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Abstract 
 
Cardiovascular diseases (CVDs) represent the leading cause of death in 

industrialized countries. Lipoprotein(a) [Lp(a)] is an important, yet novel and 

poorly characterized risk factor for atherosclerotic CVDs in humans, as elevated 

serum levels (>30-50 mg/dl) of this lipoprotein are strongly and causally associated 

to increased CVD risk. This circulating LDL-like lipoprotein carries a peculiar 

glycoprotein, named apolipoprotein(a) [apo(a)]. The fingerprint of Lp(a) is the 

astonishingly high degree of apo(a) size heterogeneity, which mainly depends on 

the genetically determined copy number (1-40 units) of its Kringle IV type 2 (KIV-

2) domain. Interestingly, this number is inversely associated with Lp(a) levels in 

serum and with CVD risk, but, at present, there is no clear explanation for the 

higher pathogenicity of the small apo(a) isoforms compared to their large 

counterparts. 

The research work of my thesis was conceived to address, by a multi-disciplinary 

approach, two open issues, strictly related one to the other, regarding Lp(a) 

heterogeneity: (1) the need for improved research, diagnostic and therapeutic tools 

specific for the study and clinical monitoring of Lp(a), and (2) the need to clarify 

the role of apo(a) size, as determined by the copy number of KIV-2, in 

atherosclerosis pathophysiology. 

For the first aim of the work, production of an anti-KIV-2 mAb in hybridoma 

culture and engineering of its scFv format were carried out, with a good expression 

of the latter obtained in the yeast P. pastoris. KIV-2 single domain and KIV-2-KIV-

2 tandem domains were over-expressed in E. coli and P. pastoris hosts, resulting in 

high yields. Binding of the anti-KIV-2 antibodies to these target antigens was 

demonstrated through immunoblotting, immunoenzymatic assays and gel filtration. 

In surface plasmon resonance, the mAb demonstrated very promising affinity 

properties. Thus, the antibodies here developed will be evaluated as potential key 

tools in systems dedicated to the diagnosis and therapy of hyperlipoproteinemia(a). 

For the second aim of this research, a set of specialized biophysical analyses 

allowed to highlight some isoform-specific properties of Lp(a) that suggested the 

identification of a new, isoform-related, threshold of CVD risk. In parallel, some 

interesting Lp(a)- and isoform-dependent effects on model target cell types were 

detected using an innovative and sensitive real-time in vitro cell analysis. This 

system is relevant to determine anti-Lp(a) antibody interference on Lp(a)-mediated 

biological effects. Preliminary evidence was achieved both on the Lp(a) particle 

structure by negative staining electron microscopy and on crystallization of the 

KIV-2, as a background work for future high-resolution structural analyses. Finally, 

an efficient Golden Gate cloning platform was set-up to allow, upon expression in 

suitable hosts, the generation of a library of recombinant apo(a)/Lp(a) isoforms, 

which could constitute reliable starting material to accurately study intrinsic and 

specific properties of these variants. It is expected that these contributions will be 

useful towards a better diagnosis and therapy of hyperlipoproteinemia(a). 
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1. Introduction 

 
 
 
 
 1.1 HISTORICAL OVERVIEW OF LIPOPROTEIN(a) 
 
Lipoprotein(a) [Lp(a)] is a serum lipoprotein particle that constitutes an emerging 

risk factor for cardiovascular diseases associated with atherosclerosis.  

The discovery of Lp(a) in human plasma dates back to 1963, when the Norwegian 

geneticist Kåre Berg, who was investigating the immunological features of serum 

lipoproteins from different individuals, reported the presence of a new antigenic 

variant associated with circulating Low Density Lipoproteins (LDLs) (Berg K 

1963). He named this antigen Lp (indicative of the association with lipoproteins) 

and little "a" (as “antigen”, according to the terminology adopted by 

immunogeneticists at that time), but later the term “Lp(a)” was universally 

extended to refer to the whole particle. In the same year, Berg carried out a series 

of family studies, showing that the Lp(a) trait, that was either present [Lp(a)+] or 

not [Lp(a)-] in individuals, was dominantly inherited across generations on a 

genetic basis (Berg K and Mohr J 1963). From 1974, the interest in the study of 

Lp(a) started to grow and spread, thanks to the epidemiological evidence provided 

by Berg and colleagues that the frequency of the Lp(a)+ phenotype was 

significantly higher within patients affected by coronary heart disease (CHD) than 

within healthy controls (Berg K et al. 1974).  

During the following years, advancements in sensitivity of detection techniques 

allowed understanding that Lp(a) was rather a quantitative trait than a qualitative 

one and a correlation between high levels of serum Lp(a) and risk of developing 

cardiovascular diseases (CVDs) was observed by different research groups (Albers 

JJ et al. 1977; Koltringer P and Jurgens G 1985; Dahlen GH et al. 1986; Djurovic S 

and Berg K 1997), consolidating Berg’s findings on CHD risk. This relevant 

correlation led Lp(a) to come to the attention of basic researchers, whose combined 

efforts ended up into important genetic and molecular insights that revealed some 

intriguing biological features of Lp(a), such as its highly polymorphic nature, that 

became a distinctive trait, mainly due to the unique apolipoprotein(a) [apo(a)] 

moiety of Lp(a). Particularly, in 1987, two pivotal parallel studies lead by Lawn 

(Eaton DL et al. 1987; McLean JW et al. 1987) brought to the achievement of the 
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cDNA sequence encoding for apo(a). Interestingly, analysis of this sequence 

evidenced a high homology of the apo(a) gene with the one encoding for 

plasminogen, a plasma zymogen involved in the fibrinolytic cascade, as well as a 

remarkable degree of internal redundancy within a region containing a set of 

tandem repeats of the so-called Kringle (K) domains, which were soon after 

recognized as the site of apo(a) size polymorphism (Koschinsky ML et al. 1990). 

Subsequent epidemiological data collected from small populations remarkably 

showed an association of small apo(a) isoforms (i.e. carrying a relatively low 

number of K domains) with high Lp(a) serum levels (Gavish D et al. 1989) and, 

thus, with increased CVD risk (Kraft HG et al. 1996).  

With time, a considerable repertoire of case-control epidemiological studies 

proving the association between high Lp(a) levels and risk of different 

cardiovascular conditions gradually accumulated, which recently became even 

more relevant when this large body of data was used as a starting material for long-

term prospective studies and collective meta-analyses of resulting very large 

populations (Erqou S et al. 2009; Erqou S et al. 2010). At the same time, Genome 

Wide Association Studies (GWAS) and Mendelian randomization studies further 

confirmed the existence of a strong, probably causal, relationship between high 

Lp(a) levels and CVD risk (Clarke R et al. 2009; Kamstrup PR et al. 2009; 

Kamstrup PR et al. 2012). 

Today, Lp(a) is an established CVD risk factor for which clinical monitoring is 

recommended by scientific societies at least in several classes of patients at 

intermediate/high risk or with established cardiovascular disorders (Nordestgaard 

BG et al. 2010). However, many aspects concerning Lp(a) metabolism, clearance 

and pathophysiology remain mysterious. In vitro and in vivo studies demonstrated 

that Lp(a) promotes atherosclerosis and thrombosis, but the biological mechanisms 

by which this happens are far from being fully elucidated (Boffa MB and 

Koschinsky ML 2016). Moreover, the physiological role of this enigmatic particle 

still needs to be understood, even if hypotheses have been formulated about 

possible benefits given by Lp(a) in processes such as tissue repair (Lippi G and 

Guidi G 2000). This lack of knowledge supposedly derives from the complex 

nature of Lp(a), as well as on the unavailability of simple and classical animal 

models that endogenously possess this circulating particle. Another open issue is 

the clinical management of hyperlipoproteinemia(a), for which standardized 

diagnostic procedures (Marcovina SM and Albers JJ 2016) and specific therapy 

(van Capelleveen JC et al. 2015) are not available as yet. The absence of a 

lowering lipoproteinemia(a) therapy has in turn implications for the measurement 

of serum Lp(a) in the clinical routine, which is often unfulfilled, and for physicians 

unawareness of the need for Lp(a) assessment in patients.  

For these reasons, the research field focused on the study of Lp(a) is currently 

highly active. Multidisciplinary concerted efforts are needed in order to answer the 

unresolved questions about several controversial and unknown aspects of Lp(a) and 

in order to improve our basic knowledge of this lipoprotein and apply it to patient 

clinical care.  

 



 

 

 

 
 

1. Introduction 

 

13 

 

 1.2 LP(a) LEVELS IN HUMAN POPULATIONS 

 
Lp(a) levels in human plasma are mainly dictated by the liver synthetic rate rather 

than the catabolic one, as evidenced by kinetic studies (Hoover-Plow J and Huang 

M 2013). 

In the general population, Lp(a) shows by far the widest inter-individual variability 

in serum levels among all human plasma lipoproteins: its observed serum 

concentrations vary by three orders of magnitude, from less than 0.1 mg/dl, or even 

undetectable, to more than 200 mg/dl. The distribution of these values in the 

Caucasian population (Fig. 1.1) is overlapping in men and women, with frequency 

of <50 mg/dl levels comprised below the 80th percentile and a skewed tail towards 

the highest levels (Nordestgaard BG et al. 2010). 

 

 
Figure 1.1 Typical distributions of Lp(a) serum levels in the general population. These 

distributions of Lp(a) plasma concentration, expressed in mg/dl, are derived from data 

collected from ~3000 men and ~3000 women during the Copenhagen General Population 

Study (2004). Lp(a) levels below and above the 80th percentile, corresponding to 50 mg/dl, 

are highlighted in green and red, respectively. Figure adapted from (Nordestgaard BG et al. 

2010). 

 

Several epidemiological studies also identified differences up to threefold in the 

average values of Lp(a) levels between distinct human populations (Parra HJ et al. 

1987; Sandholzer C et al. 1991; Marcovina SM et al. 1993; Kraft HG et al. 1996). 

In general, African populations show two- or threefold higher Lp(a) mean levels 

than Caucasians and Asians. The Asian population is quite heterogeneous with 

regards to this trait and can be subdivided into a Chinese ethnic group, sharing 

more similarity with Caucasian populations, and a South Asian group, showing 

intermediate features between those of Caucasians and Africans (Banerjee D et al. 

2011). These trends have been also consistently found in children (Srinivasan SR et 

al. 1991) and in elderly people (Knapp RG et al. 1993), and suggest that different 

cut-off values should be adopted for high CVD risk Lp(a) concentrations according 
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to race. 

The biological significance for such a massive variation has not been understood as 

yet, but the main underlying causes influencing Lp(a) serum levels were 

extensively studied and characterized.  

It is well established that the largest part (30% to 90%, depending on ethnicity) of 

this heterogeneity is controlled by genetic factors, particularly a size polymorphism 

in the gene locus encoding for apo(a) (see paragraph 1.4.2) and this is probably the 

reason why changes in lifestyle and classical pharmacological treatments lack of 

effectiveness in lowering Lp(a) concentrations.  

However, specific environmental factors or clinical conditions may partially 

influence Lp(a) levels, displaying variable contribution depending on the ethnic 

group (Enkhmaa B et al. 2016).  

Contrasting epidemiological evidence is present about a possible correlation 

between high Lp(a) levels and older age, as well as female sex, which become 

stronger in woman with CVD conditions. Nonetheless, many concurrent factors, 

such as ethnicity, hormonal status and differences in quantitation methodologies 

may significantly alter the final outcomes. Although a number of reports described 

changes in Lp(a) levels depending on nutritional intake, especially in Blacks, with 

increased Lp(a) levels observed upon carbohydrate- and protein-rich dietary 

regimens rather than upon unsaturated fat-rich diet (Haring B et al. 2014), the 

dietary interventions tested so far to lower Lp(a) levels were not significantly 

effective and only modest Lp(a) variation was found between fasting and non-

fasting state (Langsted A et al. 2014). Also physical activity seems to have little or 

no effects on Lp(a) concentrations (Israel RG et al. 1994; Enkhmaa B et al. 2016). 

Menopause is not associated to Lp(a) changes, but postmenopausal women 

undergoing hormone replacement therapy showed Lp(a) reduction by 25% 

(Salpeter SR et al. 2006). Several studies suggest that inflammatory state, as 

detected by acute phase (e.g. plasminogen, C-reactive protein, serum amyloid A) 

and vascular (e.g. lipoprotein-associated phospholipase A2) biomarkers of 

inflammation, may increase levels of Lp(a) (Enkhmaa B et al. 2016), consistently 

with the presence in the gene encoding for apo(a) of a regulatory element 

controlled by interleukin-6 (IL-6) (Muller N et al. 2015).  

More robust associations have been found with two specific chronic medical 

conditions: kidney disease, in which increased Lp(a) levels are typically found 

(Kronenberg F et al. 1996), specially in carriers of large apo(a) isoforms 

(Kronenberg F et al. 2004), and liver disease, in which significant isoform-

independent reduction in Lp(a) levels is observed, probably as a result of 

hepatocyte functional impairment affecting Lp(a) synthesis (Irshad M 2004). 

Specific genetically-based metabolic conditions also contribute to Lp(a) levels 

modification. Familial hypercholesterolemia, especially when in homozygous 

condition, and familial defective apolipoprotein B-100 correlate with elevated 

Lp(a), while lipoprotein lipase deficiency and abetalipoproteinaemia negatively 

influence Lp(a) concentrations (Schmidt K et al. 2016). 

Thus, Lp(a) serum levels are mostly regulated at the genetic level, even if a large 

variability of this genetic control is observed among populations, and, apart from 
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renal and liver disease conditions and inflammation, the overall magnitude of 

contribution to Lp(a) variation by environmental factors is limited and often 

controversial. Understanding the biological mechanisms causing changes in Lp(a) 

levels would clarify the role of environment in a given genetic background. 

 

 

 1.3 EPIDEMIOLOGY OF LP(a) IN CARDIOVASCULAR DISEASES 

(CVDS) 

 
The hypothesis of Lp(a) being a risk factor specific for atherosclerotic forms of 

cardiovascular conditions has been contemplated for many years (Rader DJ HH 

2012). Indeed, a systematic association between high levels of Lp(a) and incidence 

of CVDs was observed by a number of epidemiological investigations soon after 

the discovery of this lipoprotein.  

Several individual retrospective and prospective studies performed on relatively 

small populations reported a significantly high Lp(a) levels in patients affected by 

CVDs, especially coronary heart disease (CHD) and stroke, with respect to healthy 

controls (Berg K et al. 1974; Kostner GM et al. 1981; Koltringer P and Jurgens G 

1985; Dahlen GH et al. 1986; Djurovic S and Berg K 1997). However, at the same 

time, other early prospective studies found no association between Lp(a) levels and 

CVDs and discouraged clinical assessment and prevention for elevated Lp(a) in 

CVD patients (Ridker PM et al. 1993). It is now believed that the reason for this 

negative association in most of those studies was probably due to biases in the 

Lp(a) quantification method, which tended to underestimate levels of small apo(a) 

isoforms, which are exactly the species that are commonly elevated in serum 

(Marcovina SM and Albers JJ 2016).  

With time, methods for storage and quantification of Lp(a) became more powerful 

and consistent. Indeed, the correlation between elevated Lp(a) and incidence of 

CVDs was subsequently confirmed by following meta-analyses of data derived 

from a number of accumulated prospective studies. These investigations ultimately 

encompassed large numbers of case-control populations and long-term follow-up 

periods, which supported the role of Lp(a) as a novel cardiovascular risk factor 

(Danesh J et al. 2000; Erqou S et al. 2009). Particularly, Danesh et al. initially 

estimated a 1.7 relative risk of CHD in individuals carrying high Lp(a) levels, 

established as the top versus bottom third with regards to baseline Lp(a) 

concentrations (Danesh J et al. 2000). Instead, a later and broader meta-analysis 

carried out by Erqou et al. suggested that this risk was more modest: upon 

adjustment for age and sex, the risk ratio was 1.16 for CHD in individuals with 3.5-

fold higher than baseline Lp(a) concentrations (Erqou S et al. 2009). In both 

studies, however, the positive correlation between high Lp(a) concentrations and 

CHD was described as continuous and curvilinear in shape, without a steep 

threshold effect and, importantly, the relative risk ascribed to Lp(a) was practically 

independent from conventional vascular risk factors (e.g. LDL-cholesterol, non-
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HDL-cholesterol, triglycerides, blood pressure, smoking; Fig. 1.2). Erqou’s report 

also described a weaker relative risk (1.11, adjusted for age and sex) for ischemic 

stroke (Erqou S et al. 2009), yet it should be underlined that the diversity of 

etiologies at the basis of ischemic stroke could lead to an underestimation of the 

actual Lp(a) contribution in certain subtypes of this disease (Nordestgaard BG et 

al. 2010). 

 

 

Figure 1.2 Risk ratios of cardiovascular (coronary heart disease and ischaemic stroke) 

and non-cardiovascular death by quantiles of usual Lp(a) levels. Risk ratios are 

adjusted either (A) for age and sex only or (B) for recognized cardiovascular risk factors 

(systolic blood pressure, smoking status, history of diabetes, body mass index and total 

cholesterol). CI: confidence interval; MI: myocardial infarction. Figure adapted from 

(Nordestgaard BG et al. 2010). 



 

 

 

 
 

1. Introduction 

 

17 

 

 

In spite of this accumulating epidemiological evidence, among researchers there 

was still significant uncertainty about the fact that the high Lp(a) condition was a 

cause rather than a consequence (also known as reverse causation effect) of the 

mechanistic processes related to CVDs. The definitive proof that demonstrated a 

causal role of high Lp(a) levels in association with CHD came from the so-called 

“Mendelian randomization” approach, which consists in assessing that a given 

genetic variant known to affect Lp(a) concentration to a certain magnitude also 

correlates with CHD risk to the same extent (Clarke R et al. 2009; Kamstrup PR et 

al. 2009; Kamstrup PR et al. 2012). By applying this kind of analysis, strong causal 

correlations with CHD risk were found especially for Lp(a) variants associated to 

small apo(a) isoforms. 

Considering the high homology of apo(a) with plasminogen, Lp(a) is likely to have 

a role in pathologic conditions involving blood coagulation and fibrinolysis. For 

this reason, a possible epidemiological connection between Lp(a) levels and 

venous thromboembolism (VT), which is considered as a pure thrombotic disease, 

was sought. However, controversial outcomes resulted from these investigations, as 

most of the works reported no association, while a more than 4-fold risk for the 

first event of VT in carriers of high Lp(a) levels was estimated by a meta-analysis 

in small children populations (Kamstrup PR et al. 2012; Schmidt K et al. 2016). In 

general, the implication of Lp(a) in peripheral vascular diseases is not well defined 

and more studies are needed to clarify its role in these pathologies. On the other 

hand, novel investigations carried out using Mendelian randomization study design 

identified new pathologic heart phenotypes significantly associated to Lp(a) levels 

in the general population, such as aortic-valve calcification, aortic-valve 

replacement and incident aortic stenosis (Schmidt K et al. 2016). Particularly, a 

recent study conducted on a large Danish population (n>98000), including 

participants from both Copenhagen City Heart Study and Copenhagen General 

Population Study found that genotypes associated to elevated Lp(a) were a causal 

risk factor for heart failure (HF) in a concentration-dependent manner and that 

myocardial infarction and aortic valve stenosis were likely important mediators of 

Lp(a)-related HF risk (Kamstrup PR and Nordestgaard BG 2016). Another recent 

and more surprising finding was the association between low Lp(a) levels and large 

apo(a) isoforms with increased risk of diabetes mellitus type 2. This 

epidemiological evidence still needs confirmation by other population studies and 

elucidation from the pathophysiological point of view. Also, because no prevalence 

of type 2 diabetes was registered among Lp(a)-deficient individuals in the case of a 

Finnish population (Lim ET et al. 2014). 

 

 

 1.3.1 APO(a) PHENOTYPES AND CVD RISK 

 
As mentioned above, according to Mendelian randomization studies (Clarke R et 

al. 2009; Kamstrup PR et al. 2009; Kamstrup PR et al. 2012), individuals carrying 
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Lp(a) variants characterized by small apo(a) isoforms were significantly more 

predisposed to develop CHD than individuals with Lp(a) displaying large apo(a) 

isoforms by means of a causal mechanism. This was consistent with evidence 

previously reported by several epidemiological works (Kraft HG et al. 1996; 

Gazzaruso C et al. 1999; Kronenberg F et al. 1999), in which a recurrent 

association was as well observed between small apo(a) isoforms and high Lp(a) 

serum levels, which are in turn responsible for an increased cardiovascular risk. 

Particularly, a significant influence of small isoforms was observed in advanced 

stages of atherosclerotic diseases, such as carotid stenosis (Kronenberg F et al. 

1999) and in the determination of young-age onset of CHD (Gazzaruso C et al. 

1999). Similar findings were obtained by Erqou et al. (Erqou S et al. 2010) who 

collected and meta-analyzed a large body of data from 40 previous studies, 

estimating that carriers of small apo(a) isoforms had a 2-fold higher risk to develop 

CHD and stroke than carriers of large apo(a) isoforms. Furthermore, a large 

Genome Wide Association Study (GWAS, n>15000), aimed at finding candidate 

genetic variants associated with CVDs by a high-throughput screening of 49000 

SNPs in 2100 genes, identified two SNPs variants in the gene encoding for apo(a), 

whose combination resulted in an average 2.57 odd ratio for CHD (Clarke R et al. 

2009). Interestingly, these two SNPs are in linkage disequilibrium with genetic 

variants encoding for small apo(a) isoforms.  

The reason for this observed harmful potential of small apo(a) variants was 

commonly attributed to the inverse correlation existing between apo(a) size and 

Lp(a) concentration. However, this latter association is not absolute and significant 

variability in Lp(a) levels was described among carriers of small apo(a) isoforms 

(Gaw A et al. 1998). Notably, the implication of small apo(a) in CVDs was in some 

cases demonstrated to be independent from Lp(a) concentrations and apo(a) 

phenotype alone was proposed as a predictor of CHD (Gaw A et al. 1998; Valenti 

K et al. 1999; Lundstam U et al. 2002; Emanuele E et al. 2003). Thus, these 

findings suggested an intrinsic higher pathogenic capacity of small compared to 

large apo(a) isoforms and highlighted the importance to characterize apo(a) 

phenotypes, besides Lp(a) levels, in patient clinical assessment. 

 

 

 1.4 MOLECULAR BIOLOGY OF LP(a) 

 
 1.4.1 MOLECULAR STRUCTURE OF LP(a) 

 
Human Lp(a) is a macromolecular complex composed of a LDL-like particle and 

an apo(a) glycoprotein, which are covalently linked together by a single disulfide 

bridge in a 1:1 stoichiometric ratio (Fig. 1.3).  

The LDL-like moiety is similar to human LDLs in terms of lipid and protein 

composition (see Table 1.1) (Sattler W et al. 1991), with a typical micellar 

structure: an oily hydrophobic core rich of esterified cholesterol and triglycerides 
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molecules is surrounded and made water-soluble by a shell of amphiphilic 

molecules, namely phospholipids and free cholesterol, as well as one 

apolipoprotein B-100 (apoB-100) molecule. ApoB-100 is a large (MW: 550 kDa) 

monomeric non-exchangeable protein wrapped around the spherical LDL particle 

and retaining important structural roles, as it takes contacts with both the inner lipid 

core molecules and the surface monolayer (Hevonoja T et al. 2000). ApoB-100 

also interacts with specific receptors (e.g. LDLR) and components of the 

extracellular matrix, thus mediating important physiological and pathological 

mechanisms (Oorni K et al. 2000).  

Compared to LDLs, Lp(a) seems to be enriched with oxidized phospholipids, 

which have the harmful potential of promoting inflammatory processes (Bergmark 

C et al. 2008).  

 

 
Figure 1.3 Representative model of the Lp(a) particle. Lp(a) is composed by one LDL-

like particle containing phospholipids (PL) and free cholesterol (FE) on the surface, and 

triglycerides (TG), cholesterol esters (CE) in the inner core and two covalently linked 

apoproteins: apoB100 and apo(a). Apo(a) presents an array of repeated Kringle domains 

(KIV, KV), of which the Kringle-IV-type2 (KIV-2), can vary by copy number (Polymorphic 

region). Figure modified from (Li et al, 2011). 

 

 

Table 1.1 Protein, lipid and carbohydrate composition of LDL and Lp(a), expressed as 

relative (w/w) percentages. CE = cholesteryl esters; FC = free cholesterol; PL = 

phospholipids; TG = triglycerides. 
 

 Protein CE FC PL TG Carbohydrates 

Lp(a) 30 % 35.5 % 8.5 % 19.5 % 2 % 4.5 % 

LDL 22.5 % 43% 11 % 19.5 % 3 % 1 % 
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The other key-component of the Lp(a) particle is the apo(a) apolipoprotein, which 

is the distinctive trait of this lipoprotein, as it is uniquely present in Lp(a) only. 

Apo(a) is a peculiar protein, which shares some structural elements with the 

proenzyme plasminogen and shows instead remarkable differences compared to 

classical apolipoproteins. Firstly, it does not contain amphipathic α-helix domains 

that are typical of apolipoproteins (A-I, A-II, A-IV, C-I, C-II, C-III, E) as they are 

important for the interaction with the deeper fatty layers of a lipoprotein core. 

Instead, apo(a) is a long polypeptide chain composed of an array of tandemly 

repeated Kringle (K) domains and a C-terminal serine protease domain, which is 

catalytically inactive (McLean JW et al. 1987). Kringle motifs (so-called because 

of their structural resemblance to the typical Danish pastry) are triple-looped 

domains stabilized by three conserved intra-domain disulfide bonds with poor 

secondary structure, displaying only few short β-strand stretches, which are 

involved with functions of ligand interaction (Patthy L et al. 1984). Secondly, 

apo(a) is extensively glycosylated (approximately 28% by weight) (Utermann G et 

al. 1987), especially in the peptidic linkers that connect a K domain to the 

following one: one site of N-glycosylation is present within each K domain, while 

six potential sites of O-glycosylation are present in the linking portion (Kratzin H 

et al. 1987). This abundant carbohydrate content is likely to confer strong 

hydrophilic properties to the apo(a) protein, whose interaction with the LDL-like 

particle hydrophobic core becomes energetically unfavored. Thirdly, apo(a) is 

enormously variable in size (MW: ~280-800 kDa), due to a genetic polymorphism 

that results in a variable copy number of a specific K domain, called Kringle IV 

type 2 (KIV-2) (Schmidt K et al. 2016). The other K domains, which differ in the 

amino acid sequence, are present as single copies and, particularly, the Kringle IV 

type 9 (KIV-9) includes an unpaired cysteine residue (Cys1568, according to the 

transcript LPA-001 ENST00000316300.9 of ENSG00000198670 human reference 

sequence) (Koschinsky ML et al. 1993), which is the apo(a) site of the covalent 

linkage with apoB-100 (Cys4057) (Callow MJ and Rubin EM 1995) through 

disulfide bond.  

Considering the aberrant molecular features of apo(a), it seems reasonable to 

deduce that apo(a), though classified as an apolipoprotein species because of its 

association with a lipoprotein, represents an “outstander” within the group of 

known apolipoproteins in terms of structural and, consequently, functional 

properties (see section 1.4.3).  

Because of the intrinsic heterogeneity of Lp(a), a limited number of investigations 

succeeded in obtaining information on the structural biology of this particle and 

their outcomes are controversial. Among these, images obtained by applying 

electron microscopy (EM) on recombinant apo(a) proteins showed an open coiled 

protein structure (Fig. 1.4a) and physical analyses on r-apo(a) bound to LDLs 

suggested that a C-terminal portion of apo(a) is attached to the LDL spherical 

moiety (Fig. 1.4b) (Phillips ML et al. 1993). This was in accordance with the 

presence of the disulfide bond between apoB-100 and the KIV-9 domain, which is 

located at the C-terminus of apo(a). Moreover, apo(a) appeared as a flexible 

floating chain of open coiled domains, with a total approximate length of 800 Å. 
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The absence of interaction of apo(a) with the apolar lipid core of LDL was 

demonstrated by differential scanning calorimetry (DSC) and small-angle X-ray 

scattering (SAXS) studies, where a model of Lp(a) was proposed representing 

apo(a) wrapped around the LDL surface, ultimately resulting in a spherical shape 

(Prassl R et al. 1995). 
 

 

Figure 1.4 Structural investigations on Lp(a) by Phillips et al. in 1993 (a,b), and by Xu 

in 1998 (c). (a) EM image of negatively stained recombinant apo(a), appearing as a long, 

flexible molecule (contour length ~800 Å) made of a number of repeated small domains 

(i.e. the Kringle domains) and a terminal large domain (the protease domain); the white bar 

corresponds to 1000 Å. (b) The model for recombinant Lp(a) proposed by Phillips et al.: 
recombinant apo(a) is attached at one kringle to LDL, leaving the bulk of the molecule 

extending into solution, causing frictional resistance to sedimentation. (c) Schematic 

illustration of AFM imaging showing the various shapes of Lp(a) observed by Xu; shapes 

A-C show apo(a) in a belt-like structure with both of its ends attached to a sphere, with 

shapes A and B possibly being different orientations of Lp(a); shapes D, E, and G showed 

apo(a) with nicks at different positions; shape F showed two associated spheres, linked by 

the belt; shape G showed that a single belt was attached to one of two touching spheres. 

