increase in resistance to 10mM paraquat was observed in both 

male (Figure 5.1A) and female (Figure 5.1B) Sod3
06029 flies compared to the 

backcrossed yw 
c-iso line (both P = <0.001). Survivorship curves for each sex were 

found to diverge after 10 hours and whilst they remained divergent throughout life in 

male genotypes, in females survival curves merged again between genotypes 100 

hours into the experiment. Maximum lifespan was also found to be reduced in yw 
c-iso 

controls (105 hours) compared to Sod3
06029 flies (188 hours), under paraquat 

exposure. 

 

5.4.1.2  Sod3 mutant flies compared to the non-backcrossed control 

 

Compared to non-backcrossed yw 
c flies, male Sod3

06029 flies were found to be 

significantly more sensitive to paraquat exposure (Figure 5.2A) (P = <0.001), 

surviving no more than 112 hours. Survival curves were found to diverge at 28 hours 

and yw 
c control flies survived up to 236 hours under paraquat exposure. No difference 

in survival was observed for females of the same genotype (Figure 5.2B). 

 

5.4.1.3  Sod1 mutant flies compared to an isogenic control 

 

Male n108/TM3 flies were found to be as susceptible to paraquat induced oxidative 

stress as isogenic red control flies (Figure 5.3A). Female n108/TM3 flies, however, 

displayed a significant increase in paraquat resistance compared to the control strain 

(Figure 5.3B) (P = <0.001). Female survival curves diverged at 40 hours of oxidant 

exposure, with female control flies having a maximum lifespan of 166 hours 

compared to the 220 hours of n108/TM3 flies.    
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Figure 5.1. Paraquat induced oxidative stress resistance of Sod3
06029

 flies 

compared to the backcrossed control. Male (A) and female (B) flies were exposed 
to 10mM paraquat and scored for survival until all flies had died (N = 3 for both 
sexes). A significant difference in survival was observed for both sexes (P = <0.001). 
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Figure 5.2. Paraquat induced oxidative stress resistance of Sod3
06029

 flies 

compared to the non-backcrossed control. Male (A) and female (B) flies were 
exposed to 10mM paraquat and scored for survival until all flies has died (N = 3 for 
both sexes). A significant difference in survival was observed in male flies (P = 
<0.001) while no difference in survival was found for females. 
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Figure 5.3. Paraquat induced oxidative stress resistance of n108/TM3 flies 

against an isogenic control. Male (A) and female (B) flies were exposed to 10mM 
paraquat and scored for survival until all flies has died (N =3 for both sexes). While 
no difference in survival was observed in male flies a significant difference in survival 
was found for females (P = <0.001). 
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5.4.2  H2O2 toxicity 

 

5.4.2.1  Sod3 mutant flies compared to the backcrossed control 

 

In response to 15% H2O2 exposure, both male (Figure 5.4A) and female (Figure 5.4B) 

Sod3
06029 flies were observed to be significantly more tolerant than the respective yw 

c-iso backcrossed controls (P = <0.001). Survivorship curves for each sex were found 

to diverge after 20 hours and remained divergent through out life. Maximum lifespan 

was found to be 47 hours in yw 
c-iso controls compared to 75 hours in Sod3

06029 flies 

under H2O2 exposure.  

 

5.4.2.2  Sod3 mutant flies compared to the non-backcrossed control 

 

Both male (Figure 5.5A) and female (Figure 5.5B) Sod3
06029 flies were also found to 

be significantly more resistant to H2O2 induced oxidative stress than the non- 

backcrossed yw 
c line (P = <0.001). Survival curves diverged between genotypes in 

both sexes immediately upon H2O2 application, and while there was no difference in 

maximum lifespan between males of the two genotypes, maximum lifespan was found 

to be shortened in female controls at 81 hours, compared to 94 hours with Sod3
06029

 

flies. 

 

5.4.2.3  Sod1 mutant flies compared to an isogenic control 

 

There was no measurable difference in susceptibility to H2O2 exposure of n108/TM3 

flies of either sex compared to the isogenic red control line (Figure 5.6A (male) and 

Figure 5.6B (female)). While there was no difference in the survival curves between 

genotypes and sexes, there was also only a negligible difference in the maximum 

lifespan of either genotype, with the isogenic red line being marginally longer lived 

than the Sod1 mutant stain in both sexes.  
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Figure 5.4. H2O2 induced oxidative stress resistance of Sod3
06029

 flies compared to 

the backcrossed control. Male (A) and female (B) flies were exposed to 15% H2O2 
and scored for survival until all flies has died (N = 3 for both sexes). A significant 
difference in survival was observed for both sexes (P = <0.001). 
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Figure 5.5. H2O2 induced oxidative stress resistance of Sod3
06029

 flies compared to 

the non-backcrossed control. Male (A) and female (B) flies were exposed to 15% 
H2O2 and scored for survival until all flies has died (N = 3 for both sexes). A 
significant difference in survival was observed for both sexes (P = <0.001). 
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Figure 5.6. H2O2 induced oxidative stress resistance of n108/TM3 flies against an 

isogenic control. Male (A) and female (B) flies were exposed to 15% H2O2 and 
scored for survival until all flies has died (N = 3 for both sexes). No difference in 
survival was observed in either sexes. 
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5.4.3  Climbing ability 

 

The locomotor ability of Sod3
06029 flies with increasing age was compared against the 

backcrossed yw 
c-iso control line. Results for pooled sexes revealed no measurable 

difference in the ability of 2 week or 6 week old flies of either genotype to climb 7 cm 

within 30 secs (Figure 5.7A). There was, however, a slight increase in the number of 

successful Sod3
06029 climbers compared to control flies at 2 weeks of age. 

Furthermore, a highly significant reduction (P = <0.01) in the ability of Sod3
06029 flies 

to climb was observed at 4 weeks of age. The climbing velocity of those flies that 

reached 7 cm within 30 secs was also calculated (Figure 5.7B). Climbing velocity was 

found to decrease as a function of age in both genotypes and whilst there was no 

statistically significant difference in climbing speed between the genotypes at any of 

ages assayed, overall there was a trend of reduced climbing velocity in the Sod3
06029 

line. 

 

To assess whether reduced locomotor function is influenced by sex, the pooled data 

was reanalysed by sex. Both male (Figure 5.8A) and female (Figure 5.9A.) Sod3
06029 

flies were found to have statistically significantly reduced climbing ability at 4 weeks 

of age (both P = <0.05), but no measurable difference at either 2 or 6 weeks of age. 

