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ABSTRACT 

 

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s 

disease, is an adult-onset, progressive and fatal neurodegenerative disease. 

Pathologically, it is characterized by a loss of motor neurons in the spinal 

cord, brain stem and motor cortex leading to progressive muscle weakness, 

atrophy, and death. ALS presents as both a sporadic (SALS) and familial 

(FALS) illness. Interestingly, over 100 mutations of the CuZn-Superoxide 

Dismutase (SOD1) gene have been reported to be dominantly inherited in 

ALS families.  

 

SOD1 is a 17KD protein that contains one copper and one zinc atom. 

The known function of this enzyme is to convert superoxide to oxygen and 

hydrogen peroxide. It was first thought that the toxicity of different SOD1 

mutants linked to ALS resulted from decreased free-radical scavenging 

activity. However, studies show that mutant SOD1 enzymes cause motor 

neuron degeneration via a gain of harmful properties. The nature of the gain-

of-toxic function in mutant SOD1 is not clear.  
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Recent studies suggest that SOD1 itself is a target of oxidative stress. 

Human SOD1 has four cysteine residues, Cys
6
, Cys

57
, Cys

111
, and Cys146. 

An internal disulfide bond exists between Cys
57

 and Cys
146

. This disulfide 

bond is highly conserved in SOD1, making the protein considerably strong, 

while the remaining two cysteine residues are free and prone to post-

translational modifications.  

 

Here we show that free cysteine residues in SOD1 are available to be 

modified by mal PEG (Maleimide polyethylene glycol) and AMS, and that 

this modification decreases with disease progression. Our data suggests that 

cysteine residues in SOD1 are post-translationally modified and may play a 

significant role in the development of the disease. 
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CHAPTER 1 

REVIEW OF LITERATURE 

 

1.1 Introduction 

 

Superoxide Dismutase 1 (SOD1) is a gene that encodes for one of three 

different superoxide dismutases. In the cell, SOD1 is a major antioxidant 

defence system that transforms free superoxide radicals into oxygen and 

hydrogen peroxide. Although the formation of reactive oxygen species, such 

as superoxide anion, is part of normal metabolism, the increase in 

concentration of ROS can cause oxidative stress and damage cellular 

components. Recently it was confirmed that SOD1 has a significant 

relationship with the familial form of ALS. To date, no known cause has 

been established for the development of sporadic ALS; however, this 

apparent connection to the protein SOD1 presents a foundation in which we 

can develop our hypothesis. At first it was thought that the cause of ALS 

was due to SOD1 losing its scavenging activity. Now, the ongoing proposal 

is a ―gain of toxic property‖. This review conveys major questions, findings 

and answers to suggest that oxidative stress is a key element in development 

of ALS. It appears that it is more than just coincidence that this protein is 
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correlated to this disease. The protein’s abundance, location, and repair 

function in the cell is grounds for further investigation and may lead to 

further understanding of both FALS and SALS.  

 

 

1.2 Neurodegeneration 

 

 Neurodegeneration is the deterioration and progressive loss of neurons 

in the brain and spinal cord.  As the general population ages, 

neurodegenerative diseases become progressively more prevalent, with 

higher numbers of individuals being affected by Alzheimer’s, Parkinson’s 

and Lou Gehrig’s disease. To date, the true causes of these diseases are not 

known, and effective treatments are lacking; however, research has 

determined similarities connecting diverse neurodegenerative diseases, 

including protein aggregation and mitochondrial dysfunction 
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1.3 ALS: the Disease as a Whole 

 

 Amyotrophic Lateral Sclerosis (ALS), more commonly known as Lou 

Gehrig’s disease, is a devastating and fatal neurodegenerative disease caused 

by motor neuron loss.  ALS is a late-onset disease affecting individuals 

between the ages 50 - 60, targeting both the upper motor neurons (UMN) in 

the motor cortex and lower motor neurons (LMN) connecting the spinal cord 

and brainstem to muscle fibres  (Barber and Shaw, 2010).  Globally, ALS is 

referred to as motor neuron disease (MND), and incidence rates can range 

from 0.86 to 2.4 per 100,000 per year. Due to the fact that almost all patients 

die from the disease, mortality rates parallel incidence rates (Traynor et al., 

1999, Mandrioli et al., 2003). 

 

 To date, there is no biological marker or test to confirm the diagnosis 

for the disease. Detection is profoundly reliant upon clinical manifestations. 

 

1.3.1 Signs and Symptoms 

 

 Clinical symptoms of ALS greatly depend on regional combinations 

of UMN and LMN involved and only in the presence of both UMN and 



15 

 

LMN degeneration in three body regions can one be confident in a diagnosis 

of ALS (Brooks, 1994, Miller et al., 1999). 

 

―Amyotrophy‖ denotes atrophy of muscle fibres while ―lateral 

sclerosis‖ refers to the hardening of lateral and anterior corticospinal tracts. 

As the muscles atrophy due to denervation, their corresponding anterior horn 

cells degenerate and are replaced by gliosis (Worms, 2001, Wijesekera and 

Leigh, 2009). 

 

 Most patients, approximately two thirds, experience a spinal form of 

the disease. They show signs of focal muscle weakness distally or 

proximally in the upper limbs or lower limbs. Patients usually notice 

twitching or cramps preceding the onset of muscle weakness (Wijesekera 

and Leigh, 2009). 

 

Unfortunately, ALS is fatal, and patients typically die three to five 

years after diagnosis.  Sadly, as stated before, diagnosing the disease can 

pose an issue because there is no one test to diagnosis ALS and patients have 

limited time thereafter.  More often than not, ALS is diagnosed after ruling 

out other possible diseases that mimic ALS. 
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1.3.2 Pathology 

 

 Like many other neurodegenerative diseases, ALS has various post-

mortem pathological landmarks and abnormalities that distinguish this 

disease from others. Bunina bodies (BB), for instance, can be found in ALS 

patients.  BBs are small eosinophilic, hyaline inclusions found in the 

cytoplasm of surviving motor neurons (Wada et al., 1999). The percentage 

of autopsied ALS patients found with BBs ranges from 65% to 95% 

(Bergmann, 1993). Another very important inclusion is ubiquitinated 

inclusions; they are observed in almost 100% of ALS patients (Matsumoto et 

al., 1990, Bergmann, 1993). Ubiquitinated inclusions can be found in two 

different forms; Skein-like inclusions (SLIs), which are loosely arranged 

aggregated fibrils and Compact inclusions (Cis), which are dense fibrillary 

structures (Piao et al., 2003).  It is imperative to define these structures as 

they are often mistaken as Lewy body like inclusions found in Parkinson’s 

disease because of their superficial similarities. Other formations to note in 

ALS are hyaline conglomerate inclusions, basophilic inclusions, and 

spheroids (Munoz et al., 1988, Mizutani et al., 1990, Andersen et al., 1997). 
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While these abnormalities are explicit to ALS, it is difficult not to 

notice similarities amongst other neurodegenerative diseases. Perhaps 

understanding one may lead to uncovering answers to other common 

neurodegenerative questions. 

 

 

1.3.3 Treatment 

 

 ALS treatment is centred on improving quality of life for patients. 

Given that diagnosis can prove to only determine the disease in later stages, 

patients have the choice to either manage their disease or try experimental 

drugs that may only lengthen their lives a mere several months. 

