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Abstract 

     Lipoprotein(a) (Lp(a)) has been identified as an emerging risk factor for the development of 

vascular diseases.
 
 (1)  The Lp(a) particle is assembled in a 2-step process upon secretion of the 

LDL and apo(a) components from hepatocytes.  Work done by the Koschinsky group has 

identified an oxidase-like activity present in the conditioned medium (CM) harvested from human 

hepatoma (HepG2), as well as HEK 293 (human endothelian kidney) cells that catalyzes   

covalent Lp(a) formation.
 
 (2) 

     We have taken a candidate enzyme approach to identifying this oxidase activity.   Specifically, 

we have proposed that the QSOX (Quiescin/sulfhydryl oxidase) is responsible for catalysis of 

covalent Lp(a) assembly.  An oxidase activity assay developed by Dr. Thorpe (University of 

Delaware) was used to detect QSOX1 in CM harvested from cultured cell lines that catalyze 

covalent Lp(a) assembly.  In addition, the QSOX1 transcript was identified in each cell line and 

quantified with the use of Real-Time RT-PCR.      

     Quantitative assays of covalent Lp(a) assembly were performed to study some characteristics 

of the unkwown oxidase activity.   First, conditioned medium was dialyzed through a 3.5 kDa 

cutoff filter, as this has previously been shown to reduce the aforementioned oxidase activity.  (2)  

Purified QSOX was then added back to the reaction and the rate of catalysis was observed.  The 

addition of QSOX appeared to enhance the rate of covalent Lp(a) assembly in a dose-dependent 

manner.  Additional covalent Lp(a) assembly assays were performed where various chemicals 

were added to determine whether Lp(a) assembly was affected.  The addition of EDTA did not 

affect covalent assembly, suggesting that the oxidase activity may not be metallo-dependent.  

Moreover, dose-dependent addition of calcium, DTT, copper and glutathione to dialyzed medium 

also did not affect the rate of Lp(a) assembly.   
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     Taken together, these studies will aid in characterizing the nature of the oxidase activity that 

catalyzes covalent Lp(a) assembly.  This will provide us with valuable information on how Lp(a) 

particles are assembled, and may lead to the development of drugs that inhibit Lp(a) formation.   
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Chapter 1 

Introduction 

 

1.1 Background 

     Elevated plasma concentrations of lipoprotein(a) (Lp(a)) have been identified as an emerging 

risk factor for the development of many different forms of vascular disease(1, 2).
  
For example, 

high Lp(a) levels (i.e., greater than a risk threshold of 20-30 mg/dl) have been identified as a risk 

factor for coronary heart disease (CHD)  (3), venous thromboembolism (4)  and ischemic stroke 

in children (5).  However, attempts to modulate Lp(a) plasma levels with the use of medication 

and lifestyle changes have been largely unsuccessful. This is due to the fact that Lp(a) plasma 

concentrations are primarily controlled at the level of the apo(a) gene itself  (6), through 

mechanisms that reflect the rate of production rather than the metabolic breakdown of Lp(a) (7).  

This has led to efforts to develop Lp(a)-lowering strategies that focus on the synthesis, secretion 

and assembly of the lipoprotein particle.  

 Lp(a) is composed of a low density lipoprotein (LDL)-like particle, which is covalently 

attached via its apolipoproteinB-100 (apoB-100) moiety to the unique glycoprotein 

apolipoprotein(a) (apo(a)) via a single disulfide bond(8).  Apo(a) contains a variable number of 

copies of a sequence homologous to plasminogen kringle IV (KIV), followed by plasminogen  

kringle  V (KV) and inactive protease-like domains (Figure 1) (9). 
 
Apo(a) KIV domains are 

classified as KIV1 through KIV10 based on their amino acid sequence (10).  Each domain is 

present in a single copy in the apo(a) molecule, with the exception of KIV2 which is present in 

variable numbers (3 to > 30), leading to Lp(a) isoforms of different sizes within the human 

population (10, 11).  
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 Work done by the Koschinsky lab (12, 13) and validated by other groups (14, 15) has 

determined that the Lp(a) particle is assembled extracellularly upon the independent secretion of 

the LDL and apo(a) components from hepatocytes (2); the extracellular assembly occurs in a 2-

step process (15).  The first step involves the lysine-dependent, non-covalent association of 

apo(a) and the apoB-100 component of LDL (16-18).  It is thought that the initial non-covalent 

interaction is required to correctly align the cysteine residues in both apo(a) and apoB-100 that 

participate in disulfide bond formation.  This is followed by covalent bond formation involving a 

cysteine in apo(a) KIV9 and a free cysteine in the carboxyl-terminus of apoB-100 (8).  Once the 

molecules are properly aligned, the subsequent intermolecular disulfide bond formation was 

initially thought to occur spontaneously.  However, the rate of spontaneous covalent Lp(a) 

formation from purified apo(a) and LDL is slow, despite the tight (nanomolar range) non-

covalent binding between them (2).  Recently, Becker and colleagues have identified an oxidase-

like activity present in the conditioned medium (CM) harvested from human hepatoma (HepG2) 

cells that accelerates the rate of covalent Lp(a) formation (2). Interestingly, this oxidase-like 

activity also appears to be present in the CM harvested from 293 (human embryonic kidney) cells 

(Lev Becker, personal communication).   

 

1.2 Rationale 

     In the present study we undertake the characterization of the enzyme responsible for the 

oxidase activity described above. In a series of studies, in collaboration with Dr. Colin Thorpe at 

the University of Delaware, we utilized a candidate enzyme approach to discovering the identity 

of the oxidase. In this regard, there exists a family of enzymes known as sulfhydryl oxidases that 

catalyze the oxidation of thiol groups to disulfides with the reduction of oxygen to hydrogen 

peroxide. These enzymes directly catalyze disulfide bond formation in a manner distinct from 
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protein disulfide isomerase (PDI): they contain non-covalently bound flavin adenine dinucleotide 

(FAD) that mediates electron transfer to O2 (5). Within this family, the QSOX 

(Quiescin/sulfhydryl oxidase) enzymes (of which 2 types have been identified in humans) consist 

of an amino-terminal thioredoxin-like domain (homologous to the corresponding domains in PDI) 

and a carboxyl-terminal ERV1 (essential for vegetative growth) domain, containing the flavin.  In 

QSOX enzymes, the thioredoxin and ERV1 domain work together to complete disulfide bond 

formation. Interestingly, QSOX1 (also known as quiescin Q6) has been shown to be secreted by a 

number of different mammalian cell lines in culture (19).  Purified QSOX1 will be applied to 

quantitative assays of covalent Lp(a) assembly.
 
 

1.3 Hypothesis 

     The hypothesis of the study is that the quiescin sulfhydryl oxidase 1 (QSOX1) enzyme is 

responsible for catalysis of covalent Lp(a) assembly.   

 

1.4 Specific Objectives 

The specific objectives that were developed to address the hypothesis are as follows: 

1. a) Identification of QSOX1 activity in conditioned medium (CM) harvested from cell 

lines that catalyze covalent Lp(a) assembly. 

b) Correlation of these findings with identification of QSOX1 transcript, as well as 

determination of relative transcript abundance in each cell line. 

 

2.     a) Assessment of Lp(a) particle assembly in the presence and absence of purified   

        QSOX.   
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       b) Assessment of Lp(a) particle assembly in medium with reduced oxidase activity before 

and after the addition of potential enzyme-stimulation factors. 

1.5 Relevance 

     These studies will help to characterize the nature of the Lp(a) oxidase activity that has been 

observed in HepG2 conditioned medium.  This will provide us with valuable information on how 

Lp(a) particles are assembled, as well as providing fundamental knowledge on the process of 

intermolecular disulfide bond formation. 



 

 5 

Chapter 2 

Literature Review 

 

2.1 Lp(a) Overview 

2.1.1 Lp(a) Structure 

     Lp(a) was first identified in 1963 by Berg as a variant of human low density lipoprotein (LDL) 

(20).   It contains an LDL-like moiety in which the apolipoproteinB-100 (apoB-100) component 

is covalently linked to the protein moiety apolipoprotein(a) (apo(a)), via a single disulfide bond 

(Figure 2-1) (8). 

     Amino acid analysis and cDNA cloning established a high degree of amino acid identity of 

apo(a) to the serine protease plasminogen (21, 22).  In fact, it is believed that apo(a) may have 

evolved from plasminogen as a result of a gene duplication event (23).  Plasminogen is composed 

of 5 kringle domains, followed by a trypsin-like protease domain.  Plasminogen is activated by 

tissue Plasminogen Activator (tPA) or urokinase-type plasminogen activator (uPA) cleavage to 

form plasmin.  Each kringle domain contains six cysteine residues which constitute three 

disulfide bridges, giving kringles a characteristic triple loop structure (24).  On the other hand, 

apo(a) contains a variable number of copies of a sequence homologous to plasminogen kringle IV 

(KIV), followed by a plasminogen-like KV domain,  and an inactive protease-like domain.  This 

protease domain is rendered inactive by an arginine to serine substitution in the tPA/uPA 

cleavage site (22).  Apo(a) KIV domains are classified as KIV1 through KIV10 based on their 

amino acid sequence; These KIV domains contain a small number of amino acid substitutions 

relative to each other (22).  KIV5-KIV8 each contain a weak lysine binding site, while KIV10 

contains a strong lysine binding site (12, 16).  KIV9 contains a free cysteine residue, which is 
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involved in covalent linkage of apo(a) with apolipoprotein B-100 of LDL (8).  Each domain is 

present in a single copy, with the exception of KIV2 which is present in a variable number of 

identical copies (3 to > 30), leading to Lp(a) isoforms of different sizes within human population 