However, a slight increase in climbing ability was observed in Sod3
06029 flies of both 

sexes at 2 weeks of age, whereas 6 week old female Sod3
06029 flies were found to be 

unable to climb. The trend of reduced climbing velocity in the Sod3
06029 line was 

apparent between genotypes of both male (Fig 5.8B.) and female (Fig 5.9B.) flies, 

however, a statistically significant reduction in velocity was observed for females 

Sod3
06029

 flies at 2 weeks of age (P = <0.05). Furthermore, females of both genotypes 

were also found to have dramatically reduced climbing velocities compared to their 

male counterparts at each of the ages tested. 
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Figure 5.7. Climbing ability of pooled sexes as a function of age. Individual flies 
were assayed for their ability to climb 7 cm with 30 secs (A) and, of those flies 
successful, their climbing velocity was calculated (B). A significant reduction in 
climbing ability of Sod3

06029 flies was observed at 4 weeks of age (P = <0.01). 
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Figure 5.8. Climbing ability of male flies as a function of age. Individual flies were 
assayed for their ability to climb 7 cm with 30 secs (A) and, of those flies successful, 
their climbing velocity was calculated (B). A significant reduction in climbing ability 
of Sod3

06029 males was observed at 4 weeks of age (P = <0.05). 
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Figure 5.9. Climbing ability of female flies as a function of age. Individual flies 
were assayed for their ability to climb 7 cm with 30 secs (A) and, of those flies 
successful, their climbing velocity was calculated (B). A significant reduction in 
climbing ability of Sod3

06029 females was observed at 4 weeks of age (P = <0.05) and 
significantly reduced climbing velocity was calculated at 2 weeks of age (P = <0.05). 
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5.5  Discussion 

 

5.5.1  Paraquat resistance in sod mutants reveals sex 

specific variation and also hints at the nature of the 

genetic modifiers transferred 

 

As with previous assays, the sod3 hypomorph mutant was assayed against both a 

backcrossed and non-backcrossed control, in this instance to assess the effect of 

oxidative stress on flies with reduced sod3 expression. The key finding was 

differences in the patterns of survival upon 10mM paraquat exposure, dependent upon 

which control was used. Both male and female Sod3
06029 flies were found to be 

significantly more resistant to paraquat exposure than the backcrossed yw 
c-iso line. 

Previously it was shown that not only was sod1 and sod2 expression upregulated in 

Sod3
06029 flies of both sex in comparison to yw 

c-iso but not yw 
c, but both total and Cu 

Zn SOD activity was also elevated. It therefore appears that this increase in 

intracellular antioxidant capacity may be sufficient to protect against paraquat induced 

toxicity, accounting for the increased survival observed. However, in comparison with 

the non-backcrossed yw 
c strain, female Sod3

06029
 flies were found to be as susceptible 

paraquat induced toxicity as controls, while males were significantly more sensitive. 

The observation of no effect on paraquat toxicity in female sod3 mutants replicates 

similar observations found after removal of the extracellular sod gene (sod-4) in C. 

elegans (Doonan et al. 2008). However the finding of decreased paraquat resistance in 

male Sod3
06029 flies is somewhat surprising for two reasons. Firstly, as stated 

previously, paraquat transfers toxicity intracellularly (Fukushima et al. 2002), whilst 

SOD3 is predicted to be an extracellular protein. This would either suggest that SOD3 

can be intracellular in some instances, or that SOD1 and SOD3 do interact in some 

manner as proposed earlier. Secondly, in comparison with the non-backcrossed yw 
c 

strain, sod3 knockdown was found to be far less pronounced in male Sod3
06029 flies 

than females and furthermore, sod1 and sod2 were up-regulated in males whereas they 

were down-regulated in females. Additionally Cu Zn SOD activities were found to be 

significantly reduced in both sexes of the sod3 mutant line. This indicates that in fact 

female Sod3
06029 flies should be more oxidatively vulnerable and therefore sensitive to 
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paraquat. This data therefore suggest that females may have alternative mechanisms 

for coping with paraquat toxicity, which may become activated in response to 

decreased sod expression.  

 

The findings of differential survival patterns with backcrossed and non-backcrossed 

controls support the notion that in backcrossing the sod3 line, the yw 
c-iso control is 

revealing the effects of unknown genetic modifiers inherited from the Sod3
06029 flies, 

and these modifiers appear to be functioning to influence lifespan and survival under 

conditions of intracellular oxidative stress in Sod3
06029 flies. As mentioned previously, 

genetic modifiers have evolved to stabilise organisms’ (in this case Sod3
06029 flies) 

fitness and survival (Karlin & McGregor 1972). The gene expression and SOD 

activity data presented earlier imply that these genetic modifications appear to 

function, at least in part, by increasing sod1 and sod2 expression in both sexes and 

this increased antioxidant status likely causes the elevated paraquat resistance 

observed. Whilst this explanation seems the most probable, it cannot be ruled out that 

increased survival under oxidative conditions occurs simply as a fortuitous by-product 

of the underlying evolved modifications in other unknown genes required for the 

survival of the sod3 mutant line in normoxic conditions. Furthermore, the mechanisms 

by which genetic modifications in Sod3
06029 flies are manifested in reduced oxidative 

resistance in the yw 
c-iso

 line after backcrossing can only be hypothesised. Either the 

genetic alterations inherited, whilst promoting pro-survival effects in Sod3
06029

 flies, 

function deleteriously in the yw 
c-iso

 line, or, in backcrossing, the yw 
c-iso line is 

acquiring the detrimental effects, possibly in the form of molecular damage, of having 

reduced sod3 levels in the sod3 mutant line, thus reducing fitness and survival.    

 

Sod1 homozygous null (n108) Drosophila have been shown to be highly susceptible 

to oxidative stress by paraquat exposure, whereas heterozygous (n108/TM3) flies 

retain wild type resistance (Phillips et al. 1989). The same phenotypes have also been 

observed in homozygous and heterozygous mice (Ho et al. 1998), while in C. elegans 

absence of sod1 is crucial for maintaining viability under paraquat exposure (Doonan 

et al. 2008). Here, sod1 null heterozygous flies were assayed for paraquat sensitivity 

by sex and whilst no difference in male n108/TM3 and control lines (red) was found, 

females were observed to be significantly more resistant to paraquat toxicity. In the 

original Drosophila work by Phillips et al. it was not stated which sex was assayed in 
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their paraquat study, thus this observation of elevated paraquat resistance in female 

sod1 null heterozygotes may represent a novel finding. The increase in survival in 

response to paraquat against an isogenic line in sod1 null heterozygous females may 

suggest that modifiers are also functioning in this mutant line, however a lack of 

effect in male flies implies that perhaps females lacking partial sod1 activity have 

alternative mechanisms for coping with paraquat toxicity than males. Shown 

previously was that the sod genes are primarily downregulated in both homozygous 

and heterozygous n108 lines, therefore such mechanisms may become activated in 

response to decreased sod transcription, as has been proposed in sod3 mutant females. 

Therefore, this finding also suggests that SOD1 and SOD3 may share some co-

dependency or may interact in some manner.  

 

5.5.2  A SOD3 deficiency confers H2O2 resistance but 

reduced SOD1 activity does not   

Measurements of H2O2 toxicity in Sod3
06029 males and females revealed the mutant 

lines to be significantly more tolerant of H2O2, irrespective of the control used. The 

discovery of increased H2O2 resistance when SOD levels are reduced has been 

reported elsewhere (Magliaro and Saldanha 2009), however the mechanism by which 

the partial absence of sod3 here increases H2O2 tolerance is unknown. An attractive 

theory is that, since the product of SOD activity is H2O2, the enzymes absence in the 

sod3 mutant means that the addition of exogenous H2O2 serves only to restore H2O2 to 

physiologically normal levels. This reasoning is questionable however, since both 

male and female n108/TM3 flies were found to be no more resistant to H2O2 than their 

isogenic controls. Since H2O2 resistance is conferred in Sod3
06029 flies, irrespective of 

the control line tested, the genetic modifiers present in the sod3 mutant line, whilst 

they are able to protect against paraquat induced toxicity, appear not function to 

protect from H2O2.  

 

These differential oxidative stress survival patterns found in the sod3 hypomorph line 

may, however, stem from the different mechanisms by which H2O2 and paraquat are 

proposed to transfer toxicity. Whilst H2O2 is defined as a reactive oxygen species, the 

compound itself is actually poorly reactive. For instance, no oxidation occurs when 
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DNA, lipids or most proteins are incubated with H2O2 (Halliwell & Gutteridge 2007). 