Figure adapted from (Phillips ML et al. 1993) and (Xu S 1998). 

 
On the other hand, interesting yet divergent insights were provided later by Xu 

using scanning atomic force microscopy (AFM) (Xu S 1998). Xu observed 
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different conformations of Lp(a) (Fig. 1.4c), where the LDL-like particle was 

visible as a 24.8±8.7 nm sphere, to which apo(a), appearing as a 173.5±6.6 nm 

belt-like structure, was attached through both the N-terminus and C-terminus ends 

of the chain. This structure deviates from the well-established model of apo(a) 

being connected to the LDL sphere by a single bond and it can be explained by 

either the applied experimental conditions (e.g. sample preparation) or the 

heterogeneous nature of Lp(a), as the author does not specify the starting material 

from which Lp(a) was purified.  

 

 

 1.4.2 GENETIC BASES OF APO(a) POLYMORPHISM: THE LPA GENE 

 
Human apo(a) is encoded by a relatively long gene (134893 bp, NCBI RefSeq 

NG_016147.1), called LPA, located at the telomeric region of the long arm of 

chromosome 6 (6q25-q26, Chromosome 6: 160,531,483-160,664,259 reverse 

strand) [bio-databanks entries: Ensembl: ENSG00000198670; HPRD: 01063; 

MIM: 152200]. Because of their high sequence homology (untraslated and coding 

sequences homology ranging from 78% to 100%) (McLean JW et al. 1987) and 

flanking cytogenetic location, it was deduced that LPA evolved from a PLG gene 

(6q26) ancestor [Ensembl entry: ENSG00000122194], that encodes for the 

plasminogen precursor, and then diverged from it by multiple events of genetic 

rearrangement, such as deletions, duplications, exon shuffling, gene conversions, as 

well as point mutations (Lawn RM et al. 1997; Utermann G 1999).  

Despite the astounding inter-individual variability of Lp(a) levels, evidence 

resulting from examination of different populations families, including sib-pair and 

twins linkage analyses, indicated that the Lp(a) phenotypic trait is broadly highly 

heritable from the quantitative point of view (70% to 90% heritability index, h2) 

and influence of environmental factors is minor (Hong Y et al. 1995; Scholz M et 

al. 1999; Schmidt K et al. 2006; Rao VS et al. 2009).  

The LPA gene locus constitutes by far the major genetic factor determining the 

levels of plasma Lp(a), hence the CVD risk, explaining approximately 90% of 

Lp(a) levels in individuals (Boerwinkle E et al. 1992), even if this value may 

deviate towards lower values depending on the ethnicity (Scholz M et al. 1999). 

Both in cis (chromosome 6q) and in trans (chromosomes 13q22-31, 11p14-15, 

1q23) elements have been found by linkage studies as additional genetic 

contributors of Lp(a) levels, but they have not been confirmed by expression assays 

yet (Schmidt K et al. 2016). 

LPA is one of the most polymorphic human genes. Heterozygosity of LPA alleles is 

the prevalent genotypic condition (more than 95% observed frequency) in most 

human populations (Lackner C et al. 1993) and the alleles are expressed according 

to a pattern of codominant inheritance. However, at the phenotypic protein level, 

heterozygosity frequency drops to ~70%, as some alleles might not be expressed or 

poorly expressed, and thus undetectable by diagnostic techniques (Enkhmaa B et 

al. 2016). This genetic heterogeneity is closely related to variability of Lp(a) levels, 
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often exerting a causative influence: the most relevant LPA variants known to be 

associated with Lp(a) concentrations are related to a peculiar multi-allelic copy 

number variation (CNV), notably affecting the size of gene products, single 

nucleotide polymorphisms (SNPs) and a pentanucleotide repeat polymorphism at 

the promoter region (5’PNRP) (Utermann G 1999) (see sections 1.4.2.2 and 1.4.2.3 

for detailed information on these variants and their phenotypic significance). 

 

 

 1.4.2.1 ARCHITECTURE OF LPA  

 
Figure 1.5 represents the general features of LPA and PLG cDNAs, highlighting the 

homologous domains shared between them.  

The coding sequence of the PLG gene specifies for five different paralogous 

(~50% pairwise amino acid identity shared) Kringle domains (namely, KI, KII, 

KIII, KIV and KV), each of them present as a single copy, and a serine protease 

domain.  

While KI, KII and KIII were lost by deletion, LPA similarly contains KIV and KV 

plasminogen-like domains and a C-terminus serine protease domain (P), which is 

similar to that of PLG (McLean JW et al. 1987). However, apo(a) P domain is 

proteolytically inactive due to a critical point mutation (Arg →Ser amino acid 

substitution corresponding to position 4308 in the published cDNA sequence 

(McLean JW et al. 1987)) in the site required for zymogen activation and to a 27 

amino acid deletion (Gabel BR and Koschinsky MI 1995).  

The KIV domains are subdivided into 10 types (named KIV-1, KIV-2, KIV-3, etc.), 

according to their amino acid sequence and consecutive position within the gene. 

KIV type 1 and KIVs from type 3 to type 10 are present as single copies. Multiple 

tandem copies of KIV type 2 (KIV-2) repeats are instead found in LPA and are due 

to a CNV polymorphism, known as the KIV-2 CNV, leading to an extremely large 

intra-individual variation in the gene length, as a single KIV-2 coding sequence 

(including both introns and exons) spans ~5.5 kb and the number of KIV-2 copies 

may vary significantly between alleles (see paragraph 1.4.2.2) (Schmidt K et al. 

2016).  

Each coding sequence of both KIV and KV consists of two exons interrupted by a 

long, moderately variable intron (~4 kb), while a shorter (~1.2 kb) and more 

conserved intron separates a K unit from the flanking one. The P domain is instead 

encoded by six exons (Schmidt K et al. 2016). High internal homology is observed 

in the KIV nucleotide sequences, especially in the second exons (180 bp long) of 

KIV-2, which are 100% identical in each copy. The first exon (160 bp) of KIV-2 

repeats instead may show a slight sequence variation due to three synonymous 

SNPs, according to which KIV-2 are classified into type A, B or C (McLean JW et 

al. 1987). 
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Figure 1.5 Sequence comparison between plasminogen and apolipoprotein(a). 
Downstream the 5’ untranslated region, the cDNA encoding for apo(a) is composed by a 19 

amino acid hydrophobic signal peptide (S), an array of multiple KIV domains, one single 

copy of KV and the P domain flanking the 3’ untranslated region. Bottom line: percentage 

of identity between plasminogen and apo(a) cDNA sequences. Figure modified from 

(Schmidt K et al. 2016). 

 

Interestingly, the same gene cluster harboring LPA and PLG also maps a 

pseudogene showing structural similarity with LPA domains (repeated Ks and P), 

named LPAL2 or APOARGC (Ensembl entry: ENSG00000213071), whose mRNA 

was detected in the human liver (Byrne CD et al. 1994), but seemed to be subjected 

to early nonsense transcript degradation.  

 

 

 1.4.2.2 KIV-2 COPY NUMBER VARIATION (CNV) 

 
Among all types of variation observed in the human LPA gene locus, the multi-

allelic KIV-2 CNV is the one raising the highest interest among researchers and 

clinicians, because of its pronounced and causal influence on Lp(a) serum levels, 

and hence CVD risk. The number of KIV-2 was indeed estimated to be responsible 

alone for up to 69% of the inter-individual variation of Lp(a) concentrations 

(Boerwinkle E et al. 1992).  

The number of KIV-2 repeats may vary from 1 to more than 40 copies between 

individuals and, given that all the K domains of LPA are translated and each KIV-2 

repeat encodes for 114 amino acids, the large variation in the number of KIV-2 

repeats is reflected into remarkable size polymorphism of the apo(a) protein. 

Hence, different isoforms of apo(a) exist, whose molecular weight, as determined 

by SDS-PAGE, ranges from 280 kDa to more than 800 kDa (Utermann G 1989). 

Consequently, a wide pool of Lp(a) lipoprotein variants are present in the human 

population and this heterogeneity, to which slight variations in the lipid 

composition of the LDL-like moiety may contribute, is a hallmark of Lp(a). 
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The average frequency distribution of KIV-2 copy number variants is slightly 

divergent between different ethnic populations (Fig. 1.6): in general, Africans and 

Europeans show rather homogeneous distributions, with the former group being 

more shifted towards shorter alleles, while in the Asian population the longer 

alleles are prevalent (Sandholzer C et al. 1991; Kraft HG et al. 1996; Schmidt K et 

al. 2016). However, the functional significance of this inter-population allelic 

variance, if any, is not known and the incidence of neutral events like founder 

effect and genetic drift could have been significant (Schmidt K et al. 2016). In fact, 

although molecular interactions were demonstrated in vitro with the extracellular 

matrix protein DANCE/FIBULIN5 (Kapetanopoulos A et al. 2002) and the plasma 

protein β2-glycoprotein I (Kochl S et al. 1997), no specific functions have been 

attributed to the KIV-2 domain which could suggest possible mechanisms at the 

basis of an evolutionary advantage. 

On the other hand, notably, independent epidemiological investigations conducted 

in different populations consistently reported a strong correlation between low 

molecular weight (LMW) Lp(a) isoforms (i.e. short CNV variants) and the risk to 

develop CVDs, particularly predisposing to atherosclerosis, CHD and ischemic 

stroke (Sandholzer C et al. 1992; Kraft HG et al. 1996; Wild SH et al. 1997; 

Kronenberg F et al. 1999; Erqou S et al. 2010). Interestingly, other cases are 

known for CNV to be associated to pathological conditions including Alzheimer’s 

disease, autism and schizophrenia, even if this kind of polymorphism has 

constituted a key driving force in human evolution and in inter-individual genetic 

variation (Stankiewicz P and Lupski JR 2010). As for the Lp(a) trait, it was both 

observed in vivo by epidemiological studies (Kronenberg F and Utermann G 2013) 

and demonstrated in vitro by expression tests (Brunner C et al. 1996; Lobentanz 

EM et al. 1998) that the inverse correlation between apo(a) size and CVD risk is 

causal: the LMW apo(a) isoforms are expressed more efficiently by hepatocytes 

than the high molecular weight (HMW) ones, thanks to a more rapid processing 

rate at the post-transcriptional, secretory and assembly levels. Thus, the number of 

KIV-2 copies is inversely correlated with Lp(a) serum levels, which in turn 

determine CVD risk. However, epidemiological studies show, as well, that this 

inverse relation is not absolute and its strength is population-dependent 

(Sandholzer C et al. 1991; Marcovina SM et al. 1993; Kraft HG et al. 1996; 

Schmidt K et al. 2006), generally being more incident in Asians and Europeans, 

while less strong in African populations, where the LMW isoforms are more 

frequent and the KIV-2 CNV explains only 19% to 44% of Lp(a) levels variation. 

Furthermore, some cases of heterozygosis are reported in which the HMW isoform 

is predominantly expressed, in contrast with the regular dominance by the smaller 

isoform in plasma (Rubin J et al. 2002). Accordingly, other genetic factors than the 

KIV-2 CNV have been identified to be associated with Lp(a) levels (see next 

paragraph). Nonetheless, considerable variation of Lp(a) levels is observed also 

between individuals from the same population, retaining the same LPA allele 

(Perombelon YF et al. 1994; Gaw A et al. 1998). 

All these findings suggest that the correlation between LMW apo(a) isoforms and 

CVD risk is only partially explained by high Lp(a) plasma levels and it might be 
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proposed that Lp(a) concentration-independent mechanisms may have a role in 

determining pathogenicity of LMW/HMW apo(a) species. However, this 

hypothesis has not been explored thoroughly as yet, as very limited data about the 

molecular characterization of different apo(a) isoforms and their possible role in 

atherosclerosis pathogenesis is available (Koschinsky ML 2006). 

 

 

Figure 1.6 Frequency distribution of apo(a) isoforms classified according to KIV-2 repeats 

number in the African, European and Asian populations. Figure adapted from (Schmidt K et 

al. 2016). 

 

Another open issue is the identification of a threshold indicating the number of 

KIV-2 repeats that could universally discriminate the apo(a) isoforms between the 

pathogenic LMW and the benign HMW ones. Although most of the research 

groups refer to LMW apo(a) isoforms as those having <22 KIV-2 copies 

(Koschinsky ML 2006), other cutoff values have been proposed and used by other 

groups. It should be noticed that all these values, deduced from epidemiological 

evidence only, are not supported by any experimental data, which would help 

recognizing a reliable standard threshold to be applied in the clinics for diagnostic 

purposes. 

 

 

 1.4.2.3 OTHER GENETIC VARIANTS ASSOCIATED WITH LPA 

 
Although the KIV-2 CNV is responsible for the largest part of the genetic 

contribution to Lp(a) levels, other sequence variants within the LPA gene are 

related, even if to a lower extent, to this phenotype and may explain another 

fraction of variability of this quantitative trait. Among these, many are probably 

only present in linkage disequilibrium with the real genetic/molecular cause 

leading Lp(a) levels variation and often reflect the migration patterns of modern 
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human populations (e.g. bottleneck effect), as their frequency changes between 

ethnic groups (Schmidt K et al. 2016). Only few LPA variants, which are reported 

below, possibly affect Lp(a) concentrations though causal mechanisms (Li Y et al. 

2011; Kronenberg F 2016; Schmidt K et al. 2016).  

- The so-called 5’ Pentanucleotide Repeat Polymorphism (5’PNRP) is a 

short tandem repeat (TTTTA) DNA sequence variation located in the LPA 

promoter region and 1373 bp upstream the transcription start site. In 

Europeans, lower numbers of TTTTA repeats are significantly associated 

to high Lp(a) levels, suggesting an increased promoter activity. However, 

this correlation is absent in Africans and was not confirmed by in vitro 

expression analyses (Li Y et al. 2011; Kronenberg F 2016; Schmidt K et 

al. 2016). 

- Some SNPs comprised in the 5’ of LPA are associated with altered 

expression of Lp(a), which was experimentally verified. Particularly, 

rs1853021 (c.-49T>C) is correlated to ~60% decreased LPA mRNA 

translational activity as a result of the introduction of an alternative ATG 

codon. On the contrary, rs1800769 (c.-21G>A) relates with high Lp(a) 

levels, which were explained in vitro by an increased transcriptional 

activity. Other functional SNPs were characterized in the DNase I-

hypersensitive enhancer region located 20 kb upstream the LPA gene, 

where they can up- (rs9347440) or down- (rs7758766 and rs7760010) 

regulate its expression (Li Y et al. 2011; Kronenberg F 2016; Schmidt K et 

al. 2016). 

- Among the SNPs comprised within LPA, the most relevant are two non-

synonymous substitutions in the coding regions for KIV-7 (rs10455872) 

and P (rs3798220) domains, both associated with high Lp(a) levels and 

with short KIV-2 copy number variants, suggesting a linkage 

disequilibrium mechanism. Increased LPA mRNA levels were registered 

for the rs10455872 variant. Furthermore, SNPs generating non-expressed 

LPA alleles and apo(a) truncated forms, comprehensively recognized as 

“null” alleles, were also observed, especially in European, South Asian and 

South American populations. Two of these alleles have been funtionally 

characterized: rs41272114 is a splice site variant that results into 

deficiency of apo(a), while a nonsense mutation in the first exon of KIV-2 

(g.61C>T) forms a truncated protein (Li Y et al. 2011; Kronenberg F 2016; 

Schmidt K et al. 2016). 

 

 
 1.4.2.4 EVOLUTION OF LPA AND ORTHOLOGOUS GENES 

 
DNA sequencing and phylogenetic analyses comparing the 3’ untranslated region 

of human apo(a) and plasminogen genes towards the mutation rate of untranslated 

sequences in globin model genes suggested that LPA appeared and diverged from 

PLG starting from a common precursor gene about 40 million years (Myr) ago, 

during evolution of primates (McLean JW et al. 1987).  
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Considering the nearly identical 5’ flanking region sequences (99% identity) of 

LPA and PLG, it is likely that a series of gene conversion events followed a 

preliminary gene duplication (Utermann G 1999). The high degree of internal 

nucleotide identity characterizing the KIV repeats suggests that the genetic events 

(e.g. duplication, deletion and exon shuffling) that generated the expansion and 

contraction of this locus are probably very recent and frequent (McLean JW et al. 

1987). Consistently, paradigmatic, though rare, family cases were observed in 

which the KIV-2 copy number changed from parents to offspring, thus suggesting 

that the LPA locus is currently undergoing extensive genetic remodeling in the 

human population, possibly through events such as out-of-register homologous 

recombination between sister chromatids during meiosis (Lackner C et al. 1993). 

Considering occurrence of the Lp(a) trait in other species, the presence of human 

LPA-orthologous genes is limited to the mammalian clade. Particularly, two types 

of LPA orthologues were found so far, which are expressed in apo(a)-like proteins. 

These were found only in two phylogenetically distant lineages of placental 

mammals: a KIV-derived form is present in Catarrhini primates (i.e. Old World 

monkeys and apes) (Rainwater DL and Manis GS 1988; Tomlinson JE et al. 1989; 

Doucet C et al. 1994) and a KIII-derived form was described in the European and 

African hedgehog (Lawn RM et al. 1995).  

The primate apo(a) gene form is commonly characterized by the KIV-2 copy 

number polymorphism, while the KV motif was lost in certain species such as 

macaques and baboons (Rainwater DL and Manis GS 1988; Tomlinson JE et al. 

1989). The non-human primate apo(a) isoforms are, in average, shorter than 

human’s, yet it is not clear whether this is due to natural selection or rather genetic 

drift phenomena. The insectivore (hedgehog) apo(a) gene form is instead composed 

just of multiple repeated KIII-like (~80% homologous to plasminogen KIII) motifs 

and, interestingly, it shares with primate apo(a) some functional features, such as 

presence of lysine binding sites, the ability to form one disulfide bond with apoB-

100 circulating lipoproteins and one inactive protease domain (Lawn RM et al. 

1995).  

Some of the LPA orthologues have been completely or partially sequenced. 

Comparative analysis of KIV-derived and KIII-derived orthologues suggests that, 

although they share some common functional features (e.g. ability to bind lysine-

rich substrates), they are likely to have independent origin from the same 

plasminogen-related common precursor and different, yet parallel, evolutionary 

history, exemplifying a model of molecular convergent evolution (Lawn RM et al. 

1995; Lawn RM et al. 1997).  

Furthermore, sequence comparison of placental mammals apo(a) and the 

plasminogen genes with marsupial (Tammar wallaby, Macropus eugenii), thus non-

placental, mammalian plasminogen gene indicated that split of the primate apo(a) 

gene from plasminogen gene ancestor happened 33 Myr ago, more recently than 

the radiation of mammals (Lawn RM et al. 1997). This time point is not so far from 

the one estimated according to the LPA/PLG 3’ untranslated regions and from the 

accepted time at which the Catarrhini group diverged from Platyrrhini (i.e. New 

World monkeys) one (35-45 Myr ago), consistently with the absence of apo(a) in 
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the latter primate clade. Instead, according to nucleic acid sequence comparison 

between hedgehog plasminogen and apo(a) KIII genes, the insectivore LPA 

orthologue arose about 80 Myr ago, approximately when this mammalian subgroup 

splitted from the placental mammals (86 Myr ago).  

Overall, intra- and inter-species analyses on the sequence similarity of distinct K 

domains allowed to deduce that the hypervariable repeated motifs were remodeled 

(or are still subjected to continuous remodeling in some species) more recently than 

the derivation of primate and hedgehog apo(a) genes from a common ancestor 

(Lawn RM et al. 1997). 

 

 

 1.4.3 PHYSIOLOGICAL FUNCTION OF LP(a) 

 
Lp(a) represents a minor species among the main groups of lipoproteins 

(chilomicrons, VLDLs, IDLs, LDLs, HDLs) and does not seem to be responsible of 

specialized functions of lipid transport and metabolism classically attributed to 

circulating lipoprotein particles (Rader DJ HH 2012). To date, besides expansive 

experimental evidence demonstrating a pathogenic role of Lp(a) in atherosclerosis 

(reviewed in section 1.6), its function in physiological conditions still constitutes a 

mystery. This missing puzzle piece becomes even more intriguing considering the 

high heritability of LPA/Lp(a) trait, the convergent evolution of LPA and the 

conservation of its strikingly long open reading frame.  

The study of Lp(a) physiology is particularly hindered by the lack of simple animal 

models (e.g. mice, rats and rabbits) that endogenously have this factor, i.e. the 

unavailability of LPA knockout (KO) organisms. However, several loss-of-function 

(LoF) variants, also called “null” variants, have been found among the human LPA 

alleles pool (Kraft HG et al. 1996; Ogorelkova M et al. 1999).  

Since homozygous condition of LoF alleles results in individuals who do not 

express apo(a), and so in congenital Lp(a) deficiency, epidemiological 

investigations were conducted in populations, particularly in Northern European 

groups, where the frequency of “null” variants is prominent. Interestingly, a recent 

analysis performed on Finnish cohorts reported that neither homozygous nor 

compound heterozygous individuals (n = 227) for LoF alleles presented 

recognizable clinical signs of morbidity or increased mortality (Lim ET et al. 

2014). These data encourage the hypothesis that Lp(a) does not retain crucial 

functionality in humans. Nonetheless, it could also be possible that Lp(a) is 

involved in some biological mechanisms which are not needed (anymore) in the 

Northern Caucasians and that environmental factors play a relevant role in 

specifying the phenotype. Notably, the frequency distribution of “null” alleles was 

found to be heterogeneous and non-random between four different ethnic groups 

(Khoi San, South African Blacks, Hong Kong Chinese and Caucasians, n = 788) 

(Kraft HG et al. 1996).  

For these reasons, epidemiological studies which consider broader population 

samples, as well as data from mechanistic studies are needed to confirm the former 
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hypothesis. 

Several theses have been proposed for a putative Lp(a) evolutionary advantage, 

which could also explain its pathogenic potential on the basis of both molecular 

properties and experimental evidence. Whether the apo(a) molecular structure is 

considered, the presence of many plasminogen-like K domains poses the basis for 

diverse molecular interactions that are fundamental in biological processes such as 

coagulation, fibrinolysis and tissue repair. Indeed, K motifs are found in a number 

of protein families, such as coagulation factors (e.g. plasminogen, prothrombin, 

urokinase, tissue plasminogen activator, coagulation factor XII) (Patthy L 1985; 

Castellino FJ and McCance SG 1997) and growth factors (e.g. hepatocyte growth 

factor/scatter factor HGF/SF) (Gherardi E et al. 1997), where they are responsible 

for the interaction with different molecular partners, depending on the K type 

(Patthy L et al. 1984). Particularly, plasminogen K domains are typically 

characterized by the presence of lysine binding sites (LBS) that have affinity for 

lysine-rich substrates such as fibrin and specific cell membrane receptors (e.g. 

plasminogen receptor, megalin), but are also important for intramolecular 

interactions to maintain the protein native conformation (Castellino FJ and 

McCance SG 1997). Of apo(a) K domains, active LBS sites are conserved only in 

KIV-5 to KIV-8 (“weak” LBS) and KIV-10 (“strong” LBS). However, only KIV-10 

may be available for lysine-rich ligands binding, as LBS of KIV-5 to KIV-8 are 

bound or masked by steric hindrance due to non-covalent interactions with specific 

Lys residues of apoB100 in the Lp(a) particle (Becker L et al. 2004).  

Due to its two main components, it was therefore speculated that Lp(a) represented 

a bridge between cholesterol transport and fibrinolysis and/or wound healing 

process: at the site of injury, Lp(a) would inhibit the premature dissolution of fibrin 

clots and act as a growth factor on cell proliferation, also being capable to provide 

cholesterol supply for tissue regeneration and vascular repair (Lippi G and Guidi G 

2000).  

Several lines of evidence from in vitro and in vivo studies support this hypothesis, 

such as the well-known inhibitory action of apo(a)/Lp(a) towards plasminogen 

activation (Romagnuolo R et al. 2014), and thus fibrinolysis; the stimulation of cell 

proliferation upon Lp(a) treatment (Grainger DJ et al. 1994; Takahashi A et al. 

1996); the up-regulated transcription of LPA and consequent Lp(a) accumulation 

mediated by IL-6 acute-phase interleukin (Ramharack R et al. 1998) and the 

markedly enhanced binding of Lp(a) to endothelial and smooth muscle cells in 

response to defensin (Higazi AA et al. 1997), a small peptide released by activated 

neutrophils. 

Some research groups also proposed that Lp(a) could function as a surrogate for 

ascorbate, as the appearance of Lp(a) in primates overlaps with the loss of the 

ability to de novo synthesize vitamin C in the same species and administration of 

vitamin C prevented Lp(a) accumulation at the arterial walls in vivo (Lippi G and 

Guidi G 2000).  

However, none of the structure-function and experimental studies listed above have 

been confirmed by epidemiological findings so far. 
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 1.5 METABOLISM OF LP(a) 

 
Several biological processes and molecules involved with the synthesis, catabolism 

and clearance of human Lp(a) are at present unknown and considerable effort has 

been put by researchers in order to clarify these obscure aspects, whose 

understanding might be crucial for the design of suitable therapies aimed at 

specifically modulating Lp(a) serum levels (Hoover-Plow J and Huang M 2013). 

The human LPA gene and its primate orthologues are expressed mainly in the liver, 

but minor levels of transcripts have been detected in other tissues, such as brain, 

lung, testes, adrenal and pituitary glands, human aorta and carotid arteries (McLean 

JW et al. 1987; Tomlinson JE et al. 1989; Koschinsky ML et al. 1990). However, 

the apo(a) protein product that is associated to circulating Lp(a) particles is 

synthesized uniquely by hepatocytes, as demonstrated by an early but elegant study 

performed by Kraft and colleagues on genetically polymorphic plasma proteins 

before and after liver transplantation, observing that the apo(a) protein phenotypes 

of transplanted subjects reflected the genotype of donor’s liver (Kraft HG et al. 

1989).  

At the transcriptional level, a number of regulative elements has been identified 

neighboring the LPA gene and some of them were demonstrated to activate (e.g. 

estrogen-mediated enhancer region, hepatocyte nuclear factor 1 homeobox A) or 

repress (e.g. GATA4-, hepatocyte nuclear factor 3α-, fibroblast growth factor 19- 

and tumor necrosis factor α-responsive elements) the LPA promoter (Hoover-Plow 

J and Huang M 2013). Recently, an IL-6 responsive element was mapped at -46 to 

-40 and demonstrated to be responsible for increasing the levels of both LPA 

mRNA and Lp(a) in presence of IL-6 cytokine in human hepatocytes, indicating an 

implication of Lp(a) with acute phase of inflammation (Muller N et al. 2015). 

Upon transcription, the apo(a) protein is translated in the endoplasmic reticulum 

lumen, where the folding is facilitated by ER chaperones, such as calnexin, and 

then apo(a) can be driven either to the Golgi apparatus for post-translational protein 

processing (mainly glycosylation) and secretion or to proteasome-mediated 

degradation. Notably, HMW apo(a) isoforms are more likely to undertake the 

degradation pathway than LMW isoforms (Hoover-Plow J and Huang M 2013). 

Molecular biology evidence suggests that assembly of the Lp(a) particle starting 

from its two main building blocks, i.e. liver-derived apo(a) and LDL-like particle, 

is believed to occur through two steps (Koschinsky ML 2006). First, non-covalent 

interactions between the weak LBSs in KIV-7 and KIV-8 adjacent domains of 

apo(a) and lysine residues on apoB100 of LDL particle allow an initial molecular 

docking of the two components (Becker L et al. 2004). Then, covalent binding 

occurs through disulfide bridge formation between Cys1568 of apo(a) (included in 

KIV-9 domain) and Cys4057 of apoB100. At present, it is not clear whether 

assembly of Lp(a) takes place inside the hepatocytes expression machinery, or at 

the hepatocyte surface upon secretion of the two separate components (Fig. 1.7). In 

fact, contrasting results were obtained depending on the experimental approach 
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used: in vivo kinetic studies on turnover of Lp(a)-associated apo(a) and apoB100 

proteins suggested an intracellular location for the assembly, whereas in vitro 

protein analysis of HepG2 cells transfected with recombinant apo(a) supported the 

extracellular hypothesis, since apo(a)/apoB100 complexes were detectable only in 

the cell supernatant and not in the endoplasmic reticulum nor in the Golgi 

apparatus, where large amounts of apo(a) precursor proteins were instead present 

(Brunner C et al. 1996; Koschinsky ML 2006). Moreover, transgenic mice models 

expressing recombinant apo(a) are currently used in some in vivo studies in which 

human LDL are injected in the animal’s circulation and, hereafter, apo(a):LDL 

covalent-bound complexes resembling Lp(a) particles can be detected in transgenic 

mice serum, indicating that the particle assembly occurs at extracellular site 

(Chiesa G et al. 1992). 

 

 

Figure 1.7 Hypotheses for the site of apo(a) assembly with LDL-like particles upon 

apo(a) synthesis by hepatocytes. (A) Intracellular, (B) pericellular, and (C) extracellular 

assembly. BiP, endoplasmic molecular chaperone; PDI, protein disulfide isomerase. Figure 

adapted from (Hoover-Plow J and Huang M 2013). 