(10, 11, 25).  The variable number tandem repeats (VNTR) present in the transcribed region of 

the apo(a) gene corresponds to the number of tandem KIV2 repeats represented in the apo(a) 

protein (25). 
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Figure 2-1. Structure of Lipoprotein(a).  Lipoprotein(a) (Lp(a)) contains an LDL-like moiety in 

which the apolipoproteinB-100 (apoB-100) component is covalently linked to apolipoprotein(a) 

(apo(a)) via a single disulfide bond.  Apo(a) contains a variable number of copies of a sequence 

homologous to plasminogen kringle IV (KIV), followed by a plasminogen-like KV and  inactive 

protease-like (P) domains.  Apo(a) KIV domains are classified as KIV1 through KIV10 based on 

their amino acid sequence.  Each domain is present in a single copy with the exception of KIV2, 

which is present in variable numbers (3 to > 30).  Lysine residues have been identified in the 

amino terminus of apoB-100 that participate in the non-covalent interactions with lysine binding 

sites in apo(a) KIV7 and KIV8 that precede covalent Lp(a) formation. Adapted from Koschinksy 

& Marcovina (2004) Curr Opin Lipidol (13). 
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2.2 Lp(a) and Cardiovascular Disease 

2.2.1 Lp(a) Plasma Concentrations 

     Lp(a) levels vary over a 1000-fold among individuals within the population (25).  Although 

elevated Lp(a) levels have been clearly linked to vascular diseases (3), attempts to modulate 

Lp(a) concentration through drug therapy and lifestyle alterations have proven largely 

unsuccessful.  Lp(a) levels have been shown to be resistant to most lipid-lowering drugs.  Niacin 

has been the only pharmaceutical capable of consistently reducing Lp(a) levels (26).  A study of 

the long-release niacin preparation Niaspan resulted in an approximately 35% decrease in Lp(a) 

plasma levels after the 26
th
 week of treatment (26).  Similarly, Lp(a) levels are relatively 

insensitive to dietary changes.  This largely reflects the fact that Lp(a) plasma concentrations are 

primarily controlled at the level of the apo(a) gene found on chromosome 6q27 (25).  Sib-pair 

comparison studies showed a high intra-class correlation of Lp(a) levels in siblings with identical 

alleles (r=0.91) compared to siblings with non-identical alleles (25).  Specifically, plasma 

concentrations have been shown to be inversely proportional to the number of KIV repeats in the 

apo(a) gene, particularly in Caucasian populations (6).  Furthermore, in vivo studies showed that 

Lp(a) clearance in human subjects was not significantly different for different apo(a) isoforms, 

demononstrating that Lp(a) plasma levels are controlled at the level of production rather than the 

catabolism of the particle (7). 

     Several theories have been proposed for control of Lp(a) concentrations in the body.  The first 

involves the idea that cis-acting elements in the apo(a) gene may influence transcription  (25).  

Moreover, it has been proposed that the size of apo(a) mRNA may influence translation (6).  

Alternatively, alleles for apo(a) isoforms of different sizes may be in linkage disequilibrium with 

alleles for apo(a) concentration (6).  Finally, it has been proposed that slight amino acid variations 
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within the KIV domains themselves may influence the synthesis mRNA stability, secretion and/or 

degradation of apo(a) (6).  

2.2.2 Lp(a) and Risk for Atherothrombotic Disorders 

     The similarity of Lp(a) to plasminogen suggests a potential  proatherogenic as well as 

prothrombotic and/or antifibrinolytic role for Lp(a) (28).  It has been shown that Lp(a) may 

inhibit fibrinolysis both in vivo and in vitro,  (29-32) which also suggests a role for Lp(a) in 

purely thrombotic disorders such as deep vein thrombosis.    

     A positive correlation has been observed between high plasma Lp(a) levels and the incidence 

of coronary heart disease (CHD) (33-36).  A recent meta-analysis found that individuals in the top 

third of the baseline measurement of Lp(a) plasma concentrations displayed 70% increased risk 

for coronary heart disease (CHD), compared to individuals in the bottom third (3).  In addition, a 

positive correlation has been observed between high Lp(a) plasma concentrations and venous 

thromboembolism (VTE) (4).  Elevated plasma Lp(a) levels (>30 mg/dL) were found in 20% of 

patients exhibiting VTE, compared to 7% of the general population (4).  Finally, analysis of 301 

patients identified an increased risk for recurrence of ischemic stroke in children with elevated 

Lp(a) plasma levels (5). 

 

2.3 Lp(a) Assembly 

2.3.1 Site of Lp(a) Assembly 

     A focus of Lp(a) research has been devoted to identifying the location of Lp(a) particle 

assembly.  Both LDL and apo(a) are synthesized and secreted from liver cells (37, 38).  There is 

now a large body of evidence from different laboratories to support the notion that Lp(a) 

assembly occurs extracellularly upon secretion of its components from hepatocytes.  Insight into 
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this phenomenom was first provided by the Koschinsky group (8).  A recombinant apo(a) 

construct was engineered and transfected into human hepatoma (HepG2) cells. Analysis of 

transfected cell lysates showed the presence of free apo(a) molecules, but no covalent Lp(a) 

particles. In contrast, Lp(a) particles were detected in the conditioned medium harvested from the 

corresponding transfected cells.  These early findings suggested that Lp(a) assembly is an 

extracellular process that occurs after secretion of apo(a) and apoB-100-containing LDL.  

Subsequent studies by other groups using baboon primary hepatocytes,   (39) as well as studies 

examining lysates from human liver hepatocytes also reported the lack of Lp(a) within cells (2).  

A study by White and collegues in 1994 further suggested that Lp(a) assembly may occur directly 

on the surface of baboon hepatocytes but these results have not been verified using human 

hepatocytes (Becker et al. unpublished results).  The concept that Lp(a) assembly occurs 

extracellularly is now widely accepted in the field and represents an attractive target for 

therapeutic inhibition of Lp(a) formation.   

2.3.2 Development of a Two-step Model for Lp(a) Assembly 

     The current thinking is that Lp(a) particles are assembled via a two-step mechanism, which 

was first proposed by Trieu and McConathy in 1995 (Figure 2-2) (15).  The first step involves an 

initial non-covalent interaction between apo(a) and LDL that is lysine-dependent.  Site directed 

mutagenesis studies have shown that the subsequent step involves disulfide bond formation 

between an unpaired cysteine residue present at amino acid position 4057 in apo(a) KIV9,  (8) and 

the cysteine residue at amino acid 4326 in apoB-100,  (40)  although the latter finding is 

controversial. To this point, using biophysical and biochemical methods, other groups have 

suggested the involvement of cysteine 3734 in apoB-100 in disulfide bond formation with apo(a) 

in the context of Lp(a) particles (41-43).  It is thought that the initial non-covalent interaction is 

required to correctly align the cysteine residues in both apo(a) and apoB-100 that participate in 
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disulfide bond formation.  The necessity of this initial step was demonstrated by observations that 

inhibition of the non-covalent step by the addition of lysine or lysine analogues such as ε-

aminocaproic acid (ε-ACA) completely inhibited covalent Lp(a) formation (12, 16, 44, 45).  Once 

the molecules are properly aligned, the subsequent intermolecular disulfide bond formation was 

thought to occur essentially spontaneously. 
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 Figure 2-2.  Lp(a) Assembly Occurs Via a Two-Step Process.  Components of lipoprotein(a) 

(Lp(a)) involved in non-covalent and covalent assembly are shown schematically in this figure.  

KIV7 and KIV8 each contain weak lysine binding site (LBS) that mediate noncovalent 

interactions with specific lysine residues in the amino terminus of apolipoproteinB-100.  This 

interaction can be inhibited by the lysine analogue ε-aminocaproic acid (ε-ACA).  The high 

affinity (KD ~ 20 nM) noncovalent interaction is followed by disulfide bond formation between 

KIV9 of apo(a) and a free cysteine residue in apoB-100. Although KIV10 is not involved in apo(a) 

binding to apoB-100, it is capable of modulating the conformational status of Lp(a) via its strong 

lysine binding site (**) (Adapted from Becker, unpublished data). 
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2.3.3 Identification of Sequence Requirements in Apo(a) and ApoB-100 for 2on-covalent 

Lp(a) Formation 

     Specific sequence requirements in both apo(a) and apoB-100 have been identified that are 

essential for the non-covalent step of Lp(a) formation.  Initial studies reported that the first step of 

Lp(a) assembly is lysine-dependent, and involves weak lysine-binding sites (LBS) present within 

each of apo(a) KIV types 5-8 (12, 16).  Subsequent studies further narrowed the weak LBS 

involved in Lp(a) assembly to those within apo(a) KIV types 6-8 (15, 44).  There are, however, 

conflicting reports in literature as to the relative contributions of  KIV6, KIV7 and KIV8 to the 

Lp(a) assembly process (12, 18, 44).  It is important to note that all of the early studies utilized 

truncated forms of apo(a) to study Lp(a) assembly (44, 46).  In a definitive study by Becker and 

colleagues, site-directed mutagenesis was performed to specifically disrupt weak LBS in each 

KIV6, KIV7 and KIV8 (47).  The pair-wise disruption of weak LBS in KIV6 and KIV7, and KIV7 

and KIV8 was also performed.  Importantly, and in contrast to previous studies, all mutations 

were generated in the context of full-length apo(a).  The findings reflected a role for the weak 

LBS in both KIV7 and KIV8 in mediating the non-covalent interaction with apoB-100.  

Interestingly, a strong LBS previously identified in apo(a) KIV10 (48) appears to play no direct 

role in Lp(a) assembly, but is likely involved in maintaining intramolecular interactions, (45) the 

significance of which will be discussed below. 