H2O2 can, however, inactivate a few proteins, primarily by oxidising those with thiol 

groups, such a protein phosphatases. This ability, together with the ease with which 

H2O2 can permeate biological membranes makes this compound such an important 

signalling molecule. Despite its poor reactivity, H2O2 can still be cytotoxic (as has 

been shown in the results of this chapter), however it is believed that this toxicity is 

caused by its reaction with iron (in the Fenton reaction) and copper ions, forming the 

indiscriminately reactive ·OH radical (Halliwell & Gutteridge 2007). Indeed, it 

appears that it is ·OH that accounts for the majority of the damage caused to DNA in 

H2O2 treated cells (Halliwell & Gutteridge 2007). Paraquat, on the other hand, is 

thought to transfer toxicity through the production of O2¯·.  Paraquat is believed to 

undergo a NADH-dependent reduction to form the paraquat radical (Pa+) 

intracellularly at microsomal and /or mitochondrial sites (Farrington et al. 

1973;Fukushima et al. 2002). Pa+ then rapidly reacts with O2 to form O2¯· and Pa2+. 

Whilst also considered relatively unreactive, O2¯· does appear to be more reactive than 

H2O2. For instance, O2¯· is highly reactive in organic solvents, meaning that any O2¯· 

produced within the hydrophobic interior of biological membranes could be 

particularly damaging (Halliwell & Gutteridge 2007). Due to a number of sources of 

O2¯· generation being membrane-bound systems (see chapter 1) it is likely O2¯· is 

produced in these regions. However, currently there still exists no evidence that O2¯· 

can cause membrane lipid damage in vivo. O2¯· can be highly reactive with a number 

of proteins, in particular inactivating those containing iron-sulphur clusters at their 

active site, some of which are important for amino acid biosynthesis (Halliwell & 

Gutteridge 2007). Other enzymes reported to be inactivated by O2¯· include creatine 

kinases and calcineurin, a protein involved in signal transduction (Halliwell & 

Gutteridge 2007). The different mechanisms by which the two oxidant species tested 

here are cytotoxic and cause molecular damage may explain the differing results 

found on survival in the mutant strains tested. However, further work is required to 

elucidate the mechanisms by which the genetic modifiers within the Sod3
06029

 line 

function to promote paraquat resistance.   

 



 174 

5.5.3  Assays of climbing ability indicate that sod3 mutant 

flies have impaired locomotor function at an earlier 

age 

 

The decline in negative geotaxis (climbing ability) with increasing age is an 

established facet of Drosophila physiology (Ganetzky and Flanagan 1978;Martinez et 

al. 2007;Toma et al. 2002). Here studies of the climbing ability of Sod3
06029 flies 

compared to the yw
 c-iso line confirmed these results by revealing both climbing ability 

and velocity to decrease as a function of age in both lines. Furthermore, a faster 

decline in climbing performance in females compared to males of both genotypes was 

found over the course of the experiment. The observation of a faster age dependent 

decrease in climbing ability in females compared to males has been reported 

elsewhere (Simon et al. 2006), and although the basis of this sex difference is 

unknown, functional declines in climbing performance are predicted to be caused by 

mechanisms of functional senescence rather than by a lack of selection for high 

performance at older ages due to a decline being seen throughout life (Simon et al. 

2006). Comparisons between genotypes showed Sod3
06029 flies of both sexes to have 

marginally elevated climbing ability at 2 weeks of age, significantly reduced climbing 

abilities at 4 weeks of age and slightly reduced climbing function at 6 weeks of age. 

Other results included the finding of reduced climbing velocity of those flies able to 

climb at each time point in both sexes of the Sod3
06029 line compared to the control 

strain. The observation of a significant decrease in the climbing ability of sod3 

mutants at 4 weeks of age suggests that this fly strain presents an accelerated ageing 

phenotype in terms of locomotor performance, whilst the permanent reduction in 

climbing velocity in these ageing flies implies a continuous underlying pathology 

contributing to this accelerated ageing. As described in the introduction, there is 

increasing evidence for the role of oxidative stress in the pathology of a number of 

neurological disorders including FALS, Alzheimer’s disease and Parkinson’s disease. 

Studies in mammals have revealed one of the primary functional roles of SOD3 to be 

protection of the brain from oxidative damage, and SOD3 dysfunction has been 

shown to be important in memory formation (Levin et al. 1998;Levin et al. 2000), 

neurological recovery from brain injury (Pineda et al. 2001) and in the pathology 

amyloid associated diseases (Sakashita et al. 1998). Furthermore, reduced climbing 
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ability is a feature of Drosophila models of Parkinson’s disease (Feany and Bender 

2000). Since climbing is one of Drosophila’s most natural motor behaviors, it is 

possible that this decreased climbing performance in Sod3
06029 flies results from 

impaired neurological function due to sod3 absence, possibly by a mechanism of 

increased oxidative stress. Interestingly, while climbing velocity was reduced at 

young age (2 weeks) compared to controls, significantly so in females, the ability of 

flies to climb was in fact enhanced in the sod3 mutant line. This suggests that 

although disturbed sod3 expression impairs climbing performance throughout life, in 

early life the deleterious effects are insufficient to prevent flies climbing, and in fact 

there maybe compensatory mechanisms at work to promote fitness and performance 

earlier in life in Sod3
06029

 flies. 

 

It should be noted that Sod3
06029 line was only compared to the backcrossed yw 

c-iso 

controls in these experiments. Thus, without comparable studies using the yw 
c line, 

one cannot make any conclusions about the function of heritable modifiers with 

respect locomotor geotaxis function. 
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CHAPTER 6 

 

6.  General discussion 

 

Having first been discovered approximately 10 years after the two intracellular SODs 

(SOD1 and SOD2), (Marklund et al. 1982) SOD3 is the least well characterised of the 

SOD family. This lag in functional characterisation has been further exacerbated by 

the lack of short-lived invertebrate models in which to study the protein. The 

identification of an extracellular sod gene (sod3) in insects (Parker et al. 2004a) 

therefore represented an exciting development in the oxidative stress and ageing fields 

of biology. Whilst considerable evidence exists highlighting the importance of the 

cytoplasmic (SOD1) and mitochondrial (SOD2) SOD isoforms in maintaining 

oxidative protection and survival in various model species (described in Chapter 1), 

the absence of SOD3’s identification in short lived insects models meant that 

comparably little work has been carried to characterise this protein in mammalian 

systems and furthermore, to date, no (published) work has been carried out to assess it 

role within insects. Therefore, the aim of this thesis was to present the novel work 

carried out to characterise some of the genetic and functional features of the sod3 

gene in a Drosophila model system.  

 

6.1  Synopsis of results and primary conclusions 

 

Through cDNA cloning the presence of two splice variants of the sod3 gene, termed 

sod3v1 and sod3v2, have been confirmed in Drosophila (Chapter 2). This finding is 

analogous to C. elegans, where alternative splicing of the extracellular sod gene was 

found to encode membrane bound and extracellular forms of the SOD protein (Fujii et 

al. 1998), but distinct from mammals, where SOD3 localisation depends upon 

electrostatic interactions of the C-terminal region of the protein with heparin-sulfate 

present on cell surfaces and the extracellular matrix (Karlsson et al. 1988).  