  

Managing ALS can take on many forms. The disease is severe; 

nevertheless, there are individuals in various fields dedicated to helping with 

symptom management for ALS patients. Some include: physiotherapists, 

massage therapists, respiratory therapists and psychologists. These 

professionals help by either using their particular skill or by prescribing 

medication specifically for a certain symptom. For example, patients with 

excessive salivation can be prescribed the drug atropine (Wijesekera and 
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Leigh, 2009). There are countless medications for improving cramps, 

spasticity, or even depression that accompanies ALS; however, these drugs 

only mask the inevitable conclusion that both the patients and their family 

members must face. 

 

The pursuit for a drug that will either prevent or stop the disease 

pathway is still ongoing; however, with limited information on the pathway 

itself, this proves to be problematic.  One drug, Riluzole (brand name 

Rilutek or Riluzole HCl), has been used as a neuroprotector for patients with 

ALS. The mode of action has not been isolated; however, some attention 

should be paid to the drug’s pharmacological properties, which include 

inhibition of glutamate release, inactivation of sodium channels, and its 

ability to interfere with intracellular events. (http://www.rxlist.com/rilutek-drug.htm) 

 

1.3.4 Forms of ALS 

 

With a prevalence of four to six people in 100,000 and a lifetime risk 

of one in 1,000, ALS happens to be a common adult-onset 

neurodegenerative disease (Gros-Louis et al., 2006, Kabashi et al., 2007). 

ALS presents itself as both sporadic (SALS) and familial (FALS) forms. 
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Approximately 10% - 15% of all individuals affected by ALS share this 

devastating disease with one or more family member; this is termed FALS.  

SALS accounts for the remaining 90% of ALS cases. Although there is no 

known cause for SALS, the discovery of the SOD1-ALS link over 17 years 

ago has shown promising research (Cao et al., 2008). The SOD1-linked ALS 

is mostly autosomal dominant in nature (Bowling et al., 1993) and is caused 

by a mutation in only one gene: Cu/Zn superoxide dismutase (SOD1) 

(Valentine and Hart, 2003). Unfortunately, no rationale has explained why 

mutations in this enzyme are a source of the disease.  

 

Interestingly, most SALS cases are impossible to differentiate from 

SOD1-mediated FALS cases in pathological and clinical features (Horton et 

al., 1976). This proposes that they may share similar pathways and perhaps, 

in truth, be one and the same disease.  

  

Inherited forms of FALS include autosomal-dominant ALS and 

autosomal-recessive ALS.  In the autosomal-dominant category, mutations 

in SOD1 are linked to the q arm on chromosome 21(Richardson et al., 1976). 

This mutation is classified as ALS1 and leads to a dominant gain of toxic 

function. There are, however, other genes linked to autosomal dominant 
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ALS forms as well, such as ALS3; its mutation are associated with 18q21 

(Hand et al., 2002). ALS3 mutations have not yet been correlated to a gene 

unlike ALS6. ALS6 is linked to chromosome 16q12 (Ruddy et al., 2003, 

Sapp et al., 2003) and is directly related to mutations in fusion (FUS) (Vance 

et al., 2009). FUS is known to have roles in gene transcription and RNA 

processing. Mutations in TARDBP, which encode TDP-43, have also been 

found in FALS and SALS cases (ALS10) (Neumann et al., 2006). These 

mutations account for approximately 3% of  FALS and around 1% of SALS 

(Sreedharan et al., 2008). 

  

 Autosomal recessive cases include ALS2 and ALS5. ALS2 is a rare, 

recessively inherited, juvenile-onset disease characterised by slowly 

progressive spasticity beginning in the lower limbs and spreading to the 

upper limbs and bulbar musculature. Mutations in the ALS2 gene encode for 

alsin. Alsin has roles in cellular trafficking and the cytoskeleton (Yamanaka 

et al., 2003), and may also protect neurons against mutant-SOD1-mediated 

toxicity and promote neurite outgrowth (Kanekura et al., 2004). Mutations 

are thought to result in loss of function (Sreedharan et al., 2008). 
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1.4 SOD1: the protein 

 

Thus far, more than 100 different mutations in the SOD1 gene have 

been identified in ALS patients (Battistini et al., 2005).  Although SOD1 

mutations are connected with less than 2% of ALS cases, understanding the 

mechanisms in which this protein causes motor neuron death is a step 

towards understanding the disease and perhaps a key factor to understanding 

SALS. 

 

 

1.4.1 Function of SOD1 

 

SOD1 is a major antioxidant defence system in the cell. It works by 

metabolizing superoxide radicals (O2-) into molecular oxygen (O2) and 

hydrogen peroxide (H2O2) (Niwa et al., 2007).  

 

 

  Cu
2+

, Zn
2+

  - SOD1 + O2-     Cu
1+

, Zn
2+

  -SOD1 + O2 
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  Cu
1+

, Zn
2+

  -SOD1 + O2- +2H+        Cu
2+

, Zn
2+

  -SOD1 +H2O2  

(Furukawa and O'Halloran, 2006) 

 

 

The standard reduction potential for O2/O2- is -0.33V, and for O2-

/H2O2 is + 0.89V, meaning that if the reduction potential of any redox active 

metal is between these two values, it can oxidize and reduce superoxide 

(Rakhit and Chakrabartty, 2006). SOD1 happens to be an enzyme containing 

a copper ion, a cuproenzyme (Furukawa and O'Halloran, 2006) where the 

copper is at the SOD1 active site.   The  nominal measured reduction 

potential for Cu 
2+

 -SOD1/Cu
+
-SOD1 is +0.12V at pH 7.5 in 0.2M of salt 

and at 22C (Rakhit and Chakrabartty, 2006). 

 

1.4.2 Formation of Superoxide Anion 

 

 Superoxide can be produced in a variety of cellular mechanism, most 

importantly, as a by-product of normal cellular respiration (Raha and 

Robinson, 2000).  Ordinarily, in aerobic organisms, oxygen consumed is 

reduced to water by cytochrome c in the final reaction of the electron 

transport chain (ETC), also known as mitochondrial respiration. A small 
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amount of oxygen, around 1 - 2%, is prematurely lost from Complex I or 

Complex III in the chain and converted into superoxide anions by other 

respiratory components (Turrens, 1997). Superoxide anion is considered 

both an ion and a superoxide anion radical.  

 

 A free radical is highly unstable and can react with other molecules 

through unpaired electrons in its outermost shell. Hence, they are also called 

reactive oxygen species (ROS).  

 

1.4.3 Structure of SOD1 

 

In the cell, one can find three different types of superoxide dismutases, 

(SODs) Cu/Zn superoxide dismutase (SOD1) a cytosolic enzyme; SOD2, a 

mitochondrial matrix SOD, and SOD3, an extracellular form (Pardo et al., 

1995). 

 

SOD1 is a small cytoplasmic homodimer 153 amino acids long 

(Cleveland and Liu, 2000). It can be found on the q arm of chromosome 21 

at position 22.1.  SOD1 is part of the immunoglobulin-fold family 

(Richardson et al., 1976), and contains one copper ion and one zinc ion in 
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each of its 16-kDa subunits (Fujiwara et al., 2007). Each monomer is 

comprised of an eight-stranded beta-barrel with two large loops (an 

electrostatic loop and the metal binding loop) (Tainer et al., 1982). Among 

the loops connecting the eight β-strands, 2 have structural and functional 

roles. The electrostatic loop (loop VII, residues 121–144) contains charged 

residues that contribute to guiding the negatively charged superoxide 

substrate toward the catalytic copper site. The long zinc loop (loop IV, 

residues 49 – 84) contains all of the zinc-binding residues (Banci et al., 

2006). 