 

Another mysterious point is Lp(a) catabolism and clearance, as no specific 

receptors and catabolic pathways for Lp(a) have been described so far, although it 

was demonstrated that Lp(a) binds to several receptors of various cell types 

(mainly hepatocytes, fibroblasts and macrophages), such as LDL receptor (LDLR), 

VLDL receptor (VLDLR), LDLR-related protein (LRP), plasminogen receptor (Plg 

receptor), megalin, asialoglycoprotein receptor (ASGPR), and scavenger receptor 
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B-I (SR-BI) through the LDL-like or apo(a) moiety. However, contrasting 

conclusions were obtained from in vivo turnover studies regarding the role of these 

membrane proteins in the mediation of Lp(a) uptake and removal from plasma 

(Hoover-Plow J and Huang M 2013). Although Lp(a) catabolism is mainly 

operated by the liver, serum Lp(a) clearance by kidneys have also been proposed, 

as Lp(a) levels are significantly modified in case of renal dysfunction and apo(a) 

protein fragments were detected in urine (Kronenberg F et al. 1996). 

Several lines of evidence, including both in vitro and in vivo turnover studies, 

established that Lp(a) concentration in serum is mainly dependent on the rate of 

synthesis, rather than catabolism, of this particle (Hoover-Plow J and Huang M 

2013). Particularly, apo(a) production, processing and secretion seem to be the 

main factors determining Lp(a) synthesis rate and hence Lp(a) serum levels. In 

turn, apo(a) synthesis and secretion rate is strictly dependent on the number of 

KIV-2 repeats through an inverse relationship and, thus, LMW apo(a) isoforms are 

more efficiently expressed than HMW ones. In HepG2 cells transfected with two 

differently-sized r-apo(a) isoforms, the observed difference in Lp(a) concentration 

detected from the media was compatible with that reported in vivo by 

epidemiological studies in individuals with the same apo(a) isoforms (Brunner C et 

al. 1996).  

The cellular mechanisms responsible for apo(a) concentration variation are likely 

to be post-translational (transcript stability, translation and assembly efficiency), as 

LPA mRNA levels are not significantly different between KIV-2 copy number 

variants. On the contrary, the measured fractional catabolic rates of LMW and 

HMW apo(a) isoforms were similar (Hoover-Plow J and Huang M 2013). 

 

 

 

 1.6 CARDIOVASCULAR DISEASES, ATHEROSCLEROSIS AND 

LIPOPROTEINS 

 
Cardiovascular diseases are a heterogeneous group of disorders affecting the 

functionality of hearth and blood vessels, i.e. the cardiovascular system. They 

currently represent the leading cause of death in the industrialized countries, where 

cholesterol-rich dietary regimens are common, and its prevalence is still increasing 

in these populations (Bethesda M 2012). Atherosclerosis is the most common 

pathological condition at the basis of cardiovascular diseases and it was estimated 

to constitute the underlying cause of about 50% of deaths and of almost all the 

cases of myocardial infarction and stroke derived from cerebral thrombosis 

(Hammer GD MS 2014). 

Atherosclerosis is a specific case of arteriosclerosis, which is a chronic vascular 

disease, defined as the progressive thickening and loss of elasticity of blood vessel 

walls, in particular large and medium arteries, resulting in a narrowed artery lumen 

and compromised blood flow (Ahumada GG SG 1987). Typical clinical 

consequences of arteriosclerosis are those deriving from insufficient blood supply 
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(i.e. ischemia) to the involved organs and tissues, such as myocardial infarction, 

stroke and gangrene to the lower body extremities. Moreover, this detrimental 

modification of the arterial wall weakens and compromises the physiological 

functionality of the blood vessel itself, predisposing to luminal dilatation 

(aneurysm) and rupture of the vessel wall, with consequent internal hemorrhage 

(Hammer GD MS 2014). 

In atherosclerosis, the thickening and hardening of the artery wall is caused by 

formation and progression of particular fibrous and fatty-infiltrated lesions, namely 

the atherosclerotic plaques or atheromas, often associated with inflammation and 

neovascularization, which can eventually calcify, ulcerate or break, ultimately 

leading to generation of circulating thrombi that may occlude blood vessels (Ross 

R 1999).  

Atherosclerotic lesions develop within the intima layer upon the interaction of 

specific proliferating and migrating cell types (mainly vascular endothelial cells, 

ECs, infiltrating mononucleate immune cells and smooth muscle cells, SMCs) and 

accumulated macromolecular (mainly fatty substances) components (Coleman WB 

TG 2009). Among these, plasma lipoproteins, especially those that are specialized 

in cholesterol transport, play an important role. 

Lipoproteins are large, generally spherical, macromolecular complexes composed 

of different lipids and proteins, which circulate in body fluids (plasma, interstitial 

fluid, lymph) and are specialized in the intestinal absorption, metabolism and 

transfer of diet-derived lipids, mainly cholesterol and long-chain fatty acids, and 

other hydrophobic compounds, such as fat-soluble vitamins. Plasma lipoproteins 

are divided into five main groups, depending on their relative densities: 

chylomicrons, very low-density lipoproteins (VLDLs), intermediate-density 

lipoproteins (IDLs), low-density lipoproteins (LDLs), and high-density lipoproteins 

(HDLs). Each lipoprotein class is associated to specific apolipoproteins (Table 1.2), 

which are responsible for structural functions and/or mediate binding with enzymes 

or membrane receptors related to lipid metabolism (Rader DJ HH 2012). Briefly, 

lipoprotein-mediated lipid transport comprises an exogenous pathway, in which 

chylomicrons are generated in the intestine to deliver diet-derived lipids to 

peripheral tissues, an endogenous pathway, where VLDLs, IDLs and LDLs vehicle 

hepatic lipids to the periphery and a reverse cholesterol transport, during which 

cholesterol is transported from peripheral tissues to the liver by HDL. Lp(a) 

represents a minor class within the lipoprotein family and does not seem to 

participate to dietary lipid transport and metabolism (Schmidt K et al. 2016).  

On the other hand, Lp(a), as the other lipoproteins, is a major player in the 

pathophysiology of atherosclerosis, as it may cross the vascular endothelium upon 

different binding stimuli and accumulate in the atherosclerotic plaque, where it 

interacts with resident cells and promote progression of the lesion (Rader DJ HH 

2012). Indeed, increased plasma levels of Lp(a) bring about a high risk to develop 

atherosclerotic CVDs. 
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Table 1.2 Main features of the five major lipoprotein classes and Lp(a), modified from 

Rader et al. (Rader DJ HH 2012). Density is determined by ultracentrifugation; size is 

deduced from gel electrophoresis; electrophoretic mobility refers to relative mobility of 

particles compared to that of LDLs (β band) and of HDLs (α band). The most peculiar and 

distinctive apolipoproteins of each class are highlighted in bold. 
 

LIPOPROTEIN 
DENSITY 

(g/ml) 

SIZE 

(nm) 

ELECTROPHORETIC 

MOBILITY 
APOLIPOPROTEINS 

Chylomicrons 0.930 75-1200 Origin 
ApoB-48, A-I, A-IV, 

C-I, C-II, C-III 

VLDL 
0.930-

1.006 
30-80 Pre-β 

ApoB-100, E, A-I, A-II, 

A-V, C-I, C.II, C-III 

IDL 
1.006-

1.019 
25-35 Slow pre- β 

ApoB-100, E, C-I, 

C-II, C-III 

LDL 
1.019-

1.063 
18-25 β ApoB-100 

HDL 
1.063-

1.210 
5-12 α 

ApoA-I, A-II, A-IV, 

E, C-III 

Lp(a) 
1.050-

1.120 
~30 Pre- β Apo(a), B-100 

 

 

 1.6.1 PATHOGENESIS OF ATHEROSCLEROSIS 

 
The atherosclerotic process may begin as early as in fetal stage and is characterized 

by a progressive degenerative evolution, which can be accelerated by genetic (e.g. 

gender, LDL receptor mutations, diabetes mellitus) or environmental factors (e.g. 

cigarette smoke, fat-rich diet) and the interplay between them (Hammer GD MS 

2014). Exposure to most of the environmental risk factors can be prevented or 

attenuated and several approved treatments are currently available to counteract the 

effects of many genetic conditions. Lp(a) has been pointed to as a relevant single-

gene risk factor for atherosclerotic cardiovascular diseases, which is scarcely 

sensitive to diet, lifestyle changes or many conventional treatments (Nordestgaard 

BG et al. 2010). 

Evolution of atherosclerotic lesions at the intima of vessels is typically 

characterized by three different stages, of which the former two can be 

asymptomatic and subclinical (Ross R 1999; Coleman WB TG 2009): 

I. Plaque initiation and formation. Preferential sites for atheroma formation 

are those interested by moderate subendothelial SMCs proliferation that 

occurs as a physiological adaptation to mechanical forces occurring in 

blood vessels (hemodynamic shear stress, hypertension). These sites 

become more subjected to endothelial modification, which, in turn, 

promotes adhesion and transmigration of monocytes/macrophages across 

the endothelium, mainly through integrin (E-selectin, P-selectin) -mediated 

monocyte rolling along the endothelial surface and over-expression of 
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adhesion molecules (e.g. vascular cell adhesion molecule, VCAM) on cell 

membrane of ECs. Under such conditions, ECs also produce some pro-

atherogenic molecules, such as fibroblast growth factor 2 (FGF-2), 

plasminogen activator (PA) and endothelin, which are potent mediators of 

cell proliferation, migration, differentiation, angiogenesis and tissue 

remodeling. Accumulation of low-density lipoproteins starts as a 

consequence of disruption and aberrant functionality of the endothelial 

barrier. SMCs further stimulate this process, being responsible for 

important modification of the atheroma connective tissue and over-

production of proteogycans, which retain a high binding affinity to 

lipoproteins. Resident macrophages can uptake accumulated lipoproteins 

via scavenger receptors and eventually degenerate into foam cells, a 

process which involves secretion of paracrine pro-inflammatory cytokines 

(e.g. TNF, IL-1, IL-6, INF-γ) and growth factors (e.g. PDGF, FGF, TGFβ), 

affecting ECs and SMCs survival and proliferation. Overall, this 

framework is subjected to a positive feedback, as lipid accumulation, 

cellular dysfunction and cell damage, also due to hypoxia at the deeper 

layers of the thickened intima, cause extensive necrosis, as well as 

apoptosis, which further aggravate the inflammatory status of the plaque. 

II. Adaptation phase. The atheroma is now composed of a central lipid-

necrotic core enveloped by a fibrous cap, which keeps this area separated 

from the vessel lumen. However, the wall of the artery continuously 

undergoes compensative remodeling to maintain both an uninterrupted 

endothelial barrier and a normal lumen size, thus blood flow. 

Hemodynamic shear stress and extracellular matrix modification are 

important factors in regulating this equilibrium by stimulating the 

expression of a number of mediators such as TGFβ, FGF, 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 

(TIMPs). 

III. Clinical stage. Upon the modifications in stage I, the vascular endothelium 

changed its characteristic anti-coagulant vascular surface into a pro-

coagulant one, as the ECs produce platelet-activating factor (PAF) and 

plasminogen activator inhibitor (PAI). Moreover, the atherosclerotic plaque 

may have considerably grown in size, significantly encroaching on the 

lumen (stenosis) and increasing the chances to break the vessel wall 

(hemorrhage). Other factors that contribute to increase the risk of rupture 

of the vessel wall are inflammation, aneurysm formation, endothelial 

erosion and ulceration, thinness of the atheroma fibrous cap, nodular 

calcification, foam cells, and imbalance between matrix synthesis and 

degradation (MMPs/TIMPs). Clinical symptoms may arise from either 

severe stenosis or thrombus formation, which can occlude blood vessels 

and cause acute life-threatening events, such as myocardial infarction or 

stroke. The clinical magnitude and severity of the consequences deriving 

from blood vessel occlusion depend on the key-role and extent of the 

tissues/organs damaged by ischemia. 
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 1.6.1.1 PATHOGENIC ROLE OF LP(a) IN ATHEROSCLEROSIS 
 
Considering its molecular composition and the associated epidemiology, it was 

speculated that Lp(a) was an atherothrombotic factor, constituting a functional 

bridge connecting the pathological mechanisms of atherosclerosis (mediated by the 

LDL-like moiety) with those leading to thrombosis (mediated by the apo(a) 

moiety) (Boffa MB and Koschinsky ML 2016).  

Consistently, both in vitro and in vivo studies demonstrated that Lp(a) may 

contribute to the pathogenesis and pathophysiology of atherosclerotic CVDs at 

many different levels (Fig. 1.8). However, it should be evidenced that none of these 

potential pathogenic implications has ever been proved to reflect the actual 

situation in human patients (Boffa MB and Koschinsky ML 2016).  

According to available experimental data, the pathophysiological processes to 

which Lp(a) is likely to take part include (i) recruitment and adhesion of 

inflammatory cells at the atherosclerotic arterial wall, (ii) vascular remodeling 

through proliferation/migration of endothelial and smooth muscle cells, (iii) 

impairment of fibrinolysis and (iv) thrombosis (Riches K and Porter KE 2012). 

However, these mechanistic studies are hampered by the complexity of the Lp(a) 

particle and, in the case of in vivo studies, by the limited availability of simple 

animal models expressing Lp(a). 

As mentioned before, circulating lipoproteins can cross the vascular endothelium, 

especially at sites damaged by atherosclerotic lesions, and invade the intima layer. 

Lp(a) is, in fact, found in atherosclerotic plaques in amounts that are proportional 

to Lp(a) levels in plasma (Niendorf A et al. 1990). It is also known that Lp(a) is 

more avidly retained in atheromas than LDLs, as it may bind to proteins of 

extracellular matrix (e.g. fibrin, proteoglycans, defensins) that are particularly 

enriched in atherosclerotic lesions (Fogelstrand P and Boren J 2012) not only 

through the apoB100 moiety, but also through apo(a). Accumulation of Lp(a) 

particles in the blood vessel wall exacerbates the pathology of the atherosclerotic 

plaques, thereby triggering different responses in the “resident” cells (e.g. 

macrophages, endothelial and smooth muscle cells) and promoting cholesterol 

deposition (Nielsen LB 1999).  

One of the main detrimental atherosclerotic processes that Lp(a) accelerates is 

inflammation, also because the LPA gene shows enhanced expression in response 

to IL-6 (Ramharack R et al. 1998). Lp(a), in turn, promotes recruitment and 

transendothelial migration of inflammatory cells by stimulating expression of 

different adhesion molecules (e.g. ICAM-1, VCAM-1, E-selectin) in both 

endothelial cells and macrophages in a process indirectly mediated by apo(a) 

(Allen S et al. 1998). Furthermore, apo(a) can directly bind specific adhesion 

molecules on the surface of infiltrating mononuclear cells, such as the β2-integrin 

Mac-1 (Sotiriou SN et al. 2006). Other studies evidenced the role of the apo(a) 

glycoprotein as an inflammatory agent, inducing tissue-infiltrated immune cells, 

particularly macrophages, to secrete pro-inflammatory signal molecules, such as 
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the chemokine IL-8 (Scipione CA et al. 2015), or activating of pro-inflammatory 

transcription factors, such as the nuclear factor kappa B (NFκB) downstream the 

Mac-1 dependent pathway (Sotiriou SN et al. 2006).  

Lp(a) is also a preferential carrier of oxidized phospholipids (oxPLs), which are 

highly inflammatory molecules, in human plasma, compared to LDL (Tsimikas S et 

al. 2005). Seimon et al. recently found that Lp(a) induces apoptosis in ER-stressed 

murine macrophages through the CD36-TLR2 pathway, activated by the 

transported oxPLs of Lp(a) (Seimon TA et al. 2010) and a similar effect can be 

plausible to happen in human degenerated foam cells at atheroma sites. 

Lp(a) acts as a stimulator of vascular remodeling, for instance by promoting 

growth and migration of human vascular endothelial cells through an interaction of 

the LBS of KIV-10 and KV of apo(a) with the αVβ3 integrin (Takahashi A et al. 

1996; Riches K and Porter KE 2012). In this cell type, the formation of 

intracellular stress fibers was also observed upon Lp(a) treatment, possibly 

contributing to cell motility and blood vessel barrier impairment. In addition, Lp(a) 

exerts a mitogen effect on smooth muscle cells (Grainger DJ et al. 1993), through a 

molecular pathway involving phosphorylation of extracellular signal-related kinase 

(ERK). 

Since apo(a) shares significant homology with the fibrinolytic proenzyme 

plasminogen, several interfering mechanisms by apo(a) within the coagulation 

cascade and the fibrin clots dissolution were hypothesized and, in some cases, 

demonstrated (Boffa MB and Koschinsky ML 2016). Plasminogen is a liver-

derived soluble zymogen that takes part as a regulatory protease to the last stages 

of the blood coagulation cascade. Upon protein cleavage by tissue-type (tPA) or 

urokinase-plasminogen activator, plasminogen is transformed into its active 

enzymatic form, called plasmin, a trypsin-like serine protease whose main function 

is direct degradation of fibrin clots (fibrinolysis) (Castellino FJ and McCance SG 

1997). Plasmin has also indirect effects, such as activation of transforming growth 

factor β (TGFβ) that in turn has athero-protective functions (e.g. inhibition of 

smooth muscle cells migration) (Grainger DJ et al. 1994). Activation of 

plasminogen requires interaction with tPA and fibrin in a ternary complex. Apo(a) 

is able to mimic plasminogen in molecular interactions, but its protease unit lacks 

of fibrinolytic activity: apo(a) can hence bind to plasminogen canonical substrates, 

such as fibrin clots and platelet surfaces through the strong LBS of KIV-10 and KV, 

and competitively interferes with plasminogen activation, resulting in inhibition of 

both plasmin fibrinolytic activity and TGFβ activation (Sangrar W and Koschinsky 

ML 2000; Riches K and Porter KE 2012). Moreover, in in vitro studies, 

administration of Lp(a) was also associated to increased expression of plasminogen 

activator inhibitor-1 (PAI-1) and to activation of α2-macroglobulin, a plasmin 

inhibitor, and serine protease inhibitor A1 (SERPINA1), a tPA inhibitor  (Boffa MB 

and Koschinsky ML 2016).  

Besides the anti-fibrinolytic effects related to plasminogen function impairment, 

several in vitro studies have suggested a pro-thrombotic role for Lp(a) as a 

consequence of platelet aggregation promotion via direct binding and tissue factor 

(TF) expression stimulation by endothelial cells (Riches K and Porter KE 2012). 
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However, these results are debated by other contradictory evidence, suggesting that 

the over-expression of TF is cell-type-dependent (Riches K and Porter KE 2012), 

and thus the Lp(a) pro-thrombotic effect needs further characterization. 

 

 

Figure 1.8 Diagram of the main pathogenic effects triggered by Lp(a) in 

atherosclerotic cardiovascular diseases. The biologic processes shown, divided into pro-

atherogenic and pro-thrombotic effects, have been demonstrated to be mediated by Lp(a) in 

in vitro studies or in animal models, yet not directly in human disease. EC: endothelial cell; 

SMC: smooth muscle cell; PAI-1: plasminogen activator inhibitor-1; TFPI: tissue factor 

pathway inhibitor. 

 

 

 1.6.1.2 ROLE OF APO(a) SIZE IN ATHEROSCLEROSIS 
 
Overall, surprisingly, a limited number of mechanistic studies has been focused on 

the biological significance of the LMW Lp(a) isoforms compared to the HMW 

ones in the pathogenesis of atherosclerosis. 

Notably, population studies showed that individuals with LMW apo(a) isoforms 

display higher levels of Lp(a) associated to oxidized phospholipids than individuals 

carrying HMW apo(a) isoforms (Tsimikas S and Witztum JL 2008), suggesting that 

small apo(a) isoforms may have a stronger tendency to incorporate these pro-

inflammatory lipids and hence to accelerate progression of atherosclerotic lesions. 

In in vitro binding assays, the affinity of apo(a)/Lp(a) for the cell surface of THP-1 

monocytes through the β2-integrin Mac-1 was stronger when recombinant forms of 

apo(a) with a low number of KIV domains or small Lp(a) isoforms were used, as 

opposed to HMW recombinant apo(a) or large Lp(a) isoforms (Sotiriou SN et al. 

2006). Thus, LMW apo(a) isoforms are more potent chemoattractant of 

inflammatory monocytes. 

Moreover, apo(a) anti-fibrinolytic effect is particularly stressed with LMW apo(a) 

isoforms, as an inverse relationship was measured between binding affinity (KD) 
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for fibrin and apo(a) isoform size, indicating a stronger pathogenic potential of 

small apo(a) variants to inhibit plasminogen functions (Hervio L et al. 1996).  

 

 

1.7 CLINICAL MANAGEMENT OF HYPERLIPOPROTEINEMIA(a) 

 
Given the increasing findings which establish Lp(a) as an emerging and important 

predictor of CVDs and, at the same time, the general scarce knowledge of this 

novel biomarker, considerable effort has been put by scientific societies during the 

last years in order to define a series of standard procedures to be applied in clinics 

that would allow a better management of Lp(a) as a risk factor in patients who need 

its assessment and treatment.  

In this regard, in 2010, the European Atherosclerosis Society (EAS) published a 

consensus paper on Lp(a) (Nordestgaard BG et al. 2010), recommending a 

widespread screening for elevated Lp(a) (hyperlipoproteinemia(a)) in the following 

classes of patients, which are considered at intermediate or high risk of 

cardiovascular disease: 

 premature CVD, 

 familial hypercholesterolemia (FH), 

 family history of premature CVD and/or elevated Lp(a), 

 recurrent CVD resistant to statin treatment, 

 ≥3% 10-year risk of fatal CVD according to European guidelines, 

 ≥10% 10-year risk of fatal and/or non-fatal CHD according to US 

guidelines. 

In these categories of subjects, Lp(a) measurement should be performed once, 

using an isoform-insensitive assay, and repetitions may be required only to monitor 

patient response to ongoing or end of Lp(a)-lowering treatment. Recent data 

collected from a Danish population demonstrates that incorporation of Lp(a) 

measurement within a patient assessment panel substantially improves 

cardiovascular risk prediction (Kamstrup PR et al. 2013). 

However, Lp(a) monitoring is still not commonly included in the routine clinical 

practice, even in patients at high CVD risk, as so far only a limited cohort of 

physicians (e.g. dedicated cardiologists and lipidologists) is aware of the relevant 

role that Lp(a) is gradually demonstrating to have in CVDs. Thus, only few 

specialized laboratories are equipped for Lp(a) measurements, whose costs are 

consequently high. Moreover, the lacking of specific Lp(a)-lowering therapies 

discourages to have Lp(a) levels measured, especially within the secondary 

prevention in the presence of established CVD and without possibility of a concrete 

benefit from the measurement (Marcovina SM and Albers JJ 2016).  

For these reasons, it is important to find both convenient diagnostic strategies and 

efficient therapeutic solutions. 
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1.7.1 LP(a) MEASUREMENTS 

 
Because of the complex and heterogeneous biology of Lp(a) and its relatively new 

arrival in clinical medicine, several issues and technical limitations hinder a proper 

assessment of the Lp(a) trait for diagnostic purposes (Marcovina SM and Albers JJ 

2016). 

The variability of Lp(a) average levels among different populations has challenged 

the definition of a universal CVD risk threshold. Initially, the desirable level of 

Lp(a) in plasma was set below 30 mg/dl (Boffa MB and Koschinsky ML 2013). 

However, this appeared unsuitable for application to ethnic groups showing higher 

median Lp(a) levels. In fact, while a 30 mg/dl value typically coincides in Whites 

with the 75th percentile, in the Black populations it comprised the 50th percentile 

(Parra HJ et al. 1987). The European Atherosclerosis Society (EAS) consensus 

panel suggested a cut point at the 80th percentile of Lp(a) levels distributions in a 

Danish population, corresponding to ≥50 mg/dl (Nordestgaard BG et al. 2010), 

whose efficiency in predicting CVD risk was verified later in the same population 

(Kamstrup PR et al. 2013). Clearly, further randomized controlled trials are 

necessary to assess suitability of this cutoff value in other population samples and 

adoption of different population-specific reference values cannot be excluded. For 

instance, it was suggested to place a case-specific threshold for elevated Lp(a) 

above the 75th percentile Lp(a) levels with reference to distribution in each 

population (Boffa MB and Koschinsky ML 2013). 

Another relevant issue is the use of a correct unit of measurement to describe Lp(a) 

concentration, which is conventionally expressed in mass/volume of serum (mass 

concentration, mg/dl), as other lipoprotein-related parameters in blood tests (e.g. 

HDL- and LDL-cholesterol). In this case, mass is probably not the most suitable 

unit, as it refers to the whole Lp(a) particle, whose MW is markedly variable 

depending on apo(a) size, and thus different mass concentrations of Lp(a) do not 

straightly indicate linearly proportional different number of molecules/volume of 

serum (molar concentration), and vice versa. Molar concentration (i.e. nmol/l) 

appears more indicative of Lp(a) levels, since it is independent from apo(a) MW. 

Nonetheless, adoption of this unit of measurement would imply careful calibration 

of appropriate reference material for the quantification, which is not trivial and has 

not been achieved yet (Boffa MB and Koschinsky ML 2013). 

In the clinics, Lp(a) serum concentration is to date determined through 

nephelometry, turbidimetry or ELISA techniques (Nordestgaard BG et al. 2010). In 

the great majority of cases, monoclonal and polyclonal antibodies specific for 

Lp(a)/apo(a) are used for detection. However, antibodies with different specificities 

(i.e. recognized epitopes) may lead to inconsistent results between different 

laboratories. More importantly, the repetitive modular nature of apo(a) poses the 

risk of under- or overestimating Lp(a) concentration, depending on the number of 

KIV-2 domain repeats of a given apo(a) isoform and on possible different protein 

conformations (i.e. different structural availability of recognized epitopes), leading 
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to serious inter-individual standardization issues. In fact, many Lp(a) quantification 

assays have been demonstrated to underestimate concentration of LMW variants 

and, on the contrary, to overestimate that of HMW isoforms (isoform size-

dependent bias) (Marcovina SM and Albers JJ 2016). Thus, use of apo(a) isoform-

insensitive assays is highly recommended (Nordestgaard BG et al. 2010), such as 

immunodetection methods with antibodies that both recognize a singularly-present 

epitope of apo(a) and do not cross-react with homologous plasma elements like 

plasminogen. 

As some evidence suggests that LMW apo(a) isoforms detain a stronger pathogenic 

potential than HMW ones independently of Lp(a) concentration (Kronenberg F et 

al. 1999), determination of apo(a) MW may be a clinically useful additional 

parameter to monitor. To determine the apo(a) allelic variant according to the KIV-

2 CNV, several analytic techniques may be employed: pulsed-field gel 

electrophoresis (PFGE) coupled to Southern blotting and quantitative PCR (qPCR) 

use genomic DNA information, fiber-fluorescence in situ hybridization (fiber-

FISH) allows analysis on cytogenetic material and Western blotting detects apo(a) 

from plasma Lp(a) (Marcovina SM and Albers JJ 2016). Among these, qPCR is the 

less informative method, as it can only give an estimation of the total number of 

KIV-2 resulting from the sum of the two alleles of an individual. Fiber-FISH is 

instead the most performing technique, as it allows the direct visualization and 

count of KIV-2 repeats of both the individual alleles. Though accurate and precise, 

this method is not suitable for high-throughput analyses and requires high amounts 

and quality of starting material, thus it is not apt to the clinical routine. On the other 

hand, PGFE and Western blotting are more widely used in the clinical practice. The 

former allows precise determination of the allelic genotype (number of KIV-2 

copies of each allele), but, as well as fiber-FISH, it demands relatively high 

quantity of DNA, which should be extracted from freshly collected samples, where 

genetic material is not degraded and fragmented. Western blotting using anti-

apo(a)/Lp(a) antibodies on plasma samples does not only allow determining apo(a) 

isoform size based on electrophoretic mobility, but also offers the advantage of 

obtaining phenotypic information in a semi-quantitative way. However, the 

accuracy of this technique strictly depends on detection sensitivity and 

electrophoretic resolution: the reported frequency of heterozygote individuals (i.e. 

double band phenotypes) may vary from 30% to 90% between laboratories due to 

technical differences (Enkhmaa B et al. 2016). Moreover, Western blot cannot 

provide information about the genetic bases for a “null” phenotype.  

For these reasons, the ideal clinical approach to comprehensively determine KIV-2 

CNV size is currently to combine both PGFE and Western blotting techniques. 

However, these are quite cumbersome and uncommon methods for routine clinical 

practice and, moreover, there is no strict consensus among research groups about a 

standard threshold value indicating the number of KIV-2 repeats that distinguish 

LMW apo(a) isoforms (i.e. high CVD risk) from HMW ones. Consequently, 

characterization of apo(a) size is mainly performed by research laboratories so far, 

but a method/technology that enables its implication in the clinic can be expected 

to be available in the near future. 
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1.7.2 AVAILABLE TREATMENTS FOR HYPERLIPOPROTEINEMIA(a)  

 
Observational studies repeatedly showed that healthy lifestyle, weight control, 

physical activity and dietary changes improve the overall profile of circulating 

lipoproteins and decrease the risk of cardiovascular events, yet these environmental 

factors have no or very little influence on Lp(a) serum concentration, which is 

mainly a genetically-controlled trait (Enkhmaa B et al. 2016). Nonetheless, given 

the increasing relevance of Lp(a) as independent risk factor of CVD, medical 

societies like EAS emphasize the need of lowering Lp(a) levels in patients 

considered at high or intermediate CVD risk (Nordestgaard BG et al. 2010). 