     Early studies done by the Koschinsky group identified sequences in apoB-100 that are 

involved in the non-covalent step of Lp(a) formation (17).  Using C-terminal truncated 

derivatives of apoB-100, the group narrowed down the potential region of interaction apoB-100 

with apo(a) to the amino terminal 18% of the apoB-100 molecule.  Subsequent research by this 

group identified lysine residues 680 and 690 in this region to be involved in non-covalent apo(a) 
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interactions (18).  It is believed that these residues may bind to the weak LBS present in apo(a) 

KIV7 and KIV8, thereby facilitating the non-covalent step of Lp(a) formation.   

2.3.4 Role of Apo(a) Conformation in Regulating the Rate of the Covalent Step of Lp(a) 

Formation 

     The dynamic nature of apo(a) renders it capable of efficiently participating in Lp(a) assembly.  

It has been demonstrated that apo(a) undergoes a change from a closed to an open conformation, 

which increases its hydrodynamic radius by 10% (47).  Using electron microscopy, its was 

demonstrated that upon the addition of the lysine analogue 6-aminohexanoic acid (6-AHA), the 

structure of Lp(a) was transformed from spherical to irregular with a tail-like end (49).  This was 

thought to be due to the competitive binding of 6-AHA to the LBS in apo(a), which disrupts 

intramolecular interactions within the molecule.  Further studies found that addition the lysine 

analogue ε-ACA resulted in a biphasic, dose-dependent effect on Lp(a) formation (47).  The 

observation that small additions of ε-ACA increased the rate of Lp(a) formation was attributed to 

the fact that ε-ACA was able to induce conformational changes in apo(a) from a “closed” to an 

“open” state which enhanced Lp(a) assembly.  This was achieved by the ability of ε-ACA 

through to compete with internal apo(a) lysine residues which are responsible for maintaining the 

“closed” conformation through binding to sequences within the C-terminus of the molecule.  

Upon transition to the “open” structure, Lp(a) assembly proceeded six times more efficiently than 

in the “closed” state (47).  However, high levels of ε-ACA displayed a negative effect on Lp(a) 

assembly by inhibiting the non-covalent interaction of apo(a) with LDL. The observations led to 

an updated two-step model for Lp(a) formation which involves both weak LBS (located in each 

of KIV7 and KIV8), as well as the strong LBS (located in KIV10). The weak LBS participate in 

non-covalent interactions with LDL, whereas the strong LBS in KIV10 is responsible for 

maintaining intramolecular interactions within apo(a) (47).  These findings are promising as they 
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represent a possibility for the regulation of Lp(a) formation at the second step of particle 

formation. It is important to acknowledge, however, that there is no evidence for the existence of 

closed and open conformations of apo(a) in vivo.    

2.3.5 Identification of an Oxidase-like Activity in Cell Culture Medium that Enhances Lp(a) 

Formation 

     Lp(a) assembly can proceed spontaneously at very low rates using purified apo(a) and LDL;  

however, very recent studies suggest that Lp(a) assembly may be enhanced by a putative oxidase 

activity, which is present in the cultured medium of human hepatoma (HepG2) cells
 
(2).  

Although the oxidase activity has not been isolated, kinetic analyses using the activity present in 

cultured cell medium suggest a ping-pong mechanism, reminiscent of the mechanism of action of 

protein disulfide isomerase (2). Clearly, identifying the nature of this oxidase activity is another 

chapter in Lp(a) research that will enhance our understanding of Lp(a) formation, and of the 

process of intermolecular disulfide bond formation, which is poorly understood at present.    

2.4 Quiescin Sulfhydryl Oxidase Overview 

2.4.1 Disulfide Bond Formation 

     Disulfide bonds play an essential role in maintaining the tertiary and quaternary structures of 

various molecules.  The formation of disulfide bonds is a complex process which involves 

various enzymes as well as molecular chaperones.  However, the pathways leading to disulfide 

bond formation remain poorly understood.  This results from the fact that the highly volatile 

nature of the thiolate anion renders it difficult to study the pathways that it is involved in (19).  In 

addition, cellular oxidants such as glutathione may oxidize free thiol groups themselves, thereby 

disrupting the aforementioned pathways (19).  Nonetheless, recent findings have generated some 
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valuable insights into the identity and mechanism of action of enzymes capable of catalyzing 

disulfide bond formation. 

     Protein disulfide isomerase (PDI) was the first protein discovered that was capable of 

catalyzing disulfide bond formation (50).  It is an ubiquitous eukaryotic protein that assists 

protein folding in the endoplasmic reticulum (ER) with the aid of membrane-associated protein 

Erop1 (ER oxidoreductin) and Erv2 (essential for respiration and vegetative growth 2) (51).  In 

addition, PDI plays a role in quality control as it reduces misfolded proteins and allows for proper 

refolding.  Finally, PDI is capable of forming intermolecular disulfide bonds in thyroglobulin via 

the thioredoxin (TRX) domains present within thyroglobulin monomers (52).  PDI is the best 

understood enzyme capable of catalyzing disulfide bond formation and has laid the groundwork 

for uncovering additional enzymes with related functions.   One such family of proteins that has 

recently received increased attention is the quiescin sulfhydryl oxidase (QSOX) family, which is 

emerging as an important player in eukaryotic disulfide bond formation (19, 53). 

2.4.2 Discovery of QSOX Enzymes 

     Sulfhydryl oxidases were first purified from bovine milk in 1975 (54).  They can be 

categorized according to the identity of their cofactor as either metallo-dependent or flavin-linked 

sulfhydryl oxidases (19, 54). When the first metallo-dependent sulfhydryl oxidase was purified 

from bovine milk, it was observed that iron was an integral part of the enzyme (54).  Flavin-

linked sulfhydryl oxidases, which include the QSOX family, were first isolated under denaturing 

conditions from rat seminal vesicles in 1979 (55).  Additional studies have been performed on 

QSOX purified from chicken egg whites and human lung fibroblasts (56).  This work will focus 

on the enzyme present in human lung fibroblasts, named human QSOX (Q6) (56). 
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2.4.3 QSOX Gene and Gene Product  

     The QSOX gene has been identified in all multicellular organisms including plants and 

animals for which a complete genome sequence exists (53, 57).  Human QSOX (Q6) is found on 

chromosome lq25.2 (58).  It contains 12 exons which span 41,000 base pairs.  Alternative 

splicing in exon 12 generates two mRNAs which correspond to 2588 and 3314 bp; these give rise 

proteins that are 604 and 747 amino acids long, respectively (53).  The isoforms are referred to as 

QSOX-S and QSOX-L.  QSOX-S is a single pass membrane protein while QSOX-L is secreted 

into the extracellular space (53). 

     A QSOX paralog has been identified on chromosome 9q34, which was named QSOX2 (58).  

The original QSOX, QSOX1 appears to be much more highly expressed in humans than QSOX2.  

Nonetheless, it was found that both mRNAs are expressed at unequal levels in different human 

cell types (59).  For example QSOX1 is expressed at higher levels in human lung fibroblasts 

compared to QSOX2 (59).  Specifically, high levels of the QSOX-S isoform have been detected 

in quiescent cells (58).    

2.4.4 QSOX Structure 

     QSOX in metazoans contains an N-terminal signal sequence followed by two thioredoxin 

domains, called thioredoxin 1 (Trx1) and transfer domain 2 (Tra2) (19).  Trx1 contains the PDI-

like amino acid sequence WCGHC.  Experiments involving the partial proteolysis of avian egg 

white QSOX showed that Trx1 acts as the site of entry for reducing equivalents, thereby 

facilitating catalysis (19).  Trx2 is proteolytically inactive.  In plants and protists, the second 

thioredoxin domain is replaced by a helical spacer (19).  This is followed by the ERV/ALR 

(essential for vegetative growth/augmenter of liver regeneration) flavin-binding domain.  There is 

variation in the C-terminal region of QSOX among different species; however, most contain a 

transmembrane spanning domain that serves as an anchor (19). 
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     Thioredoxins are ubiquitous proteins, typically 95-100 amino acid residues in length that act 

as antioxidants by reducing molecules via a cysteine thiol disulfide exchange (60).  That is, they 

become oxidized by transferring reducing equivalents to a disulfide substrate (60).  The oxidized 

state of thioredoxin can be reversed by NADPH and thioredoxin reductase (60). 

     The ERV1 protein was first identified to play a role in the biogenesis of mitochondrian yeast 

(61).   The catalytic core contains a flavin adenine nucleotide (FAD) binding site and a redox-

active YPCxxC motif.  (62)  ALR is the mammalian homologue of ERV1 (63). It is typically 125 

amino acid residues in length (53). 
  
It is a FAD-linked sulfhydryl oxidase whose precise role as a 

hepatic growth factor remains to be determined (61).   The QSOX ERV1 domain bears 40% 

amino acid identity to ALR (64). 

     It has been postulated that a fusion event occurred where the TRX-containing QSOX ancestor 

become fused to an ERV1-like ancestor of ERV1 and ALR (63) (Figure 2-3).  The fusion has 

rendered the QSOX enzymes highly versatile and able to catalyze disulfide bond formation in a 

wide variety of substrates (63).    