 

Sod3 gene expression profiling (Chapter 3) and SOD activity measurements (Chapter 

4) in a sod3 hypomorph mutant line (Sod3
06029), generated by transposon insertion, 
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revealed some interesting findings. Firstly, excision of the P-element transposon in 

the sod3 hypomorph line was found not only to restore sod3 gene expression, but was 

also coupled to increased sod1 and sod2 expression in both male and female adult 

flies. Secondly, Cu Zn SOD activity measurements of the sod3 hypomorph line 

showed this strain to have more significantly reduced activity than expected, whilst 

knocking out the sod1 gene in another fly strain (n108) was found to almost 

completely abolish all Cu Zn SOD activity. These findings suggest that SOD1 and 

SOD3 may be co-dependent for maintaining Cu Zn SOD activity, either by 

transcriptional regulation or by interacting, possibly by forming heterodimers or 

heterotetramers. The proposal of a mutual dependence becomes more reasonable due 

to the findings of accumulated intracellular pools of SOD3 in mammalian models 

(Fattman et al. 2001;Loenders et al. 1998;Ookawara et al. 2002). Furthermore, 

sequencing of the Drosophila sod3 gene revealed an ATG site in both variants which 

corresponds with the sod1 gene, and is also found to be conserved in mice (see figure 

1 in (Parker et al. 2004a)), and this could act as an alternative start site for 

translational initiation leading to intracellular targeting of sod3. A mutual dependence 

for functional activity might explain one of the key questions surrounding sod3 in 

Drosophila, that being why did the gene remain undiscovered for so long despite the 

magnitude of research into the SOD isoforms in this model (discussed in Chapter 1)? 

The complete absence of SOD activity found in the original sod1 null research by 

Phillips et al. (1989) would thus be explained by this co-dependency. 

 

Studies of sod gene expression, SOD activity and also functional characterisation of 

Sod3
06029 flies (Chapter 5) highlights the influence that genetic background and 

modifiers may play when assessing sod3’s role. In this study three different control 

lines were used to assay the Sod3
06029 mutant: an Oregon R line (WT), a non-

backcrossed yellow white line (yw 
c) and a yellow white line backcrossed with the 

Sod3
06029 line through one generation (yw 

c-iso). The key findings of Sod3
06029 flies 

compared to non-backcrossed controls (yw 
c) were:  

 

i) a significant knockdown of sod3 gene expression 

ii) minimal changes in sod1 and sod2 gene expression 

iii) a significant decrease in Cu Zn SOD activity 
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iv) a significant decrease in paraquat resistance in male flies (no change in 

females) 

 

The key findings of Sod3
06029 flies compared to backcrossed controls (yw 

c-iso) were:  

 

i) a minimal downregulation of sod3 gene expression  

ii) upregulated sod1 and sod2 gene expression (significant in males) 

iii) a significant increase in Cu Zn SOD activity 

iv) a significant increase in paraquat resistance 

v) an increase in age-related climbing degeneration  

 

These variations in results found after just one generation of backcrossing have been 

discussed in the respective chapters and serve to highlight the role that genetic 

modifiers in the fly backgrounds may play in controlling heritable and phenotypic 

traits. Although recently studies in the oxidative stress fields of biology have been 

published in which the genetic background of the Drosophila strains tested was 

ignored (Taghli-Lamallem et al. 2008;Walker et al. 2006), the importance of 

backcrossing repeatedly into control lines to limit background effects has been 

acknowledged (Dworkin et al. 2009;Toivonen et al. 2007). In the oxidative stress and 

ageing fields of biology currently the standard practice is to backcross through a 

minimum of six generations, leading to 98% homogenisation of the backgrounds 

(Poon et al. 2010;Slack et al. 2010). Therefore one of the main limitations of this 

study is the lack of adequate backcrossing. The results discussed demonstrate clear 

differences in genetic and functional outputs when flies were backcrossed by just one 

generation, thus additional backcrossing should be carried out to assess how sod3 

deficiency traits might change further upon background homogenisation. Moreover, in 

addition to backcrossing Sod3
06029

 into the yw 
c line, it would also be useful to 

outcross the Sod3
06029

 line to a number of wild caught populations. Inbred laboratory 

strains are typically short lived and can propagate deleterious alleles meaning that 

over-expression of longevity extending genes, for example, may serve only to restore 

lifespan to its natural level (Spencer et al. 2003). Assessing the function of sod3 in 

wild caught backgrounds should therefore provide information about the gene which 

is not influenced by adaptation to the artificial laboratory environment     
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Discussed below is some of the preliminary work undertaken and future work to be 

carried out as a result of the findings of this report. 

 

6.2  Preliminary and future work 

 

Several questions have been raised off the back of the current study. Firstly, what 

effect will further backcrossing of the Sod3
06029 line into the yw 

c background have on 

sod gene expression, SOD activity and oxidative stress resistance? To assess this, 

backcrossing of the Sod3
06029 strain into the yw

 c line has been started, which will 

continue for a minimum of six generations to homogenise the backgrounds. After 

backcrossing, as well as repeating the experiments detailed in this report, sod3’s 

influence on lifespan can be assessed in longevity assays.  

 

A second question concerns the localisation of the SOD proteins. Although the scope 

of this study did not extend to determine protein localisation, sequence analysis 

suggests that the SOD3 enzymes will localise extracellularly (Landis & Tower 

2005;Parker et al. 2004a). In absence of a verified Drosophila SOD3 antibody, 

streptavidin tagged SOD3v1 and SOD3v2 (along with SOD1) fusion constructs have 

been created for expression in HEK293 human embryonic kidney cells, with western 

blots being carried out on the cellular and extracellular fractions to preliminarily 

confirm protein location. Furthermore, available purified recombinant SOD3 proteins 

could also be used as antigens to synthesis more specific polyclonal Drosophila 

antibodies to SOD3. 

 

A further finding of the work presented in this thesis is the suggestion that SOD1 and 

SOD3 my share an interdependence for in vivo activity. In preparation to test this, bait 

and prey constructs for each of SOD1, SOD3v1 and SOD3v2 have been generated 

which can be tested for interactions by two-hybrid analysis (Chien et al. 1991;Fields 

and Song 1989). 

 

Described below are the methods used and preliminary results of the work described. 
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6.3  Materials and methods 

 

6.3.1  Backcrossing of the Sod3
06029

 line into the yw 
c
 

background 

 

The Sod3
06029 line is to be backcrossed into the yw 

c line for a minimum of six 

generations according to the crossing scheme shown in Figure 6.1. Firstly, 

approximately 30 virgin female yw 
c flies are to be mated with 25 – 30 male Sod3

06029 

flies. Males and females of the resulting F1 generation, heterozygous for the P-

element insertion (selected for by the w+ phenotype), will then be crossed with yw 
c 

flies of the opposite sex to complete the first generation of backcrossing ((1) in Figure 

6.1.). 

 

 

 

Figure 6.1. The crossing scheme being carried out to backcross the Sod3
06029

 line 

into the yw 
c
 background. Sod3

06029 flies will be backcrossed through six 
generations, with (1) representing the first generation cross and (2) being the second 
generation. 
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Heterozygous males and females from the F1 cross will be pooled by sex and crossed 

with the yw 
c stock to commence the second generation of backcrossing ((2) in Figure 

6.1.). This procedure will be repeated through a minimum of six generations. To 

recover homozygous Sod3
06029 flies after backcrossing, brother and sister crosses (20 

– 30 flies of each sex) of heterozygous P-element lines will be mated after pooling by 

sex. Twenty single pair matings of resulting male and virgin female flies with red eyes 

(carrying the P-element insert) and wild type bodies will then be made and those 

progeny where only red eyed and wild type bodied flies resulted will be crossed 

together to recover the Sod3
06029 strain. PCR with primers that bind internally to the 

P-element (Table 3.3) should be carried out on Sod3
06029 flies after backcrossing to 

ensure the P-element has been retained. The original and backcrossed stocks should 

be maintained in large populations in culture bottles to minimise the effect of 

inbreeding and genetic drift. 