As for pharmacological interventions, few approved therapeutic approaches have 

been proved to possess Lp(a)-lowering capability, yet none of them is specific for 

reduction of Lp(a) levels only (Fig. 1.9) (Bos S et al. 2014). Consequently, the 

specific benefits deriving from Lp(a)-lowering in individuals at CVD risk cannot 

be evaluated.  

Plasmatic levels of Lp(a) are insensitive to classic lipid-lowering drug treatments 

including statins, which have a long-running history of therapeutic efficacy to cure 

dyslipidemia and to prevent CVDs. On the contrary, estrogen-based treatments 

(e.g. post-menopausal hormone replacement therapy) have shown to significantly 

lower Lp(a) levels, but still they are not good candidates for patient medication, as 

the effect on Lp(a) is not followed by reduction of CVD risk (Salpeter SR et al. 

2006). Nicotinic acid, vitamin B3 or niacin, seems to be moderately effective 

(reduction of 20-30%) in a dose-dependent manner and through an unknown 

mechanism, though it is not specific for Lp(a) reduction, as it decreases LDL-C and 

triglycerides and increases HDL-C concentrations, as well. Moreover, niacin 

treatment requires additional drug administration to counterbalance side effects 

(e.g. hepatotoxicity, flushing) and the final CVD risk outcome is controversial (Bos 

S et al. 2014). Aspirin (81 mg/day) reduces by 20% Lp(a) levels, but this molecule 

is conventionally administered to high risk-CVD patients in any case. LDL 

apheresis is the currently most effective modality to lower Lp(a) levels (more than 

50% reduction), although it is obviously not specific, by physical removal of Lp(a) 

from plasma. This form of treatment, even though associated to reduction of CVD 

risk, is however considerably invasive for the patient, prohibitively expensive and 

impractical for most patients and clinical centres and it rather constitutes a 

second/third-line approach for individuals at high risk and insensitive to other 

treatments (Bos S et al. 2014). Considering the present therapeutic chances, the 

EAS suggests niacin treatment to lower Lp(a) concentration, thus possibly to 

reduce the associated CVD risk.  

However, as mentioned before, so far an approved therapy specifically aimed at 

lowering Lp(a) levels is not available. Recently, promising innovative Lp(a)-

lowering strategies targeting specific metabolic mechanisms and related molecules 

of this lipoprotein have been proposed. Examples are antisense compounds and 

monoclonal antibodies with synergic action towards putative molecules responsible 

of Lp(a) clearance (e.g. anti-proprotein convertase subtilisin/kexin type 9, anti-

PCSK9 antibodies). Of these new strategies, the more clinically advanced one is 
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based on an antisense oligonucleotide called ISIS-APO(a)Rx ASO inhibiting the 

translation of LPA mRNA transcripts (Graham MJ et al. 2016). This compound is 

now in clinical trial, but preliminary results from phase I already indicate a 

reduction of Lp(a) levels up to 89%. Because of possible out-target effects of these 

new therapeutic alternatives, however, it will be necessary to carefully evaluate to 

which extent Lp(a)-lowering truly comes along with reduction of CVD risk. 

 

Figure 1.9 Lp(a) lowering (%) effect versus LDL-cholesterol (LDL-C) reduction (%) 

of different drug classes. CETP: cholesteryl ester transfer protein inhibitors; MTP: 

microsomal triglyceride transfer protein inhibitor; AS: anti-sense oligonucleotides. Figure 

adapted from (van Capelleveen JC et al. 2015). 
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2. Aims of the research 

 
 
 

Besides the recognized importance of Lipoprotein(a) [Lp(a)] as a pathogenic factor 

in atherosclerotic cardiovascular diseases (CVDs), its relatively recent discovery 

and its complex biochemical nature render this marker of CVDs a poorly 

characterized one. The most obscure aspects Lp(a) biology and pathophysiology 

include: 

- the structure of Lp(a) lipoprotein/apo(a) protein and isoforms; 

- the functional role, if any, of apo(a) size in the molecular and cellular 

mechanisms of atherosclerosis; 

- the lack of a universal threshold of KIV-2 copies defining the “pathogenic” 

and “non-pathogenic” Lp(a) isoforms. 

Furthermore, although the clinical management of an elevated Lp(a) condition is 

extensively recommended for several classes of patients, no standardized 

diagnostic procedures nor specific Lp(a)-lowering approved therapies exist yet.  

This research project aimed at addressing two different, yet related, needs 

regarding Lp(a) heterogeneity: 

1)  The need to improve the laboratory procedures used for Lp(a) determination 

in both the research and diagnostic fields, and the need to tackle the still 

unsatisfactory therapy of hyperlipoproteinemia(a). 

To this purpose, the research work, described in “Part 1” of the “Results” 

chapter of this thesis, was oriented towards the development and engineering 

of high-affinity anti-Lp(a) monoclonal antibodies as specific tools targeting 

the site of Lp(a) heterogeneity, i.e. the KIV-2 domain. Once applied to suitable 

qualitative and/or quantitative systems (e.g. lateral flow immunoassays), these 

molecules might offer an efficient determination of plasmatic Lp(a) 

concentration and might constitute a functional research, diagnostic and 

therapeutic tool. To evaluate their potential for future applications, we 

characterized the specificity and affinity properties of two anti-KIV-2 

antibodies: one was extracted from mouse hybridoma culture as a full mAb, 

while the other was designed in a suitable antibody format, namely a single-

chain variable fragment (scFv), and produced in recombinant form by 

prokaryotic and eukaryotic host systems. Recombinant forms of KIV-2 

domain and KIV-2-KIV-2 tandem domains, as well as recombinant apo(a) 

isoforms were produced as well, in order to achieve an accurate 

characterization of the antibody properties. 
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2) The need to clarify the role of apo(a) molecular weight in the pathophysiology 

of CVDs.  

In order to achieve this aim, two different routes were mainly followed 

(described in “Part 2” of the “Results” chapter of this thesis): a biophysical 

characterization of different Lp(a) isoforms and a biological analysis using in 

vitro cell cultures. Biophysical techniques were useful to obtain basic 

information on several molecular properties that were compared between 

different isoforms. On the other hand, the biological effect of apo(a) size was 

explored in a real-time manner, using model cell lines involved in Lp(a) 

metabolism and atherogenesis and exposing them to purified Lp(a) isoforms. 

In this direction, the generation of recombinant KIV-2 single and double 

domains, as well as a repertoire of apo(a) proteins of different size was also 

intended to conduct an accurate investigation on the biophysical and biological 

features specifically ascribable to distinct apo(a) isoforms. 

Furthermore, since the three-dimensional structure of the apo(a) KIV-2 domain has 

not been determined yet, the recombinant KIV-2 and KIV-2-KIV-2 proteins were 

also used for preliminary crystallization studies. These structural studies aim at 

shedding some light on the still-unknown function of the KIV-2 domain and may 

be also useful to tackle the second objective of this thesis (see below), as KIV-2 

represents the key site of apo(a) polymorphism 
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3. Materials and methods 
 
 
 
 
 
 3.1 DNA CLONING 
 
One of the advantages of manipulating DNA for genetic engineering and molecular 

biology studies is the universality of nucleic acid chemistry and of the genetic code 

among living organisms. 

The expression “DNA cloning” or “molecular cloning” refers to all the molecular 

biology techniques aimed at generating recombinant DNA molecules, typically 

encoding genes of interest to be amplified and/or expressed in a host organism. 

This gene of interest may have either natural or artificial origin: in the former case, 

the target DNA sequence is selected and extracted from the natural source, for 

instance the genomic material of a cell line, a tissue, an organ, or a whole 

organism, while in the latter case, the DNA encoding for the product of interest is 

modified to variable extent from the natural occurring variant gene or completely 

designed in the laboratory. The derived DNA fragment can then be amplified from 

virtually one molecule to an undefined number of DNA molecules which are 

identical to the parent one (cloning). The amplification step is conventionally 

performed by a cell-free technique, namely the polymerase chain reaction (PCR, 

described below) or using suitable molecular vectors in cellular hosts. Molecular 

vectors are DNA-based elements that can be used as vehicles of foreign DNA 

fragments (e.g. genes to be cloned), thus becoming recombinant vectors, to be 

inserted in a host cell. Examples of vectors are plasmids, viruses, artificial 

chromosomes and cosmids. Of these, plasmid vectors are the most widely used in 

molecular biology. Plasmids are circular double-stranded DNA molecules of 

variable length, which are capable of autonomous amplification using the cell 

replication apparatus and are commonly present in many copies in bacterial cells, 

and less frequently in eukaryotic cells, where they carry genes encoding functions 

that are important for the survival of the organism, such as antibiotic resistance. 

However, the plasmid vectors currently used for molecular cloning purposes are 

only derived from the natural ones and have been reduced in length and optimized 

with time according to the intended use.  

The main functional features of a plasmid vector used to amplify target DNA 
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(known as cloning vector or amplification vector) are the origin of replication, the 

multiple cloning site (MCS) and the selection markers. Replication origins of 

artificial plasmids allow independent DNA replication, often insensitive to 

inhibiting stimuli, with respect to chromosomal bacterial DNA. The MCS is a 

region enriched of restriction enzyme recognition sites that are present only once in 

the plasmid sequence and, thus, is the preferred insertion site of the DNA fragment 

of interest through cut-and-paste strategies. Different gene markers can be used to 

screen and select those host clones carrying the plasmid of interest, according to 

the associated phenotypic function: they can confer survival advantage under given 

conditions (positive selection, e.g. antibiotic resistance genes), or on the contrary 

survival preclusion (negative selection) or even distinguishing features (e.g. white-

blue colony selection).  

Plasmid vectors used to express the gene product of interest are referred to as 

expression vectors and additionally contain, upstream the MCS region, a promoter 

sequence, which is suitable for protein overexpression in the target host. 

For DNA laboratory manipulation, bacteria, particularly E. coli strains, are the 

preferred hosts, because they are simple and well-characterized organisms with 

rapid replication cycles and little maintenance costs. Moreover, a wide array of E. 

coli strains is commercially available, allowing a well-finished host choice 

according to the intended use. 

The typical objectives of molecular cloning are (i) determination and analysis of 

the amplified DNA sequence, (ii) expression of the gene product in a host 

organism, that in most of cases is different from the organism from which the gene 

itself was isolated, and (iii) generation of DNA libraries.  

 

 

 3.1.1 TARGET CDNA ISOLATION 

 
Whether the gene to be cloned is present in a cell line or a tissue and the gene 

sequence is not known, its selective isolation out of all the genetic material present 

in the cell/tissue can be achieved by amplification of either genomic DNA or 

transcripts.  

One of the advantages of using mRNA as a template is the possibility to work with 

the coding sequence only, thus with shorter nucleic acid molecules, which are 

easier to manipulate than longer full genes. In this case, however, an additional 

preparatory step is necessary, that is the reverse transcription PCR (RT-PCR), 

which is a variant of PCR (see paragraph 3.1.3) used in order to clone expressed 

genes by reverse transcribing the mRNA of interest (RNA template) into its DNA 

complement (cDNA) using suitable primers and a reverse transcriptase (RT) 

enzyme. RT is an RNA-dependent DNA polymerase that catalyzes the 5’ to 3’ 

synthesis of a DNA chain using an RNA molecule as a template to which a DNA 

oligonucleotide is paired (primer). The resulting DNA/RNA hybrid duplex is then 

subjected to the reverse transcriptase ribonuclease H (RNase H) activity that 

hydrolyzes the RNA strand.  
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Subsequently, the final product of RT-PCR, the newly synthesized cDNA strand, 

can be used as a template and exponentially amplified in a traditional PCR 

reaction. 

In this thesis, total RNA was extracted from mouse hybridoma cells, which secrete 

anti-KIV-2 mAb molecules, and specific primers were used to selectively retro-

transcribe mRNA encoding for the variable domains of immunoglobulin heavy and 

light chains in order to obtain the building blocks for generation of a scFv. 

 

 

 3.1.1.1 TOTAL RNA EXTRACTION FROM MOUSE HYBRIDOMA CELLS 

 
RNA molecules are particularly prone to degradation due their intrinsic chemical 

instability and to the presence and abundance of ubiquitous RNases in the 

environment (in dust, skin, etc). Furthermore, RNases do not need metal ion co-

factors and can maintain their ribonucleasic activity even after autoclaving. For 

these reasons, appropriate precautions must be taken in laboratory procedures when 

aiming to extract and preserve RNA. Thus, bench and glassware surfaces were 

treated with RNase-inactivating agents and introduction of operator-derived 

RNases was avoided by wearing suitable laboratory equipment. DEPC (diethyl 

pirocarbonate, Sigma) was used as an RNase inactivator. According to standard 

protocols, DEPC-treated water was obtained adding 2 ml of 97% DEPC solution to 

1 L of MilliQ water; the resulting solution was left in agitation at 40-50 rpm 

overnight at room-temperature to allow RNase inactivation and then autoclaved in 

order to ensure sterilization and DEPC degradation. 

For total RNA extraction, 106 to 107 hybridoma cells were harvested by 

centrifugation (1250 x g, 3 min) from a fresh ongoing cell culture. RNA molecules 

were either extracted immediately from freshly collected cells or preserved and 

stabilized using RNAlater® (Ambion) solution whether RNA extraction was 

performed later. RNAlater® is a commercially available aqueous, non-toxic tissue 

storage reagent that rapidly permeates cells and tissues to stabilize and protect 

cellular RNA from chemical and enzymatic degradation, preserving sample quality 

for later processing. Each centrifuged cell pellet was covered with 100 μl of 

RNAlater® solution and left to stand at 4°C overnight. The supernatant was 

removed the day after and the pellet was frozen and stored at -80°C until 

processing. 

Total RNA was extracted by three methods, using (i) phenol, (ii) RNAzol RT 

reagent (Sigma-Aldrich), or (iii) GenElute Mammalian Total RNA Miniprep kit 

(Sigma-Aldrich). 

In the first case,106-107 hybridoma cells were washed with 2 ml of cold PBS and 

pelleted by centrifugation (12000 x g, 10 min). The pellet was resuspended in 400 

μl of lysis buffer (1 mM MgCl2, 150 mM NaCl, 10 mM TrisHCl pH 7.5, 5 g/l 

Triton x100), prepared in DEPC-water, and incubated on ice for 5 min. After 

centrifugation (1500 rpm, 10 min, 4°C), the supernatant was mixed with 250 μl of 

SDS-phenol emulsion (prepared from 200 μl of 100% phenol, plus 50 μl of 10% 
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SDS) and vortexed for 2 min, then centrifuged (12000 x g, 5 min). To obtain pure 

RNA, the following step was repeated twice: the upper (aqueous) phase was 

collected and 400 μl of phenol were added to it; the two-phase solution was 

vortexed for 1 min and centrifuged (12000 x g, 5 min) to allow phase separation. 

The aqueous phase was then moved to a clean tube and 0.3 M sodium acetate and 

2.5 volumes of 100% EtOH were added. The sample was incubated at 20 °C 

overnight. On the next day, it was centrifuged (13000 rpm, 45 min, 4°C) and the 

pellet was washed with 1 ml of 70% EtOH (in DEPC-treated water). After 

centrifugation (13000 rpm, 10 min, 4°C), the pellet constituted by purified total 

RNA was air-dried and resuspended in 50 μl of TE buffer (10 mM Tris-HCl, 1 mM 

EDTA, pH 7.5). 

For the second protocol, 106-107 hybridoma cells were lysed and homogenized 

with 1 ml of RNAzol RT reagent by repeated pipetting. In order to allow 

precipitation of DNA, proteins and polysaccharides, 400 µl of DEPC-treated water 

were added to the sample. The tube was vigorously shaken for 15 sec and 

incubated at room-temperature for 15 min. The resulting mixture was centrifuged 

(12000 x g, 15 min) to remove the semisolid pellet. The RNA-containing 

supernatant was transferred into a new tube and one volume of 100% isopropanol 

was added in order to isolate total RNA by precipitation. After centrifugation 

(12000 x g, 10 min), the RNA pellet was washed twice with 500 µl of 75% ethanol 

in DEPC-treated water per 1 ml of supernatant used for precipitation. Total RNA 

was finally resuspended in 50 μl of TE buffer. 

For the third protocol, 106-107 pelleted hybridoma cells were lysed using 500 μl of 

Lysis Solution and completely homogenized by repeated pipetting. To remove 

cellular debris and shear DNA, the lysate was filtered using a GenElute Filtration 

Column, which was centrifuged at 16000 x g for 2 min. One volume of 70% 

ethanol was added and mixed. The mixture was loaded onto a GenElute Binding 

Column, which contains an RNA-binding resin. After centrifugation (16000 x g, 15 

sec), the flow-through was discarded and 500 μl of Wash Solution 1 were added to 

the column, which was then centrifuged as above. This step was repeated with 

Wash Solution 2, which contains ethanol. Before elution, the column was 

centrifuged for 1 additional min to completely dry it from ethanol. RNA was eluted 

by centrifugation (16000 x g, 1 min) of the column with 50 μl of Elution Solution. 

RNA solutions were kept at 4°C and used promptly or at -80°C for long-term 

storage. 10% of each final product (5 μl) was analyzed through agarose gel 

electrophoresis to check for success and quality of RNA extraction.  

Concentration of extracted total RNA was quantified measuring absorbance of the 

solution at 260 nm (A260) using a NanoDrop system POLARstar Omega Plate 

reader Spectrophotometer (BMG Labtech), considering 1.0 unit of A260 as equal to 

40 ng/μl RNA. RNA purity from DNA contamination was assessed calculating the 

ratio of absorbance at 260 to 280 nm (A260/A280), which was verified to be 

comprised between 1.8 and 2.1. 
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 3.1.1.2 RT-PCR OF IMMUNOGLOBULIN V DOMAIN TRANSCRIPTS 

 
In order to obtain cDNAs encoding for the variable (V) immunoglobulin domains 

of the anti-KIV-2 mAb expressed by the mouse hybridoma clone, RT-PCR was 

performed using extracted total RNA.  

Degenerated primers were tested either singularly or in combination in order to 

retro-transcribe full and accurate sequences of V-genes of both light (VL, Table 3.1) 

and heavy (VH, Table 3.2) antibody chains (O'Brien S JT). These primers are 

specifically designed to hybridize to murine conserved sequences external to the 

DNA sequences coding for the expressed variable domains: these are the 5'-ends of 

the constant (C) region and the leader (L) sequences upstream of the V regions 

(Fig. 3.1).  

 

Table 3.1 PCR primers for cloning mouse κ light chain variable regions. 

MKV1 (30mer) ATG AAG ATT GCC TGT TAG GCT GTT GGT GCT G 

MKV2 (30mer) ATG GAG WCA GAC ACA CTC CTG YTA TGG GTG 

MKV3 (30mer) ATG AGT GTG CTC ACT CAG GTC CTG GSG TTG 

MKV4 (33mer) ATG AGG RCC CCT GCT CAG WTT YTT GGM WTC TTG 

MKV5 (30mer) ATG GAT TTW CAG GTG CAG ATT WTC AGC TTC 

MKV6 (27mer) ATG AGG TKC YYT GYT SAY CTY CTC TGR GG 

MKV7 (31mer) ATG GGC WTC AAA GAT GGA GTC ACA KWY YCW GG 

MKV8 (25mer) ATG TGG GGA YCT KTT TYC MMT TTT TCA ATG 

MKV9 (25mer) ATG GTR TCC WCA SCT CAG TTC CTT G 

MKV10 (27mer) ATG TAT ATA TGT TTG TTG TCT ATT TCT 

MKV11 (28mer) ATG GAA GCC CCA GCT CAG CTT CTC TTC C 

MKC (20mer) ACT GGA TGG TGG GAA GAT GG 

MKV indicates primers that hybridize to leader sequences of mouse κ chain VL genes. 

MKC indicates the primer that hybridizes to the mouse κ constant region gene. 

 

Table 3.2 PCR primers for cloning mouse heavy chain variable regions. 

MHV1 (27mer) ATG AAA TGC AGC TGG GGC ATS TTC TTC 

MHV2 (26mer) ATG GGA TGG AGC TRT ATC ATS YTC TT 

MHV3 (27mer) ATG AAG WTG TGG TTA AAC TGG GTT TTT 

MHV4 (25mer) ATG RAC TTT GGG YTC AGC TTG RTT T 

MHV5 (30mer) ATG GGA CTC CAG GCT TCA ATT TAG TTT TCC TT 
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MHV6 (27mer) ATG GCT TGT CYT TRG SGC TRC TCT TCT GC 

MHV7 (26mer) ATG GRA TGG AGC KGG RGT CTT TMT CTT 

MHV8 (23mer) ATG AGA GTG CTG ATT CTT TTG TG 

MHV9 (30mer) ATG GMT TGG GTG TGG AMC TTG CTT ATT CCT G 

MHV10 (27mer) ATG GGC AGA CTT ACC ATT CTC ATT CCT G 

MHV11 (28mer) ATG GAT TTT GGG CTG ATT TTT TTT ATT G 

MHV12 (27mer) ATG ATG GTG TTA AGT CTT CTG TAC CTG 

MHCG1 (21mer) CAG TGG ATA GAC AGA TGG GGG 

MHCG2a (21mer) CAG TGG ATA GAC CGA TGG GGG 

MHCG2b (21mer) CAG TGG ATG AGC TGA TGG GGG 

MHCG3 (21mer) CAA GGG ATA GAC AGA TGG GGC 

MHV indicates primers that hybridize to leader sequences of mouse VH genes. 

MKC indicates the primers that hybridize to the mouse γ constant region genes. 
 

 

Figure 3.1 Annealing sites of primers used to amplify the V gene segments of both 

heavy (top) and light (bottom) antibody chains. The cDNA recombined immunoglobulin 

gene segments are shown: leader (L), variable (V), diversity (D), joining (J); constant (C). 

Blue arrow: forward primer; red arrow: reverse primer. 

 
Annealing of primers to template RNA was performed at 60°C for 3 min, 

according to the following mixture: 

 

Table 3.3 RT-PCR annealing mixture. 

Total RNA (4 µg) 12 µl 

10 µM Primer 1 µl 

100 mM DTT 1 µl 

RNAsin 1 µl 
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DTT (1,4-dithiothreitol) is a reducing agent commonly used in RT-PCR reactions 

because it promotes distension of RNA molecules and optimizes RT activity. 

RNAsin (Promega) is a commercial solution containing ribonuclease inhibitors. 

After annealing, samples were iced for 5 min. Then, Avian Myeloblastosis Virus 

(AMV) RT (Promega) and dNTPs were added (Table 3.4) and the mixture was 

incubated at 37°C for 2 h to allow synthesis of complementary cDNA first-strands, 

then at 70°C for 15 min to inactivate AMV RT. 

 

Table 3.4 RT-PCR reaction mixture. 

RT-PCR annealing mixture    15 µl 

10x AMV buffer (250 mM Tris-HCl, pH 8)      2 µl 

10 mM dNTPs    0.5 µl 

AMV RT (5 units)   0.5 µl 

DEPC-treated water to 20 µl  

 

RT-PCR products were kept at 4°C until use, or at -20°C for longer storage. 

 

 

 

 3.1.2 GENE SYNTHESIS 

 
Chemical gene synthesis is sometimes preferred to isolation of a target gene from 

the genome or transcriptome because of different reasons, e.g. excessive length of 

the target sequence, aspecific amplification of homologous sequences, retrieval of 

the natural source and need to introduce modifications in the original gene. 

Synthetic KIV-2 encoding gene was obtained from GeneArt® (Life Technologies), 

while synthetic recombinant apo(a) genes (see paragraph 3.1.9.1 for detailed 

sequence information) were purchased from GenScript® (NJ, USA). 

 

 
3.1.2.1 KIV-2 ENCODING GENE: DESIGN AND SYNTHESIS 

 
Figure 3.2 shows the KIV-2 single domain construct here designed. The cDNA 

sequence encoding for a single KIV-2 domain was derived from the LPA full cDNA 

sequence deposited in the NCBI Nucleotide database (NM_005577.2). Seven 

amino acids were maintained at the C-terminus of KIV-2 peptide downstream the 

last cysteine (Cys) to facilitate formation of all the native intra-molecular disulfide 

bonds. At the 5’-terminus of the KIV-2 encoding sequence, a 6x histidine (His) tag 

was added, followed by the recognition site for Tobacco Etch Virus (TEV) 

protease, which was included to allow removal of the His-tag. At the 3’-terminus of 
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the KIV-2 sequence, two stop codons were added. Suitable restriction sites were 

added (Nco I at the 5’-end and Not I at the 3’-end) for sub-cloning into pET45b(+) 

expression vector (see multiple cloning site map in Fig. 3.8). 

 

 

Figure 3.2 Schematic representation of the designed KIV-2 construct. 7 aa: C-terminal 

amino acids downstream the last Cys of the KIV-2 domain (Cys), representing the most C-

terminal disulfide bond; x2 stop: two stop codons. 

 

 

 

 3.1.3 PCR 
 
Since its development in 1983 by Kary Mullis, the PCR technique has been 

extensively used in biotechnology and medicine and has been applied and adapted 

to several purposes. The strong point of PCR corresponds to the principle of this 

technique: it allows to specifically amplify a target DNA sequence starting from 

theoretically one template molecule and finally yielding up to millions of copies in 

a single cell-free reaction. This reaction relies on thermal cycling: three steps with 

different temperatures (T) are sequentially repeated many times (cycles). First, the 

denaturation step is carried out at high T (94-98 °C) that forces the double strand 

DNA template molecule to open up to single strand structures, as a consequence of 

the disruption of hydrogen bonds between complementary bases. Secondly, T is 

then decreased (50-68 °C) in the annealing step, during which the template DNA is 

still denatured, but pairing of short DNA oligonucleotides, i.e. specific primers, 

with complementary regions of the template strands is energetically favored. 

Consequently, T should be carefully modulated here, as a too high T does not allow 

the primer annealing, while a too low T could result in aspecific primer pairing, 

and thus off-target amplification: normally, a good starting point is to set T of 

annealing 3-5 °C below the primer melting T (Tm), which is defined as the T at 

which 50% of the primer molecules form a stable double helix and the other 50% is 

in single strand form. The third and last step of PCR is the 5’ to 3’ elongation of the 

nascent strand starting from the annealed primers, carried out by a thermophile 

DNA polymerase that catalyzes the addition of triphosphate nucleotides (dNTPs) to 

the extending DNA chain following the complementarity base pairing rules. 

Parameters of elongation step are hence tailored to reproduce conditions for 
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optimal enzymatic activity of the polymerase. Several types of thermostable DNA 

polymerase are today known to be suitable for PCR. They derive from different 

thermophilic organisms, such as Thermus acquaticus (e.g. Taq polymerase) and 

Pyrococcus furiosus (e.g. Pfu polymerase), or from artificially modified proteins 

(e.g. Pfx polymerase), characterized by different specifications (proofreading 

activity, fidelity, processivity, target size, etc.) to be evaluated according to 

experimental needs. The number of PCR cycles can be modulated, typically 

ranging from 20 to 40, according to the amount and quality of material required, 

considering that the number of molecules doubles from one cycle to the next 

(exponential growth), but also that frequency of mutation insertion increases 

together with the number of cycles. 

 

 

 3.1.3.1 PRIMER DESIGN 
 
Primer design is an important step to set up successful PCR reactions, as primers 

are the main tools ensuring specificity of DNA amplification. Furthermore, through 

primer design one can introduce modifications in the original sequence (e.g. point 

mutations, insertions, deletions) by including them in the primer sequence, which 

eventually will be part of the sequence of the vast majority of PCR products. For 

instance, recognition sites for specific restriction enzymes can be introduced at the 

5’- or 3’-terminus of the sequence of interest and can be useful for subsequent 

cloning into vectors. 

In general, good primers have some basic characteristics (Primers design tips and 

tool, ThermoFisher): 20-24 nt-long oligos usually work well; the melting 

temperature (Tm) of sense and anti-sense primers should be between 65-75°C and 

should not differ by more than 5°C between each other; GC content should be 

between 40 and 60%, with the 3’-terminus of a primer enriched in C and/or G to 

promote a strong and specific binding; 3 to 6 extra nucleotides should be added to 

the 5’-end of a primer whether a restriction enzyme site is present to allow efficient 

cutting; it is necessary to avoid sequence regions prone to form secondary 

structure, or regions with more than 4 repeated bases, or dinucleotide repeats; intra- 

and inter-primer homology could lead to self-dimers or primer-dimers instead of 

annealing to the desired DNA sequences.  

The annealing temperature (Ta) for a sense/anti-sense primer pair is generally 

calculated to be 3-5°C lower than the lowest estimated Tm. However, the optimal 

temperature for PCR often needs to be empirically determined. 