PDI          Q6         ALR    ERV1

Gain of 2nd

TRX  Domain Fusion Event

 

Figure 2-3.  Evolutionary Origin of Q6.  Q6 is contains a TRX domain fused to an ERV-like 

domain.  Since the TRX domains of both PDI and Q6 contain the same sequence, it is believed 

that they originated from a common ancestor, which had previously diverged from  S. pombe and 

S. cerevisiae.  ALR and ERV1 are more closely related to each other than to Q6.  Thus, the ERV 

domain likely diverged prior to the fusion event as well. Adapted from Coppock et al.(1998)  

Genomics (58) 
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     Unlike its ERV2p and ALR relatives, QSOX is capable of catalyzing reactions without the 

help of other molecules (65).  The ERV1-like and TRX domains are both important in QSOX as 

they take part in the sequential passage of reducing equivalents during protein catalysis where 

oxygen is the final acceptor.  Their general role in protein oxidation is outlined as follows (19): 

Reduced protein  → TRX1 domain →  ERV/ALR domain  → oxygen 

     Overall, nine quiescin homology zones have been identified in the quiescin proteins (QHZ 0-

8) (Figure 2-4) (58).  QHZ 0, located at the amino-terminus, is believed to be a putative signal 

sequence (58), while QHZ 1 corresponds to the aforementioned TRX motif (58).   This domain is 

important as it serves as the point of entry of reducing equivalents during protein oxidation (19).  

The TRX domain of QSOX is similar to that of PDI as they both contain the identical sequence 

WCGHC (63).  This sequence is important as it contains the CxxC residues involved protein 

catalysis.  It is believed that PDI and QSOX originated from a common ancestor, which had 

previously diverged from S. pombe and S. cerevisiae as their respective TRX domains contain a 

slightly altered amino acid sequence (63).  Following divergence PDI acquired a second TRX 

domain during a gene duplication event (63).  However, PDI only requires one TRX motif for its 

catalytic activity (66). 

     In addition to PDI, the N-terminal TRX domain of QSOX is homologous to molecules such as 

thioredoxin, P5, ER60 and ERp72 (58).  Unlike typical thioredoxin proteins, the carboxyl-

terminus of quiescin proteins does not contain the typical KDEL endoplasmic reticulum retention 

sequence, suggesting that the enzyme may perform its function elsewhere in the cell or even 

outside of the cell upon secretion (58). 

     The QHZ 2-4 comprise what is known as the QSOX homology zone (58).  It is composed of a 

270 amino acid sequence motif which is homologous in the quescins, but does not have known 

homologs in any other molecules (58).  QHZ 5-7 domains comprise the ERV1 homology domain 
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(58).  The 189 amino acid sequence is composed of four helices surrounding a FAD molecule.  

This domain houses the FFxCxDCxxHF consensus sequence that contains a redox-active 

disulfide bond (56).   The QSOX ERV1 domain also contains the HNxVNxRL consensus 

sequence (53).  Crystallographic data have shown that this domain interacts with the ADP moiety 

of FAD groups (67).  The ERV1 domain also contains an ELCxxC consensus sequence (53).  

This sequence is found in all QSOX homologs but not in the ERV proteins (53).  Finally, unlike 

typical ERV1 proteins, the QSOX version lacks the N-terminal domain that targets the protein to 

the mitochondria (53).   The QHZ 8 domain falls into the same category as QHZ 2-4 in that the 

sequence appears to be characteristic of QSOX proteins and is not found in any other molecules 

(58).    
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A) 

 

 

 

B) 

 

Figure 2-4.  Panel A. General Structure of the QSOX Enzyme.  QSOX belongs to a family of 

proteins containing a TRX domain fused to an ERV1-like domain, which together contain a total 

of three CxxC motifs. The ERV1-like and TRX domains are both important in QSOX as they 

take part in the sequential passage of reducing equivalents during protein catalysis where oxygen 

is the final acceptor.  Adapted from Hoober et al.(1999) Yeast (56).  

Panel B. Domains characteristic of QSOX proteins.  The major identifiable QSOX domains have 

been characterized as QSOX homology zones (QHZ) 0-9.  QHZ 0 is believed to contain a 

putative signal sequence.  QHZ 1 contains a TRX domain homologous to PDI, which is involved 

in the catalysis of disulfide bond formation.  QHZ 2,3,4 and 8 are characteristic of QSOX 

proteins and do not possess any known homologs outside of the QSOX family.  QHZ 5, 6 and 7 

contain the ERV-like domain, which is also involved in disulfide bond catalysis. Adapted from 

Coppock D.L. et al. (1998) Genomics (58). 
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2.4.5 QSOX Activity 

     Disulfide bond formation proceeds via an oxidation reaction where two electrons are  

removed. Sulfhydryl oxidases catalyze disulfide bond formation by the reduction of oxygen to 

hydrogen peroxide.  The reaction equation is as follows: 

2PSH + O2 → P-S-S-P + H2O2   (53) 

Essentially, a reduced protein substrate reduces the redox-active disulfide within QSOX.  This is 

followed by a redox step that generates a reduced flavin species.  The final electron acceptor is 

oxygen, which becomes reduced to hydrogen peroxide (53).   

     The reduction reaction occurring in avian QSOX has been further investigated.  The best 

known small molecular weight substrate for avian QSOX is dithiothreitol (DTT) (53)  which 

itself contains two thiol groups that have a high propensity to be oxidized.  The reaction would 

proceed as follows as follows (Figure 2-5):  (53) 

1. DTT reduces the redox-active disulfide bridge to generate the species EH2
A
; 

2. Flavin is reduced to generate  EH2
B  

(rate limiting step); 

3. Reduced flavin can then be reoxidized by dioxygen to generate the oxidized form of the 

enzyme as well as hydrogen peroxide  (1-3 – simplest catalytic cycle); 

4. The enzyme can be reduced again by DTT.  This generates a four electron reduced species 

(EH4); 

5. EH4 is rapidly reoxidized to EH2
A
.  

Step 2 is the rate limiting step of the overall reaction (53).  In addition, steps 1 through 3 

represent the simplest catalytic cycle of the reaction (53).  The concentrations of oxygen and thiol 

present determine whether or not the reaction proceeds to steps 3 or 4 (53). 
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Figure 2-5.  Avian QSOX oxidation of DTT. First, reduced DTT becomes oxidized (step 1); this 

occurs via the reduction of the redox-active disulfide bridge in QSOX.  The result is the 

generation of the species EH2
A
.  Next, flavin is reduced to generate the species EH2

B
 (step 2).  

This is the rate limiting step of the reaction.  The reduced flavin may then be oxidized by oxygen, 

which becomes reduced to hydrogen peroxide (step 3). This would represent the simplest 

catalytic cycle of the reaction.  However, QSOX may be reduced again by DTT to generate the 

species EH4  (step 4); this would then be rapidly reoxidized to Eox  (step 5).  Adapted from Thorpe 

et al. (2002) Arch. Biochem. Biophys (53). 
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2.4.6 Potential Role for QSOX in Vivo  

     Although the precise role that QSOX plays in vivo remains to be determined, several functions 

have been proposed based on its relative abundance and substrate specificity.  Data regarding 

expression levels of Q6 in fibroblasts have allowed for some speculation as to the role of this 

enzyme.  The proteins were named quiescins as experiments on human lung fibroblast cells found 

that their gene expression level was much higher in the quiescent rather than the proliferative 

phase of the cell cycle (59).  In this regard, Q6 derived its name from the fact that it was the 6
th
 

gene product found to be increased in expression upon quiescence induction (58).  Quiescence 

can be induced in cell cultures by either a high cell density or by serum deprivation (59).  Q6 

gene expression was found to be highest when cells became very dense prior to entry into the 

quiescent phase, suggesting that its expression could be triggered by cell-to-cell contact (59).  

     The pattern of Q6 gene expression was found to closely resemble that of the extracellular 

matrix protein decorin as basal levels of both decorin and QSOX gene expression increase 

exponentially upon induction of quiescence (59).  Decorin is a proteoglycan that interacts with 

collagen in the extracellular matrix;  its overexpression is known to inhibit cell proliferation (68).  

Decorin gene expression increased in experiments where cells were dissociated from the 

substratum (68).  This increase in gene expression was also observed in the case of QSOX, which 

led to theories regarding the role of Q6 in the extracellular matrix (68).  Specifically, it was 

postulated that the QSOX proteins may play a role in cell detachment.  Finally, it was observed 

that QSOX expression also increased when transcription was blocked, suggesting the existence of 

a posttranslational mechanism able to upregulate their expression (59).  QSOX may thus play a 

role in the cell cycle or in attachement of fibroblasts to the extracellular matrix (59). 

     Experiments done on QSOX obtained from chicken egg whites, which bears an average of 

64% amino acid identity to Q6 (69)  have provided further insight into the potential physiological 
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role for this intriguing family of enzymes.   However, unlike the monomeric human QSOX, the 

avian version exists as a dimer and thus may function via a slightly different mechanism (70).   It 

was found that avian QSOX could introduce disulfide bonds into insulin A and B chains, 

lysozyme, ovalbumin, riboflavin-binding protein and RNase (69).  The enzyme oxidizes these 

substrates in vitro with up to 100-fold increased catalytic efficiency compared to glutathione (69).  

The  Km values of the avian oxidase were found to be between
 
110 and 330 µM/protein thiol, 

while the Km for glutathione was found to be 20 mM (69).  Glutathione was thus ruled out as a 

substrate for QSOX (69).  In addition, it was observed that avian QSOX is capable of oxidizing 

reduced PDI (69).  This suggests that QSOX could cooperate physiologically with PDI  (69); this 

could occur during oxidative protein folding in the endoplasmic reticulum.       

     High expression levels of QSOX have also been detected in epithelial cells at the luminal 

secretory surface where disulfide-containing peptides are secreted, as well as in the islets of 

Langerhans where insulin is produced (53).  QSOX may therefore play a role in peptide folding 

in the intestine.  QSOX also appears to be expressed at higher levels in several human 

insulinomas (53).  Thus a role in insulin folding has also been proposed for QSOX.   
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Chapter 3 

Experimental Procedures 

3.1 Identification of QSOX in Cell Lines 

     Experiments were performed to identify the presence of QSOX in various cell lines.  The 

following cell lines were used: WI38 (human lung fibroblasts, ATTC CCL-75) as a positive 

control, CHO (Chinese hamster ovary, ATCC CCL-61) as a negative control, 293 (human 

embryonic kidney, Graham et al. 1977) and HepG2 (human hepatoma, ATCC HB-8065).   