Interestingly, human SOD1 has four cysteine residues: Cys 6, Cys 57, 

Cys 111 and Cys 146. Cysteines are amino acids that present protein 

stability by utilizing sulfide bridging.  Coincidently, the SOD1 enzyme 

contains such a bond; an internal disulfide bond is present between Cys 146 

and Cys 57 (Tainer et al., 1982, Parge et al., 1992).  SOD1 has been known 

to be one of the most abundant disulfide-containing proteins in eukaryotic 

cells (Davies, 2005). 

 

The presence of this intramolecular bond in SOD1 is quite unexpected 

because the mitochondrial environment where SOD1 is situated is highly 

reducing (Arnesano et al., 2004). SOD1 is primarily a cytosolic protein 
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(Bordo et al., 1994); however, SOD1 does localize in the inner membrane 

space of the mitochondria once altered (Weisiger and Fridovich, 1973).  

Nevertheless, this disulfide bond is highly conserved and makes SOD1 

among one of the most stable intracellular proteins known. The remaining 

cysteines remain free (Furukawa and O'Halloran, 2005b). Cysteines play a 

number of important roles in protecting the cell from oxidative damage 

through its thiol functional groups. These defensive functions are generally 

considered to be carried out by the low molecular weight thiol cysteine 

residues in the active sites of the protein. However, there are additional 

thiols exposed on protein surfaces that are not directly involved with protein 

function, although they can interact with the intracellular environment 

(Requejo et al., 2010).  Thiols are organic compounds that contain a 

sulphydryl group. Among all the antioxidants that are available in the body, 

thiols constitute the major portion of the total body antioxidants and play a 

significant role in defence against reactive oxygen species. Apart from their 

role in defence against free radicals, thiols share significant function in 

detoxification, signal transduction, apoptosis and various other functions at 

the molecular level (Prakash et al., 2004). 
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1.5 Mechanism of Mutant SOD1 toxicity 

  

In ALS, it is imperative to understand the structure of SOD1 to 

determine any possible malfunctions.   SOD1 toxicity has been associated 

with disease (Tower, 2004), and, as stated previously, SOD1 mutations are 

involved in approximately 10 - 15 % of  FALS cases.  Over 150 distinct 

amino acid changes in the SOD1 protein have been reported to cause 

essentially the same disease, a classic adult-onset, rapidly progressive ALS 

(www.ALS.org) (Boillee et al., 2006).  It appears that certain alterations in 

the structure of SOD1 will cause it to become toxic and lead to ALS (Gros-

Louis et al., 2004). Unlike other genes, SOD1 is the only enzyme that, when 

mutated, leads specifically to classic ALS and no other neurodegenerative 

disease (Kabashi et al., 2007). 

 

1.5.1 Gain of Toxic Function 

  

At first it was thought that perhaps SOD1 mutation caused 

inactivation of the wild-type protein. However, it was later determined that 

several mutant SOD1s have in vitro activity similar to that of wild-type 

SOD1(Borchelt et al., 1994).  It is clear now that the mutation causes a gain 
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of function that is toxic rather than the loss of function of the protein. This is 

termed a ―gain of toxic function‖ (Taylor et al., 2002). Several lines of 

transgenic mice that over-express different SOD1 mutants have ALS 

phenotypes due to this gain of toxic function (Zu et al., 1997).   

 

 An increasing amount of evidence supports this gain of toxic function 

hypothesis; an example of evidence is that mice expressing greater than 

normal levels of mutant SOD1 produced ALS-like, motor-neuron pathology 

despite the presence of normal endogenous mouse SOD1(Gurney et al., 

1994, Wong et al., 1995).  It was also found that knockout mice, mice 

without the SOD1 gene, do not produce any motor neuron phenotype similar 

to ALS (Reaume et al., 1996). 

 

 Several SOD1 mutants expressed in eukaryotic cell lines have a 

shorter half-life than that of wild-type SOD1 (Reaume et al., 1996). This 

suggests that SOD1 mutants may have an altered structural conformation 

and may be required for the novel toxic property it exhibits (Zu et al., 1997).  

 

 It appears that the only prerequisite for the development of FALS is 

the presence of an SOD1 mutation regardless of the location of the amino 
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acid alteration within the protein (Valentine and Hart, 2003). This implies 

that just the disruption of the tertiary structure of SOD1 is the sole 

consequence of the proteins mutation (Shaw and Valentine, 2007) and leads 

to the gain of function, which is specifically toxic to motor neurons (Ezzi et 

al., 2007, Kabashi et al., 2007). 

 

The mechanism by which mutations cause the change in the tertiary 

structure of SOD1 involved in ALS are very complex and appear to be 

multifactorial and incompletely understood. It is clear, however, that motor 

neuron death occurs not as a result of a single insult, but rather through a 

combination of mechanisms (Barber and Shaw, 2010). 

 

 

1.5.2 Misfolding and Aggregation of SOD1 

 

A hallmark of many neurodegenerative diseases is the presence of 

protein aggregates (Tebbenkamp and Borchelt, 2009). A wide assortment of 

neurodegenerative diseases are characterized by the accumulation of cellular 

protein aggregates (Forman et al., 2004). Parkinson’s disease (PD), 

Alzheimer’s disease (AD) and ALS are all known chronic neurodegenerative 
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disorders characterized by selective neuronal death and the accumulation of 

insoluble proteinaceous plaques, also known as protein aggregates.  Some 

examples include senile plaques and neurofibrillary tangles in AD, Lewy 

bodies in PD, and, in ALS, hyaline- and skein- like inclusions (Choi et al., 

2005).  

 

  

Aggregation is defined in many cases as the accumulation of 

misfolded proteins related to degenerative diseases. Converging evidence 

indicates that aggregation of mutant SOD1 is strongly implicated in FALS.  

In SOD1-linked cases of ALS, aggregated forms of mutant SOD1 increase 

as disease symptoms worsen (Wang et al., 2002a, Wang et al., 2002b, Wang 

et al., 2003). MutSOD1 forms high molecular weight oligomers found both 

in neural tissues of FALS transgenic mice and in transfected cultured cells, 

indicating a role for aberrant intermolecular disulfide cross-linking in the 

oligomerization and aggregation process (Cozzolino et al., 2008). 

The presence of exposed cysteine residues may modulate its ability to 

interact with other macromolecules and to give rise to large molecular 

aggregates (Furukawa and O'Halloran, 2005a). 
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Reports suggest that the insoluble, aggregated mutSOD1s accumulated in a 

disulfide-linked oligomeric form. Although the disulfide bond is not 

required for SOD1 aggregation (Cozzolino et al., 2008, Karch and Borchelt, 

2008),they indicate the existence of a more complex interplay between 

cysteines and protein misfolding in the formation and/or stabilization of 

SOD1 aggregates (Cozzolino et al., 2008). 

  

Cys-111 appears to be crucial in the process of aggregation, because 

the mutation of this single residue, while having no effect on wtSOD1, 

recovers the solubility mutSOD1s and the FALS-associated cysteine mutants 

(Cozzolino et al., 2008). This indicates that the presence of Cys-111 is 

essential for the toxic properties of mutSOD1s. The ability of SOD1 to 

sediment in an insoluble form does not simply depend on the number of 

cysteines available to form intermolecular disulfides bond, rather, diverse 

cysteines affect solubility in different ways (Cozzolino et al., 2008). 
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1.5.3 Oxidation 

 

 Oxygen is essential for aerobic life; however, around 5%  of this 

oxygen in the cell is converted into ROS (49). Oxidation is literally defined 

as a chemical reaction in which atoms have their oxidation number changed 

by the loss of an electron. Strong oxidants are also known as reactive oxygen 

species (ROS). Organisms are constantly exposed to a variety of ROS in the 

cell on a day-to-day basis and are formed under numerous conditions in vivo; 

they are formed in the course of natural metabolism and by oxidoreductase 

enzyme activities.  Cells are always threatened with the insult of ROS, 

which can lead to significant biological damage. Cells and tissues have an 

abundance of antioxidant defence systems to scavenge and eliminate 

harmful ROS.  Under normal circumstances there is a well maintained 

balance; however, when the balance between ROS production and 

antioxidant defence system is lost, oxidative stress results (Shacter, 2000).    