 

In this thesis, primer pairs were designed for amplification and cloning of anti-

KIV-2 VH and VL immunoglobulin domains, anti-KIV-2 scFv, KIV-2, KIV-2-KIV-2 

and r-apo(a) constructs into expression vectors (Table 3.5). Designed primers were 

ordered and purchased from Sigma Life Science. The Custom Oligos design tool 

(Sigma-Aldrich) was used to check manually designed primer sequences. Suitable 

restriction sites were introduced in each primer sequence, after evaluation of vector 
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MCS and gene restriction map:  

 Nco I-Not I for scFv cloning into pET45b(+);  

 SnaB I-Not I for scFv cloning into pPIC9KE;  

 SnaB I-Not I for KIV-2 cloning into pPIC9KE(+); 

 Nco I-Not I for KIV-2-KIV-2 cloning into pET45b(+). 

A 6x His-tag was added to forward (KIV-2, KIV-2-KIV-2) or reverse primers (anti-

KIV-2 scFv). Stop codons were added to reverse primers. 
 

Table 3.5 PCR primers for cloning into expression vectors. 

Gene Vector Forward Reverse 

VH pHEN 

TATAGGCCCAGCCGGCCA

TGGCCCGGGTGCAACTGC

AGCAACC 

TAAACCACTCGAGGCTGAGGAGA

CGGTGACCGAGG 

VL pHEN 

AAATATAGTGCACAGGAC

ATCCAGATGACTCAGTCT

CC 

ATTATTTGCGGCCGCTTATTATT

AATGGTGATGGTGATGATGTCTT

ATCTCCAGCATGGTCCCC 

scFv pET45b(+) 
TATAAACCATGGCCCGGG

TGCAACTGCAGCAACC 

ATTATTTGCGGCCGCTTATTATT

AATGGTGATGGTGATGATGTCTT

ATCTCCAGCATGGTCCCC 

scFv pPIC9KE 

TATAATACGTAGAGAAAA

GAGGTCGGGTGCAACTGC

AGCAACC 

ATTATTTGCGGCCGCTTATTATT

AATGGTGATGGTGATGATGTCTT

ATCTCCAGCATGGTCCCC 

KIV-2 pPIC9KE 

ATATTTACGTAGAGAAAA

GAGCACCGACCGAACAGC

GTCCG 

AATATAGCGGCCGCAATATAATG

GTGATGGTGATGGTGGCCCTGGA

AGTACAGGTTCTCTGCGGTGCCT

TCTGCATCACTAC 

KIV-2-

KIV-2 
pET45b(+) 

- With TEV site: 
TATAAACCATGGGTCATC

ATCATCATCACCACGAAA

ATCTGTATTTTCAGGGTG

CACCAACCGAGCAGCGGC

CC 

-Without TEV site: 
TATAAACCATGGGTCATC

ATCATCATCACCACGCAC

CAACCGAGCAGCGGCCC 

- 7 aa at C-terminus: 
ATTATTTGCGGCCGCTTATTATT

ATGCGGTTCCTTCGGCGTCGGAG

C 

- 4 aa at C-terminus: 
ATTATTTGCGGCCGCTTATTATT

ATTCGGCGTCGGAGCACTGGGTC 

All primers are reported in a 5’ to 3’ direction.  

Reverse primers for KIV-2-KIV-2 cloning were designed to include a tail of 7 or 4 amino 

acids (aa) at the C-terminus, after the last Cys residue. 
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3.1.3.2 PCR EXPERIMENTAL SETTINGS 
 
Platinum® Pfx polymerase (Invitrogen), a recombinant enzyme derived from the 

Thermococcus species strain KOD, was used in all preparative PCR reactions, 

because of its high fidelity (3’-5’ proofreading activity) and processivity.  

The PCR reaction mixture also comprised cDNA or plasmid DNA template, dNTPs 

(mixed dATP, dTTP, dGTP, dCTP, Sigma-Aldrich), Platinum® Pfx polymerase 

amplification buffer (Invitrogen), 5 mM MgSO4 (Invitrogen) and suitable 

sense/anti-sense primers and was prepared in Molecular Biology Grade water 

(Sigma-Aldrich), as described in Table 3.6. 

 

Table 3.6 PCR reaction mixture. 

cDNA/DNA template (10-100 ng)    1-5 µl 

10x Platinum® Pfx polymerase buffer      5 µl 

50 mM MgSO4 1 µl 

10 mM dNTPs    1.5 µl 

10 μM sense primer 1.5 µl 

10 μM antisense primer 1.5 µl 

Platinum® Pfx polymerase (1 unit)   0.4 µl 

Molecular Biology Grade water to 50 µl  

 

Cycle timings and temperatures in PCR programs were based on primer couples 

estimated Tm (influencing Ta) and on template bp length (influencing the time of 

the elongation step). Representative three-step and two-step PCR programs are 

illustrated in Table 3.7 and Table 3.8, respectively. A Techne TC-300 thermocycler 

was used. 

 

Table 3.7 Three-step PCR cycling. 

Step Temperature Time Cycles 

Pfx pol heat activation 94°C 2 min 1 

Denaturing 94°C 15 sec 30 

Annealing 55-65°C 30 sec 30 

Elongation 68°C 30 sec - 1 min 30 

Final extension 68°C 3 min 1 

Pfx polymerase is provided in an inactive form, bound to an antibody; thus, heat 

activation provides enzyme activity restoring. Denaturing, Annealing and Elongation 

steps are sequentially repeated, respectively, in every cycle. 
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Table 3.8 Two-step PCR cycling. 

Step Temperature Time Cycles 

Pfx pol heat activation 94°C 2 min 1 

Denaturing 94°C 15 sec 30 

Annealing/Elongation 68°C 45 sec – 1 min 30 

Final extension 68°C 3 min 1 

 

 

3.1.3.3 COLONY PCR 
 
Colony PCR is a method that allows quick and high-throughput screening of 

bacterial clones in order to assess the presence of a desired DNA fragment, 

typically the insert of interest in a vector.  

To amplify the insert, in this thesis, the plasmid M13 Forward (-20) and M13 

Reverse priming sites, flanking the position of insert ligation, were used as 

complementary regions for annealing of specific primers. The standard PCR 

reaction mixture contained: 1x Taq amplification buffer (EuroClone), 200 µM 

dNTPs (Sigma-Aldrich), 0.5 µM M13 Forward (5’-GTAAAACGACGGCCAG-3’) 

and M13 Reverse (5’- CAGGAAACAGCTATGAC-3’) primers (Sigma-Aldrich), 

1.5 mM MgCl2 (Invitrogen), 2.5 units of Taq polymerase (EuroClone). For each 

clone, a single colony was picked, part of it dissolved in the PCR reaction mix first 

and the other part inoculated in 150 μl of bacterial selective medium in a U-bottom 

96-wells plate. The plate was incubated at 37°C for at least 8 h. The PCR cycles are 

reported in Table 3.9. 

 

Table 3.9 Colony PCR cycling. 

Step Temperature Time Cycles 

Cell lysis 94°C 10 min 1 

Denaturing 94°C 15 sec 30 

Annealing 55°C 30 sec 30 

Elongation 72°C 30 sec - 1 min 30 

Final extension 72°C 3 min 1 

Compared to classical PCR, colony PCR requires an additional starting step in 

order to lyse bacteria cells and release intracellular DNA. 
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 3.1.4 RESTRICTION ENZYMES AND DNA DIGESTION 

 
Preparation of DNA for traditional cloning methods (cut-and-paste) typically 

includes DNA digestion by restriction enzymes to generate compatible ends that 

can be ligated together by a DNA ligase. 

Restriction enzymes are a class of endonucleases (REases, i.e. enzymes that 

catalyze cleavage of nucleic acid molecules at internal sites) that recognize specific 

sequences, typically 4-6 nt long, known as restriction sites, which can coincide or 

be near to the site of cleavage, producing DNA segments called restriction 

fragments. Restriction enzymes were originally isolated from bacteria, in which 

they constitute a natural defensive system against foreign DNA molecules (e.g. of 

viral origin).   

There are four main classes of restriction enzymes, each class being characterized 

by similar subunit composition and structure, cleavage position, sequence 

specificity and cofactor requirements: type I, type II, type III and type IV.  

Type I REases do not produce discrete restriction fragments because they cut DNA 

randomly, far from their recognition sites, thus these enzymes are not a useful tool 

for molecular cloning.  

In contrast, type II REases are much more commonly used for DNA analysis and 

cloning, since they cut DNA at defined positions, adjacent or inside their 

recognition sites, producing restriction fragments of predictable length. Resulting 

restriction fragments show a 3’-hydroxyl group on one side of the cut chain and a 

5’-phosphate group on the opposite side. Type IIS (e.g. Bsa I) and type IIG REases 

are two specific subgroups of type II enzymes and cleave outside of their 

recognition sequences, which are asymmetric.  

Type III REases cut outside of their recognition sites, but they require two similar 

sequences with opposite orientations along the same DNA molecule. Consequently, 

completely digested DNA fragments are rarely achieved with type III enzymes.  

Type IV REases, instead, recognize modified (methylated) DNA.  

Upon cleavage, REases can generate both blunt and sticky ends at the extremities 

of restriction fragments, depending whether nucleotides overhang (sticky ends) or 

not (blunt end) from one of the two DNA strands.  

Normally, sticky cuts are preferred when cloning a DNA fragment (insert) in a 

vector, in order to facilitate a directional cloning by using two different REases. In 

fact, diverse restriction sites can be added by PCR to both ends of the gene to be 

cloned. The choice of the pair of REases to use is mainly dictated by the specific 

features of the vector MCS and the absence of recognition sites within the insert 

sequence.  

Upon digestion by the chosen REases of both insert and vector, the joining of their 

compatible ends can be achieved by DNA ligase. Hereafter, the same REases can 

be used as post-cloning confirmatory tools as well. 
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 3.1.4.1 EXPERIMENTAL SETTINGS FOR RESTRICTION DIGESTIONS 

 
Restriction endonucleases, 10x digestion buffers containing bovine serum albumin 

(BSA) to optimize REase activity were from New English BioLabs (NEB) or 

Takara. Whether necessary, Molecular Biology Grade water (Sigma-Aldrich) was 

added to restriction digestion mixture. Temperature of reactions was set according 

to each REase optimal working T, using a Techne TC-300 thermocycler. DNA 

digestion was performed for a time ranging from 2 h (analytic purposes) to 12 h 

(preparative purposes), then REase inactivation was achieved by raising the 

temperature to 65-80°C for 20 min. 

To verify the presence of the insert of interest in recombinant plasmid vectors, an 

analytic restriction enzyme digestion was set up (Table 3.10) using either the 

cloning sites or two plasmid recognition sites flanking the insert as recognition 

sites for REases (REase 1 and REase 2). 

 

Table 3.10 Analytic restriction digestion mixture. 

Plasmid DNA from Miniprep (2 μg) 10-15 µl 

10x digestion buffer 2 µl 

REase 1 (5-10 units) 1 µl 

REase 2 (5-10 units) 1 µl 

Molecular Biology Grade water to 20 µl 

 

Preparative enzymatic digestions were normally performed as described in Table 

3.11 to subclone inserts from a donor vector to a recipient vector and to provide 

recipient vector with the suitable sticky ends. To maximize the final yield of 

purified insert/recipient vector, higher amount of starting DNA were used here. 

 

Table 3.11 Preparative restriction digestion mixture. 

DNA from Miniprep/Midiprep (8 μg)    10-40 µl 

10x digestion buffer      5 µl 

REase 1 (5-10 units) 1 µl 

REase 2 (5-10 units)    1 µl 

Molecular Biology Grade water to 50 µl  

 

Digestion mixtures were analyzed through agarose gel electrophoresis and, when 

needed, the separated insert/recipient vector bands were purified from agarose gel 

and quantified as described in section 3.1.5. 
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3.1.4.2 VECTOR DEPHOSPHORYLATION 

 
To avoid spontaneous re-circularization of a digested vector, a dephosphorylation 

reaction (Table 3.12) was performed on the digested recipient plasmid, upon 

purification from agarose gel. This procedure removes the phosphoric group at the 

5’-end of the linearized vector, hampering the reconstitution of DNA 

phosphodiesteric bond in the absence of the insert (which carries 5’ phosphoric 

groups). The reaction was performed using Alkaline Phosphatase kit (rSAP, Roche) 

and incubated at 37°C for 16 h. The phosphatase was then inactivated by heat 

incubating the mixture at 65°C for 20 min. 

 

Table 3.12 Dephosphorylation reaction. 

DNA agarose gel extraction     27 µl 

10x Dephosphorylation buffer      3.1 µl 

Shrimp Alkaline Phosphatase  1 µl 

 

 

3.1.4.3 VECTOR-INSERT LIGATION 

 
Ligation reactions were carried out in order to introduce a digested and purified 

insert into a dephosphorylated recipient vector, normally being an expression 

plasmid. Ligation was achieved through a DNA ligase-driven enzymatic reaction 

using the DNA ligation Mighty Mix kit (Takara) 

Particularly, 50-100 ng of vector and the corresponding amount of insert required 

according to a 1:3 vector:insert molarity ratio were mixed in a total volume of 5 μl. 

The ready-to-use reaction mixture provided in the Takara kit as a 2x concentrated 

solution was then added in a 1:1 volume ratio (Table 3.13a). A negative control was 

included, to check frequency of recipient vector re-circularization without insert 

(Table 3.13b). Molecular Biology Grade water (Sigma-Aldrich) was used whether 

necessary. 

 

Table 3.13a Ligation reaction.  Table 3.13b Ligation negative control. 

Vector 1-4 μl  Vector 1-4 μl 

Insert 1-4 μl  Insert - 

2x Mighty Mix 5 μl  2x Mighty Mix 5 μl 

Mol Biology Grade water to 10 μl  Mol Biology Grade water to 10 μl 

 

Both ligation and negative control mixtures were incubated at 25°C for 5 min. 
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The whole volumes were then transformed into competent E. coli Mach1 cells, as 

described in paragraph 3.1.7.2. Then, the transformed colonies grown were counted 

and the percentage of ligation efficiency was calculated as follows: 
 

Colonies on ligation plate (+) / Colonies on negative control plate (-) x 100. 
 

For efficiency values higher than 25%, picking four colonies out of the positive 

plate was considered enough to get at least one positive (recombinant) clone. For 

lower efficiencies, a colony PCR preliminary screen was performed before carrying 

on with plasmid preparation. 

 

 

 

 3.1.5 AGAROSE GEL ELECTROPHORESIS 
 
Agarose gel electrophoresis is an analytical technique that is used to separate 

molecules according to their mobility, determined by molecular charge/mass ratio, 

under the action of an electric field. 

In this thesis, agarose gel electrophoresis was used to separate different RNA or 

DNA species according to size for both analytical and preparative purposes. In fact, 

nucleic acids display constant charge/mass values, thanks to the presence of one 

negatively-charged phosphate group in each nucleotide: thus, on agarose gel 

electrophoresis, a nucleic acid migrates and separates from other nucleic acid 

species basically depending on length only.  

Agarose is a non-ramified polymer of repeated disaccharide units, which, upon 

dissolution in a suitable buffer, boiling and cooling, forms a semi-solid gel. 

Agarose concentration can be modulated in order to obtain gels with variable 

matrix porosity, according to the desired resolution power. Concentration 

commonly varies from 0.7% (w/v) to 3% (w/v) agarose, apt to separate large (up to 

25 kb) and very small (down to 100 bp) DNA molecules, respectively. Addition of 

marker compounds such as Ethidium Bromide (EtBr) efficiently allows 

visualization of separated DNA molecules in the agarose gel. Particularly, EtBr 

interposes between nucleic acid bases and, once exited by UV radiation, it becomes 

fluorescent, intensifying almost 20-fold upon binding to nucleic acid, hence 

reporting the presence of RNA or DNA. 

In this work, 0.32 g to 0.8 g of agarose powder (Agarose low EEO, Agarose 

Standard; Applichem), were dissolved in 40 ml 1x TBE buffer (89 mM Tris Base, 

89 mM Boric Acid, 2 mM EDTA, pH 8.0), to obtain 0.8% to 2% agarose gels. The 

solution was microwaved until agarose dissolution, then cooled to about 50°C. 

EtBr (2.5 μl of a 10 mg/ml water solution) was added before pouring the resulting 

solution into a suitable horizontal electrophoresis tank, equipped of a comb to 

create wells, and cooled down until gel solidification. The gel was covered with 1x 

TBE buffer and samples, previously mixed with 3x loading buffer (30% Glycerol, 

3 mM EDTA, 0.25% Bromophenol Blue, pH 8.0), were applied to the wells. The 

loading buffer allows visualizing the loading of the samples in the wells and 

controlling progression of migration. As molecular weight standards, 1 kb and/or 
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100 bp DNA ladders (GeneRuler™, Fermentas) were loaded, as well. 

The electrophoretic run was at 90 V until the blue dye reached the bottom of the 

gel and visualization of fluorescently-labeled RNA and DNA was achieved through 

a transilluminator (Biostep Darkhood DH-30/30) and dedicated Argus X1 software 

(Biostep®).  

 

 
 3.1.5.1 DNA EXTRACTION FROM AGAROSE GEL USING QIAGEN KIT 
 
As mentioned before, agarose gel electrophoresis may be used as a preparative 

technique, since it allows nucleic acid control and separation by size. The separated 

band of interest can then be recovered from agarose gel and brought into solution 

using dedicated reagents, in this case the QIAquick Gel Extraction Kit (QIAGEN).  

Here, this procedure was applied to obtain pure PCR products and discrete DNA 

restriction fragments (related to insert or vector) after REase digestion. 

Manufacturer’s instructions of the QIAGEN kit were followed. Briefly, after 

verification of correct size of the DNA fragment of interest according to agarose 

gel electrophoresis, the corresponding band was excised from the gel, using a fine 

scalpel, recovered in a clean tube and weighed. In order to allow agarose gel 

solubilization, three (for 1% agarose gels) or six (for 2% agarose gels) volumes of 

QG buffer (5.5 M Guanidine Thiocyanate, 20 mM Tris-HCl, pH 6.6) were added to 

each volume of gel, considering the 100 μl buffer-100 mg gel equivalence. To 

facilitate dissolution, the tube was incubated at 37°C for about 10 min. Then, one 

volume of isopropanol was added to the tube. The final mixture was transferred to 

a QIAquick Spin Column, whose resin selectively binds DNA molecules, 

centrifuged at 13000 rpm for 1 min and the flow-through solution was then 

discarded. 500 μl of QG buffer were applied to the column and centrifuged at 

13000 rpm for 1 min to remove agarose residues. 750 μl of PE buffer (20 mM 

NaCl, 2 mM Tris-HCl, pH 7.5, 80% ethanol) were added as a wash and centrifuged 

as above. The flow-through was discarded and centrifugation was repeated to 

remove every residue of PE buffer. The column was then placed in a clean 

Eppendorf tube and the DNA bound to the column resin was eluted with 30 μl of 

EB buffer (10 mM Tris-HCl, pH 8.5) by centrifugation.  

10% of the eluted sample (3 μl) was analyzed through agarose gel electrophoresis 

to check for success and quality of the procedure outcome.  

Extracted DNA was quantified using the NanoDrop system of the POLARstar 

Omega Plate reader Spectrophotometer (BMG Labtech). 

 

 
3.1.6 DNA SEQUENCING AND SEQUENCE ANALYSIS 

 
When performing molecular cloning, especially whether an error-prone PCR step is 

comprised, it is good practice to check that the DNA sequence encoding the 

product of interest is in the expected position of e.g. a plasmid vector and was not 
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altered along the cloning procedure. Sanger DNA sequencing service was 

performed by GENEWIZ® (Hope End, Takeley, Essex, UK) at least once for all 

the generated recombinant constructs.  

DNA sequence analysis of constructs was performed using BioEdit software and 

bioinformatics tools, such as Clustal Omega (EMBL-EBI), Nucleotide BLAST 

(NCBI), Webcutter 2.0 and IMGT/V-QUEST (ImMunoGeneTics). 

 
 

 3.1.7 BACTERIAL CELLS FOR DNA CLONING 

 
Bacterial cells are one of the most important biotechnological tools in molecular 

cloning, as they constitute an efficient and cost-effective system to produce high-

copy DNA, particularly the plasmid DNA of interest, in vivo. 

In this thesis, Escherichia coli (E. coli) bacteria were used as cellular hosts for both 

recombinant DNA cloning and recombinant protein expression (see paragraph 

3.2.1.1 for detailed information on expression bacterial hosts) purposes. As for 

molecular cloning, the Mach1 cells were used. Mach1 E. coli strain is, in fact, 

particularly indicated for high-copy plasmid DNA production in short times. 

Doubling time is approximately 50 min, which translates into a rapid colony 

growth in solid medium (about 8 h at 37°C). Furthermore, Mach1 are depleted of 

endA1 (endonuclease A1) and hsdR (endonuclease R) genes function, guaranteeing 

protection from aspecific and un-methylated DNA degradation, respectively. 

 

 
 3.1.7.1 BACTERIAL COMPETENT CELLS PREPARATION 
 
In order to use E. coli bacteria as cell factories that indefinitely store and amplify 

the desired DNA, these cells have to be properly treated so that they become 

competent, which means that their cell wall is more permeable to foreign 

molecules, such as circular DNA. Cells that are not naturally competent can be 

artificially made such using either a chemical or electroporation method. 

In this work, chemically competent Mach1, BL21(DE3), Origami(DE3) and 

Rosetta-Gami(DE3) E. coli strains were prepared and used for subsequent 

transformation. Chemical procedures for obtaining competent cells typically 

involve exposure of cells to divalent cations (e.g. Ca2+), that function as a bridge 

between DNA phosphate groups and negatively-charged macromolecules of the 

bacterial cell wall (Mandel M and Higa A 1992). 

To prepare E. coli chemically competent cells, a suitable cell culture glycerol stock 

was streaked onto a TSA (Tryptone Soya Agar: 15 g/l casein enzymic hydrolysate, 

5 g/l papaic digest of soyabean meal, 5 g/l NaCl, 0.7 g/l lecitin, 5 g/l Polysorbate 

80, 15 g/l agar) plate and incubated overnight at 37°C. From this plate, one colony 

was inoculated into 5 ml of 2xTY (16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl) 

liquid medium and incubated overnight at 37°C, 250 rpm. The following day, 1 ml 

of overnight culture was diluted into 100 ml of fresh 2xTY broth in a 500 ml flask 

and incubated at 37°C, 250 rpm, until cells reached log phase of growth (i.e. when 
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OD550nm=0.48). Cells were then collected by centrifugation (4000 x g for 5 min at 

4°C), resuspended in TfbI buffer (30 mM potassium acetate, 100 mM rubidium 

chloride, 10 mM calcium chloride, 50 mM manganese chloride, 15% glycerol, pH 

5.8) and iced for 15 min. Cells were pelleted again by centrifugation as above, 

resuspended in TbfII buffer (10 mM MOPS, 10 mM rubidium chloride, 75 mM 

calcium chloride, 15% glycerol, pH 6.5) and iced for 15 min. Freshly prepared 

competent cells were either used immediately or flash-frozen in liquid nitrogen and 

stored at -80°C. 

 

 
 3.1.7.2 TRANSFORMATION OF BACTERIAL COMPETENT CELLS 
 
Bacteria can acquire foreign genetic material through different biological 

processes, divided into conjugation, viral transfection and transformation. 

Particularly, bacterial transformation consists in the intracellular uptake of 

exogenous DNA from extracellular environment by competent bacteria cells. 

Here, chemically competent E. coli Mach1, BL21(DE3), Origami(DE3) and 

Rosetta-Gami(DE3) cells were transformed with recombinant plasmid DNA using 

heat-shock. This strategy is based on short-transient enhanced permeability of the 

microorganism cell wall, given by the sudden temperature shift, which facilitates 

the foreign DNA to enter the cell. 50-200 ng (in a volume comprised between 1 and 

10 µl) of DNA were pipetted into a snap-top tube and 50 µl of either freshly-

prepared or thawed E. coli competent cells were placed above the DNA without 

mixing. The mixture was left on ice for 20 min, then heat-shocked using a water 

bath at 42°C for 45 sec and then left on ice for 5 min. Cell recovery was performed 

by adding 150 µl of 2xTY non-selective medium and incubating the culture at 

37°C at 250 rpm for 1 h. This recovery step allows transformed cells to produce 

factors involved in the development of antibiotic resistance. Under sterile 

conditions, recovered cells were plated on TSA selective plates and incubated at 

37°C overnight. 

 

 

3.1.7.3 SELECTIVE BACTERIAL MEDIA 
 
Artificial plasmids normally contain one or more genes ensuring resistance to 

specific antibiotics through their encoded proteins (e.g. β-lactamases). This 

functional feature gives the possibility to distinguish and positively select cell 

clones that contain that plasmid from those that do not, when the specific antibiotic 

is comprised in the bacteria medium (selective medium). Antibiotics can be 

included both in solid media (containing agar-agar solidifying agent) and liquid 

media, after autoclave sterilization and cooling of the medium. Antibiotic-

containing solid media allow selection of discrete colonies deriving from a single 

cell that expressed the desired antibiotic resistance, while antibiotic-containing 

liquid media guarantee growth of a previously selected resistant clone, contrasting 
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potential contamination.  

Selective media were prepared by adding one or multiple antibiotics to the normal 

components required for bacterial growth at the following final concentrations: 

- 100 μg/ml ampicillin or carbenicillin  

- 50 μg/ml kanamycin 

- 15 μg/ml tetracycline 

- 20 μg/ml chloramphenicol 

 

 
3.1.7.4 DIFFERENTIAL BACTERIAL MEDIA 

 
In order to differentiate bacterial clones that contain recombinant plasmid from 

those that carry non-recombinant plasmid, culture media highlighting specific 

phenotypic features may be used. In fact, both clones mentioned above are able to 

grow in antibiotic-containing selective medium. 

The blue/white screening is a common strategy for recombinant colonies selection, 

when using a vector containing the LacZ reporter gene, expressing β-galoctosidase. 

Particularly, the active form of β-galoctosidase is able to metabolize lactose 

analogues, such as the 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) 

substrate, which can be included in the bacterial medium, producing an insoluble 

blue compound (5,5'-dibromo-4,4'-dichloro-indigo), which precipitates in situ and 

becomes visible in the bacterial colonies. The LacZ cassette is normally introduced 

within the plasmid sequence in a site where it is inactivated upon insertion of the 

gene of interest (recombinant plasmid). The presence of blue-colored colonies is 

therefore indicative of intact β-galoctosidase activity, while non-blue (white) 

colonies are presumably those in which β-galoctosidase activity was impaired by 

gene insertion, i.e. those carrying recombinant plasmid. 

Solid media were used for blue/white screening of transformed Mach1 cells, by 

adding 20 µg/ml of X-gal to TSA plates. After plating bacteria, the blue color was 

visible, together with colonies growth, after about 16 h incubation at 37°C.  

 

 

3.1.7.5 GLYCEROL STOCKS 
 
For long-term time storage, 1.5 ml of cell culture were preserved at -80°C in 20% 

sterile glycerol. 
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 3.1.8 AMPLIFICATION PLASMIDS 
 
Amplification plasmids are DNA vectors that allow high-copy and accurate cloning 

of the recombinant gene of interest. In fact, once transformed into a suitable host 

strain, normally bacterial cells, they are capable of auto-replication and are 

transmitted to the cell progeny of the transformed clone. The in vivo amplification 

is particularly convenient because of both the higher fidelity of the replication 

phenomenon compared to in vitro systems (e.g. PCR) and the possibility to 

generate almost immortal recombinant cell clones stocks from which identical 

molecules of DNA can be repeatedly amplified and extracted. The large amount of 

recombinant DNA obtained offers suitable starting material for subcloning, i.e. the 

process aimed at moving the gene of interest from a donor vector to an acceptor 

vector (e.g. an expression vector). 

Nowadays, many different amplification plasmids are sold by companies, allowing 

fast, efficient and versatile procedures for cloning and diverse methods for 

selection. 

 

 

3.1.8.1 CLONING IN pCR2.1-TOPO  

 
The pCR2.1-TOPO® (Invitrogen) vector (Fig. 3.3) is an amplification plasmid 

designed for cloning of Taq polymerase-amplified PCR products, using a ligation-

independent strategy, known as TA cloning. The vector is provided in linearized 

form, with single 3’-thymidine (T) overhangs at both ends, and in an “activated” 

form, bound to topoisomerase I (TOPO) from Vaccinia virus. This enzyme binds to 

duplex DNA at specific sites and cleaves the phosphodiester backbone in one 

strand, forming a covalent bond between the 3’-phosphate of the cleaved strand 

and residue Y274. To prepare the insert for cloning in pCR2.1-TOPO, 

deoxyadenosine nucleotides (A, typically single) must be added at both 3’-ends of 

the PCR product, in a process called “A-tailing”. This can be achieved using Taq 

polymerase, which has intrinsic template-independent terminal A-transferase 

activity. Consequently, the insert can ligate into pCR2.1-TOPO in either 

orientation. 

pCR2.1-TOPO is also characterized by the presence of EcoR I restriction sites, 

flanking the PCR product insertion site, which are useful to control the success of 

cloning by insert excision. Ampicillin and kanamycin resistance genes allow 

positive E. coli colonies selection. Furthermore, this vector is suitable for 

blue/white colony screening for selection of recombinant colonies, thanks to the 

presence of the LacZ gene, whose open reading frame overlaps with the PCR 

product insertion site. 
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Figure 3.3 Cloning in pCR2.1-TOPO® amplification vector. The ligation-independent 

cloning mechanism is illustrated on top, while the map of the vector is shown below, with 

its main features and a focus on the multiple cloning site. Figure adapted from Invitrogen 

TOPO TA® Cloning kit manual. 