3.1.1 Cell Culture Maintenance 

     WI38 Cells were cultured in the presence of Eagle’s Minimum Essential Medium (ATCC 30-

2003) supplemented with 10% Fetal Calf Serum (FBS) (ATCC 30-3032) and 1% antibiotic (ab) 

(Gibco MT 30-004-Cl).   CHO Cells were cultured in the presence of Minimum Essential 

Medium Alpha (Gibco 12000-022) supplemented with 10% FBS (Hyclone  SH30396.03) and 1% 

ab (Gibco).  HepG2 cells were cultured in Minimum Essential Medium (Gibco 61100-087) in the 

presence of 10% FBS (ATCC) and 1% ab (Gibco).  HEK 293 cells were cultured in the presence 

5% FBS (Hyclone) and 1% ab (Gibco). 

3.1.2 Oxidase Activity Assays 

     An oxidase activity assay developed by Dr. Colin Thorpe (University of Delaware) for the 

detection of QSOX was adapted for use in our study (Figure 3-1).  Cells were grown to 95% 

confluence, at which time they were washed twice with 5 mL PBS and incubated in 6 mL clear 

MEM (Gibco; Cat. No. 51200).  After 18 hours, medium was extracted, spun (1000 g, 5 min) and 

stored at -20°C.   Cells were washed twice with 2 mL PBS and lysis solution (3 M Tris, 5 M 

NaCl, 0.5 M EDTA, 1% Triton X 100, 20% SDS, 100 mM PMSF) was applied and cells were left 
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for 10 min on a shaker. Cell lysates were then extracted and spun at 15000 rpm for 5 min.  

Supernatants were removed and subjected to a BCA assay (Pierce, Cat. No. 23223; Cat.No. 

23224) to determine total protein content of each cell lysate.  Serial dilutions of BSA (Pierce) 

were used as standards.   

     A Corning 96 well plate (Cat. No. 3368) was coated with 3 mM DTT.  180 µl of clear medium 

(see above) was then added to various wells and oxidation was allowed to proceed.  Reactions 

were stopped at various time intervals up to 2 h with the addition of 10 mM 5, 5'-dithiobis-(2-

nitrobenzoic acid) (DTNB).  Absorbance was checked at 490 nm and plotted as a function of 

time.  A decrease in absorbance was indicative of increased oxidase activity. 

     The initial slope of the graph was then used to determine the rate of OD change over time.    

This value was then normalized for total protein content in each sample with data obtained from 

BCA protein assays of each cell lysate (see above).  Resulting values were then plotted as OD 

change/min/µg protein.  The rate of oxidase activity in HepG2-CM was set as a standard and each 

rate was plotted relative to that present in HepG2-CM.   
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Figure 3-1.  Oxidase activity assay to detect QSOX activity in conditioned medium from cell 

lines.  Panel A: 96-well plate is coated with 3 mM DTT; 180 µl of conditioned medium is added 

and oxidation of DTT is allowed to proceed.  The reaction is stopped at various time intervals by 

the addition of 10 mM DTNB (Ellman’s Reagent). Abosrbance is measured at 490 nm.  A 

decrease in yellow colour is indicative of increased oxidase activity. 

Panel B: Ellman’s reagent reacts with DTT to produce a disulfide-bridge containing molecule.  

Upon oxidation, a thiolate group is released, which is responsible for the characteristic yellow 

colour.   
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3.1.3 RT-PCR of QSOX Fragment 

         RNA was extracted from cell lines using an RNeasy Mini Kit (Qiagen 74104) following the 

manufacturer’s instructions.  A pair of primers was obtained form Cortec which corresponded to 

the sequences 5’CTGGACTGTGCTGAGGAGACC-3’ and 5’-

AAAGATCAGAGCCAGGTACTC-3’.  2 ug of RNA was mixed with the components of the 

Qiagen One-Step RT-PCR kit (Cat. No. 210210) as suggested by manufacturer and subject to 

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) using an eppendorf thermocycler to 

amplify a 288 base pair fragment.  The reverse transcription reaction was carried out using 2 ug at 

50°C for 30 min and 95°C for 15 min.  The thermocycling parameters to follow were 40 cycles at 

94°C for 1 min, 57°C for 1 min, 72°C for 1 min, followed by a final cycle at 72°C for 10 min.  

RT-PCR products were then precipitated by addition of 5 ul 3M NaOAc and 100 ul absolute 

ethanol.   Tubes were placed in -70°C for 30 min, followed by centrifugation at 15,000 rpm for 5 

min.  Supernatant was aspirated and pellet was allowed to air dry for 5 min.  Samples were then 

resuspended in mixture containing T4 DNA polymerase (Invitrogen Cat. No. 15224-041), to 

produce blunt-ended DNA fragments.  Mixture was left at 14°C for 15 min.  20 ul of reaction was 

analyzed on 0.8% agarose gel and bands were cut out.  DNA was isolated from gel using 

GeneClean III Kit (Cat. No. 1001-600) as suggested by the manufacturer.   The 288 base pair 

fragments were then inserted into pBluescript SK
+
 (Stratagene) linearized with EcoRV (New 

England Biolabs Cat. No. R0195S) and the resultant clones were subjected to DNA sequence 

analysis (Cortec) to confirm their identity to the published Q6 cDNA sequence. 

 

3.1.4 Real-Time RT-PCR of QSOX Fragments 

     RNA was extracted from cell lines using an RNeasy Mini Kit (Qiagen) following the 

manufacturer’s instructions.  Following RNA extraction, an additional DNase digestion was 
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performed as recommended by the manufacturer.  The OD value for each cell line taken and the 

concentration of RNA from each cell line was determined.  Total RNA from each cell line was 

then diluted to the same concentration.  A pair of primers was obtained form Cortec which 

corresponded to the sequences 5’GCAGATCGCTCCAAGATCTACA-3’ and 5’-

GGAACCTGCCCACTTCTATCC-3.  In addition, a probe was obtained which contained the 

sequence 6FAM – CTGACCTGGAATCTGCACTGCACTACATCC -MGBNFQ.   100 ng of 

RNA from each cell line was mixed with the components of a One-Step RT-PCR kit (ABI) as 

suggested by manufacturer and subject to real-time RT-PCR using an Applied Biosystems Prism 

7300 instrument.  The reverse transcription reaction was carried out using 100 ng of RNA at 48°C 

for 30 min and 95°C for 10 min.  The thermocycling parameters to follow were 40 cycles at 95°C 

for 1 min.   

3.2 Lp(a) Assembly Assays 

    Lp(a) assembly assays were performed as previously described by Becker et. al. (2).   

3.2.1 LDL Purification 

     LDL was purified by density centrifugation from plasma of a fasting normolipidemic donor as 

previously described.  (71)  Blood was collected into EDTA at a final concentration of 10 mM.  

Plasma was isolated by centrifugation at 2500 rpm for 20 min.  LDL was purified from the 1.02 

g·mL
-1

 < d < 1.063 g·mL
-1

 plasma density range fraction by density centrifugation, supplemented 

with 1 mM PMSF, and dialyzed in 4L of HBS buffer (20mM HEPES, 0.15M NaCl, pH 7.4) 

overnight.  The protein concentration was determined by a BCA assay.  Purified LDL was stored 

at 4 C for no longer than 4 days prior to use.  
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3.2.2 Metabolic Labeling of HEK 293 Cells Stably Expressing 17K r-apo(a) Variant 

     HEK 293 cells had previously been stably transfected with a plasmid encoding 17K r-apo(a).  

Cells were cultured and grown to 70% confluence.  At this time, the cells were washed with 6 mL 

Cys-/Met-DMEM (ICN) and incubated with this medium for 1 h at 37 C. The medium was 

replaced with 6 mL of fresh 
Cys-/Met-

DMEM containing 300 µCi Tran
35

S label (ICN), and 

radiolabeled apo(a) was allowed to accumulate overnight. At this time, the CM was collected, 

pooled and briefly clarified by low speed centrifugation (5 min at 2000 rpm). 

 

3.2.3 Preparation of Conditioned Medium from HEK 293 Cells 

     HEK 293 cells were cultured in the presence of minimal essential medium (MEM; Invitrogen) 

supplemented with 5% fetal bovine serum (FBS; Sigma). Cells, grown to confluence in 100 mm 

dishes were washed with PBS in order to remove residual serum proteins and then incubated with 

10 mL of clear, serum-free MEM (Gibco). Secreted proteins were allowed to accumulate in the 

CM for 24 h at 37 C. At this time, the CM was collected, pooled and briefly clarified by low 

speed centrifugation (5 min at 1000g), and supplemented with PMSF (1 mM).  The material is 

hereafter referred to as 293-CM.  In some experiments, ethylenediaminetetraacetic acid (EDTA) 

was added to 293-CM at final concentrations of 10 nM to 5 mM.   

     In some experiments, 293-CM was dialyzed (3.5 kDa cutoff) against 4L of HBS for 2 h at 

4°C.  The medium was then supplemented, in a dose-dependent manner, with one of the 

following: purified QSOX, Copper, calcium, glutathione, or dithiothreitol (DTT).  Lp(a) assembly 

assays supplemented with QSOX were carried out in 293-CM containing 50 mM phosphate 

buffer pH 7.0.  Purified bovine QSOX (obtained from Dr. Thorpe; University of Delaware) was 

added in final concentrations of 10 nM, 50 nM or 100 nM;   
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Copper was supplemented into dialyzed 293-CM in final concentrations of 20 nM to 2 µM; 

calcium was supplemented into dialyzed 293-CM at final concentrations of 10 µM to 1 mM; 

glutathione was supplemented into dialyzed 293-CM, in a mixture of the oxidized and reduced 

forms, at final concentrations of 10 µM to 1 mM; DTT was added to dialyzed 293-CM at final 

concentrations of 10 µM to 5 mM.   