 

6.3.2  Generation of SOD1, SOD3v1 and SOD3v2 bait and 

prey plasmids for detecting protein-protein 

interactions using the two-hybrid system 

 

6.3.2.1  Cloning into pCR
®
8/GW/TOPO

®
 entry vectors 

 

First strand cDNA was synthesised from 0.565µg/µL adult poly(A+) RNA (Clontech) 

according to the methods in Chapter 3 Section 3.3.9.   

 

PCR reactions were performed using the primers listed in Table 6.1 in the 

combinations detailed in Table 6.2, as follows: 1µL genomic DNA was mixed with 

2µL 10X PCR Buffer (Qiagen), 1µL 10µM primer 1, 1µL 10µM primer 2, 0.4µL 

10mM dNTP mix (Qiagen), 0.4µL 25mM MgCl2 (Qiagen), 0.1µL 5U/µL Taq DNA 

polymerase (Qiagen) and made up to 20µL with nuclease-free H2O. The reaction was 

mixed, spun briefly and then subjected to PCR using the DNA Engine tetrad 2® 

thermocycler (MJ Research). Thermocycling conditions used are shown in Table 6.3. 
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Table 6.1. Primer sequences for amplification of adult cDNA. 

Primer name Primer sequences 

F SOD1 GW 5'-ATCACCATGGTGGTTAAAGCTG-3' 

F SOD3 GW 5'-ACCACCATGCAATATCTTGTTGTTAGCC-3' 

R SOD1 Y2 5'-CGACATCGGAATAGATTATCGC-3' 

R SOD3v1 Y2 5'-TGGCTGACACGTTGGAAG-3' 

R SOD3v2 Y2 5'-CCACATGCGTGCATTCGAT-3' 
 

Table 6.2. PCR product sizes with specific primer combinations. 

Primer combinations used Predicted PCR product size (bp) 

F SOD1 GW + R SOD1 Y2 489 
F SOD3 GW + R SOD3v1 Y2 572 
F SOD3 GW + R SOD3v2 Y2 698 

 

Table 6.3. Thermocycling conditions for amplification of adult cDNA with 

primers listed in Table 1. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 30 sec 94 
    Annealing 30 sec 60 
    Extension 30 sec 72 
4. 34 more cycles to step 3 - - 
5. Final extension 7 mins 72 

 

PCR products were revealed on 1-2% (w/v) agarose gels according the methods in 

section 2.3.6 and were subsequently purified and quantified according to the protocols 

of section 2.3.7. 

 

The purified DNA was subcloned by ligation into pCR®8/GW/TOPO® entry vectors 

(Figure 6.2.) (Invitrogen), to allow for downstream DNA insert transfer via the 

Gateway® system, as follows: 2µL DNA was mixed gently with 1µL salt solution 

(Invitrogen), 0.4µL pCR®8/GW/TOPO® vector and made up to 6µL with nuclease-

free H2O. Reactions were incubated for approximately 5 mins at room temperature 

and transferred to ice. One shot® TOP10 competent E. coli cells (≥1 x 109 cfu/µg 

DNA) (Invitrogen) were transformed with the ligated vectors, as follows: 2µL of 

cloning reaction was mixed with 25µL of TOP10 cells and incubated on ice for 5 – 30 

mins. The cells were heat shocked at 42°C for 30 secs and immediately placed back 

on ice. Two hundred and fifty microlitres of SOC medium (Invitrogen) was added and 
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the reactions were incubated at 37°C for 1 hour with constant shaking. Fifty 

microlitres of each transformation reaction was transferred to pre-made, duplicate 

LBA plates, supplemented with 100µg/mL spectinomycin (Sigma) (LBA/spec). Plates 

were incubated overnight at 37°C, with colonies appearing presumed to contain DNA 

inserts. 

 

 

 

Figure 6.2. pCR
®

8/GW/TOPO
®

 entry vector map. Image taken from the Invitrogen 
pCR®8/GW/TOPO® TA Cloning® Kit technical manual. 
 

Selected single colonies were cultured by streaking onto a new LBA/spec plate and 

incubated overnight at 37°C. PCR reactions were run of each colony to confirm the 

presence of inserts. After overnight incubation colonies were cultured in 4mL LB 

medium with spectinomycin added to a final concentration of 100µg/mL. The 

bacterial cells were harvested by centrifugation at 10,000 rpm for 3 mins at room 

temperature. The DNA plasmids were purified according to the QIAprep spin mini 

prep protocol (Qiagen). One microlitre of the resulting purified plasmid DNA was 

quantified on the NanoDrop spectrophotometer and PCRs were run again to confirm 
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the presence of correct inserts following purification. DNA inserts were sequenced by 

Microsynth AG, Switzerland. Thirty microlitres of purified plasmid DNA was 

supplied at a concentration of 100mg/µL and plasmids were sequenced in both 

directions from the M13 forward and reverse priming sites present on the 

pCR®8/GW/TOPO® entry vector.  

 

6.3.2.2  Creating bait and prey plasmids by LR recombination 

 

Bait (pDEST™32) (Figure 6.3A.) and prey (pDEST™22) (Figure 6.3B.) plasmids for 

each pCR®8/GW/TOPO® clone (SOD1, SOD3v1 and SOD3v2) were constructed 

according to the ProQuest™ Two Hybrid System manufacturers instructions 

(Invitrogen). Reactions were prepared as detailed in Table 6.4. 

 

Table 6.4. Reaction components for generation of bait and prey plasmids. 

Forming Bait Plasmid Forming Prey Plasmid 

Samples (µL) Samples (µL) Component 

SOD1 SOD3v1 SOD3v2 SOD1 SOD3v1 SOD3v2 
pCR®8/GW/TOPO® 

clone for bait 

(130ng/reaction) 
0.69 0.66 0.96 - - - 

pCR®8/GW/TOPO® 

clone for prey 
(130ng/reaction) 

- - - 0.69 0.66 0.96 

PDEST™32  
(150ng/uL) 

1 1 1 - - - 

PDEST™22  
(150ng/uL) 

- - - 1 1 1 

TE buffer, pH 8.0 6.31 6.34 6.04 6.31 6.34 6.04 
 

Two microlitres of LR Clonase™ enzyme mix was added to each reaction which were 

subsequently incubated at 25°C for 1 hour. One microlitre of proteinase K solution 

was added and reactions were incubated for a further 10 mins at 37°C. 
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A      B 

      

 

Figure 6.3. (A) pDEST™32 (bait) and (B) pDEST™22 (prey) vector maps. 
Images taken from the Invitrogen ProQuest™ Two Hybrid System technical manual. 
 

One shot® TOP10 competent E. coli cells were transformed with each bait and prey 

construct as described above. Fifty microlitres of each transformation reaction was 

transferred to pre-made, duplicate LBA plates, supplemented with either 10µg/mL 

gentamicin (Sigma) (LBA/gent) for bait plamids, or 100µg/mL ampicillin (Sigma 

(LBA/amp) for prey plasmids. Plates were incubated at 37°C over night. Selected 

single colonies were cultured in 4mL LB medium (plus appropriate antibiotic), 

harvested and the DNA plasmids were purified as described previously. One 

microlitre of the resulting purified plasmid DNA was quantified on the NanoDrop 

spectrophotometer. 