  

ROS have the ability to either indirectly or directly damage all 

biomolecules, including lipids, DNA, carbohydrates, proteins, and 

antioxidants (Shacter, 2000, Furukawa et al., 2004).  The damage tends to be 

proportional to the concentration and location of the target to the oxidant as 
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well as the rate of repair by ROS scavengers (Furukawa et al., 2004). 

Concentrating on the information just provided brings into question the 

protein SOD1. SOD1 is an antioxidant defence system and is very abundant 

in the cell; for these reasons, SOD1 is a prime target for oxidative stress. 

 

 The intracellular level of oxidized protein reflects the balance between 

the formation of oxidants and the rate of antioxidant activation. If this 

balance is tipped, the accumulation of ROS results in oxidative stress. 

Unfortunately, neurons are highly susceptible to oxidative stress, which can 

lead to neuronal necrosis and apoptosis (Ischiropoulos and Beckman, 2003). 

  

It is evident that the driving force in neurodegenerative research is 

genetic based. For example, it is now known that major classes of 

neurodegenerative diseases have a familial counterpart, of which most are 

autosomal dominant, such as ALS with FALS, as stated previously. 

However, over the past few years, research has exposed common 

pathogenic mechanisms underlying several neurodegenerative diseases.  

Despite endogenous defence systems against ROS, damage to cells still 

occurs and leads to several pathological conditions. Around 100 disorders, 
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such as cardiovascular disease, cystic fibrosis, AIDS and 

neurodegenerative diseases are ROS-mediated disorders (Das et al., 1997). 

 

 A major undeniable risk factor for neurodegenerative diseases is the 

process of normal aging. According to the free radical theory of aging 

(Harman, 1956) and  the oxidative stress theory of aging, there is a 

disruption in the delicate balance between ROS generation and antioxidant/ 

repair systems with age. This then leads to a shift to an oxidative cellular 

environment. Hence, aging is associated with an increase in oxidative 

damage to biomolecules (Ames et al., 1993) (Goto et al., 2001). 

 

Evidence suggests that oxidative stress plays a critical role in slowly 

progressive neurodegenerative diseases (Levine and Stadtman, 2001). In 

both PD and AD, the production of reactive oxygen species is increased 

(Aksenov et al., 2001). Oxidative stress has been defined as the 

―disturbance in the pro-oxidant-antioxidant balance leading to potential 

damage‖ (Sies, 1991) and can also be traced primarily to the formation of 

superoxide anion (Warner et al., 2004).  Enzymatic antioxidants, such as 

SOD1, regulate superoxide concentration by the dismutation of superoxide 

to hydrogen peroxide (Fridovich, 1995).  
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Following this trend, it seems reasonable to consider that SOD1 may 

play a role in these diseases as well. In truth, a number of studies have 

deemed that SOD1 plays a crucial role in the neurodegeneration associated 

with PD and AD as well.  One study found the possibility that an oxidative 

modification of SOD1 might contribute to the pathogenesis of sporadic AD 

and PD in a manner similar to the genetic mutations of SOD1 causing 

FALS. They also characterized SOD1 aggregates in AD brains, which 

resembled SOD1-positive inclusion bodies found in both FALS and SALS 

(Choi et al., 2005). In another paper, it was stated that, in AD patients, 

SOD1 activity was increased (Hayn et al., 1996). Down’s syndrome (DS) 

as well, has been linked to ROS arising from a gene dosage effect that 

disproportionately elevates SOD1 activity. An extra 21st chromosome 

causes DS, known also as Trisomy 21. Interestingly, SOD1 also happens to 

be located on the q arm of chromosome 21 (Hayn et al., 1996). 

 

Under oxidative stress, proteins may experience amino acid transformations, 

which frequently changes the proteins, which increases the probability of 

cross-linked protein aggregates to form. (Aksenov et al., 2001). 
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1.5.4 Post-translational Modifications   

  

SOD1 undergoes several post-translational modifications before 

reaching its mature state. The protein requires insertion of zinc and copper 

atoms followed by the formation of a conserved S-S bond between Cys-57 

and Cys-146, which makes the protein fully active and function normally in 

the cell (Banci et al., 2006). The disulfide bond between Cys-57 and Cys-

146 is fully conserved in all SOD1 structures. This bond links loop IV, 

which contains Cys-57, with strand β8, containing Cys-146. The linkage of 

the secondary structure elements contributes to the stabilization of the SOD1 

fold. It has been previously shown that intramolecular disulfide bonds in 

intracellular proteins can play more than just a structural role and have 

functional significance (Sevier and Kaiser, 2002). 

 

Under conditions of oxidative stress, reactive oxygen and nitrogen 

species can modify key redox sensitive amino acid side chains leading to 

altered biological activities or structures of the targeted proteins. This in turn 

can affect regulatory control pathways as well as degradation in the 

proteasome (LoPachin and Barber, 2006).  
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1.5.4A Nitration 

 

The introduction of a nitro group (-NO2) into a chemical compound, 

such as a protein, is termed ―protein nitration‖. This modification is a 

common characteristic of oxidative injury (Galinanes and Matata, 2002).

 Recent literature has raised new awareness of the diverse post-

translational events that can influence protein folding and function. Among 

these modifications, protein nitration is thought to play a critical role in the 

onset and progression of several neurodegenerative diseases (Reynolds et al., 

2007). 

 

 Nitration of protein tyrosine residues appears to be an early event in 

ALS (Casoni et al., 2005). it was postulated that NO may also mediate 

oxidative toxicity by reacting with superoxide (O2
-
) to form peroxynitrite 

(ONOO
-
)(Beckman et al., 1990). In spite of nitration not influencing SOD1 

activity, mutations in this enzyme lead to the SOD1-catalyzed nitration of 

other proteins. In addition, SOD1 shares numerous similarities with Mn 

superoxide dismutase (SOD2), which is nitrated in disease states (Reynolds 

et al., 2007). Apparently nitration of only a single Tyr residue is sufficient to 

induce changes in the three-dimensional structural conformation of proteins. 

http://en.wikipedia.org/wiki/Nitro_compound
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Chemical_compound
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Presumably, nitration modifies protein function by altering the 

hydrophobicity, hydrogen bonding, and electrostatic properties within the 

targeted protein (Reynolds et al., 2007).  

 

While the reasons for nitration are not completely understood, it is 

thought that SOD1 mutations render the enzyme a more efficient oxidizing 

agent (Estevez et al., 1999). As a result, the reduced Cu ion can be 

reoxidized by molecular oxygen to generate 
•
O2

-
 at, or near, the enzyme 

active site (Viglino et al., 1986). Given that 
•
O2

-
 reacts with 

•
NO, nitric oxide 

can effectively generate ONOO
-
. In turn, ONOO

-
 may react catalytically 

with the active site Cu to form a nitronium-like intermediate (NO2
+
) that 

nitrates intra- and intermolecular Tyr residues (Ischiropoulos et al., 1992). 

 

 

1.5.4B Ubiquitination 

  

Ubiquitination refers to the post-translational modification of a protein 

by the covalent attachment of one or more ubiquitin monomers. 