3.2.4 Assessment of Covalent Lp(a) Particle Formation in 293-CM 

     Experiments were carried out as previously described by Becker et. al. (2), with the following 

modifications:  HEK 293 cells had previously been stably transfected with a plasmid encoding the 

17K r-apo(a) variant.    293-CM was incubated with 100 nM purified LDL for variable lengths of 

time.  At selected time points, the reactions were stopped by the addition of ε-aminocaproic acid 

(ε-ACA) to a final concentration of 200 mM.  The samples were immunoprecipitated with 1 µg of 

sheep anti-Lp(a) polyclonal antibody (Affinity Biologicals) and re-suspended in 2X Laemmli 

sample buffer (72).  Covalent Lp(a) complexes were separated from apo(a) by SDS-PAGE on 5% 

polyacrylamide gels under nonreducing conditions.  The gels were then incubated in fixing 

solution as well as development solution (Amersham Life Sciences), dried and exposed to a 

phosphor-imager screen (Bio-Rad).  The image on the screen was developed on a molecular 

imager FX (Bio-Rad) and bands were quatified using Quantity One densitometry software 

(Version 4.0.1). Lp(a) assembly was assessed at each time interval by using the following 

formula: FLp(a) = SLp(a) / (SLp(a) + Sapo(a)) x 100, where FLp(a), SLp(a), Sapo(a) represent Lp(a) formed and 

the signals for Lp(a) and free apo(a), respectively.     
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Chapter 4 

Results 

4.1 Detection of QSOX in Cultured Cell Lines 

4.1.1Oxidase Activity Assay to Detect Presence of QSOX Activity in Cultured Cell Lines 

     Previous studies from our laboratory have demonstrated that an oxidase activity is present in 

the conditioned medium (CM) of the HepG2 and 293 cell lines that catalyzes the covalent 

assembly of Lp(a) particles. Based on the description of QSOX as a secreted oxidase enzyme 

capable of catalyzing disulfide bond formation, we have investigated QSOX as a candidate for 

the identity of the Lp(a) oxidase. An oxidase activity assay that had been developed by Dr. Colin 

Thorpe at the University of Delaware was adapted to determine the relative levels of oxidase 

activity in HepG2, 293, WI38 and CHO cell lines. DTT was used as a substrate and incubated in 

CM extracted from each cell line of interest. The reaction was stopped at various times with the 

addition of Ellman’s reagent, which detects remaining reduced sufhydryls in DTT. At each time 

interval, the absorbance of the reaction at 490 nm was measured; a decrease in absorbance is 

indicative in oxidase activity (Figure 4-1-1 Panel A).   

     The W138 cell line has been described by Dr. Thorpe’s group as having a high expression 

level of QSOX, and as such we have employed it as a positive control cell line. Indeed, CM 

harvested from the WI38 cell line displayed the greatest level of oxidase activity of all the lines 

tested.  Conversely, the CHO cell line has been described as having no endogenous sulfhydryl 

oxidase secretion (73), and we have therefore employed it as a negative control cell line. 

Accordingly, CHO cell CM displayed the least decrease in absorbance.  The HepG2 and 293 cell 

lines both exhibited similar levels of oxidase activity. Although the slopes of the curves for the 
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HepG2 and 293 cell lines were clearly greater than that for the CHO cell line, the amounts of 

QSOX activity were considerable lower than for the W138 cell line.  

     When normalized for the total protein content in each cell line, the oxidase activity was almost 

15-fold higher in the positive control WI38 cell line (Fig. 4-1-1B).  Meanwhile, the relative 

oxidase activity in the HepG2, 293 and CHO cell lines appeared to be comparable at about 1 OD 

change/minute/µg protein (Fig. 4-1-1C).   
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Figure 4-1-1.  Oxidase Actvity Assays in Cell Lines.  Panel a: A 96 well plate was coated with 3 

nM DTNB followed by the addition of 180 µl of conditioned  medium from cell lines of interest.  

Reactions were stopped at various time intervals by addition of 10 mM Ellman’s reagent.  The 

assay was used to determine relative levels of QSOX in medium from the following cell lines:  

WI38 (◊)(positive control), CHO (■) (negative control), HepG2 (▲), and 293 (■).  Graph is 

representative of a single experiment. 

Panel b: Oxidase activity in medium from cell lines was normalized for total cellular protein.  

Data were used from Figure 4-1-1(a) to determine slope of OD change for first 90 minutes of the 

reaction.  Values were divided by total cellular protein content from each sample, which had 

previously been determined using a BSA assay.  Oxidase activity was normalized for total 

cellular content in the following cell lines.  WI38 (■), CHO (■), HepG2 (■) and 293 (■). Each 

value represents the average of three independent experiments + SD. 

Panel c: Representation of same values as in panel B with the omission of WI38. 
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4.1.2 RT-PCR of QSOX Fragments in Each Cell Line 

     A 280 bp fragment corresponding to sequences present in both the short and long QSOX 

isoforms was amplified in each cell line of interest. Products were then analyzed on 0.8% agarose 

gel (Figure 4-1-2). A fragment of the correct size was identified in each of the cell lines, 

including the supposed negative control CHO cell line. 

     Cloned PCR fragments corresponding to each cell line were subjected to DNA sequence 

analysis. Sequencing data are displayed in Figure 4-1-3. DNA sequences in the 280 bp region of 

interest displayed 100% identity among the positive control WI38 cell line and the HepG2 and 

293 cell lines. This confirmed that the HepG2 and 293 cell lines produce QSOX transcript.  

Moreover, the sequence in the negative control CHO cell line displayed 80.25% sequence identity 

to the positive control WI38 cell line.  Translation of the DNA sequences found in CHO and 

WI38 cells revealed an amino acid sequence that displayed about 70% identity to the QSOX 

sequence found in WI38 cells (Figure 4-1-4).  
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Figure 4-1-2. RT-PCR results obtained from amplification of a QSOX fragments in four different 

cell lines.  RNA was extracted from cell lines using an RNeasy Mini Kit (QIAgen) following the 

manufacturer’s instructions. Reverse transcriptase-polymerase chain reaction (RT-PCR) was 

carried out using the QIAgen One-Step RT-PCR kit.  RT-PCR products were resolved by 0.8% 

agarose gel electrophoresis and visualized by ethidium bromide staining.  An expected fragment 

of 280 base pairs (present in both the short and long QSOX isoform) was amplified from WI38, 

CHO, HepG2 and 293 cell lines. Lanes one and two from the left contain 10 kb and 1kb DNA 

ladders, respectively (New England Biologicals). 
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Figure 4-1-3.  Sequence alignment of QSOX DNA fragments obtained from various cell 

lines.  Fragments from WI38, CHO, HepG2 and 293 cell lines were obtained with use of 

RT-PCR (Figure 4-1-2). DNA was then subcloned into pC7BG and sent to Cortec DNA 

Service Laboratories for sequencing. DNA sequence from HepG2 and 293 cell lines 

displayed 100% identity to the sequence in WI38 (positive control).  DNA obtained from 

the CHO cell line displayed 80.25% sequence identity to the remaining sequences.   

 

 

WI38 1 LDCAEETNSAVCRDFNIPGFPTVRFFKAFTKNGSGAVFPVAGADVQTLRERLIDALESHH 

       |||. |||.||||||||.|||||||||||. |||| .:|||:|.|:||| :||||||||  

CHO  1  LDCVXETNTAVCRDFNISGFPTVRFFKAFSXNGSGITLPVADASVETLRRKLIDALESHS 

WI38 61 DTWPPACPPLEPAKLEEIDGFFAXNNEEYLALIF 

        | |... | |.|||| ||::||| .||||||||: 

CHO  61 DMWSSSRPXLKPAKLVEINEFFAETNEEYLALIL 

Figure 4-1-4. Amino acid sequence alignment of QSOX fragments present in WI38 and 

CHO cell lines.  DNAMAN program (Lynnon v.4.1) was used to translate the QSOX DNA 

sequences in WI38 and CHO cells.  Resulting sequences displayed 70.21% amino acid 

identity (66/94 residues) to each other.  
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4.1.3 Real-Time RT-PCR of QSOX Fragments in Each Cell Line 

     Real-time RT was performed to determine relative levels of QSOX transcript in each cell line 

of interest. Data for CHO cell line was not obtained as it was shown to not necessarily be an 

adequate negative control.  The HepG2 cell line was used as a standard, and relative quantities in 

293 and WI38 cell lines were compared (Figure 4-1-5). Transcript amounts in the positive control 

WI38 cell line appeared to be about 150-fold higher than those detected in the remaining cell 

lines.  Meanwhile, similar levels of transcript abundance were observed in both in HepG2 and 

cell lines 293 cell lines.  
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Figure 4-1-5.  Relative abundance of QSOX transcript in cell lines as determined by real-

time RT-PCR.  Real-time RT-PCR was employed to amplify a sequence present in both 

short and long isoforms of QSOX in the following cell lines: WI38 (■), HepG2 (■) and 

293 (■).   Once the RNA was extracted from each cell type, the O.D. was taken and the 

concentration was determined.  RNA from each sample was then diluted to the same 

concentration so that 100 ng of RNA was used in each real-time RT-PCR reaction.  