 

PCR reactions were performed on each prey and bait construct as described above, 

with primers annealing to regions of the respective plasmid shown in Table 6.5. DNA 

inserts were sequenced by Microsynth AG, Switzerland as described previously, with 

the sequencing primers being those listed in Table 6.5. After confirmation of correct 

DNA insertion by sequencing, the original colonies were re-streaked onto appropriate 

LBA/gent or LBA/amp plates and incubated at 37°C over night. A single colony of 

each construct was subsequently isolated and used to inoculate 2mL of LB medium 

containing the appropriate antibiotic. Each culture was incubated at 37°C for 12 hours 
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with constant shaking. After incubation, 0.85mL of culture was mixed with 0.15mL of 

sterile glycerol (Sigma) and transferred to a cryovial for long term storage at -80°C.   

 

Table 6.5. Plasmid specific and sequencing primers. 

Primer name Primer sequences 

Bait F 5'-AACCGAAGTGCGCCAAGTGTCTG-3' 

Prey F 5'-TATAACGCGTTTGGAATCACT-3' 

B&P R 5'-AGCCGACAACCTTGATTGGAGAC-3' 
 

6.3.3  SOD1, SOD3v1 and SOD3v2 expression in HEK293 

cells 

 

6.3.3.1  Cloning into pCR
®
8/GW/TOPO

®
 entry vectors 

 

First strand cDNA was synthesised from 0.565µg/µL adult poly(A+) RNA (Clontech) 

according to section 3.3.9. PCRs were carried out according to the methods of section 

6.2.1.2.1 of this chapter using the primers listed in Table 6.6. The predicted sizes of 

the PCR products for the primer pairs used are listed in Table 6.7. PCR products were 

cloned into pCR®8/GW/TOPO® entry vectors, purified and sequenced as described 

previously. 

 

Table 6.6. Primer sequences for amplification of adult cDNA. 

Primer name Primer sequences 

F SOD1 GW 5'-ATCACCATGGTGGTTAAAGCTG-3' 

F SOD3 GW 5'-ACCACCATGCAATATCTTGTTGTTAGCC-3' 

R SOD1 GW-1 5'-GACCTTGGCAATGCCAAT-3' 

R SOD3v1 GW 5'-CTTGATGCCAATAACACCACAG-3' 

R SOD3v2 GW 5'-GTCAAGGCTGCGGGCCATGAT-3' 
 

Table 6.7. PCR product sizes with specific primer combinations. 

Primer combinations used Predicted PCR product size (bp) 

F SOD1 GW + R SOD1 GW-1 464 
F SOD3 GW + R SOD3v1 GW 545 
F SOD3 GW + R SOD3v2 GW 653 
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6.3.3.2  Creation of SOD1, SOD3v1 and SOD3v2 expression 

constructs 

 

Each pCR®8/GW/TOPO® clone (SOD1, SOD3v1 and SOD3v2) was subjected to 

PCR with the primers listed in Table 6.8. PCR reaction volumes were the same as 

those described in section 6.2.1.2.1 of this chapter, and thermocycling conditions used 

are listed in Table 6.9. 

 

Table 6.8. Primer sequences for PCRs of pCR
®

8/GW/TOPO
®

 clones.  

Primer name Primer sequences 

F SOD1 inc H111 5'-AATTAAGCTTTCACCATGGTGGTTAAAGC-3' 
F SOD3v1&2 inc 
H111 

5'-AATTAAGCTTCCACCATGATGCAATATCTTG 
TTGT-3' 

R SOD1 inc BH1 5'-AATTGGATCCGACCTTGGCAATGCCAATA-3' 

R SOD3v1 inc BH1 5'-ATTTGGATCCCTTGATGCCAATAACACCA-3' 

R SOD3v2 inc BH1 5'-TAATTGGATCCGTCAAGGCTGCGGGCCAT-3' 
 

Table 6.9. Thermocycling conditions for PCRs of pCR
®

8/GW/TOPO
®

 clones. 

Steps Incubation time Temperature (°C) 

1. Hot start - 94 
2. Initial denaturation 3 mins 94 
3. 3 step cycling - - 
    Denaturation 30 sec 94 
    Annealing 30 sec 67 
    Extension 30 sec 72 
4. 34 more cycles to step 3 - - 
5. Final extension 7 mins 72 

 

PCR products were gel extracted, purified and quantified as detailed previously. 

 

Products were subcloned into the pDRIVE cloning vector (Qiagen) (Figure 6.4.) as 

follows: 1µL pDRIVE vector (50ng/µL) was combined with 3µL PCR product, 5µL 

2X ligation master mix (Qiagen) and 1µL nuclease-free H2O. Mixtures were 

incubated for 2 hours at 8°C and subsequently one shot® TOP10 cells were 

transformed as described above. Cultures were plated on duplicate 

LBA/amp/IPTG/X-Gal plates and incubated at 37°C overnight. Single colonies were 

selected and subjected to PCR to confirm the presence of insets. Subsequently 

colonies were cultured in 4mL LB medium (plus appropriate antibiotic), harvested 

and the DNA plasmids were purified as described previously. One microlitre of the 
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resulting purified plasmid DNA was quantified on the NanoDrop spectrophotometer. 

Plasmid DNA inserts were sequenced by Microsynth AG, Switzerland, in both 

directions form the T7 and SP6 promoters as described previously. 

 

 

 

Figure 6.4. pDRIVE cloning vector map. Image taken from the Qiagen PCR 
Cloning Plus Kit manual. 
 

Four micrograms of each pDRIVE clone (SOD1, SOD3v1 and SOD3v2) and the 

V152 expression vector (a kind gift from Dr Neil Smyth, University of Southampton) 

(Figure 6.5.), were linearised by restriction digests according to Table 6.10. 

Restriction digests were incubated for a minimum of 1 hour at 37°C, after which 

1.5µL of CIP (Ambion) was added and digests were re-incubated at 37°C for a further 

hour. Five microlitres of each restriction digest reaction were run on agarose gels, 

with appropriate products being extracted, purified and quantified as described 

previously.   
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Figure 6.5. V152 expression vector map. The vector was a kind gift from Dr N 
Smyth (University of Southampton) and contains a cDNA insert site flanked by a 
BM40 signal peptide sequence and a thrombin sequence attached to two Strep-tag II. 
 

Table 6.10. Components and reaction volumes of restriction digests. 

Samples (µL) 
Component SOD1 in 

pDRIVE 
SOD3v1 in 
pDRIVE 

SOD3v2 in 
pDRIVE V152 

DNA 12.74 13.44 14.41 - 

V152 (0.1µg/mL) - - - 20 

10X Buffer E 4 4 4 3 

Bam H1 1 1 1 0.75 

Hind III 1 1 1 0.75 

Nuclease-free H2O 21.26 20.56 19.59 5.5 
 

Approximately 50ng of each DNA insert digested from each pDRIVE plasmid was 

ligated with approximately 20ng of the linear V152 expression vector according to 

Table 6.11. Ligation reactions were incubated overnight at 12°C. 
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Table 6.11. DNA/V152 vector ligation reaction volumes. 