Ubiquitination controls localization, stability and function of a variety of 

proteins. Many studies suggest a casual relationship between aggregations of 
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mutant SOD1 and ubiquitin in ALS mouse models (Stieber et al., 2000, 

Wang et al., 2003). The appearance of ubiquitinated inclusions has been 

construed
 
as evidence that there may be diminished proteasome function 

(Bence et al., 2001). 

 

1.5.4C Phosphorylation & Glutathionylation 

 

Phosphorylation is the addition of a phosphate (PO4) group to a 

protein or other organic molecules. An analysis of spinal cord tissue from 

SALS patients revealed dramatic differences in the phosphorylation of 

multiple proteins (Banci et al., 2007), suggesting that changes in SOD1 

phosphorylation are possible in FALS. It has also been reported that SOD1 

can be phosphorylated at Thr-2 and at either Thr-58 or Ser-59. 

Phosphorylation usually occurs on serine, threonine, and tyrosine residues in 

eukaryotic proteins. The addition of a phosphate molecule to a polar group 

of an amino acid residue can turn a hydrophobic portion of a protein into a 

polar extremely hydrophilic portion. In this way, it can introduce a 

conformational change in the structure of the protein via interaction with 

other hydrophobic and hydrophilic residues within the protein or other 

proteins (Wilcox et al., 2009). 

http://en.wikipedia.org/wiki/Phosphate
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Tyrosine
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In the same study, it was confirmed that SOD1 does undergo 

glutathionylation, and its modification is mapped at Cys-111. (Wilcox et al., 

2009) Monomer formation is sometimes considered the initial step towards 

protein aggregation. Glutathionylation is the specific post-translational 

modification of protein cysteine residues by the addition of the tripeptide 

glutathione. Protein glutathionylation is promoted by oxidative or 

nitrostative stress (Dalle-Donne et al., 2009) and encourages the formation 

of SOD1 monomer. Because protein glutathionylation is associated with 

redox regulation, glutathionylation monomer formation supports a model in 

which increased oxidative stress promotes SOD1 aggregation (Wilcox et al., 

2009) . 

 

Phosphorylation and glutathionylation may impact the function of 

SOD1 through the mediation of interactions with other proteins. SOD1 is 

involved in cellular redox regulation and glutathione plays a key role in the 

redox state of the cell as well (Maher, 2006). During scenarios of oxidative 

stress, glutathione reversibly glutathionylates free cysteines. This is thought 

to be a general protective mechanism against permanent oxidation of 

proteins by reactive oxygen or nitrogen species (Ghezzi, 2005). This 
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interaction between SOD1 and a functional enzyme complex illustrates that 

phosphorylation and/or glutathionylation of SOD1 could play a major role 

without altering its traditionally recognized activity as a free radical 

scavenger (Harraz et al., 2008, Wilcox et al., 2009). Recent evidence also 

suggests that SOD1 may be involved in growth factor signaling through the 

production of H2O2, which acts as a second messenger in modulating the 

activity of protein-tyrosine phosphatases and, thus, the balance of 

phosphorylation in the cell (Juarez et al., 2008). 

 

1.5.4D Oxidation 

 

Protein oxidation is defined as covalent modifications of a protein induced 

by ROS or by a secondary by-product of oxidative stress. Atoms have their 

oxidation number changed by the loss of an electron in this chemical 

reaction. Strong oxidants are also known as ROS. Oxidatively modified 

proteins have been shown to serve as preferred substrates for proteolytic 

enzymes in many cells (Salo et al., 1990).  

 

Since there are so many mechanisms for protein oxidation and areas 

for oxidation to occur, there are a number of different types of protein 
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oxidative modifications.  For that reason, these modifications can lead to 

diverse functional consequences, such as inhibition of enzymatic activities, 

increased susceptibility to aggregation and also proteolysis (Shacter, 2000). 

Interestingly, one of the amino acids that appears to be most prone to 

oxidation are Cys (Radi et al., 1991) (Lii et al., 1994) leading to the 

formation of disulfide bonds, mixed disulfides and thiyl radicals (36). 

 

Cysteine residues are particularly susceptible to oxidation, primarily 

through reversible modifications such as thiolation and nitrosylation, 

although irreversible oxidation can lead to products that cannot be repaired 

in vivo, such as sulfonic acid (LoPachin and Barber, 2006). 

 

The accumulation of oxidized proteins indicates not only the amount 

of protein oxidation but the rate of protein degradation as well. This 

degradation is dependent on many factors, one of which is the concentration 

of proteases that degrade oxidized proteins (Berlett and Stadtman, 1997). 

Importantly, some oxidized forms of proteins are not only resistant to 

proteolysis but can actually inhibit the ability of proteases to degrade the 

oxidized forms of other proteins (Friguet et al., 1994, Grune et al., 1995, 

Berlett and Stadtman, 1997). 
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Cysteine thiols are critical sites of action for both exogenous
 
and 

endogenous electrophiles that mediate neurotoxicity (LoPachin and Barber, 

2006). Substantial evidence indicates that
 
modification of sulfhydryl groups 

on functionally important
 
proteins is a primary mechanism of cell toxicity 

induced by
 
many chemicals (Biswal et al., 2002). 

 

Various types of stress increase the production of ROS, which, in turn, 

causes the oxidative modification of biological compounds (Halliwell and 

Gutteridge, 1986). Sulfhydryl groups are the most susceptible group in 

proteins to ROS. When a sulfhydryl group is modified, the protein becomes 

dysfunctional. The cysteine sulfhydryl group
 
can exist in multiple oxidation 

states. It can be oxidized
 
to sulfenic acid (RSOH), sulfinic acid (RSO2H), or 

sulfonic acid
 
(RSO3H); or, in combination with another thiol, it can be 

oxidized
 
to a disulfide bond (RSSR) (Cheng et al., 2005, LoPachin and 

Barber, 2006). The formation of sulfinic or sulfonic acids is not reversible
 
in 

biological systems. These acids are not readily reduced and, although they 

are protein disulfides, have been considered
 
to be a component of redox 

signalling (Gilbert, 1982). Their formation appears to be more relevant to 

mechanisms of
 
pathogenic oxidative stress in (Forman et al., 2002) the 
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formation of intra- and inter-molecular disulfide bonds, as a response to 

oxidative stress (58). 

 

   

1.6 Abnormal SOD1 in ALS, Rationale for Project  

 

To date no known cause has been established for the development of 

ALS.  However, this apparent connection with the protein SOD1 presents an 

avenue to investigate. At first it was thought that the cause of ALS was due 

to SOD1 losing its scavenging activity. Now, the ongoing proposal is a ―gain 

of toxic property‖. 

   

It appears that it is more than just coincidence that this protein is 

correlated to this disease. The protein’s abundance, location, and repair 

function in the cell is grounds for further exploration. 

 

 Recent studies suggest that SOD1 itself is a target of oxidative stress.  

We believe that the free cysteine residues in SOD1 are available to be 

modified by mal PEG and that this modification decreases with disease 
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progression. SOD1 can be post-translationally modified and play a 

significant role in the development of the disease. 