HepG2 cells were used as a standard and RNA abundance was set to one.  RNA 

abundance in WI38 and 293 cell lines was measured relative to the HepG2 value.   
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4.2 Lp(a) Assembly Assays 

4.2.1 Covalent Lp(a) Assembly in 293-CM 

     HEK 293 cells stably expressing a recombinant 17K apo(a) variant were metabolically labeled 

with 
35

S and incubated for 24 hours. Conditioned medium was then harvested and 
35

S-17K was 

used to measure the extent of Lp(a) assembly over 8 hours. At time intervals 0, 2 and 8 hours the 

reaction was stopped with the addition of 0.2 M ε-ACA, after which the extent of Lp(a) formation 

was determined. The amount of 
35

S-17K incorporated into Lp(a) particles increased from 0% to 

60% after 8 hours (Figure 4-2-1A). 

     Conditioned medium from HEK 293 cells containing metabolically labeled 
35

S-17K was 

subjected to dialysis using tubing with a 3.5 kDa cutoff, in HBS pH 7.4 for a period of 2 hours at 

4°C. Dialyzed medium was then supplemented with 100 nM LDL and Lp(a) assembly was 

monitored over an 8 hour period. After 8 hours the amount of 
35

S-17K incorporated into Lp(a) 

had decreased to 20% (Figure 4-2-1 Panel B). This suggests that the oxidase activity observed in 

293-CM likely requires a small molecular cofactor that is lost upon dialysis. 
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Figure 4-2-1. Assessment of Lp(a) assembly in conditioned medium from  HEK 293 cells 

which has been dialyzed.  HEK 293 cells stably expressing a 17K r-apo(a) variant were 

labeled with 
35

S-Cys/Met. Medium was harvested after 24 hours and then dialyzed against 

HBS for 2 hours at 4°C.  Medium was then supplemented with 100 nM LDL.  Samples were 

then incubated at 37°C and Lp(a) assembly was stopped at various times up to 8 hours by the 

addition of the lysine analogue ε-ACA (to 200 mM). The samples were immunoprecipitated 

with 1 µg of a sheep anti-apo(a) polyclonal antibody and re-suspended in 2X Laemmli 

sample buffer. Covalent Lp(a) complexes formed were separated from free apo(a) by SDS-

PAGE on a 5% polyacrylamide gel under non-reducing conditions. The gels were then fixed, 

dried and exposed to a phosphor-imager screen. Lp(a) assembly was assessed at each time 

interval by using the following formula: FLp(a) = SLp(a) / (SLp(a) + Sapo(a)) x 100, where FLp(a), 

SLp(a), Sapo(a) represents the fraction of the apo(a) that was present as  Lp(a), and the band 

intensities for Lp(a) and free apo(a), respectively. The relative abundance of free apo(a) (◊) 

and Lp(a) (■) were then plotted at each time interval. Each value represents the average of 

three independent experiments + SD. Panels represent the aforementioned Lp(a) assembly 

assays carried out in normal medium  (A) and dialyzed medium (B).  
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     Conditioned medium from HEK 293 cells was harvested and 
35

S-17K was purified over a 

lysine-sepharose column. The purified 
35

S-17K was then added to 100 nM LDL and Lp(a) 

assembly was measured over an 8 hour period. No Lp(a) formation was observed (Figure 4-2-2). 

 

 

     Lp(a) assembly assays were performed as described above in 293-CM containing 
35

S-17K 

which had been supplemented with different doses of EDTA, ranging from 10 nM to 100 mM. 

The addition of EDTA did not affect Lp(a) assembly, suggesting that the Lp(a) oxidase activity is 

not metal-dependent (Figure 4-2-3). 

     Experiments were carried out as described above involving Lp(a) assembly in 293-CM that 

had been dialyzed and then supplemented with 10 nM, 50 nM, or 100 nM purified bovine QSOX.  

After 8 hours, the fraction of apo(a) molecules incorporated into Lp(a) ranged between 30 and 

40% (Figure 4-2-4). This represented up to a 20% increase from the extent of Lp(a) assembly in 

dialyzed medium lacking added QSOX, suggesting some role for QSOX in catalysis of covalent 

Lp(a) assembly.  

Experiments were then performed to try to determine the identity of the component that was lost 

upon dialysis. First, Lp(a) assembly assays were carried out in which dialyzed 293-CM had been 

supplemented with flavin adenine nucleotide (FAD) in concentrations ranging from 1 µM to 1 

 

Figure 4-2-2.  Lp(a) Assembly Assay in HBS.  Conditioned medium from HEK 293 cells 

was harvested and 
35

S-17K was purified over a lysine-sepharose column. The purified 
35

S-17K was then added to 100 nM LDL in the presence of HBS and Lp(a) assembly was 

measured over an 8 hour period.  
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mM (Figure 4-2-5).  After 8 hours, the amount of apo(a) particles that had been incorporated into 

Lp(a) remained around 20%, indicating that FAD was not the component which was lost upon 

dialysis. 

     In further experiments, dialyzed 293-CM was supplemented with 100 nM purified LDL, in 

addition to one of the following:  DTT, glutathione, calcium (Ca
2+

) or copper (Cu
2+

).  DTT was 

added in different concentrations ranging from 10 nM to 1 mM.  The addition of  DTT did not 

appear to affect the rate of Lp(a) assembly.  After 8 hours, about 20% of apo(a) had been 

incorporated into Lp(a) molecules (Figure 4-2-6). Upon the addition of a mixture of reduced and 

oxidized glutathione to dialyzed 293-CM, an increase in Lp(a) assembly was observed (Figure 4-

2-7). After 8 hours, the amount of apo(a) that had been incorporated into Lp(a) ranged between 

30 and 40% with a slight increase in assembly in the sample containing 1mM glutathione. No 

increase in Lp(a) assembly was observed relative to that observed in dialyzed medium lacking 

supplementation, following the addition of Ca
2+

 (Figure 4-2-8) or Cu
2+

 (Figure 4-2-9). 

     Figure 4-2-10 summarizes the relative extent of Lp(a) assembly after 8 hours from each 

assembly assay.  
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Figure 4-2-3. Assessment of Lp(a) assembly in conditioned medium from 293 cells which had 

been supplemented with increasing concentrations of EDTA.  Experiments were carried out as 

previously described.  Panels represent Lp(a) assembly assays carried out in the presence of 10 

nM EDTA (a), 500 nM (b), 500 µM  (c) and 5 mM (d). Panel E is a graphical representation of 

%Lp(a) formed after 8 hours at each concentration of EDTA.   
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Figure 4-2-4. Assessment of Lp(a) assembly in conditioned medium from 293 cells which 

had been supplemented with increasing concentrations of QSOX.  Experiments were carried 

out as previously described.   Panels represent the aforementioned Lp(a) assembly assays 

carried out in the presence of 100 nM  (A), 50 nM (B) and 10 nM of  Bovine QSOX (C).  
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Figure 4-2-5. Assessment of Lp(a) assembly in conditioned medium from 293 cells which 

had been supplemented with increasing concentrations of FAD. Experiments were carried 

out as previously described. Panels represent the aforementioned Lp(a) assembly assays 

carried out in the presence of 1 mM FAD (A), 100 µM FAD (B) and 1 µM FAD (C). 
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Figure 4-2-6.  Assessment of Lp(a) assembly in conditioned medium from 293 cells 

which had been supplemented with increasing concentrations of DTT. Experiments were 

carried out as previously described. Panels represent the aforementioned Lp(a) assembly 

assays carried out in the presence of 1 mM DTT (A), 100 µM DTT (B) and 1 µM DTT 

(C).   
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Figure 4-2-7.  Assessment of Lp(a) assembly in conditioned medium from 293 cells which 

had been supplemented with increasing concentrations of glutathione. Experiments were 

carried out as previously described. Panels represent the aforementioned Lp(a) assembly 

assays carried out in the presence of 1 mM  (A), 100 µM (B) and 1 µM of glutathione (C). 
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Figure 4-2-8.  Assessment of Lp(a) assembly in conditioned medium from 293 cells which 

had been supplemented with increasing concentrations of Ca
+
. Experiments were carried 

out as previously described. Panels represent the aforementioned Lp(a) assembly assays 

carried out in the presence of 1 mM  (A), 100 µM (B) and 1 µM of  Ca
2+

 (C).  
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Figure 4-2-9.  Assessment of Lp(a) assembly in conditioned medium from 293 cells which 

had been supplemented with increasing concentrations of Cu
2+

. Experiments were carried 

out as previously described. Panels represent the aforementioned Lp(a) assembly assays 

carried out in the presence of 2 µM  (A), 200 nM (B) and 20 nM of  Cu
2+

 (C).  
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Figure 4-2-10.  Summary of extent of Lp(a) assembly in dialyzed HEK 293 medium 

supplemented with different compounds after 8 hours as depicted in previous figures.   
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Chapter 5 

Discussion 

     Lipoprotein(a) (Lp(a)) is composed of the plasminogen-like apolipoprotein(a) (apo(a)) moiety 

covalently linked to the apolipoproteinB-100 (apoB-100) component of low density lipoprotein 

(LDL) (8).  The linkage is mediated by a single disulfide bond between the cysteine residue 

present at amino acid 67 in the kringle (K) IV type 9 domain of apo(a) and a cysteine residue near 

the carboxyl-terminus of apoB-100 (8).  

 Lp(a) assembly occurs via a two-step process, the first being a non-covalent interaction 

between weak lysine binding sites found on KIV7 and KIV8, and specific lysine residues on  

apoB-100 of LDL (47).  This step is thought to be necessary for the proper alignment of the 

apo(a) and apoB-100 components so that covalent interaction may then proceed. In the second 

step, a disulfide bridge is formed between apo(a) and apoB-100.  However, there are conflicting 

data regarding the identity of the cysteine residue in the latter molecule (43, 74, 75). 