 
Platinum® Pfx polymerase (Invitrogen) was typically used for PCR amplification 

of the gene of interest, because of the higher fidelity of this enzyme compared to 

Taq polymerase (EuroClone) that was instead used on the PCR product only to 

obtain A-tailing, according to the mixture illustrated in Table 3.14. The A-tailing 

reaction was incubated at 72°C for 15 min. 

The A-tailed insert was then ligated into pCR2.1-TOPO vector using the TOPO 

TA® cloning kit (Invitrogen), by mixing insert and vector together (Table 3.15) and 

incubating them at 25°C for 5 min. During this step, the phosho-tyrosil bond 

between the DNA and the topoisomerase I is attacked by the 5′-hydroxyl group of 

the original cleaved strands, reversing the reaction and releasing topoisomerase I 

(Fig. 3.3). 
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Table 3.14 A-tailing reaction mixture. 

PCR product    10 µl 

10x Taq polymerase buffer       2 µl 

10x MgCl2    2 µl 

2 mM dATP   2 µl 

Taq polymerase (2 units) 0.2 µl  

Molecular Biology Grade water to 20 µl  

 

Table 3.15 TOPO TA cloning reaction mixture. 

A-tailed PCR product    4 µl 

Salt solution (Invitrogen)      1 µl 

pCR-2.1-TOPO 1 µl 

 

The TOPO TA cloning mixture was then transformed into competent Mach1 cells, 

as described above. Transformed cells were plated on differential (X-gal) selective 

(ampicillin) TSA plates and let grow at 37°C overnight. White colonies were then 

screened by colony PCR to double-check successful insertion. 

 

 
3.1.8.2 CLONING IN pCR- BLUNT  

 
In alternative to pCR2.1-TOPO vector, cloning of genes of interest was performed 

using the pCR™-Blunt vector (Fig. 3.4). This system is designed to clone blunt 

PCR fragments and, also in this case, the insert can ligate in either orientation 

inside the vector. 

This vector presents a different strategy for selection of recombinant clones, which 

implies a low background generation of non-recombinants. Particularly, pCR-Blunt 

contains the lethal E. coli ccdB (control of cell death) F-plasmid derived locus, 

whose expression causes production and accumulation of toxic CcdB protein that 

interferes with bacterial DNA topoisomerase II, impairing the DNA supercoiling 

vital function. Ligation of a DNA insert into pCR-Blunt disrupts expression of the 

ccdB cassette, permitting growth of only clones transformed with recombinant 

plasmids and thus positive selection upon plating on solid medium. In fact, clones 

that contain non-recombinant vector are killed when the transformation mixture is 

plated. Non-transformed clones can be excluded through antibiotic selection, as a 

kanamycin resistance gene is present in pCR-Blunt. 
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Figure 3.4 pCR™-Blunt amplification vector. The map and the main features of the 

vector are shown, with a focus on the multiple cloning site. Figure adapted from Invitrogen 

Zero Blunt® PCR Cloning kit manual. 

 

The first step to clone into pCR-Blunt was to generate a PCR product of the gene 

of interest using Platinum® Pfx polymerase (Invitrogen) that generates blunt 

dsDNA clones. The PCR product was then ligated into pCR-Blunt in a 100:1 

insert:vector molar ratio, using reagents provided in the Zero Blunt® PCR Cloning 

kit (Invitrogen), according to Table 3.16. 

 

Table 3.16 Zero Blunt PCR cloning reaction mixture. 

PCR product 5 µl 

10x Ligation buffer (Invitrogen) 1 µl 

pCR-Blunt 1 µl 

T4 DNA Ligase (Invitrogen) 1 µl 

Molecular Biology Grade water 2 µl 
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The Zero Blunt cloning mixture was incubated at room-temperature for 1 h and 

transformed into competent Mach1 cells, as described above. Transformed cells 

were plated on selective (kanamycin) TSA plates and let grow at 37°C overnight. 

Colonies were further screened for recombinant plasmids by colony PCR. 

 

 

3.1.8.3 CLONING IN pHEN FOR SCFV ENGINEERING 

 
A variant of the pHEN expression vector, namely pHENIX (kindly provided by Dr. 

Thomas Grumwald), was used in order to join the anti-KIV-2 mAb VH and VL 

fragments, which were previously sequenced and amplified in pCR2.1-TOPO or 

pCR-Blunt, in a scFv antibody format. In fact, pHENIX plasmid sequence contains 

a region encoding for a short amino acid polylinker [(G4S)3] within the multiple 

cloning site (Fig. 3.5).  

Sfi I (5’) and Xho I (3’) restriction sites were chosen to clone the VH upstream 

pHENIX polylinker, while ApaL I (5’) and Not I (3’) were chosen to insert the VL 

gene downstream the same polylinker. Furthermore, a His-tag, made up of 6 

histidine codons, and three stop codons, were also included at the 3’-end of the 

designed gene. These modifications were introduced by PCR. The resulting VH-

polyliker-VL construct was then sub-cloned from pHENIX into pCR2.1-TOPO® 

cloning. 

 

 

Figure 3.5 Cloning into pHEN vector for engineering of scFv antibody format. The 

map and main features of a vector of the pHEN family are shown (left), with a focus on the 

polylinker region and its restriction sites (right, top). Left, bottom: schematic representation 

of the engineered scFv antibody format, obtained by cloning the VH gene upstream and the 

VL gene downstream the pHEN polylinker sequence; His-tag: C-terminal 6x histidine-tag. 
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 3.1.9 GOLDEN GATE CLONING 
 

Assembling multiple DNA fragments is usually a time-consuming procedure 

according to conventional cloning methods: every single DNA fragment to include 

in the final sequence needs to be transferred from a donor plasmid or PCR product 

into a recipient vector, necessarily involving several cloning steps. In order to 

speed up this process, alternative methods have been developed during the last few 

years. Many of them are based on homologous recombination and allow to 

assemble any sequence of choice irrespective of the presence of restriction enzyme 

recognition sites. However, a limitation of homologous recombination-based 

methods is the need to add terminal extension sequences of at least 15 nucleotides 

at the ends of the fragments.  

The so-called “Golden Gate cloning” (Fig. 3.6) (Engler C and Marillonnet S 2014) 

constitutes an innovative strategy which allows a seamless and efficient assembly 

of up to nine DNA fragments in a single cloning step and does not require 

homology regions at the ends of the fragment to assemble, which would mean 

insertion of extra nucleotides (and hence amino acid residues).  
 

 

 
Figure 3.6 Example of Golden Gate cloning. Figure adapted from (Binder A et al. 2014). 

 

Golden Gate cloning relies on the use of type IIS restriction enzymes, such as Bsa 

I, which are able to cleave DNA at a predictable position outside of the recognition 

site, resulting in 5’ or 3’ DNA sticky overhangs of whichever 4 nucleotides. The 

Bsa I recognition sequence "GGTCTC" is separated from its 4 bp overhang by a 
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single spacer bp, and Bsa I REase activity is independent from the nucleotide 

sequence of the bp spacer and overhangs. Furthermore, the recognition site for Bsa 

I is not palindromic, and it is therefore directional. All these features make the 

Golden Gate cloning technique extremely versatile and efficient. In fact, with 

proper design of the cleavage sites (as described in paragraphs 3.1.9.1 and 3.1.9.2), 

the enzyme recognition sequence can be removed upon REase digestion, allowing 

restriction digestion and ligation reaction to be performed together in a one- step 

and a single tube reaction: alternating the optimal temperature for restriction 

enzyme activity (37°C) and ligase activity (16°C) results in continuous cleavage of 

undesired starting products nearly 100% efficient assembly the desired construct, 

which is not sensitive anymore to restriction digestion, as the ligation product does 

not contain any Bsa I recognition sequence. Two recognition sites can be designed 

in order to obtain different cleavage site sequences, thus different 4 bp overhangs, 

allowing directional cloning and preventing re-ligation.  

A Golden Gate cloning platform was designed to efficiently and elegantly generate 

different r-apo(a) isoforms carrying a variable copy number of KIV-2 repeats. 

 

 
 3.1.9.1 DESIGN OF R-APO(a) BUILDING BLOCKS FOR GOLDEN GATE 

CLONING 
 
In order to obtain apo(a) genes with different number of KIV-2 domains, four 

sequences intended as starting building block materials for Golden Gate cloning 

were engineered. Synthetic constructs were obtained from GenScript® (NJ, USA) 

and were provided inside a pUC57 cloning vector, including an ampicillin 

resistance gene. The natural sequence of apo(a) cDNA was obtained from the 

NCBI Nucleotide database (NM_005577.2). Because of the high degree of internal 

homology within the LPA cDNA, the natural nucleotide sequence of apo(a) was 

modified by GenScript® for codon optimization according to mammalian codon 

usage, in order to allow easier gene synthesis and reduce the frequency of errors 

during subsequent experiments (e.g. PCR amplification). The nucleotide (78.5%) 

and the amino acidic (100%) sequences identity were controlled with dedicated 

softwares such as Bioedit, Emboss (EMBL-EBI) and BLAST (NCBI). These 

pieces of software were employed also to verify that the subsequent engineering of 

the gene did not alter the natural amino acidic sequence. During the design of the 

sequence, SNPs deposited in dbSNP database (NCBI) were also considered to 

introduce silent mutations. 

The four designed apo(a) DNA building blocks are listed below together with their 

main features (Fig 3.7): 

1) N-terminus of LPA (653 nt).  

From 5’ to 3’: EcoR I recognition site (1- 6 nt) to clone into pCDNA3.1 

Myc/His A expression vector; 5’-UTR (7- 126 nt); signal peptide (127- 183 

nt); KIV-1 (184- 516 nt); N-terminus of KIV-3 (516- 647 nt); site 

recognized by the restriction enzyme Xho I (inserted by silent mutations) 

(648- 653 nt). 
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2) KIV2-0 LPA (4487 nt).  

From 5’ to 3’: EcoR I cloning site (1- 6 nt); 5’-UTR (7- 126 nt); signal 

peptide (127- 183 nt); KIV-1, where two codons (GAGACC at 502) were 

added to introduce a Bsa I recognition site (184- 522 nt); Bsa I/Bsa I linker 

(507-536 nt); KIV-3 (523-864 nt), containing the second Bsa I recognition 

site introduced by silent mutation (G→C, pos. 546); other two silent 

mutations were inserted to create a Xho I recognition site (pos. 654); KIV-4 

to -10 and KV (865-3234 nt); P domain (3526-4182 nt); Fsp I recognition 

site, inserted to remove the His tag (4190-4195 nt); 10x Hig tag (4201-

4230 nt); stop codon (4231- 4233 nt); 3’-UTR (4234- 4448 nt); poly-A site 

(4449- 4457 nt); Not I cloning site (4480-4487). 

3) 5x KIV2 of LPA (1769 nt). 

From 5’ to 3’: Bsa I recognition site (1- 6 nt); C-terminus of KIV-1(7- 27 

nt); 5 copies of KIV-2 (28- 1737 nt); N-terminus of KIV-3 with a silent 

mutation (G→C, pos. 1761) (1738-1763 nt); Bsa I recognition site (1764- 

1769 nt). 

4) C-terminus of LPA (268 nt). 

From 5’ to 3’: Fsp I recognition site introduced through two silent 

mutations (1- 6 nt); stop codon (12- 14 nt); 3’- UTR (15- 260 nt); poly-A 

signal site (230- 238 nt); Not I cloning site (261- 268 nt). 
 

 
 

Figure 3.7 DNA building blocks for the generation of r-apo(a) isoforms by Golden 

Gate cloning. The 5x KIV2 LPA units, upon PCR amplification with suitable primers (see 

section 3.1.9.2), are cloned into the KIV2-0 LPA sequence to create r-apo(a) construct with 

increasing KIV-2 copy numbers. N-terminus and C-terminus LPA sequences are designed to 

substitute the artificial respective sequences of the KIV2-0 LPA. 
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 3.1.9.2 GOLDEN GATE CLONING STRATEGY OF R-APO(a) ISOFORMS 
 
The Golden Gate cloning platform was designed to build r-apo(a) variants differing 

by modules of five repeated KIV-2 copies from each other. To accomplish this 

purpose, Bsa I/Bsa I sites were introduced into the KIV2-0 LPA construct and 

oriented in order to obtain, upon enzymatic digestion, incompatible sticky ends and 

removal of the recognition sites together with the short Bsa I/Bsa I linker. On the 

other hand, properly oriented Bsa I/Bsa I sites were inserted also at the two 

extremities of the 5x KIV2 sequence generating, upon enzymatic digestion, an 

insert that can ligate with a specific orientation into the KIV2-0 digested construct. 

Thus, ligation of Bsa I-digested KIV2-0 and 5xKIV2 produces an apo(a) gene 

containing five KIV-2 repeats and lacking Bsa I/Bsa I sites. In order to obtain 

apo(a) genes with multiples of five KIV-2 modules (from 5 to 40) eight different 

pairs of primers (Table 3.17) were designed to amplify by PCR the 5xKIV2 

sequence, ultimately generating PCR products with different 4 nt overhangs upon 

Bsa I digestion.  

 

Table 3.17 PCR primers for Golden Gate cloning of 5xKIV2 modules. 

Pair Forward Reverse 

I NNNNNGGTCTCNTGGAGGCCC 

 

NNNNGGTCTCNNNNNCTGTTCGGAAGG

TGCCTCCAGGG 

II NNNNNGGTCTCNACAGGCACCAACC

GAGCAGCGGCCC 

NNNNGGTCTCCTGTTCGGAAGGTGCCT

CCAGGG 

III NNNNNGGTCTCNAACAGGCACCAAC

CGAGCAGCGGCCC 

NNNNGGTCTCTGTTCGGAAGGTGCCTC

CAGGG 

IV NNNNNGGTCTCNGAACAGGCACCAA

CCGAGCAGCGGCCC 

NNNNGGTCTCGTTCGGAAGGTGCCTCC

AGGG 

V NNNNNGGTCTCNCGAACAGGCACCA

ACCGAGCAGCGGCCC 

NNNNGGTCTCTTCGGAAGGTGCCTCCA

GGG 

VI NNNNNGGTCTCNCCGAACAGGCACC

AACCGAGCAGCGGCCC 

NNNNGGTCTCTCGGAAGGTGCCTCCAG

GG 

VII NNNNNGGTCTCNTCCGAACAGGCAC

CAACCGAGCAGCGGCCC 

NNNNGGTCTCCGGAAGGTGCCTCCAGG

G 

 

VIII NNNNNGGTCTCNTTCCGAACAGGCA

CCAACCGAGCAGCGGCCC 

NNNNNGGTCTCNCCCCGGGCCGC 

 

Forward primer of pair I and reverse primer of pair VIII are used to clone of the first and 

the last, respectively, of 5xKIV2 blocks into KIV2-0 LPA, independently of the apo(a) 

isoform. 
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This elegant strategy allows to chain a given number of 5xKIV-2 modules one after 

the other in a predictable order inside the KIV2-0 in a one-step reaction in which 

digestion and ligation happen at the same time.  

 

 

 

 3.1.10 PLASMID PREPARATIONS 
 
Plasmid preparation is a common biotechnological method used to extract and 

obtain pure recombinant plasmid DNA from a liquid bacterial culture. In order to 

do so, several commercial kits are available (known as, in order of DNA yield, 

Minipreps, Midipreps, Maxipreps, Megapreps, and Gigapreps) to get the desired 

construct in a simple and rapid way, by exploiting the same basic principle. In 

general, alkaline lysis of bacterial cells is the first step, using a buffer containing a 

detergent (sodium dodecyl sulfate, SDS) that disrupts the phospholipid bilayer of 

membranes and a strong base (sodium hydroxide) that denatures structural 

membrane proteins. Then, cell debris, proteins and chromosomal DNA are 

precipitated and removed by centrifugation. Plasmid DNA, which remains in 

solution, is then applied to a suitable chromatographic resin for further purification. 

In order to extract plasmid DNA from positive recombinant clones, two types of 

QIAGEN QIAprep kits were used, namely the Mini prep kit (plasmid DNA yield: 

up to 15 μg) and the Midi prep kit (average plasmid DNA yield: 100-350 µg), 

depending on the amount of plasmid DNA required. QIAGEN resins for plasmid 

purification are organic polymers based on anion-exchange and bound DNA can be 

eluted under appropriate low-salt and pH conditions.  

Extracted plasmid DNA was qualitatively verified through agarose gel 

electrophoresis (see paragraph 3.1.5) and quantified using the NanoDrop system 

POLARstar Omega Plate reader Spectrophotometer (BMG Labtech). 

 

 

 3.1.10.1 PLASMID DNA PURIFICATION USING QIAPREP MINI PREP KIT 
 
QIAGEN plasmid Mini Prep protocol was followed as suggested by manufacturer. 

Inoculum of one E. coli colony in 10 ml of selective 2xTY medium was performed 

on day -1 and incubated overnight at 37°C, 250 rpm. Then, 2 ml of this culture 

were centrifuged at 6000 x g for 5 min, to pellet bacterial cells, which were 

homogeneously resuspended in 200 µl of Resuspension Solution. The resuspended 

cells were lysed by adding 200 µl of Lysis Solution and mixing till the solution 

became clear and viscous. Cell debris, proteins, lipids, SDS and large chromosomal 

DNA were precipitated by adding 350 µl Neutralization/Binding Solution. 

Precipitated material was removed by centrifugation (14000 x g for 10 min). To 

equilibrate the chromatographic resin, 500 µl of Column Preparation Solution were 

added to each GenElute Miniprep Binding Column and centrifuged at 14000 x g 
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for 1 min. The flow-through was discarded, the cleared cell lysates applied to the 

Miniprep column and centrifuged as above. In order to remove residual salt and 

other contaminants introduced during the columns load, 750 µl of Wash Solution 

(containing ethanol) were added to the column, and, after centrifugation, the flow-

through was discarded. The column was centrifuged again for 2 min to remove 

residual traces of ethanol. Plasmid DNA elution was performed in a clean 

collection tube with 50-100 µl of Elution Buffer (depending on desired DNA 

concentration), incubating for 4 min and then centrifuging as above. 

10% of the extracted plasmid DNA was analyzed by agarose gel electrophoresis. 

 

 

 3.1.10.2 PLASMID DNA PURIFICATION USING QIAPREP MIDI PREP KIT 
 
On day -1, one single clone picked from a selective TSA plate was inoculated into 

0.5 ml of selective 2xTY broth. This starter culture was incubated at 37°C, 250 rpm 

for 8 h, then diluted into 100 ml of fresh selective 2xTY medium and grown 

overnight at 37°C, 250 rpm. Bacterial cells were harvested by centrifugation (6000 

x g at 4°C for 15 min) and resuspended in 10 ml of P1 buffer (Resuspension buffer: 

50 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 µg/ml RNaseA). To lyse cells, 10 ml 

of P2 buffer (Lysis buffer: 200 mM NaOH, 1% SDS) were added by mixing 

thoroughly and incubating at room temperature for 5 min. Then, 10 ml of chilled 

P3 buffer (Neutralization buffer: 3.0 M potassium acetate, pH 5.5) were added and 

the resulting precipitate-containing solution was incubated on ice for 20 min. 

Precipitated material was removed by centrifugation (20000 x g at 4°C for 30 min), 

which was eventually repeated until the supernatant containing plasmid DNA was 

clear. After that, the supernatant was applied to the QIAGEN-tips column, 

previously equilibrated with 4 ml QBT buffer (Equilibration buffer: 750 mM NaCl, 

50 mM MOPS, pH 7.0, 15% isopropanol (v/v), 0,15% Triton X-100 (v/v)), and 

allowed to enter the resin by gravity flow. The DNA-binding resin was washed two 

times with 10 ml of QC buffer (Washing buffer: 1.0 M NaCl, 50 mM MOPS, pH 

7.0, 15% isopropanol(v/v)) and the DNA was eluted with 5 ml Buffer QF (Elution 

buffer: 1.25 M NaCl, 50 mM TrisCl, pH 8.5, 15% isopropanol (v/v)) in a clean 

tube. The eluted DNA was precipitated by adding 0.8 volumes (3.5 ml) isopropanol 

and centrifuging at 15000 x g for 45 min at 4°C. The DNA pellet was washed with 

2 ml of 70% ethanol and precipitated again by centrifugation at 15000 x g for 10 

min at 4°C. The pellet was left to dry completely and resuspended with 100-200 µl 

of EB buffer. Analysis of the obtained plasmid DNA (1-2 µl) was performed by 

agarose gel electrophoresis. 

 

Individual Mini and Midi plasmid preparations were subsequently analyzed by 

restriction enzyme digestion, using REases recognition sites flanking the insertion 

site within the vector, to verify presence of the insert. In order to control DNA 

sequence integrity of the insert, instead, GENEWIZ® (Hope End, Takeley, Essex, 

UK) sequencing service was used, as described above. 
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3.2 EXPRESSION OF RECOMBINANT PROTEINS 
 
Biotechnological methods aimed at expressing a product, typically a protein, of 

interest in recombinant form are today widely used, as they offer many advantages. 

These technologies offer, in fact, high production levels (over-expression) of the 

desired protein, considering the limited amount, thus costs, of starting material in 

reduced times and, moreover, a remarkable batch-to-batch reproducibility, thanks 

to the possibility to easily standardize many steps of the entire production process 

(Jonasson P et al. 2002). Furthermore, one can choose the most suitable conditions 

for production of a given protein among a great variety of possibilities with regard 

to expression host strains and vectors. All these advantages made recombinant 

expression the favorite strategy for obtaining the protein of interest both at the 

research laboratory and at the industrial level. 

In this thesis, anti-KIV-2 scFv, KIV-2 domain, KIV-2-KIV-2 double-domain, r-

Apo(a) K0 and r-Apo(a) K5 proteins were expressed in recombinant form using 

both prokaryotic and eukaryotic host systems (section 3.2.1) and using different 

expressing vectors (section 3.2.2). 

 

 
 3.2.1 HOSTS FOR EXPRESSION 
 
The choice of a species that will function as a host and produce the foreign protein 

using its own synthesis machinery is pivotal to define the outline of the whole 

expression and part of the purification process, such as reagents, technical 

equipment. A wide range of cellular hosts has been used and optimized for protein 

production: among prokaryotes, E. coli bacteria are by far the preferred organisms, 

while among eukaryotes, the most common cell systems comprise yeasts, insect 

and mammalian cells. Each of them presents strengths and weaknesses and 

selection of a specific host may be subjected to intrinsic features of the gene 

product to be expressed (e.g. codon usage, protein MW, post-translational 

modifications).  

In this thesis, bacteria (Escherichia coli), yeasts (Pichia pastoris) and mammalian 

cells (Homo sapiens) were tested for expression of recombinant proteins. 

 

 

3.2.1.1 E. COLI HOSTS 
 
E. coli is extensively used not only for molecular cloning techniques, but also as an 

expression host for production of recombinant proteins and the advantages of using 

this model host organism are well known. Firstly, it has matchless fast growth 

rates: when exposed to optimal conditions (nutrients, temperature, oxygen, etc), E. 

coli cells doubling time is about 20 min. However, it is worth to note that a quick 

cell growth is not necessarily indicative of efficient protein expression and, on the 

other hand, over-production of a recombinant protein may interfere with the 
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physiologic metabolism of the microorganism, and thus with its fitness. Secondly, 

E. coli liquid cultures may reach very high density, increasing the efficiency of 

production process. Furthermore, E. coli physiology is very well known and 

growth parameters can be easily modulated according to needs. Thirdly, rich 

culture media suitable for E. coli contains canonical and inexpensive components. 

Fourthly, exogenous recombinant DNA can be easily and efficiently transformed 

into E. coli cells and expression vectors have been designed for usage in this 

simple organism. 

In this thesis, three E. coli strains, namely BL21(DE3), Origami(DE3) and Rosetta-

gami(DE3) (Novagen) were evaluated by expression tests using pET45b(+) vector 

in order to find the most suitable host for production of recombinant anti-KIV-2 

scFv, KIV-2 and KIV-2-KIV-2 proteins. 

 The BL21 strain is a standard and efficient system for over-expressing 

proteins. It lacks lon and ompT endogenous proteases that carry out 

intracellular protein degradation.  

 The Origami strain may be particularly useful for production of disulfide 

bond-containing active proteins. These cells are characterized by a less 

reducing cytoplasmic environment, thanks to inactivating mutations in the 

thioredoxin reductase (trxB) and glutathione reductase (gor) genes, greatly 

enhancing disulfide bond formation. 

 The Rosetta-gami strain is derived from the Origami one, sharing 

advantageous features with it (trxB/gor mutations), but is also particularly 

apt for expression of eukaryotic proteins, as it contains rare tRNA genes. 

Origami(DE3) and Rosetta-gami(DE3) were grown in selective media in order to 

maintain their mutation features. Particularly, Origami(DE) were selected with 

kanamycin and tetracycline, whereas Rosetta-gami(DE) with kanamycin, 

tetracycline and chloramphenicol. 

All the used E. coli strains were of “DE3” type. This means that expression of 

recombinant protein is regulated by the lactose-inducible T7 RNA polymerase from 

λ prophage through a double-control system. A T7 RNA polymerase promoter site 

is usually upstream the target gene in the expression vectors used in bacteria. The 

synthesis of this polymerase is regulated by the lac operon of the host cell genome. 

In bacteria, the lac operon controls the expression of three genes (β-galactosidase, 

lactose permease, and galactoside O-acetyltransferase) involved in uptake and 

processing of lactose substrate. In the engineered DE3 E. coli strains, an extra gene 

encoding for the T7 RNA polymerase from λ prophage (T7lac operon) is included 

downstream the operator. A repressor constitutively binds to the operator sequence, 

inactivating the operon. Repression is removed in presence of lactose, when the 

amount of glucose as carbon source is deficient and causes cAMP accumulation 

that activates the CRP (cAMP Receptor Protein) recognition site in the operator, 

facilitating RNA polymerase binding to the promoter. Furthermore, lactose binds 

and inhibits the operator repressor activity. In such conditions, the expression of 

genes within the lac operon is activated.  

In order to stimulate recombinant protein synthesis, the T7lac operon can be 

activated by adding to the culture medium a synthetic molecule similar to α-
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lactose, namely isopropyl β-D-1-thiogalactopyranoside (IPTG). The IPTG 

induction efficacy is related to its concentration, providing a way to modulate 

protein expression, together with other growth parameters, such as cell density, 

time and temperature of induction. 

 

 
3.2.1.2 P. PASTORIS HOSTS 

 

Pichia spp. is a methylotrophic yeast, meaning that it uses methanol as the primary 

carbon source. This kind of metabolic route involves conversion of methanol to 

formaldehyde carried out by the alcohol oxidase (AOX) yeast enzyme in presence 

of molecular oxygen. As the affinity of this enzyme to methanol substrate is low, 

the yeast compensates by generating large amounts of AOX: indeed, the promoter 

of the gene encoding for AOX1 is commonly exploited in vectors designed for 

heterologous protein expression in Pichia spp. yeasts. Regulation of expression 

happens at the transcription level. In methanol-rich media, approximately 5% of 

intracellular mRNA is from the AOX1 gene, whereas in presence of glucose, 

transcription is suppressed. Thus, tunable production of the protein of interest by 

transformed recombinant yeast clones can be achieved by modulating 

concentration of carbon sources (methanol or glucose). Typically, before induction, 

the yeast system needs to be derepressed by growth in glycerol. Induction is 

mediated by methanol, promoting expression of recombinant proteins under control 

of the AOX1 gene. 

Vectors for either intracellular or secreted protein production are available. 

However, extracellular expression is often preferred, as baseline level of 

endogenous secreted protein from Pichia is very low and, therefore, the vast 

majority of total protein present in the culture media after induction is likely to be 

represented by the recombinant protein of interest. 

P. pastoris GS115 strain carries a mutation in the histidinol dehydrogenase gene 

(his4) that prevents it from synthesizing histidine. This feature is used to select 

cells where a successful recombination event happened: a functional copy of the 

his4 gene is included in the expression vector used, complementing the his4 

deletion in GS115 and allowing for selection of transformed cells by their growth 

in selective histidine-deficient medium. 

In the present thesis, P. pastoris GS115 cells were tested for expression of the 

recombinant anti-KIV-2 scFv antibody fragment and of the KIV-2 domain using 

pPIC9KE vector. 

 

P. pastoris yeast transformation 

Due to the presence of a more impermeable and thicker cell wall, common methods 

used for E. coli bacterial cells transformation, like heat-shock protocols (see 

above), cannot be used in yeasts. Conversely, it is necessary to partially remove the 

cell wall to allow P. pastoris cells to transform them into the so-called 
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“spheroplasts” that are able to uptake foreign DNA. This is usually obtained by 

enzymatic treatment of yeast cell with zymolase and the reducing agent DTT, 

followed by a series of isotonic washes to remove the enzyme.  