 

WT human SOD1 is an exceptionally stable, homodimeric 32-kDa 

protein located mainly in the cytoplasm, the mitochondrial intermembrane 

space, and the nucleus of eukaryotic cells (Okado-Matsumoto and Fridovich, 

2001) (Sturtz et al., 2001). Each subunit of the dimer binds 1 copper and 1 

zinc ion and folds as an 8-stranded Greek-key β-barrel that is stabilized by 

an intra-subunit disulfide bond (Cys-57, Cys-146) near the active site 

(Tainer et al., 1982).  In addition to the two cysteines involved in the 

formation of the intramolecular disulfide bond, two reduced cysteines, Cys-6 

and Cys-111, are located on β-strand 1 and loop VI of WT human SOD1, 

respectively (Banci et al., 2006). These two cysteines are free and have 

potential for post-translational modification.  Without any modifications 

happening to the free cysteines, the SOD1 functions normally as it should, 

protecting the cell as an antioxidant. However, if post-translationally 

modified, the enzyme may take on an unknown abnormal function, perhaps 

a toxic one, relating it to ALS. 
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Post-translational modifications of SOD1 residues might be expected 

to have similar effects to mutations, but few modifications have been 

followed throughout the course of the disease. In the present study, we 

examined the role of cysteine residues in SOD1 as it relates to the 

accumulation of abnormal SOD1 as ALS progresses. 

 

1.7 Hypothesis 

  

It is known that posttranslational modifications can alter the biological 

properties as well as activities of various proteins, and that these 

modifications are increased by oxidative stress. It makes sense, then, to 

follow and understand any structural changes in the protein SOD1 during the 

course of ALS. This alteration can perhaps affect the degradation of the 

proteosome and lead to neurodegeneration in the disease. 

 

I believe that with increasing stages of the disease, as the disease 

progresses, one will see an accumulation of abnormal SOD1, SOD1s that 

have been postranslationally modified. 
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1.8 Objectives 

 

 The objective of my experiment is to measure the levels of abnormal 

(postranslationally modified) SOD1 as the disease progresses in a mouse 

model of ALS. 
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CHAPTER 2 

Materials and Methods 

2.1 Antibodies 

  

Primary antibodies used for Western blot included rabbit polyclonal 

anti-SOD1 purchased from Santa Cruz Biotechnology. Secondary antibodies 

for immunoblots consisted of hrp-conjugated anti-rabbit from Amersham 

Pharmacia Biotech. 

 

 

2.2 Mouse Model 

 

 Mutant (B6SJL-TgN[SOD1-G37R] 1Gur) both positive and 

negative for the mutation as well wild-type mice were obtained from 

Jackson Laboratories. At five to seven weeks, long before disease clinical 

signs, G37R mice begin to accumulate SOD1 in swollen motor neuron axons 

that contain very small vacuoles (Borchelt et al., 1995). At four months of 

age, G37R SOD1 show reduced spontaneous movements, difficulty moving 

their hind limbs, muscle wasting, and electromyographic patterns consistent 

with ALS (Wong and Cleveland, 1990). The G37R-SOD1 (or SOD1-G37R) 
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transgene was designed with a mutant human SOD1 gene (harbouring a 

single amino acid substitution of glycine to arginine at codon 37) driven by 

its endogenous human promoter. This 12-kb transgene was micro-injected 

into hybrid (C57BL/6J x C3H/HeJ)F2 mouse embryos, and transgenic 

G37R-SOD1 mice (founder line 42) were established. Mice were bred and 

PCR-genotyped by our labs technicians (Xiuli Ma and Ling Zhao) at the 

University of Manitoba, Bannatyne Campus Department of Human 

Anatomy and Cell Science. Mice were housed and treated in compliance 

with the ―Guidelines for Animal Experiments‖ of the University of 

Manitoba.  

 

 

2.3 Tissue Collection 

 

 Based on our findings, I was only to distinguish mice symptoms later 

on in age unlike the earlier stages found in published material. Mice were 

categorized in three groups based on age: a disease-free group (1-5 months), 

a pre-disease onset group (6-9 months) and a diseased group (10-12 months). 

Each group contained 3 mice.  Passive and active controls included terminal-

stage, aged-matched mice. The passive control consisted of an age matched 
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WT mouse, while the active control included WT transgenic mice. Mouse 

brain was dissected out of the skull and placed in cold lysis buffer. To 

retrieve mouse spinal cord, mouse vertebral column was dissected out and 

cut into three or four segments. Cold PBS was placed in a large Petri plate, 

and an additional volume was placed in a size 25 ½ syringe. The needle was 

then placed into the vertebral foramen of one of the segments to push out an 

intact piece of the spinal cord into the PBS-filled Petri dish. The pieces 

where then collected and placed in cold lysis buffer. The lysis buffer 

consisted of 1% (w/v) Triton X-100, 50mM Tris-Cl pH7.4, 300mM NaCl, 

5mM EDTA with protease inhibitor cocktail. Tissues were then 

homogenized with a mechanical homogenizer, and homogenates were 

centrifuged at 20,000g for 30 minutes at 4
o
C. Supernatants were then 

collected for further analysis. 

 

 

2.4 Mono-methyl polyethylene glycol (mal PEG) Modification 

  

mal PEG (molecular mass of 5 KDa) was added immediately to the 

tissue supernatants to produce a final concentration of 3mM for covalent 

modification of accessible cysteines for 1 hour at 25ºC (37). The addition of 
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mal PEG to free cysteines increases the mass of SOD1 by 5 KDa for every 

modification. This reaction was competitively terminated upon addition of 

loading buffer, which contained 5% -mercaptoethanol. Samples were 

immediately boiled for 3 minutes and later applied to 15% PAGE Western 

blot. 

 

2.5 Western Blot 

 

 Ten micro litre supernatants and a protein marker (EZ-Run Pre-

stained REC Protein Ladder from Fisher BioReagents) were loaded onto a 

15% sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE) for 

electrophoresis. Samples ran through gel until the 26 Kd and 17 Kd lines 

were substantially separated. Gels were then transferred to PVDF membrane 

for 2 ½ hours. Membranes were blocked with 5% milk in TBS-T buffer 

(10mmol/l Tris-HCl pH 7.5, 500mmol/l NaCl, 0.05% Tween 20) for 1 hour 

then incubated with the antibody against SOD1 for 2 hours at room 

temperature or overnight at 4°C. Blots were washed three times in TBS-T 

buffer and then incubated with a secondary anti-rabbit antibody for 1 hour at 

room temperature.  
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2.6 Data Collection 

  

All Western blot bands were analyzed by using a band outline tool 

and estimating the density by computer program densitometer. A band was 

then selected, read and then measured to the control. The results show a 

pooled data set with the information from 3 seperate mice. Statistical 

analysis was achieved using VassarStats one-way ANOVA for independent 

samples. 
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CHAPTER 3 

Results 

 

3.1 Use of mal PEG and determining SOD1 bands 

 

Using the transgenic mouse G37R was beneficial in determining normal and 

abnormal levels of SOD1. The G37 R mouse model develops symptoms and 

pathology resembling human ALS, with paralyzation in one or more limbs 

attributable to the loss of motor neurons from the spinal cord. Mice usually 

show signs of disease around 6 - 12 months, which constructs a 

distinguishable timeline for the experiment.  

 

 Determining the validity and use of mal PEG was tested using two 

experiments. We first tested mal PEG by taking wild-type transgenic mouse 

spinal cord extracts and exposed to different concentrations of hydrogen 

peroxide. Solutions were then cross-linked with mal PEG and analysed by 

15% SDS- PAGE.  As shown in Figure 1, mal PEG separates SOD1 into two 

distinguishing bands, an oxidized band and a reduced band. Without the use 

of mal PEG this is not so. Mal PEG works as a cross-linker, attaching to 

normal SOD1 free thiols at cysteines 111 and 6. This attachment makes the 
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protein heavier by 5 KDa; the protein then migrates through the gel slower 

and forms the upper band.  If the protein is abnormal, it will already have a 

post-translational modification at this site, and mal PEG cannot bind and 

will form a quicker-moving, lower-shifted band. 