Samples (µL) 
Component 

SOD1 SOD3v1 SOD3v2 

Linear V152 1.17 1.17 1.17 

DNA insert 5.16 3.98 3.34 

T4 ligase 0.5 0.5 0.5 

10X Buffer 2 2 2 

Nuclease-free H2O 11.17 12.35 12.99 
 

One shot® TOP10 cells were transformed with each ligation reaction as described 

previously and cultures were plated on duplicate LBA/amp plates. After overnight 

incubation at 37°C, single colonies were selected, cultured in 4mL LB medium (plus 

appropriate antibiotic), harvested and the DNA plasmids were purified as described 

previously. One microlitre of the resulting purified plasmid DNA was quantified on 

the NanoDrop spectrophotometer. Inserts were checked for correct size by digesting 

3µg of plasmid DNA according to Table 6.10, incubating reactions at 37°C for 1 hour 

and then running 5µL of each restriction digest on agarose gels. Resulting purified 

expression constructs are termed: SOD1-StrepII, SOD3v1-StrepII and SOD3v2-

StrepII. Cultures of correct SOD-StrepII constructs were grown in 2mL of LB 

medium (plus antibiotic) and mixed with glycerol, as described previously, for long 

term storage at -80°C.  

 

6.3.4  Tissue culture 

 

HEK293 cells in DMEM media (Invitrogen) (supplemented with 10% heat inactivated 

fetal bovine serum (Invitrogen), 2mM L-glutamine (Invitrogen), 100U/mL penicillin 

with 100µg/mL streptomycin (Invitrogen)) were supplied in a 90 mm tissue culture 

disc (Greiner Bio One) by Dr. Neil Smyth (University of Southampton). Cells were 

split as follows: supplemented DMEM medium was removed by aspiration and cells 

were gently washed twice with 5mL of PBS (Invitrogen). Six hundred microlitres of 

0.05% trypsin/EDTA (Invitrogen) was added and the plate was incubated for 1 min at 

37°C. Cells were checked for dissociation from the bottom of the plate and 10mL of 

supplemented DMEM was subsequently added. Cells were transferred to a 15mL 

falcon tube and spun at 1,500 rpm for 5 mins at room temperature. The supernatant 

was discarded and the cell pellet was resuspended in 1mL of supplemented DMEM. 
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Five hundred microlitres of cell suspension was added to 20mL of supplemented 

DMEM in a new tissue culture disc, which was subdivided equally into each well of a 

12 well tissue culture plate (Greiner One Bio). The plate was incubated at 37°C with 

95% humidity and 5% CO2 for 24 hours.   

 

After 24 hours, cells were transfected with each SOD-StrepII expression construct as 

follows: 100µL of fetal bovine serum-free supplemented DMEM medium was 

combined with 4µL of FuGENE6 transfection reagent (Roche) and 2µg of DNA 

construct in a microtube, gently mixed and incubated at room temperature for 30 

mins. Fifty microlitres of each transfection mixture was added to a well of cells in 

duplicate. The plate was gently agitated and incubated at 37°C with 95% humidity 

and 5% CO2.  

 

Cells were allowed to grow for 2-3 days and were subsequently split as described 

above, with one of each duplicate construct being transferred to fresh supplemented 

DMEM media and the other being transferred to serum free supplemented DMEM. 

Cells transferred to supplemented DMEM were maintained and assessed for 

puromycin resistance throughout generations to establish stable SOD1, SOD3v1 and 

SOD3v2 construct expression (carried out by Dr. Neil Smyth). Cells transferred to 

serum free DMEM were allowed to grow for 2-3 days after which culture medium 

and cell fractions were isolated for determination of transiently transfected construct 

expression as detailed below. For culture medium, media was removed from the 

culture plate by pipette, transferred to a microtube and centrifuged at 1,500 rpm for 3 

mins, with the supernatant being retained and stored at -20°C for subsequent western 

blots. For the cell fraction, cells were pipetted from the culture plate and lysed by 

mixing with an equal volume of 2X sample buffer. Cell lysates were stored at -20°C 

and sonicated prior to use in western blots. 

 

6.3.5  Ethanol precipitation 

 

Protein samples from the culture medium were concentrated by standard ethanol 

precipitation techniques as follows: one volume of protein sample was mixed with 

nine volumes of ice cold 100% ethanol (Sigma) and incubated at -20°C for a 
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minimum of 1 hour. The protein/ethanol mixture was centrifuged at 15,000 x g at 4°C 

for 15 mins and the supernatant was discarded. The protein pellet was resuspended in 

ice cold 90% ethanol, vortexed and re-pelleted after centrifugation at 15,000 x g at 

4°C for 15 mins. The supernatant was discarded and the protein pellet was allowed to 

air dry. The pellet was resuspended in a minimal volume of 1X sample buffer, stored 

at -20°C and sonicated prior to use in western blots. 

 

6.3.6  Western Blots 
 

Western blots of the cell lysates, culture medium and concentrated culture mediums of 

each SOD-StrepII construct were carried out as described in section 4.3.10. Blots 

were probed with a 1:1000 - 1:10,000 dilution of StrepMAB-classic (IBA, Germany) 

anti Strep-tag II® monoclonal primary antibody, followed by a 1:10,000 dilution of an 

Alexa Fluor 680 anti-mouse secondary antibody (Invitrogen). Western blots 

visualised using the Li-Cor Odyssey Infrared Imaging System (Li-Cor Biosciences). 

 

6.4  Preliminary results 

 

6.4.1  Backcrosses of the Sod3
06029

 line into the yw 
c
 

background 

 

Backcrosses of the Sod3
06029 line have been initiated and at the time of writing the 

third generation of backcrossing is underway. 

 

6.4.2  Sequencing of bait and prey plasmids 

 

Sequenced bait and prey plasmids are listed in the appendices detailed in Table 6.12. 
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Table 6.12. Appendices list for bait and prey constructs. 

Construct sequenced Appendix number 

SOD1 bait 4 

SOD1 prey 5 

SOD3v1 bait 6 

SOD3v1 prey 7 

SOD3v2 bait 8 

SOD3v2 prey 9 

 

6.4.3  Expression of SOD-StrepII constructs in HEK293 

cells 

 

Initially transiently transfected cells and culture medium were assessed for expression 

of each construct (Figure 6.6). As expected, SOD1-StrepII levels were found to be 

high in the cell fraction but undetectable in the culture medium. SOD3v1-StrepII was 

also detected in the cell fraction, although at considerably lower levels than SOD1-

StrepII, but was not detected in the extracellular material, while SOD3v2-StrepII was 

not detected in either the cellular component or the culture medium. 

 

Stable SOD1-StrepII and SOD3v1-StrepII construct HEK293 cells lines were 

established, however cells could not be propagated that incorporated SOD3v2-StrepII 

(4 individual SOD3v2-StrepII constructs were transfected). Western blots of the stable 

construct lines (Figure 6.7) again showed SOD1-StrepII to be found only in the 

cellular fraction, whilst SOD3v1-StrepII was found to be highly expressed within 

cells, but detectable levels were also found in the concentrated extracellular medium. 
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Figure 6.6. Western blot (10% gel) probing transiently transfected cell fractions 

with 1:1000 StrepMAB-classic primary antibody. Primary antibody probed against 
SOD1-StrepII cellular fraction (lane 1); SOD3v1-StrepII cellular fraction (lane2); 
SOD3v2-StrepII cellular fraction (lane 3); untransfected cells cellular fraction (lane 
4); SOD1-StrepII media fraction (lane 5); SOD3v1-StrepII media fraction (lane 6); 
SOD3v2-StrepII media fraction (lane 7); untransfected cells media fraction (lane 8). 
Blocking solution = 3% BSA tPBS and secondary antibody = Alexa Fluor 780 at 
1:10,000 dilution.  