According to the protocol used for P. pastoris GS115 transformation, on day -4 a P. 

pastoris GS115 strain was plated on a YPD (10 g/l yeast extract, 20 g/l peptone, 20 

g/l D-glucose) agar plate and grown at 30°C for 2 days. On day -2, a 10 ml YPD 

liquid culture was inoculated using one colony picked from the YPD plate and 

grown at 30°C, 250 rpm, for 1 day. On day -1, RD base agar plates (1 M sorbitol, 

13.4 g/l Yeast Nitrogen Base with ammonium sulphate without amino acids, 0.1 

mg/l biotin, 0.05 g/l amino acid mixture containing L-glutamine, L-methionine, L-

lysine, L-leucine, L-isoleucine, 100 mM potassium phosphate pH 6.0, 20 g/l bacto-

agar) were prepared. Also, three cultures were inoculated in order to reach a 

suitable optical density on the day of transformation. Taking into account the yeast 

doubling time in log phase, the cultures were inoculated, respectively, at 0.00039, 

0.00078 and 0.00156 units of OD600nm, and incubated at 30°C, 250 rpm, overnight. 

On the day of transformation, the first out of the three cultures reaching an OD600nm 

of 0.25 was harvested, transferred to 50 ml centrifuge tubes and spinned at 1500 x 

g for 10 min. Pelleted cells were resuspended in 20 ml of sterile water and 

centrifuged at 1500 x g for 5 min. Cells were then resuspended in 20 ml of freshly 

prepared SED (19 volumes of SE and 1 volume of 1 M DTT; SE: 1 M sorbitol, 25 

mM EDTA, pH 8.0) and centrifuged as above. Cells were then washed in 20 ml of 

1 M sorbitol and centrifuged as above. Finally, cell pellet was resuspended in 20 ml 

of SCE (1 M sorbitol, 1 mM EDTA, 10 mM calcium chloride, pH 5.8) and half of 

this cell suspension was kept aside to titrate zymolase activity. 

For zymolase titration, the spectrophotometer was set at 800 nm and the blank was 

composed of 800 μl of 5% SDS and 200 μl of SCE. Sample cuvettes were prepared 

containing 800 μl of 5% SDS. At t=0, 200 μl of the 10 ml cell suspension were 

added to the first cuvette and OD800nm was measured. 7.5 μl of 3 mg/ml zymolase 

(Invitrogen) in water were added to the remaining yeast suspension and the mixture 

incubated at 30°C. At every time point (2, 4, 6, 7, 9, 10, 20, 25, 35, 40, 45, 50 min, 

respectively), 200 μl of yeast suspension were removed and OD measured as 

above. The time point performing approximately 70% of spheroplasting, according 

to the following formula: 

% of spheroplasting = 100 - [OD800nm at t=n / OD800nm at t=0] x 100, 

was adopted for transformation of the remaining 10 ml of yeast suspension, 

incubating it with 7.5 μl of zymolase at 30°C. Zymolase was then removed by 

centrifugation at 750 x g for 10 min. Spheroplasts were resuspendend in 10 ml of 

CaS (1 M sorbitol, 10 mM Tris-HCl pH 7.5, 20 mM calcium chloride) and 

centrifuged again as above. Spheroplast cells were finally resuspended in 0.6 ml of 

CaS, of which 0.1 ml were used for each transformation, adding 10 μg of linearized 

recombinant expression plasmid and incubating at room-temperature for 10 min. 

Meanwhile, a fresh PEG/CaT solution was prepared, adding an equal amount of 

40% (w/v) polyethylene glycol (PEG) 3350 and CaT (20 mM Tris-HCl pH 7.5, 20 

mM calcium chloride) in a 1:1 volume ratio. 1 ml of the mixture was added to each 

transformation to allow cell recovery, mixed gently and incubated at room-



 

 

 

 
 

3. Materials and methods 

 

82 

 

temperature for 10 min. Transformed spheroplasts were centrifuged at 750 x g for 

10 min and incubated in 0.15 ml of SOS (1 volume of 1 M sorbitol, 0.3 volumes of 

liquid YPD, 10 mM calcium chloride) at room-temperature for 20 min. Next, 0.85 

ml of 1 M sorbitol were added, mixing gently.  

Each spheroplast suspension was transferred to a tube containing 9 ml of warm 

(45°C) RD top medium (same composition as RD base, described above, but 

containing 10 g/l agarose instead of 20 g/l bacto-agar), mixed gently and 

homogeneously plated on three RD base plates. To speed-up agarose solidification, 

this procedure was performed on an ice-cold surface. The top layer was allowed to 

set at room-temperature for 1 h, then the plates were incubated at 30°C until His+ 

transformants colony growth (5-7 days). 

 

 

3.2.1.3 MAMMALIAN (HEK293T CELLS) HOSTS 
 

Mammalian cells are often considered the best hosts for production of high quality 

recombinant proteins, in terms of correct protein folding, post-translational 

modifications and molecular assembly, thus proper biological activity. However, 

the currently available technologies that allow to set up and maintain mammalian 

expression systems are relatively expensive and require dedicated laboratory 

equipment.  

In order to produce recombinant Apo(a) K0 and Apo(a) K5 isoforms, a mammalian 

cell system, represented by human embryonic kidney cells (HEK293T) was used. 

The choice of this human cell host was dictated by the complex nature and large 

size of the apo(a) protein: an expression system as similar to the natural source of 

apo(a) (human hepatocytes) as possible is more likely to produce appropriate 

folding and post-translational processing of the protein itself. 

 

 

 

 3.2.2 EXPRESSION VECTORS 
 
Most of the expression plasmids currently available are composed of variable 

combinations of replicons, promoters, dense multiple cloning sites, antibiotic 

resistances, selection markers and tools for fusion protein generation (e.g. His tag, 

green fluorescent protein). Thus, a heterogeneous array of expression vectors exists 

and decision of the most suitable vector to use is based on the individual needs of a 

specific protein or protein design and on the target host organism for heterologous 

expression. 
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 3.2.2.1 pET45B(+) VECTOR 
 
pET45b(+) (Novagen) is part of the pET™ plasmid series from Novagen and is a 

powerful vector system that was specifically designed for cloning expression of 

recombinant proteins in E. coli. Here, expression of the target protein is under the 

control of the T7 bacteriophage promoter: upon induction, a significant portion of 

cell’s resources are driven to target gene expression, to the point that the desired 

product can represent >50% of total protein within the cell in a few hours of 

induction.  

The rich multiple cloning site of pET45b(+) was used to insert anti-KIV-2 scFv, 

KIV-2 and KIV-2-KIV-2 constructs, using Nco I at 5’ and Not I at 3’. In all of them, 

the Nco I restriction site (CCATGG), containing one ATG start codon, imposed the 

reading frame (Fig 3.8). 

 

Figure 3.8 pET45b(+) expression vector. The map and the main features of the vector are 

shown, with a focus on the multiple cloning site (bottom box). Figure adapted from 

Novagen pET manual. 
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 3.2.2.2 pPIC9KE VECTOR 
 
pPIC9KE is a modified version of pPIC9K™ from Invitrogen (Fig. 3.9), generated 

in our lab in order to improve some features in the cloning cassette. The pPIC9K 

expression system contains a bacterial kanamycin gene in genetic linkage with the 

expression cassette, conferring resistance to geneticin (G418) in transformed 

Pichia clones. This vector can be inserted in the P. pastoris genome many times by 

homologous recombination and every single copy of pPIC9K inserted confers 

resistance to G418 to a level of 0.25 mg/ml. This way, by applying increasing 

concentration of geneticin in the yeast medium, the high number of clones 

produced by Pichia transformation can be selected. 

 

Figure 3.8 pPIC9 expression vector. The map and the main features of the vector are 

shown (top), together with the mechanism of plasmid insertion into the yeast host genome 

through homologous recombination mediated by the 3’ AOX1 cassette (bottom). Figure 

adapted from Invitrogen Pichia expression kit manual. 

 

Both anti-KIV-2 scFv and KIV-2 constructs were cloned into pPIC9KE using SnaB 

I (5’) and Not I (3’) restriction enzyme sites, maintaining the open reading frame 

with the plasmid α-factor signal sequence and adding a 6x His tag at the C-

terminus. 

Before yeast transformation, recombinant pPIC9KE plasmids were linearized using 

a specific restriction enzyme in order to promote the homologous recombination 
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event with the host genome at the his4 locus, crucial for selection of transformants. 

To this goal, 10-15 µg of recombinant pPIC9KE plasmid DNA were digested with 

Sal I (NEB) REase, as described in Table 3.18. 

 

Table 3.18 pPIC9KE linearization reaction. 

Recombinant pPIC9KE (10-15 μg)    25 µl 

10x Buffer 3.1 (NEB)      5 µl 

Sal I (20 units) 1 µl 

Molecular Biology Grade water 19 µl 

 

The reaction was incubated at 37°C for 8 h and the REase inactivated at 65°C for 

20 min. The digestion product was then run on a 1% agarose gel and the linearized 

vector gel purified, as described in paragraph 3.1.5.1. 
 

 

 

3.2.2.3 pCDNA3.1/MYC-HIS VECTOR 
 
pCDNA3.1/myc-His (Invitrogen) expression vector originates from the pcDNA™ 

vectors developed by Invitrogen as systems for expression of recombinant proteins 

in most mammalian cells. pCDNA3.1/myc-His plasmid has improved performance 

in expression, purification and detection levels of the produced protein, ensuring 

highly stable and non-replicative transient expression. Particularly, it contains a 

strong promoter, namely the human cytomegalovirus immediate-early (CMV) 

promoter, for high-level expression in mammalian cells, selection markers 

(ampicillin and neomycin resistance genes) for both cloning and generating stably 

transfected cell lines through episomal replication, and C-terminal c-myc epitope 

and polyhystidine tags for easy detection and purification. 

Recombinant apo(a) K0 and apo(a) K5 constructs were cloned into 

pCDNA3.1/myc-His using EcoR I (5’) and Not I (3’) restriction enzyme sites, 

downstream the CMV promoter and adding a 10x His tag at the C-terminus. Three 

stop codons were included upstream the plasmid c-myc and His tags in order to 

exclude them from the translated protein. 
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 3.2.3 RECOMBINANT PROTEIN EXPRESSION TESTS (SMALL-SCALE 

EXPRESSION) 
 
Expression tests were performed in a small scale of cell culture for every host and 

recombinant protein of interest, in order to determine the best conditions of 

recombinant protein expression in a host organism by changing some basic 

parameters of cell growth (e.g. temperature, time of induction, type and 

concentration of inducing agent) and evaluating the protein yields. 

 

 
 3.2.3.1 SMALL-SCALE EXPRESSION IN E. COLI 
 
Typically, on day -1, one colony for each recombinant pET45b(+) E. coli strain of 

interest among BL21(DE3), Origami(DE3) and Rosetta-gami(DE3) was inoculated 

in 10 ml of selective 2xTY medium (pre-culture) and incubated at 37°C overnight, 

at 250 rpm. The day after, 1 ml of each overnight culture was added to 50 ml 

selective 2xTY and incubated at 37°C, 250 rpm, till OD600nm reached 0.6-0.8. Each 

culture was then split into two flasks: one of them was induced by adding 0.8 mM 

IPTG, while the second was grown without induction. Cultures were shaken at 

37°C, 250 rpm, for 5 h. 2 ml of each culture were sampled each hour and 

centrifuged at 14000 rpm, at 4°C, for 10 min. As expression of recombinant protein 

is expected to be intracellular, according to pET45b(+) features, supernatants were 

discarded and cell pellets were stored at -20°C. 

Before analysis, the frozen samples were thawed on ice. Cell pellets were then 

resuspended in 200 μl BugBuster® Protein Extraction Reagent (Novagen) and 1 

mg/ml lyophilized lysozyme (Applichem) was added in order to increase cell lysis 

efficiency. Resuspended pellets were rolled for 20 min at room-temperature. This is 

a non-mechanical lysis strategy, which results into efficient release of soluble 

proteins: BugBuster® contains non-ionic and zwitterionic detergents that induce 

cell wall perforation and determine protein release without significant denaturation. 

Samples were subsequently centrifuged at 8000 x g, at 4°C, for 10 min. The 

obtained supernatants contained the cellular soluble fraction and were separated 

from the pellets, which instead represented the cellular insoluble fraction and were 

resuspended in 200 μl 1x PBS (Phosphate-Buffered Saline: 0.2 g/l KCl, 0.2 g/l 

KH2PO4, 8 g/l NaCl, 1.15 g/l Na2HPO4).  

All fractions were immediately analyzed by SDS-PAGE and Western blotting and 

stored at -20°C. 
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 3.2.3.2 SMALL-SCALE EXPRESSION IN P. PASTORIS 
 
Screening and selection of yeast transformants 

Before testing recombinant protein production, a screening assay was performed to 

test pPIC9KE P. pastoris GS115 His+ transformants (obtained as described in 

section 3.2.1.2) for G418 antibiotic resistance. Briefly, 100 colonies from the three 

RD transformation plates were picked and transferred to two solid YPD agar plates, 

respectively with and without 10 mg/ml G418 antibiotic. This was done to isolate 

both low- and high-copy transformants (as the pPICK9KE gene conferring 

resistance to G418 is linked to the expression of the protein of interest, see section 

3.2.2.3), resulting in smaller and larger yeast colonies, respectively and, depending 

on individual features of a given protein, either the former or the latter clones could 

provide the best protein yields. Plates were incubated at 30°C for 2 days. 

 

Small-scale expression test 

Thirteen out of the G418-positive colonies (those grown in YPD+G418 agar plate, 

see above), selected randomly among both large and small sizes, plus one G418-

negative colony were screened for recombinant protein expression in a small 

volume of yeast culture. Briefly, each colony was inoculated into 10 ml of liquid 

BMGY (10 g/l yeast extract, 20 g/l peptone, 13.4 g/l complete Yeast Nitrogen Base, 

0.1 mg/ml biotin, 100 mM potassium phosphate pH 6.0, 1% glycerol) derepressing 

medium and incubated at 30°C, 250 rpm, till OD600nm=1. Cells were harvested by 

centrifugation (3500 rpm, 15 min, room-temperature) and gently resuspended in 10 

ml liquid BMMY (same as BMGY, but with 0.5% methanol instead of glycerol) 

inducing medium. They were incubated at 30°C, 250 rpm, for 96 h and fed with 

0.5% methanol at 24 h and 48 h. At t=0 and every 24 hours, OD600nm was 

monitored, 2 ml of culture were harvested by centrifugation (14000 x g, 5 min, 

room-temperature) and supernatants were stored at -80°C for subsequent analysis. 

Among the thirteen clones analyzed, the best one was selected according to results 

from Western blotting and ELISA assays and was used for recombinant protein 

expression in large scale. 

 

 

 3.2.3.3 SMALL-SCALE EXPRESSION IN HEK293T 
 

Transient mammalian cell transfection 

The term transfection indicates the uptake of exogenous DNA by an animal cell. In 

the so-called transient transfection, in contrast to stable transfection, the foreign 

DNA, typically a plasmid, is not integrated within the host cell genome. During 

mitosis, the transfected DNA is normally diluted by distribution to the cell progeny 

or degraded. Therefore, according to this mechanism, when transfecting cells with 

a recombinant expression plasmid, expression of the target gene product is 

transient and typically results in maximum expression levels during the 48-96 

hours following DNA transfection.  
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As in bacterial transformation, it is necessary to facilitate exogenous DNA to enter 

inside the cells. This could be done by chemical, non-chemical, particle-based 

methods and by using viral vectors (transduction).  

In this case, polyethylenimine (PEI) was used as transfecting agent. PEI is a stable 

cationic polymer, composed of repeated units of amine group and two carbons 

aliphatic space. It acts by condensing DNA molecules into positively-charged 

particles that bind to anionic cell surfaces, stimulating endocytosis and release of 

DNA into the cytoplasm (Longo PA et al. 2013). Furthermore, it is not 

significantly toxic for cells at the typical concentrations used for transfection. 

When HEK293T culture reached 90% of confluence, cells were detached and 

counted on a Bürker chamber. 2 ml of 5 x 105 HEK293T cells/ml suspensions were 

seeded in each well of two 6-well plates and incubated at 37°C, 5% CO2 in a 

humidified incubator. After 24 h, the cells were transfected by using 4 µg of 

recombinant plasmid DNA. This DNA was mixed in 100 µl of Opti-MEM (Gibco) 

medium, supplemented with GlutaMAX (Gibco), which is a reduced-serum 

medium for use with cationic transfection reagents, whose efficiency could be 

reduced by the presence of fetal bovine serum (FBS).  

A positive control of transfection efficiency was prepared by transfecting one well 

for each plate with plasmid DNA expressing Green Fluorescent Protein (GFP). 

Then 12 µl or 2.6 µl of 1 mg/ml PEI were added for 1:3 or 1.5:1 ratio of DNA:PEI, 

respectively. These mixtures were incubated at room-temperature for 10 min. 100 

µl of DNA/PEI mix were added to each well and mixed gently. Plates were 

incubated at 37°C, 5% of CO2, in a humidified incubator.  

Three hours after transfection 4 mM valproic acid was added to some test wells.  

Through its histone deacetylase inhibitor (HDAi) action, valproate can inhibit 

removal of acetyl groups from histone Lys residues, thus contrasting the formation 

of a condensed and transcriptionally silenced chromatin. In the presence of 

valproate, DNA hyperacetylation state is favored, allowing an increased gene 

expression (Backliwal G et al. 2008). 

In order to monitor protein expression, 50 µl of supernatant for each well sampled 

every 24 hours and for 10 days after transfection were centrifuged at 18000 x g at 

4°C for 10 min, in order to remove traces of cell contamination. 25 µl of 3x 

Reducing Loading Buffer (10% glycerol, 50 mM Tris-HCl, pH 6.8, 100 mM DTT, 

0.1 bromophenol blue) were then added to each supernatant. Resulting mixtures 

were boiled at 99°C for 5 min and were left at 4°C until analysis through 

electrophoresis. Furthermore, every 24 h, pictures of GFP-control wells were taken 

using a camera integrated into a fluorescence microscope. 
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3.2.4 LARGE-SCALE RECOMBINANT PROTEIN EXPRESSION 
 
Once basic cell growth conditions for optimal expression of a protein in 

recombinant form using a given host are determined according to the results of 

small-scale tests, larger volumes of culture can be prepared to produce high 

amounts of the same protein by reproducing the best conditions found from the 

small-scale test. However, as some cell culture conditions are necessarily different 

between these two approaches, it is sometimes required to modify and adapt 

growth parameters when translating from a small to a large scale of production, in 

order to optimize protein expression. To have a better control on the influence of 

different growth conditions on protein expression, it is good practice to change 

only one parameter per batch of production and compare protein yields. 

 

 

 3.2.4.1 LARGE-SCALE EXPRESSION IN E. COLI: SOLUBLE FRACTION 
 
The following procedure was carried out to produce and extract recombinant 

protein from the soluble fraction of bacterial cells, in a large-scale batch of 

production.  

On day -2, the recombinant pET45b(+) E. coli BL21(DE3) or Rosetta-gami(DE3) 

clone of interest was streaked on a selective TSA plate and incubated at 37°C 

overnight. From that plate, one colony was inoculated in 500 μl of selective 2xTY 

medium and shaken at 37°C, 250 rpm, for 8 h. This starter culture was diluted in 

400 ml of the same selective 2xTY medium and incubated at 37°C, 250 rpm, 

overnight. From this culture, 360 ml were further diluted in 6 liters of selective 

2xTY, equally divided into shake flasks and incubated at 37°C, 250 rpm, until 

OD600nm=0.5-0.8, then induction of recombinant protein expression was carried out 

by adding 0.8 mM IPTG to the culture. At this point, the growth temperature was 

switched to 30°C and the induced culture was incubated at 250 rpm for 4 h. 

 

Cell Lysis and Cell Extract Clarification 

Cells were harvested by centrifugation (8000 x g, 4°C, 30 min) and stored at -80°C 

until processing. The cell pellet was thawed on ice and resuspended in 300 ml (50 

ml/l of culture) of Resuspension Buffer (50 mM sodium phosphate, 300 mM NaCl, 

pH 7.0) and lysed by sonication, a technique which exploits mechanical vibration 

transmitted by the liquid phase to disrupt cell wall by shear stress and thus release 

intracellular proteins upon cell cavitation. Sonication was performed on ice, at 70% 

power of Soniprep 150 Aibra (Omni Sonic Ruptor 400, Omni International) 

sonicator by 5 serial cycles of 1.5 min each. Lysed cells were centrifuged (18000 

rpm, 4°C, 45 min) and the supernatant, representing the bacteria soluble fraction, 

filtered (0.22 µm pore-size PES filters, Millipore) to clarify the solution from cell 

debris, organelles and gross impurities. 10 mM imidazole was added to the filtered 

supernatant, which was loaded on a 1 ml HisTrap FF Nickel column (GE 
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Healthcare) using a fast protein liquid chromatography (FPLC) system (ÄKTA 

pure, GE Healthcare) in order to achieve His-tagged recombinant protein 

purification. 

 

 

 3.2.4.2 LARGE-SCALE EXPRESSION IN E. COLI: INSOLUBLE FRACTION 
 
Over-expression of exogenous proteins often relates to a highly stressful condition 

for the E. coli hosts, whose cellular machinery is almost completely dedicated to 

production of recombinant protein that starts accumulating inside the cell as an 

anomalous burden. Under these conditions, bacterial cells develop cytoplasmic or 

periplasmic insoluble proteins aggregates, known as inclusion bodies (IBs), which 

are almost exclusively constituted by over-expressed protein and can grow as big 

as the host cell itself, constituting a rich source of recombinant protein.  

Depending on bacteria growth condition and on individual protein features, a 

protein can be stocked in inclusion bodies either in its native or, more likely, 

unfolded state. Thus, downstream processing from IBs may constitute a major 

bottleneck in protein purification, as refolding of proteins from IBs to obtain 

biologically active protein is often a cumbersome and time-consuming procedure, 

due to the fact that refolding conditions need to be optimized and tailored for every 

different protein of interest.  

With time, different strategies have been developed to facilitate extraction of 

properly folded protein from IBs. Among these, it was observed that a modulation 

of bacteria growth conditions influenced accumulation of protein in native versus 

unfolded state in IBs: so-called non-classical inclusion bodies can be developed, in 

which the protein is more likely to be present in native-like form rather than in 

aggregated state, in contrast to classical inclusion bodies (Jevsevar S et al. 2005). 

In this thesis, large-scale protein production in insoluble fraction was performed 

using anti-KIV-2 scFv-pET45b(+) BL21(DE3), KIV-2-pET45b(+) BL21(DE3) and 

KIV-2-KIV-2-pET45b(+) BL21(DE3) clones. A starter bacteria culture, prepared as 

described in the previous paragraph, was diluted into 50 ml of selective 2xTY 

medium and incubated at 37°C, 250 rpm, overnight. From this culture, 15 ml were 

diluted in 1 liter of the same selective 2xTY, equally divided into shake flasks and 

incubated at 37°C, 250 rpm, until OD600nm=0.5-0.8. For classical IBs formation, 

induction was performed by adding 0.8 mM IPTG and incubating at 37°C, 250 rpm 

for 8 h. For non-classical IBs production, induction was triggered by addition of 1 

mM IPTG and incubating the cultures at 18°C, 250 rpm, for 24 h. Cells were 

harvested by centrifugation (8000 x g, 4°C, 30 min) and stored at -80°C until 

processing. 

 

Protein extraction from IBs: standard protocol 

BL21(DE3) classical inclusion bodies were processed following a standard two-

step protocol (Mahlawat P et al. 2012). First, a denaturation step promoted protein 

release from IBs and solubilization, mediated by a highly concentrated chaotropic 
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agent (i.e. urea). Second, protein was refolded by dilution of the chaotropic agent 

into a suitable buffer. 

Accordingly, BL21(DE3) cell pellet was thawed on ice and resuspended in 50 ml 

(50 ml/l of culture) of Lysis Buffer (100 mM Tris-HCl, 10 mM EDTA, pH 8.3). 

Resuspended cells were sonicated on ice, at 40% power by 6 serial cycles of 1 min 

each. Lysed cells were centrifuged at 12000 x g, at 4°C, for 20 min and the pellet, 

representing the insoluble fraction, was washed once with 50 ml of Wash Buffer 1 

(100 mM Tris-HCl, 10 mM EDTA, 1 M NaCl, pH 8.3) and twice with 50 ml of 

Wash Buffer 2 (100 mM Tris-HCl, 10 mM EDTA, 1% (v/v) Triton X-100, pH 8.3). 

The pellet was finally resuspended in 50 ml Denaturing Buffer (100 mM NaH2PO4, 

10 mM Tris HCl, 8 M urea, pH 8.0) and stirred overnight at room-temperature to 

allow protein solubilization. On the day after, the remaining insoluble material was 

removed by centrifugation (16000 x g, 4°C, 20 min) and His-tagged protein in the 

supernatant was purified using a 1 ml His-trap FF Nickel column (GE Healthcare), 

pre-equilibrated with Denaturing Buffer, through an FPLC system (ÄKTA pure, 

GE Healthcare). Reduced glutathione (60 mM final concentration) was added to 

eluted protein fractions, which were then stirred at room-temperature for 1 h. The 

sample was then diluted 1:80 in Refolding Buffer (50 mM Tris-HCl, 5% glycerol, 

0.5 mM oxidized glutathione), whose pH was varied (7.4-8.3) to screen the best 

refolding conditions, and stirred at 4°C for 24h. Refolded His-tagged protein was 

purified using a 5 ml HisTrap HP Nickel column (GE Healthcare), pre-equilibrated 

with Refolding Buffer (without oxidized glutathione), through the same FPLC 

system as above. 

 

Protein extraction from IBs: solubilization by arginine 

An alternative protocol to extract recombinant protein from BL21(DE3) classical 

and non-classical inclusion bodies was attempted, using milder conditions than the 

standard ones used to solubilize protein in native-like state (thus, this protocol is 

generally associated to extraction from non-classical inclusion bodies).  

The key-player of this method is arginine, which possesses advantageous 

properties in protein stabilization and inhibition of protein aggregation: the side 

chain of this amino acid, in fact, carries a guanidine group that interacts with 

aromatic residues, thus suppressing the formation of protein complexes by 

interactions of their hydrophobic cores (Tsumoto K et al. 2004). 

To achieve protein solubilization by arginine, BL21(DE3) cell pellet was thawed 

on ice and resuspended in 50 ml (50 ml/l of culture) of Resuspension Buffer (50 

mM Tris-HCl, 500 mM NaCl, pH 8.5). The cell suspension was aliquoted in four 

50 ml tubes and subjected to three sequential freeze-thaw (alternating -80°C and 

room-temperature) cycles to disrupt cell walls. Then, one volume of Resuspension 

Buffer was added and sonication was performed at 40% power, on ice, by 10 serial 

cycles of 1 min each. Insoluble fraction containing IBs was precipitated by 

centrifugation (10000 x g, 4°C, 20 min) and resuspended in 20 ml Extraction 

Buffer (2 M L-arginine, 500 mM NaCl, 50 mM Tris-HCl, pH 8.5) by 

homogenization using a glass potter. Mixed reduced and oxidized glutathione (5 

mM and 0.5 mM final concentration, respectively) were added, prior to incubate 
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the sample for 3-4 days, stirring, at 4°C to allow protein solubilization. Then, the 

remaining insoluble fraction was discarded by centrifugation (15000 x g, 4°C, 15 

min) and the supernatant was diluted 1:50 in Extraction Buffer without arginine. 

The whole volume was loaded onto a 5 ml HisTrap HP Nickel column (ÄKTA 

pure, GE Healthcare), pre-equilibrated with Extraction Buffer without arginine, 

using the same FPLC system as above, in order to purify the His-tagged 

recombinant protein. 

 

 

 3.2.4.3 LARGE-SCALE EXPRESSION IN P. PASTORIS 
 
The best performing recombinant pPIC9KE clone for anti-KIV-2 scFv and KIV-2 

in the small-scale level of expression was chosen for protein expression in large 

scale.  

The selected clone was streaked onto a YPD agar plate containing 5 mg/ml G418 

antibiotic and incubated at 30°C for 3-4 days. Once grown, the colony was 

inoculated in 10 ml BMGY medium and incubated at 30°C, 250 rpm, for 1 day. Of 

this culture, 3 ml were diluted in 500 ml of BMGY medium and shaken at 250 rpm, 

at 30°C overnight and until OD600nm =12. Cells were harvested by centrifugation 

(9000 rpm, 4°C, 45 min) and resuspended into 6 l of BMMY inducing medium 

using suitable shaking flasks. The cultures were grown at 30°C, 250 rpm for 72 to 

96 h, with regular addition of 0.5% methanol every 24 h. Cells were then pelleted 

by centrifugation as described above.  