 

Also determined was that these bands were indeed SOD1. In Figure 2, 

using a commercially available SOD1 solution, we determined that these 

bands indeed are SOD1 and that the molecular weight matched those of 

transgenic mice samples. 

 

 

3.2 Levels of normal verses abnormal SOD1 in Spinal cord and Brain 

Samples. 

 It is clear to see in Figure 4 that, when looking solely at the bands, 

normal SOD1 appears to decrease during later stages of the disease; a 

decrease in upper band density is shown. When examined with the 

densitometer and analyzed statistically (Figure 5), results show a significant 

difference in all age stages regarding levels of normal SOD1. Our 

experiment consisted of two different controls, a passive wild-type 

transgenic mouse control and an active mutant pre-disease transgenic mouse 



54 

 

control.  Unfortunately, we could not compare quantitatively between wild-

type and mutant mice, due to the fact that mutant mice contain multiple copy 

numbers of the mutation to ensure disease. 

 

 Although mal PEG tests normal SOD1 alone, we established a total 

protein concentration by adding both normal and abnormal bands to 

decipher the levels of abnormal SOD1. As seen in Figure 6, we can state that: 

as ALS progresses, levels of abnormal SOD1 increase.  

 

 Interestingly, our mice model does not show any motor neuron loss in 

brain samples as compared to spinal cord samples. When tested (Figure7 

&8), there is no statistical difference in normal and abnormal brain SOD1 

levels in later stages of ALS. 
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CHAPTER 4 

Discussion 

4.1 Mal PEG proves reliable and accurate in detecting normal versus 

abnormal SOD1 

The use of mal PEG in our study was incredibly useful. In preliminary 

studies, we struggled with the use of AMS, a similar cross-linker that would 

add a mere 1 KDa to any free thiol. Mal PEG was able to distinguish two 

different forms of SOD1, which we termed normal and abnormal SOD1. In 

similar studies, mal PEG proved valuable in Western blot detection of 

accessible SOD1 cysteines in tissue lysates. Interestingly, mal-PEG labeling 

of SOD1 at multiple cysteine residues was observed in tissue lysates from 

other ALS mice models, G85R and G93A (Tiwari and Hayward, 2003) as 

well as our findings in the G37R mouse model.  

Our G37R mouse model showed no increase in abnormal SOD1 as the 

disease progressed; this further proves that our methods and the use of mal 

PEG were effective in determining levels of abnormal and normal SOD1. 

Seeing as our mouse model shows no degeneration of motor neurons in 

brain samples as compared to samples of spinal cord, the methods are 

accurate and reliable in determining levels of normal and abnormal SOD1 is 
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tissue sample. SOD1 accumulates in portions of the motor axons, and radio-

labeling has demonstrated that the endogenous as well as G37R SOD1 are 

transported anterogradely in axons (Borchelt et al., 1998) and are associated 

with early structural pathology in ALS.  

 

By five months of age, motor axons display vacuoles, cytoskeletal 

alterations, and degeneration. These findings suggest that the accumulation 

of mutant SOD1 is associated with subtle and early damage to organelles 

within axons and dendrites of motor neurons (Wong et al., 1998). This 

relates to the increased expression of abnormal SOD1 in the spinal cord 

samples in correlation to the pathology of motor neuron death in our mouse 

model.  

 

4.2 Cysteine 111 and 6 are involved in SOD1 alterations linked to ALS 

Although more than 110 FALS mutations in the SOD1 have been 

identified, the mechanism by which the FALS-linked mutant SOD1s cause 

motor neuron degeneration is not understood. FALS-linked mutant SOD1s 

are structurally unstable and tend to aggregate, resulting in degeneration of 

neuronal cells analogous to that observed in other neurodegenerative 
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disorders such as Alzheimer’s, Parkinson’s, and Huntington’s diseases 

(Bruijn et al., 1998, Johnston et al., 2000).  

Our results determined that modified Western blot bands by mal PEG 

represent normal functioning SOD1 in the cell. A normal-functioning human 

SOD1 has four cysteine residues that have different reactivities. These are as 

follows: Cys-111, which is exposed on the protein surface near the dimer 

interface and expected to be the most prone to modification with mal PEG; 

Cys-6, which is packed tightly within the interior of the β barrel; by contrast, 

Cys-57 and Cys-146, which are involved in the disulfide bridge, are 

expected to be unreactive to mal PEG (Arnesano et al., 2004, Cao et al., 

2008).  Post-translational modifications to these free thiols would result in 

an abnormal SOD1. 

 Cys111 can undergo irreversible peroxidation to Cys-SO2H and to 

Cys-SO3H; Cys111 may also participate in disulfide bond linkage with other 

cysteine residues and oligomerization (Ferri et al., 2006).  Cys-6 and Cys-

111, when mutated, have also been shown to prevent aggregation, signifying 

that there must be a post-translational modification to either of these 

cysteines to gain toxic properties (Banci et al., 2007). In our own data, with 
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the use of the G37R ALS mouse model, we proved that changes in Cys 111 

and/ or 6 do indeed occur and accumulate as the disease worsens. 

 

4.3 Normal SOD1 decreases as ALS progresses. 

We found that, during the progression of the disease, normal SOD1 

levels declined. With this, we were able to collectively uncover significant 

meaning behind this data.  Understanding that both upper and lower bands 

represent the total SOD1 concentration in the cell, we can calculate the 

remaining abnormal SOD1 by subtracting normal SOD1 concentration from 

the total.  By way of elimination, we are able to suggest that there is an 

accumulation of abnormal SOD1 as ALS progresses.  

 

The accumulation of abnormal SOD1 as the disease progresses brings 

into mind the late-onset progression of ALS and its relevance to 

accumulation of oxidative stress with age. Harman first proposed the free 

radical theory of aging as early as 1956 (Harman, 1956). Aging and the roles 

of ROS has attracted much attention in recent years, and now it is agreed 

that aging and age-related diseases result from ROS-mediated oxidative 
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damage.   The concentration of damaged proteins due to oxidative stress has 

been reported to increase with age. Aging can be defined as the alteration of 

structures or homeostatic capability in an individual as it lives.  A 

consequence of the aging process at the cellular level is the accumulation of 

proteins modified by specific mechanisms (Smith et al., 1991). 

 

With many diseases, part of the problem not only relies upon the 

disease itself, however, it heavily depends on knowing what to look for and 

how to diagnosis the problem.  Early detection typically improves patient 

outcome. Therefore, aiding health professionals to identify the issue at a 

molecular level before it manifests into more obvious and detrimental 

symptoms is imperative to patient well-being.  Thus far, the clinical 

diagnosis for ALS is based entirely
 
on clinical features; for that reason, the 

identification of a biomarker for ALS would
 
be important for diagnosis and 

might also provide clues to pathogenesis (Pasinetti et al., 2006).  Biomarkers 

are basically biological substances that can be used to indicate the presence 

or onset of a certain disorder. Biomarkers are important indicators of normal 

and abnormal biological processes and specific changes in pathologies of a 

particular disease (Rachakonda et al., 2004). Up until now, there are no true 

biomarkers confirmed for ALS (Rachakonda et al., 2004) . 
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Cerebral spinal fluid is a sample commonly used for biomarker 

detecting (Ranganathan et al., 2005), and, because SOD1 is a protein 

ubiquitously expressed in the cell throughout the body (Clement et al., 2003), 

proteomic profiling of abnormal SOD1 in cerebrospinal fluid samples could 

potentially be used as a  biomarker for ALS.  