     Lp(a) assembly occurs extracellularly upon secretion of apo(a) from hepatocytes (8).  In vitro, 

apoB-containing lipoprotein that can covalently link with apo(a) include exogenously added LDL 

purified from human plasma or the relatively triglyceride-poor LDL-like particles secreted by 

HepG2 cells (2, 8).  In vivo, the particle secreted from hepatocytes is in fact very low density 

lipoprotein (VLDL), and it is not clear if apo(a) links to this species or to circulating LDL to form 

Lp(a) particles. Notably, Lp(a) levels do not relate to either the concentrations of LDL or VLDL.  

Assembly of Lp(a) from purified apo(a) and LDL is relatively inefficient, which is in contrast to 

the very low concentration of free apo(a) observed in human plasma (2).  This suggests either 

efficient clearance of free apo(a) from plasma in vivo or the presence of an enzyme that 

accelerates Lp(a) assembly in the plasma milieu. In experiments motivated by this paradox, 
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Becker et al.  identified a putative oxidase activity in the conditioned medium of HepG2 and 

HEK293 cells that enhanced the rate of covalent Lp(a) formation (2). Boiling of CM, as well as 

dialysis through a 5 kDa cutoff, appeared to diminish this oxidase activity. This suggested that the 

oxidase activity was likely a protein that was denatured upon boiling and which required a small 

molecule cofactor that was lost upon dialysis (2).  Initially, it was proposed that the secreted 

protein disulfide isomerase (PDI) was responsible for this oxidase activity, as it is present in both 

HepG2 and HEK293-CM, and is known to catalyze disulfide bond formation. However, 

immunodepletion of PDI from HepG2-CM did not appear to decrease oxidase activity, hence 

eliminating PDI as a potential candidate (2). 

 Although PDI does not appear to play a role in Lp(a) assembly, several PDI-like enzymes 

are known that could be assessed for Lp(a) oxidase activity (76). One interesting candidate is 

Quiescin sulfhydryl oxidase (QSOX).  This enzyme, which requires a small molecule cofactor, is 

present in a number of different human cell types and is capable of catalyzing disulfide bond 

formation extracellularly (77).  However, the identity of the physiological substrate(s) of QSOX 

remains unknown. Further, the ability of QSOX to catalyze intermolecular disulfide bond 

formation has not been explored.    

 We therefore decided to examine the levels of QSOX activity and expression in the cell 

lines we had previously detected Lp(a) oxidase activity in. First, CM from HepG2 and HEK293 

CM was tested for oxidase activity. An oxidase activity assay used to test oxidase activity in CM 

samples from each cell line.  CM obtained from WI38 and CHO cell lines was used as positive 

and negative controls, respectively.  DTT was used as a substrate and each reaction was stopped 

by the addition of DTNB (Ellman’s reagent). CM from the WI38 cell line displayed the greatest 

oxidase activity, while CM from CHO cell line displayed the least oxidase activity. CM from 

HepG2 and HEK293 cell lines displayed oxidase activity that was slightly greater than the 
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negative control CHO-CM but much lower than the oxidase activity observed in the positive 

control WI38-CM.  Normalization of oxidase activity for total cellular protein yielded oxidase 

activity that was comparable for the HepG2-CM, HEK293-CM as well as for the CHO-CM. 

Meanwhile, the oxidase activity for WI38-CM was about 50-fold higher than in the remaining 

cell lines.      

     The origin of the QSOX gene can be traced back 1.6 billion years and predates the division of 

plants and animals (53).  A comparison of QSOX sequences shows high variability among 

species, suggesting that QSOX has evolved to allow differential regulation in different species 

and cell types (53).  In addition, QSOX has been found to catalyze the oxidation of a number of 

different substrates in vitro (19).  Hence, the role played by QSOX in quiescent fibroblasts may 

differ from its role upon secretion from hepatocytes.  It may not be necessary for the enzyme to 

be present in such high concentrations for catalysis of Lp(a) as has been observed in fibroblasts.       

 In order to confirm that the measured oxidase activiy was in fact attributable to QSOX, 

RT-PCR was performed to test for the presence of QSOX transcript in each cell line. A fragment 

present in both the short and long QSOX isoforms was identified in all four cell lines, including 

the negative control CHO cells. Cloning and sequencing of the respective PCR products 

confirmed their identity as QSOX cDNA. Thus, each cell line could transcribe QSOX RNA. 

Real-time RT-PCR was performed to quantify the relative abundance of QSOX transcript in each 

cell line. HepG2 and 293 cell lines displayed similar abundance of QSOX transcript. Meanwhile, 

the WI38 sample displayed a QSOX transcript abundance that was 150-fold greater than the other 

two cell lines. We elected not to test the CHO cell line as it displayed a similar level of QSOX 

activity to the HepG2 and HEK293 cell lines. The next step would have been to test for QSOX 

protein in CM from each cell line, with the use of western blotting. However, this was not 

possible due to the unavailability of a QSOX antibody. Nonetheless, our findings to date indicate 
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that HepG2 and HEK293 cells do express a secreted oxidase activity. Furthermore, considering 

the relative levels of enzyme activity and QSOX mRNA in these two cell lines compared to 

W138, it appears that the oxidase activity is accounted for by QSOX. 

 Our work thus far has left unanswered the question of whether the Lp(a) oxidase activity 

in HepG2 and HEK293 CM is in fact QSOX. It will be necessary to assess if the elevated QSOX 

activity and mRNA in W138 cells relative to HepG2 and HEK293 cells is paralleled by a 

corresponding elevation in the level of Lp(a) oxidase activity. If there was substantially greater 

Lp(a) oxidase activity in W138 CM, this would be very powerful evidence that QSOX in fact is 

the Lp(a) oxidase. Indeed, we have demonstrated that adding purified QSOX to dialyzed HEK293 

CM results in enhanced Lp(a) assembly (Figure 4-2-4).   

 Based on work previously done in the Koschinsky lab (2), a series of Lp(a) assembly 

assays were performed to further characterize the Lp(a)-catalyzing oxidase activity found in 

HEK293-CM. First, we dialyzed the CM versus HBS pH 7.4 for 2 hours. As was previously 

observed with HepG2 CM (2), this maneuver decreased Lp(a) oxidase activity in the HEK293-

CM to baseline levels (i.e. 20% Lp(a)) particle formation observed after 8 hours). This was 

attributed to a cofactor necessary for Lp(a) catalysis being lost during dialysis. We then 

investigated if addition of the chelating agent EDTA to HEK293-CM could abrogate the Lp(a) 

oxidase activity. The addition of EDTA in concentrations varying from 10 nM to 100 mM to 

Lp(a) assembly assays, and subsequent incubation for up to 8 hours did not appear to affect the 

rate of Lp(a) assembly. The lack of effect by the metal-chelating agent suggests that the oxidase 

activity in HEK293-CM is not metallo-dependent, as EDTA is capable of forming strong 

complexes with divalent and trivalent metal ions. This provides support for the idea that QSOX 

may be responsible for the oxidase activity as the QSOX is flavin-dependent, rather than metallo-

dependent.  
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 Hence, assembly assays were performed with the addition of different concentrations of 

FAD to the dialyzed HEK293-CM. FAD is a cofactor for the human form of QSOX and it was 

considered a potential candidate for the cofactor that was upon dialysis. FAD may exist in a half-

reduced stable radical form (FADH·) or a fully reduced form (FADH2). However, when dialyzed 

medium was supplemented with FAD, Lp(a) assembly did not increase. Flavins are typically 

tightly bound to their enzymes and thus dissociation from QSOX during dialysis would not be 

likely (78).   

 Additional experiments were carried out to determine what component was lost from 

HEK293-CM upon dialysis. Due to the small molecular weight cutoff of the dialysis tubing (3.5 

kDa cutoff), it was hypothesized that dialysis resulted in the loss of a small cofactor or coenzyme 

which associated with the oxidase enzyme during catalysis. Dialyzed HEK293-CM was 

supplemented with 100 nM purified LDL, in addition to one of the following: Ca
2+

, Cu
2+

, DTT, or 

glutathione. Of these, only glutathione measurably increased the rate of Lp(a) assembly. In 

samples containing 1 µM and 100 µM of glutathione, Lp(a) assembly increased to between 30 

and 35% after 8 hours. Meanwhile the extent of Lp(a) assembly increased to between 35 and 40% 

in samples containing 1 mM glutathione. Glutathione is a tripeptide that typically functions as an 

antioxidant within the body. It can exist in a oxidized (GSSG) and reduced state (GSH). The liver 

contains about a 5 mM concentration of glutathione, the majority being maintained in the reduced 

form by the enzyme glutathione reductase (79).  It is possible that glutathione may act as an 

electron acceptor in the oxidation reaction during the formation of covalent Lp(a) molecules. 

Since levels of Lp(a) formation did not return to the 60% after 8 hours seen using undialyzed CM, 

it is possible that glutathione may only be one player involved in catalysis of Lp(a) formation that 

is lost upon dialysis. Conversely, levels of glutathione in the sample may have been too low for 

full Lp(a) catalysis.  
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 Clearly, further work is required to completely characterize the nature of the Lp(a) 

oxidase present in HepG2 and HEK293 CM. In addition to assessing the relative levels of Lp(a) 

oxidase in the CM of cell lines expressing different levels of QSOX, the expression of QSOX in 

the respective cell lines could be knocked down using technology such as siRNA. In addition, the 

ability of purified QSOX to catalyze the assembly of purified apo(a) and LDL (i.e. in the absence 

of dialyzed CM) should be examined. Moreover, we have previously determined that the Lp(a) 

oxidase exhibits ping-pong kinetics. It would be informative to assess if catalysis of Lp(a) 

assembly by QSOX follows these kinetics. The existence of a specific Lp(a) oxidase affords an 

intriguing new target for the development of therapies aimed at lowering plasma Lp(a) 

concentrations by interfering with Lp(a) assembly. 
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