 

 

 

 

Figure 6.7. Western blot (10% gel) probing stably transfected cell fractions with 

1:5000 StrepMAB-classic primary antibody. Primary antibody probed against 
SOD1-StrepII cellular fraction (lane 1); SOD3v1-StrepII cellular fraction (lane2); 
SOD1-StrepII media fraction (post ethanol precipitation) (lane 3); SOD3v1-StrepII 
media fraction (post ethanol precipitation) (lane 4); SOD1-StrepII media fraction 
(unconcentrated) (lane 5); SOD3v1-StrepII media fraction (unconcentrated) (lane 6).  
Blocking solution = 3% BSA tPBS and secondary antibody = Alexa Fluor 780 at 
1:10,000 dilution.  

 

6.5  Discussion of preliminary work  

 

6.5.1  Expression of SOD-StrepII constructs in HEK293 

cells 

 

SOD expression constructs were assayed by western blots of both transiently 

transfected cells and stable lines. Interestingly, stable SOD3v2 construct in HEK293 
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cell lines were not viable, suggesting that either the construct was toxic or that 

genomic construct integration was occurring at sites critical for cell survival. It seems, 

however, that lethal genomic insertion is unlikely since transfection was tried on 

multiple occasions, and additionally with four individual constructs. The basis of 

SOD3v2 construct toxicity is unknown, however, if, as is found in C. elegans (Fujii et 

al. 1998) and is predicted from hydrophobicity plots of the SOD3v2, the C-terminal 

region of the protein encodes a membrane binding domain, then the large thrombin 

tag (MW 37 kDa) transferred from the expression vector, together with the two 

StrepII tags (MW 1 kDa each), may serve to disrupt correct functioning of the 

SOD3v2 C-terminal region causing toxicity. 

 

Western blots of transiently transfected cells revealed: high SOD1 expression in the 

cellular fraction, but no extracellular expression; cellular expression of SOD3v1 but 

no detectable expression in the extracellular fraction and no SOD3v2 expression in 

either fraction. Cellular, but not extracellular, detection of SOD3v1 suggests that the 

short version of SOD3 may localise intracellularly, however the relatively low 

expression level implies that transfection efficiency may have been low for this 

construct. The absence of any SOD3v2 expression suggests that transfection 

efficiency may also be low for this construct or as suggested the construct is toxic to 

cells. Intracellular detection of SOD3v1 was confirmed in stable cell lines, where high 

levels of expression were observed. Concentration of the extracellular medium 

revealed SOD3v1 expression also, but at significantly lower levels. 

 

This intracellular labelling of SOD3v1 parallels similar findings of SOD3 in 

mammalian tissues (Fattman et al. 2001;Loenders et al. 1998;Ookawara et al. 2002) 

and suggests that either the N-terminal signal peptide identified in Chapter 2 and in 

SOD3 sequencing (Landis & Tower 2005;Parker et al. 2004a) is cleaved prior to 

extracellular transport, or that the alternative transcription start site corresponding to 

SOD1 (Chapter 2) is typically used to initiate gene expression.  
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6.6  Summary of project and SOD3 perspectives 

 

Whilst the role of sod3 in Drosophila has begun to be addressed in this thesis, further 

work is still required to fully characterise the gene in this insect model. Significant 

research has demonstrated sod3’s importance in a number of disease states, including 

hyperoxia, however its role in ageing, in which the SOD family have been heavily 

implicated due to the “free radical theory of ageing” (Harman 1956), is still unclear 

(discussed in Chapter 1). Recently research has begun to focus more on disease 

pathology through oxidant redox signalling and intracellular signal transduction, 

rather than molecular damage. Whilst extracellular O2¯· will not easily permeate 

biological membranes, intracellular signalling and gene transcription can be 

modulated by signal transducing membrane proteins containing thiol groups, which 

are particularly sensitive to the extracellular redox state (Moriarty-Craige and Jones 

2004). For instance, extracellular thiol oxidation has been shown to activate redox-

regulated vasodilation in coronary arteries involving inhibition of extracellular 

calcium influx (Iesaki and Wolin 2000). As well as having direct affects on signalling 

through protein oxidation, altered O2¯· levels will affect ONOO¯ and NO· formation 

rates, both of which can permeate membranes to influence intracellular signalling 

(Brzezinska et al. 2000;Rauch et al. 1997). The SOD product H2O2, although 

cytotoxic, also acts as a diverse intracellular signalling molecule and is able to inhibit 

protein tyrosine phosphatases through oxidation of their catalytic cysteine residues 

(Kamata et al. 2005;Mahadev et al. 2001), leading to activation of  signalling 

pathways causing cell proliferation, differentiation, migration and apoptosis (Veal et 

al. 2007). It therefore appears likely that distorting sod expression will affect cellular 

signalling since O2¯· is the substrate and H2O2 the product of SOD activity, and this 

potential could be at least as important as antioxidant capacity in modulating disease 

states and ageing. Furthermore, this might explain why sod over-expression often 

appears insufficient to extend lifespan, since down stream components in the 

signalling cascade will be rate determining and could become saturated.  

 

With respect to sod3, a signalling role is emerging with the recent observations of 

increased blood pressure and vascular inflammation upon sod3 deletion (Lob et al. 

2010), increased H2O2 induced vascular endothelial growth factor (VEGF) signalling 
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promoting angiogenesis after sod3 over-expression (Oshikawa et al. 2010) and, also 

after sod3 over-expression, activation of mitogenic Ras-Erk1/2 and PI3 kinase–Akt 

signalling pathways, resulting in cell proliferation (Laurila et al. 2009). These studies 

therefore highlight the importance of SOD3 levels and the extracellular O2¯·/H2O2 

balance in regulating essential signalling cascades. One of the main conclusions from 

the work presented in this thesis is the proposal of a SOD1-SOD3 co-dependency in 

Drosophila. This co-dependency could arise from the physical interaction of the 

proteins (such through the formation of heterodimers), which could be confirmed by 

yeast 2-hybrid analysis (the constructs for which have been described in this chapter) 

or co-immunoprecipitation methods. However, the interaction between SOD1 and 

SOD3 might also occur through downstream transcriptional events resulting from 

activated signalling cascades in which the proteins participate. Interestingly Laurila 

and colleagues found that overexpression of sod3 resulted in the activation of the 

serine/threonine kinase Akt, presumable through the H2O2-mediated inactivation of 

signal quenching phosphatases (Laurila et al. 2009). Akt is a key constituent of the 

conserved longevity-influencing insulin signalling pathway in Drosophila and is 

proposed to function by phosphorylating transcription factors that regulate the 

expression of intracellular SODs (Longo and Fabrizio 2002). Thus it appears that 

SOD3-derived signalling may influence sod1 expression. This proposal is further 

supported by the gene expression data for the sod1 and sod3 mutant alleles presented 

in chapter 3 which found that these genes were influencing each others expression. I 

would therefore suggest that whilst work to characterise sod3 and directly assess its 

importance as an antioxidant and in lifespan regulation remains important, 

investigating its potential role in redox signalling would also be a worthy avenue of 

research. 
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Appendix 2 

 

Drosophila medium 

6g Agar 

17.5g Yeast 

10g Soya flour 

73.1g yellow maize meal 

46.2g Light malt extract 

48g Sucrose 

1080mL Distilled H2O 

5mL Propionic acid 

 

Egg lay plates 

22g Agar 

500mL Blackcurrant juice 

500mL Distilled H2O 
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Appendix 3. PCR screen of each excision line for small genomic DNA deletions. 
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