 

4.4 SOD1 prone to post-translational modifications. 

 Human SOD1 is characterized by an unusual combination of 

structural features, and characteristics of neurodegeneration usually appear 

after a time of normal protein function. ALS is specifically a motor neuron 

disease. Motor neurons usually have long axons that can be more than
 
a 

meter in length in humans. For this reason, orderly function
 
of the axonal 

transport mechanism should be particularly important
 
in maintaining the 

structure at the
 
terminals of motor axons (Tateno et al., 2009). Defects in 

axonal transport have been reported as an early sign of motor neuron 

diseases, including ALS (De Vos et al., 2008). Axonal transport, also termed 

anterograde or orthograde transport, is the movement of molecules and 

organelles, such as proteins, from the nucleus to the synapse. There are two 

classes of slow anterograde transport: slow component a, which carries 
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mainly microtubules and neurofilaments at 0.1-1 millimeter per day, and 

slow component b, which carries over 200 diverse proteins (Hoffman and 

Lasek, 1975). It was established that mutant SOD1-Tg mice, anterograde 

transport of neurofilaments and tubulin is partially impaired long before 

disease onset (Collard et al., 1995, Williamson and Cleveland, 1999). To 

reach the nerve termini, SOD1 is transported through the axon by using the 

slow component b of the anterograde axonal transport system, which has a 

rate of 2–8 mm/day. Thus, the transport time for SOD1 motor neurons with a 

meter-long axon could approach 500 days, and the life span of the protein 

must exceed the transport time. The long life span of this protein increases 

the chances of post-translational modification by reactive oxygen species. 

The recent findings suggest that at least some of the damage to the motors 

and/or cargoes of slow transport may be mediated by the mutant SOD1 

during its transport. Damage to other proteins may simply result from their 

close proximity to the mutant SOD1 during transport (Tateno et al., 2009). 

 

4.5 Significance of research 

 The idea that an SOD1 protein is modified post-translationally and not 

only mutated, resulting in mitochondrial dysfunction and cell apoptosis, 
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might develop insights into sporadic ALS. Most importantly, however, post-

translational modifications may represent a unifying mechanism which 

explains how genetic, environmental, age and oxidative stress manifests as a 

singular phenotype, that of ALS. This work suggests that other 

neurodegenerative diseases may share an overlapping pathogenic 

mechanism, post-translational modifications. This realization could 

potentially be used to understand similar neurodegenerative pathways and 

develop new therapeutic strategies for these similar diseases. 

 

4.6 Future plans 

 Our results show a consistent change in protein structure and function 

throughout ALS progression; however, the modification has not yet been 

pinpointed. The role of SOD1 being a major antioxidant defence system in 

the cell, regulating ROS, makes it a prime target for oxidative modifications. 

SOD1 cysteines are extremely important in the neurodegeneration of ALS. 

Oxidation was found to misfold and aggregate even in wild-type SOD1 

(Rakhit et al., 2002, Rakhit and Chakrabartty, 2006). Oxidized wild-type 

SOD1 exhibits characteristics of FALS-linked mutant SOD1s (Ezzi et al., 

2007).  
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Western blot has been utilized thus far in this project to determine 

normal and abnormal SOD1, nevertheless, it has been demonstrated that 

conformational changes in proteins can also be detected by mass 

spectrometry (Katta and Chait, 1991).  Using a combination of two-

dimensional gel electrophoresis, immunoblot analysis, and mass 

spectrometry, one should be able to identify possible SOD1 isoforms as well 

as observe if mutant SOD1 is more readily oxidized. 

 

If it is determined that indeed SOD1 was oxidized, the study of 

diverse antioxidants to decrease neurodegeneration should be conducted. 

 

Modifications and aggregation induced by oxidation are pathways 

highly relevant to neurodegeneration in ALS. Understanding the post-

translational modifications may represent a unifying mechanism that can 

explain how diverse pathways manifest as a singular phenotype, ALS. 

 

 

  



64 

 

Figure 1.    Use of mal PEG.  Wild-type transgenic mouse spinal cords 

were homogenized and cell supernatants were exposed to 

different concentrations of hydrogen peroxide. Solutions were 

then cross-linked with mal PEG and analysed by 15% SDS-

PAGE.  Arrows point to oxidized SOD1 and reduced SOD1. 
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Figure 2.  Testing antibodies efficiency and molecular weight of SOD1. 

Pure commercially available SOD1 solutions were exposed 

to different concentrations of hydrogen peroxide. Solutions were 

then cross-linked with mal PEG and analysed by 15% SDS-

PAGE.  Arrows point to Reduced SOD1 and Oxidized SOD1. 
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Figure 3.  Wild-type and Mutant mouse models. 12 month old wild-type 

transgenic mouse shows healthy limb activity and no muscle 

wasting A. 12 month old mutant transgenic mouse shows hind 

limb paralysis and muscle wasting, ALS disease pathology B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

Figure 3 

 

 

 

 

 

A.        B.  

 

 

 

 

 

 

 

 

 



70 

 

Figure 4.  Normal and abnormal levels of SOD1 in transgenic mouse 

spinal cord tissue, as disease progresses. Mutant transgenic 

G37R mouse spinal cord samples were homogenized and cell 

supernatants were then cross-linked with mal PEG and analysed 

by 15% SDS-PAGE.  Arrows point to normal human SOD1 

(modified by mal PEG), abnormal human SOD1 (unmodified 

by mal PEG) and, mouse SOD1 . n=3 

PD= Pre-disease, PDO= Pre-disease onset, TS= Terminal Stage.  
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Figure 5 Levels of normal SOD1in spinal cord samples in transgenic 

mice as disease progresses. Upper bands from Western blots 

were analysed with densitometer. Statistical bars were then 

achieved by using the density values and evaluating them with 

VassarStats one-way anova test for 3 independent samples. n=3 

* significant difference of P<.01 

  PD= Pre-disease, PDO= Pre-disease onset, TS= Terminal Stage.  
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Figure 5 
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Figure 6. Ratio between normal and abnormal SOD1 in  

spinal cord samples of transgenic mice as disease 

progresses. Upper and lower bands from Western blots were 

analysed with densitometer. Statistical bars were then achieved 

by using the density values and evaluating them with 

VassarStats one-way ANOVA test for 3 independent samples. 

n=3. * is significant difference of P<.05 

PD= Pre-disease, PDO= Pre-disease onset, TS= Terminal Stage.  
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Figure 7. Normal and abnormal levels of SOD1 in brain tissue in 

transgenic mice, as disease progresses. 

 Mutant transgenic G37R mice brain samples were homogenized 

and cell supernatants were then cross-linked with mal PEG and 

analysed by 15% Western blot.  Arrows point to normal human 

SOD1 (modified by mal PEG), abnormal human SOD1 

(unmodified by mal PEG) and, mouse SOD1 . n=3 

 PD= Pre-disease, TS= Terminal Stage.  
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Figure 7 
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Figure 8.  Levels of normal SOD1in brain samples in transgenic mice 

as disease progresses. Upper bands from Western blots were 

analysed with densitometer. Statistical bars were then achieved 

by using the density values and evaluating them with 

VassarStats one-way ANOVA test for 3 independent samples. 

n=3. No significant difference.  

PD= Pre-disease, TS= Terminal Stage.  
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Figure 8 
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Figure 9. Ratio between normal and abnormal SOD1 in  

brain samples of transgenic mice as disease progresses. 

Upper and lower bands from Western blots were analysed with 

densitometer. Statistical bars were then achieved by using the 

density values and evaluating them with VassarStats one-way 

anova test for 3 independent samples. n=3. No significant 

difference. 

PD= Pre-disease, TS= Terminal Stage.  

 

 

 

 

 

 

 

 

 



81 

 

 

 

 

Figure 9 
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