Since recombinant protein is expected to be secreted according to pPIC9KE vector 

features, the supernatant was collected and filtered through 0.22 μm pore-size 

PVDF filter units (Millipore). The supernatant was dialyzed against 5 l of filtered 

buffer corresponding to the binding buffer for affinity chromatography and 

concentrated to a 300-400 ml final volume using a Sartorius Sartocon Slice 

apparatus (Sartorius), mounted with a 5 kDa cut-off Hydrosart filter cassette. This 

processed supernatant was stored at 4°C with 10 mM sodium azide until 

purification though FPLC, using a 5 ml HisTrap HP column (GE Healthcare). 
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3.3 PROTEIN PURIFICATION AND DOWNSTREAM PROCESSING 
 
 

3.3.1 CHROMATOGRAPHY 
 
The term “chromatography” refers to a series of analytical and preparative 

techniques aimed at separating the components (analytes) of a mixture, thus 

obtaining distinct homogeneous species from raw preparations. The principle of 

separation is based on the differential partitioning of analytes, due to their physical-

chemical characteristics, between a stationary phase of a given chromatographic 

system, usually composed of porous solid particles, and a mobile phase, a fluid that 

dissolves and vehicles the analytes through the stationary phase.  

The most informative outcomes of a chromatographic analysis are retention time 

and peak height/area, used to conduct qualitative and quantitative studies, 

respectively. In liquid chromatography (LC), the mobile phase is a liquid solvent or 

a mixture of liquid solvents. Fast protein liquid chromatography (FPLC) systems 

are especially apt for preparative scale applications of protein purification, 

exploiting a system of pumps that pushes the liquid phase through the stationary 

phase, typically a resin embedded in a column. Nonetheless, FPLC can be used for 

analytical (both qualitative and semi-quantitative) preparations.  

Advantages of this system compared to normal chromatography include good 

resolution, rapidity of analysis, accurate monitoring of run parameters (e.g. flow-

rate, system pressure, conductivity and absorbance) and semi-automation. 

The chromatographic equipment used in the experiments reported in this thesis is 

an FPLC system (ÄKTA pure, GE Healthcare), controlled by Unicorn 6.3 software, 

which also allowed data evaluation. The absorbance of the UV detector was set at 

280 nm, which corresponds to the wavelength at which proteins show a sub-

maximum of absorbance. Generally, fractions of purified protein were in different 

tubes, then pooled, concentrated and stored at 4°C, while 20 μl/fraction were 

analyzed on gel electrophoresis. 

The types of chromatography used for this thesis' purpose are affinity 

chromatography and size exclusion chromatography, which differ on the basis of 

their separation mechanisms and type of stationary phase. Particularly, the FPLC 

system was coupled to different resins and methods to purify proteins either in 

recombinant form (anti-KIV-2 scFv, KIV-2 and KIV-2-KIV-2 proteins) or from 

original source (anti-KIV-2 mAb, Lp(a) lipoprotein).  

 

 

3.3.1.1 AFFINITY CHROMATOGRAPHY (AC) 
 
Affinity chromatography (AC) relies on reversible, non-covalent and selective 

interaction between the analyte to be purified and a specific ligand, immobilized to 

the stationary phase. The raw sample containing the protein of interest is applied 

under conditions (buffer, pH, ionic strength, temperature) that facilitate specific 



 

 

 

 
 

3. Materials and methods 

 

94 

 

binding to the ligand. After washing away unbound contaminants, the bound 

protein is recovered in solution by changing buffer conditions in order to favor 

desorption from the ligand.  

Several well-established methods are described for affinity purification, which use, 

for instance, antibody-antigen specific binding (resins coupled with either the 

antibody or the antigen) or other kinds of molecular affinity.  

 

 

3.3.1.2 AC FOR PURIFICATION OF RECOMBINANT HIS-TAGGED 

PROTEINS 
 
The first step to purify recombinant proteins tagged with a histidine tail, i.e. anti-

KIV-2 scFv, KIV-2 and KIV-2-KIV-2, produced in large-scale was performed by 

immobilized metal-ion affinity chromatography (IMAC) on nickel-sepharose 

(HisTrap) matrix.  

The technique is based on affinity of the protein of interest for nickel, which is 

immobilized onto the chromatographic sepharose resin, thanks to the protein His-

tag: 6-10 His residues at the N- or C-terminus are able to interact with nickel ions 

through non-covalent binding. Theoretically, proteins without His-tag are not able 

to bind to the matrix and are eluted during the loading phase. Bound proteins are 

eluted using imidazole (IMD) that will compete with the tagged protein for the 

binding to nickel. Usually, the same loading buffer added with high imidazole 

concentration is used to create an imidazole gradient in order to elute the target 

protein.  

Either 1 ml HisTrap FF or 5 ml HisTrap HP (GE Healthcare) columns were used, 

depending on the desired binding capacity, using the same chromatographic 

method. The standard method used for IMAC, independently on the recombinant 

protein or the bulk material (bacterial soluble/insoluble fraction, yeast supernatant) 

was divided into the following consecutive steps:  

- column equilibration with binding buffer, i.e. a buffer with suitable characteristics 

to allow protein interactions with the matrix and containing 10 mM IMD to 

contrast aspecific binding; 

- sample loading, usually, at a flow-rate equal to 1/3 column volume (CV); 

- column washing, in which unbound contaminants are removed from the matrix 

with binding buffer (5-10 CVs); 

- sample elution, in which proteins are eluted from the matrix typically establishing 

a linear gradient (i.e. linear increase of concentration) of the elution buffer, i.e. a 

buffer equal to binding buffer, but with 300-500 mM IMD.  

Elution fractions were collected and analyzed by SDS-PAGE and Western blotting 

and total protein quantified through micro-BCA kit. 

Using IMAC strategy, some contaminants can aspecifically bind to the resin, 

therefore, a second step of purification may be required, depending on the target 

degree of purity, established by the intended subsequent application. The second 

round of purification, in the present thesis, where needed, involved size exclusion 
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chromatography, as described in section 3.3.1.5. 

 

 

3.3.1.3 AC FOR MAB PURIFICATION 
 
Purification of IgG immunoglobulins is usually achieved by exploiting their high 

affinity for protein A or protein G chemically bound to agarose-based resins. 

Protein A Sepharose is a stationary phase in which an inert matrix, such as agarose, 

usually cross-linked to form beads (Sepahrose), is coupled with protein A derived 

from Staphylococcus aureus cell wall and characterized by a high affinity for the 

Fc portion of antibodies from many species. Protein A contains four binding sites, 

but only two Fc domains can be bound at any one time, because of steric 

hindrance. This system allows efficient separation of the antibody from complex 

mixtures. The detachment of the antibody from protein A occurs upon application 

of appropriate conditions that promote desorption (such as a pH lowering). 

Purification of anti-KIV-2 mAb from hybridoma clone crude supernatant was 

achieved by loading the supernatant dialyzed versus binding buffer (0.1 mM 

sodium phosphate, pH 7.8) on a 20 mL rProtein A Sepharose column (recombinant 

protein A from E. coli, GE Healthcare) pre-equilibrated with binding buffer at 5 

ml/min flow-rate. After washing the column with 5-10 CVs of binding buffer to 

remove unbound contaminants, isocratic elution was performed through a two-step 

pH shift: first using elution buffer at pH 5.0 (0.1 M sodium citrate), then at pH 3.0 

(0.1 M sodium citrate). 1 ml fractions were collected, supplied with 100 μl of 1 M 

Tris pH 8.0 to neutralize the pH, pooled, concentrated, and dialyzed against 1x 

PBS. Fractions were analyzed by SDS-PAGE in both reducing and non-reducing 

conditions and total protein content quantified through micro-BCA kit (Pierce). 

 

 

3.3.1.4 AC FOR LP(a) PURIFICATION 
 
Lp(a) lipoprotein was purified from human plasma of healthy donors. Plasma bags 

were kindly supplied by Dr. Paola Isernia and Prof. Laura Salvaneschi (IRCCS 

Policlinico San Matteo) and kept at -20°C until use. Lp(a) purification was 

achieved by AC, using a rabbit anti-human Lp(a) polyclonal antibody (Dako) 

immobilized on a 5 ml CNBr-activated Sepharose 4™ (Amersham Biosciences) 

matrix.  

In order to purify Lp(a), 10-20 ml of plasma samples were thawed on ice and 

centrifuged (8000 x g, 4°C, 5 min) to remove gross aggregates. Clarified plasma 

was loaded at 1 ml/min flow-rate on the anti-Lp(a) affinity matrix, previously 

equilibrated with binding buffer (PBS+0.35 M NaCl, pH 7.0). The column was 

washed with at least 10 CVs of binding buffer. Lp(a) was eluted through isocratic 

pH lowering with 0.2 M glycine pH 3.0 and 1 ml fractions were collected, supplied 

with 100 μl of 1 M Tris pH 8.0 to neutralize the pH, pooled, concentrated, and 
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dialyzed against 1x PBS. Purified Lp(a) preparations were checked by Western blot 

analysis and Lp(a) concentration determined by Macra Lp(a) ELISA kit. 

 

 

3.3.1.5 SIZE EXCLUSION CHROMATOGRAPHY (SEC) 
 
Separation of components from a raw mixture by size exclusion chromatography 

(SEC) or gel filtration is based on molecular size. In SEC, the porous gel matrix 

must have a carefully controlled range of sizes in order to ensure high efficiency 

and reproducibility. Furthermore, the stationary phase should be chemically stable 

and inert. These gels may be generated by cross-linking of polymers, such as 

agarose, to create three-dimensional networks of packed gel beads. Small analytes, 

because of their size, can diffuse into pores of the gel beads and thus are delayed in 

their passage through the resin compared with the larger molecules that are forced 

to move continuously through the column. This results in an early elution of large 

particles and in a late elution of small particles, causing them to separate. 

Superdex 75 10/300 GL resin (GE Healthcare) was used to perform both analytical 

and preparative protein separation. This pre-packed column made of cross-linked 

agarose and dextran allows high-resolution separation of proteins that have a size 

comprised within the molecular weight range of 3000-70000 Da. Thus, anti-KIV-2 

scFv, KIV-2 and KIV-2-KIV-2 purified from IMAC were analyzed and further 

purified using this kind of column. Typically, the sample to be applied on Superdex 

75 10/300 GL was previously concentrated down to 250-500 μl. SEC runs were 

performed at 0.5 ml/min flow-rate, with isocratic elution and using 1x PBS as the 

only mobile phase. Fractions were collected with 0.5 ml volumes and analyzed 

through SDS-PAGE and Western blotting. Total protein was quantified by micro-

BCA kit. 

 

 

3.3.2 PROTEIN CONCENTRATION AND DIALYSIS 
 
In order either to increase protein concentration or to exchange protein dilution 

buffer, centrifugations (4500 rpm, 4°C, 15-20 min) were performed using 

Amicon® Ultra-15, Amicon® Ultra-4 or Microcon® concentrators (Millipore), 

with suitable cut-off size, in order to hold the protein of interest inside the 

concentrator and to remove undesired buffer and other contaminants: 30 kDa for 

Lp(a) and anti-KIV-2 mAb, 10 kDa for anti-KIV-2 scFv and KIV-2-KIV-2 and 3 

kDa for KIV-2. As for concentration, the protein solution, normally deriving from 

chromatographic pooled fractions, was simply put in a suitable concentrator and 

centrifuged until the desired volume was reached. Changing buffer, instead, was 

achieved through different centrifugation cycles using the same concentrator, 

adding several volumes of the desired buffer on the top of the concentrator. During 

all these passages, samples were kept on ice. 
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3.4 PROTEIN ANALYSIS 
 

3.4.1 POLYACRYLAMIDE GEL ELECTROPHORESIS 
 
Polyacrylamide gel electrophoresis (PAGE) is an analytical technique that allows 

separation of protein species in a semi-solid matrix under an electric field, 

according to charge and size. Sodium dodecyl sulfate (SDS) is an anionic 

surfactant which is commonly used in protein PAGE, thus referred to as SDS-

PAGE. SDS is often coupled with protein sample boiling and denaturing sample 

loading buffer (so called “reducing conditions”) to disrupt protein three-

dimensional structures and folding; in addition, as SDS binds to peptide chains in a 

stoichiometric ratio (~1.4 g SDS/g protein), it abolishes interference due to protein 

net charge with electrophoretic migration, providing the same negative charge to 

mass ratio to each protein species. Consequently, in SDS-PAGE, in which the 

electrophoretic run usually proceeds from the negative pole (cathode) to the 

positive one (anode), protein mobility depends on molecular weight only. 

Concentration of acrylamide, which acts as a molecular sieve forming long single-

chain polymers cross-linked by bisacrylamide, can be changed to optimize 

resolution of protein separation. 

In the method here used, in order to obtain acrylamide polymerization in a gel-

form, a 37.5:1 ratio acrylamide:bisacrylamide (w/w) was mixed and a polymerizing 

agent, i.e. ammonium persulfate (APS), source of free radicals, was added to the 

mixture. A catalyzing agent, i.e. NNN′N′-tetramethylethylenediamine (TEMED), 

which acts by stabilizing free radicals, is needed to accelerate the polymerization 

reaction rate. A suitable buffer was used to control pH and facilitate protein 

separation thanks to the balance of charges determined by its composition. A 

discontinuous gel system, as described by Laemmli (Laemmli UK 1970), was 

applied: two gels with different pore size and pH are cast one on the top of the 

other: a 5% acrylamide:bis-acrylamide (37.5:1) stacking gel at pH 6.8, and a 

running gel at pH 8.8 with the desired (usually, 7-20%) concentration of 

acrylamide:bis-acrylamide. The stacking gel contains the wells for sample loading 

obtained by a comb mold.  

Composition of running and stacking gel, respectively, is reported on Table 3.19. 

The cast gel was sub-merged in a running buffer (25 mM Tris-HCl, 192 mM 

glycine, 0.1% SDS). For analyses in non-reducing conditions, samples to be loaded 

onto the gel were mixed with a 3x loading buffer containing: 10% glycerol, 50 mM 

Tris-HCl, 10% bromophenol blue, pH 6.8. For analysis in reducing conditions, 100 

mM dithiothreitol (DTT) was added to the mixture and then samples were boiled at 

99°C for 5 min. Precision Plus Dual Color Protein™ Standard (Biorad) was used as 

a MW reference. Electrophoresis progress was followed by visualization of 

bromophenol blue dye front. Run was performed at 60 V along the stacking gel and 

at 120 V along the running gel. The gels were either stained or used for Western 

Blot analysis. 
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Table 3.19 Gel composition for SDS-PAGE. 

STACKING GEL 

Stock solutions Final concentration 

30% acrylamide:bis-acrylamide (37.5:1) 5% (v/v) 

0.5 M Tris-HCl, pH 6.8 0.125 M 

1000x TEMED 1x 

15% APS (w/v) 0.05% (v/v) 

MilliQ water to volume 

RUNNING GEL 

Stock solutions Final concentration 

30% acrylamide:bis-acrylamide (37.5:1) 10-20% (v/v) 

0.5 M Tris-HCl, pH 6.8 0.375 M 

1000x TEMED 1x 

15% APS (w/v) 0.05% (v/v) 

MilliQ water to volume 

 

 

 

3.4.2 POLYACRYLAMIDE GEL STAINING 
 
Coomassie Staining 

Gels obtained from SDS-PAGE were exposed to staining using Coomassie Brilliant 

Blue G-250 (Sigma-Aldrich), in order to visualize protein bands in both reducing 

and non-reducing conditions. Coomassie dyes are colored triphenylmethane-

derived compounds capable of binding proteins through van der Waals’ and ionic 

interactions. Coomassie Brilliant Blue G-250 is a particularly sensitive form of this 

class of dyes, being able to determine as little as 0.5 µg of protein per cm2 of gel 

matrix. 

SDS-PAGE gels were rinsed in water and then stirred in an aqueous solution of 

0.1% (w/v) Coomassie Brilliant Blue G-250, 40% methanol (v/v) and 20% acetic 

acid (v/v) for at least 15 min, at room-temperature. Destaining was achieved by 

stirring gels in 10% (v/v) acetic acid, 40% (v/v) methanol in aqueous solution 

several times. 

 

Silver Staining 

When a sensitivity higher than Coomassie staining was necessary to visualize 

proteins on a polyacrylamide gel, protein staining with silver ions (up to 30-fold 

more sensitive than colloidal Coomassie G-250) was performed using the 
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SilverQuest™ Silver Staining kit (Invitrogen) and following manufacturer’s 

instructions. Silver staining relies on chemical reduction of silver ions, which bind 

proteins, to dark-colored metallic silver.  

The SDS-PAGE gel to be stained was placed in a Fixative solution (10% (v/v) 

acetic acid, 40% (v/v) methanol in water), microwaved at 700 W for 30 sec and 

gently agitated for 5 min at room-temperature. The gel was then washed with 30% 

(v/v) ethanol in water, microwaved and incubated 5 min as above. The gel was put 

in Sensitizing solution (30% (v/v) ethanol, 10% (v/v) Sensitizer), microwaved and 

incubated 2 min as above. Two washing steps were performed using deionized 

water and microwaving and were followed by incubation of the gel in 1 ml of 

Stainer solution (Invitrogen) in water for 5 min after microwaving. Deionized 

water was used to remove excess of silver solution and then the gel was submerged 

in a Developing solution (10% (v/v) Developer in water, 1 drop of Developer 

Enhancer) and incubated for 5 min at room-temperature, with gentle agitation. 

Once the desired intensity band was achieved, 10 ml of Stopper solution were 

added and mixed for 10 min. The gel was finally rinsed with water. 

 

Fuchsine Staining 

In order to visualize glycosylated proteins on polyacrylamide gels, periodic acid-

Schiff (PAS) carbohydrate-detecting procedure was exploited. Periodic acid 

oxidizes glycols from N- and O-linked protein oligosaccharides to aldehydes, while 

Schiff’s reagent, an acidic fuchsine sulfite, reacts with those aldehydes to generate 

characteristic fuchsia-colored product. Detection limits are approximately 25-100 

ng of glycoprotein, yet these values strongly depend upon the nature and degree of 

protein glycosylation.  

SDS-PAGE gels were rinsed in water and fixed by submerging them in 50% 

methanol aqueous solution with gentle agitation for 30 min at room-temperature. 

Two washes were performed with 3% acetic acid in water (wash solution) for 10 

min. The gel was then stirred in 1% periodic acid in water for 30 min, washed three 

times with wash solution as above and incubated in the dark in Schiff’s reagent 

(Merck) for 30 min at room-temperature, stirring. Under the same conditions, the 

gel was incubated in 0.5% sodium metabisulfite in water for 10 min, allowing 

appearance of glycoproteins fuchsia bands. The gel was then extensively washed 

with wash solutions. 

 

 

3.4.3 SDS-AGAROSE GEL ELECTROPHORESIS 
 
For high molecular weight protein species, such as full apo(a) species, which are 

also expected to be extensively glycosylated, analytical separation was performed 

using an optimized protocol for SDS-agarose gel electrophoresis with high 

resolution. 

To prepare the gel, 1% (w/v) of agarose (Vivantis LE Grade Agarose) and 0.1% 

(w/v) of SDS (0.7 g) were added to 700 ml TBE buffer and dissolved by warming 
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on a heated stirring plate. The solution was then poured in an appropriate gel caster 

in which a 30-well comb was added and then put inside a suitable electrophoretic 

chamber, filled with 1x running buffer (45 mM Tris, 45 mM Boric acid, 2 mM 

EDTA, pH 8.0, 0.1 % SDS). Samples (being 10 µl of whole plasma, 15 µl of 

purified Lp(a) or 15 µl of transfected HEK293T supernatant) were mixed with 50 

mM DTT-containing 3x loading buffer and incubated at room-temperature for 20 

min before loading on the gel, to allow reduction of the disulfide bond between the 

LDL and the apo(a) moieties of Lp(a). A high molecular weight protein marker 

(HiMark™ Pre-Stained HMW Protein Standard, Invitrogen) and/or Apo(a) 

Isoforms Standard (Technoclone) were used as MW and/or apo(a) isoform 

references. The electrophoretic run was performed at 20 V for 1 h, then at 40 V for 

22-24 h. For Western blot analysis (see next paragraph), the protein transfer from 

agarose gel to membrane was achieved by capillarity. Briefly, a 0.45 µm pore size 

nitrocellulose membrane, previously soaked in 1x running buffer, was applied 

above the gel, then two 3M sheets soaked in the same buffer were placed above 

them and a thick layer of dry adsorbent paper was placed on the whole assembly 

with a weight on the top. The blotting by capillarity was extended overnight at 

room-temperature. Incubation of the membrane with detection antibodies was 

performed as described in paragraph 3.4.4. 

 

 

 

3.4.4 WESTERN BLOT AND SLOT BLOT 
 
Protein immunoblot analysis is an analytical immunochemical technique useful to 

identify the presence of a given protein in a mixed sample using specific 

antibodies.  

In Western blot, proteins are separated by electrophoresis prior to be transferred 

from within the gel to a suitable membrane using an electric field, whereas in the 

slot blot technique the sample is directly applied from a well (slot) to the 

membrane, using a vacuum pump. Proteins transfer into the membrane is needed in 

order to make the proteins accessible for the antibody-mediated detection 

(blotting). 

For Western blotting, a semi-dry blotting system was set up: the electrophoretic 

gel, stacked on the top of the membrane, was packed between four layers of 3M 

filter paper (Millipore) soaked into transfer buffer (25 mM Tris-HCl, 0.2 M 

glycine, 20% v/v methanol). An electric field with constant amperage (62 mA) was 

applied in a semi-dry blotting device (Sigma-Aldrich) for 1 h, to allow proteins 

migration from within the gel to the membrane. For slot blotting, a Minifold II 

Slot-Blot SRC072/0 system (Schleicher Schuell) was used. The blotting membrane 

was either a nitrocellulose (0.45 µm cut-off, Millipore) or a polyvinylidene fluoride 

(PVDF, 0.2 µm cut-off, Millipore) membrane, the latter previously activated in 

100% methanol.  

The immunoblotting step was performed using a SNAP-i.d.® (Millipore) vacuum-
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driven device, which allows a quick and high-performing incubation with the 

antibody. To prevent aspecific protein binding, the membrane was preliminary 

blocked by incubation into a 1% (w/v) bovine serum albumine (BSA) solution in 

1x PBS supplied with 0.1% (v/v) Tween-20 (TBS) at room-temperature for 1 h. 

Then, vacuum was applied and the membrane was incubated with the selected 

antibody diluted in 3 ml of BSA/TBS for 10 min at room-temperature. The 

membrane was washed four times with 30 ml TBS and then used for 

chemiluminescence detection. Table 3.20 lists the antibody combinations with 

relative concentrations used. 

Signal detection is achieved using a specific antibody directed against the target 

protein and probed with a reporter enzyme. The anti-target antibody can be directly 

conjugated with the reporter enzyme or can be recognized by another antibody 

(secondary antibody) conjugated to the reporter enzyme. The reporter system used 

was horseradish peroxidase (HRP). The substrate for chemiluminescent reaction 

was a solution containing luminol and modified phenols (Enhanced 

Chemiluminescence, ECL, Pierce ECL kit): in an alkaline environment, luminol is 

oxidized by HRP to an excited state, causing light emission. Particularly, the 

membrane was incubated at room-temperature with ECL solution for 5 min and 

exposed in a darkroom to autoradiographic films (Santa Cruz Biotechnology), 

which are covered by an emulsion containing silver crystals that are activated to 

ionic form by light.  

The signal was developed incubating the exposed film sequentially in developing 

(to reduce silver ions to precipitating metallic silver), washing (mild acidic pH) and 

fixing (to wash the silver crystal emulsion away) solutions (Carestream X-Omat Ex 

II; Developer and Replenisher), respectively. Protein signal is visible as a dark spot 

on the film and sensitivity limit of this assay is 1-10 ng of protein. Alternatively, 

3,3’-diaminobenzidine (DAB, SigmaFast™ tablets, Sigma-Aldrich) was used as 

HRP substrate and incubated with the blotted membrane, generating a dark-brown 

precipitating product upon enzymatic activity. If required, prior or after 

immunoblotting the membrane was stained with Ponceau solution (Sigma-

Aldrich), a protein aspecific dye. 
 

 

Table 3.20 Antibodies and antibody concentrations for immunoblotting. 

Primary antibody Secondary antibody 

1:7000 HRP-conjugated anti-His mAb 

(Sigma-Aldrich) 
- 

1:6400 anti-Lp(a) pAb (Dako) 1:15000 anti-rabbit pAb (Millipore) 

1 µg/ml anti-KIV-2 mAb 1:6000 anti-mouse pAb (Dako) 

All secondary antibodies are conjugated with HRP enzyme. mAb: monoclonal 

antibody; pAb: polyclonal antibody. 



 

 

 

 
 

3. Materials and methods 

 

102 

 

3.4.5 PROTEIN AND LIPOPROTEIN QUANTIFICATION 
 
Total protein quantification through micro-BCA assay kit 

In order to quantify total protein concentration of a purified protein or lipoprotein 

sample, the colorimetric bicinchoninic acid (BCA) method was employed. This 

biochemical method allows for detection of up to 5 µg/ml proteins in solution and 

exploits the Cu2+ reduction to Cu+1 operated by proteins and known as biuret 

reaction. The reaction happens in the presence of sodium tartrate that creates the 

alkaline environment needed for copper to bind to peptide bonds. The chelated 

copper (Cu+1) ions react with the bicinchoninic acid and a characteristic purple 

color is produced.  

The protein concentration is determined measuring the solution absorbance at 562 

nm. In this thesis, the micro-BCA assay kit (Pierce) was employed.  

The test was performed in 96-well plates and a standard curve was obtained with 

cascade 1:2 dilutions starting from 2 mg/ml BSA solution in PBS using a final 

volume of 20 µl. The sample containing the protein at unknown concentration was 

processed as the standard.  

For colorimetric detection, a mixture of solutions MA (Micro BSA reagent A: 

sodim carbonate, sodim bicarbonate, sodium tartrate in 0.2 N NaOH), MB (Micro 

BSA reagent B: 4.0% bicinchinonic acid in water) and MC (Micro BSA reagent C: 

4.0% cupric sulphate, pentahydrate in water) was prepared in a 25:24:1 ratio, 

respectively. Aliquots of 200 μL of the resulting solution were added to each well 

of both BSA standard and sample dilutions and the plate was then incubated at 

37°C for 30 min. Absorbance was measured at 562 nm using a POLARstar Omega 

(BMG Labtech) microplate reader, using PBS as blank. Absorbance data obtained 

were elaborated in a standard curve by using the least squares method, from which 

concentration of the sample was derived.  

 

Lp(a) quantification through Macra® Lp(a) ELISA kit 

In order to determine Lp(a) concentration in human plasma samples, Macra® Lp(a) 

ELISA kit (Trinity Biotech) was used. This kit is based on a sandwich ELISA 

which specifically detects the apo(a) moiety of Lp(a).  

The provided microtiter plate is pre-coated with a monoclonal antibody that 

captures Lp(a) from whole plasma during a 1 h incubation at room-temperature. 

After washing, a polyclonal anti-Lp(a) HRP-conjugate antibody was added and 

incubation performed at room-temperature for 20 min. The plate was then washed 

and a provided HRP chromogenic substrate (o-phenylenediamine) was added to 

each well to produce a colored solution. After 20 min, the reaction was stopped 

with 2 M sulfuric acid and absorbance was read at 492 nm using a POLARstar 

Omega (BMG Labtech) microplate reader.  

Concentration of Lp(a) (mg/dl) was quantitatively determined by comparison with 

a standard curve prepared with known concentrations of Lp(a) standards. 

 

HDL quantification through HDL Human ELISA kit 

High-density lipoprotein (HDL) concentration was quantified in human plasma and 
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in purified Lp(a) preparations using HDL Human ELISA kit (Abcam), a 

competitive immunoenzymatic method which exploits biotin-streptavidin binding.  

An anti-HDL antibody was pre-coated onto the provided 96-well plate. Samples 

and HDL Standards (prepared at different concentrations from 0 to 200 µg/ml) 

were added to each well together with the same amounts of Biotinylated HDL and 

incubated at room-temperature for 2 h to allow HDL capture by the coated 

antibody and establishment of a competitive binding of biotinylated versus non-

biotinylated HDLs. Wells were then washed five times and a streptavidin-

peroxidase complex (SP Conjugate) was added and incubated at room-temperature 

for 30 min. After further five washes of wells, 50 µl of Chromogen Substrate, 

containing 3,3′,5,5′-tetramethylbenzidine (TMB), were added and incubated until 

color development, when 50 µl of Stop solution were dispensed to each well. 

Absorbance was read at 450 nm using a POLARstar Omega (BMG Labtech) 

microplate reader and HDL concentration (µl/ml) was calculated by comparison 

with the exponential standard curve plotted according to HDL Standards 

measurements. 

 

 

 

 

3.5 ANTIBODY SPECIFICITY AND AFFINITY MEASUREMENTS 
 

3.5.1 ELISA 
 
Enzyme-linked immunosorbent assay (ELISA) is an analytical technique widely 

used both to study molecular interactions and quantify substances of different 

nature (e.g. peptides, proteins, antibodies, hormones) by exploiting the antibody-

antigen binding affinity. Applications of this technique are extremely 

heterogeneous and range from detection of serum antibodies or markers in the 

clinics to various assays in the research field.  

The underlying principle resides in the immobilization of a molecule onto a multi-

well polystyrene plate by physical absorption and antibody-based detection, i.e. 

using antibodies conjugated with a tag.  

The immobilized molecular species may vary, giving rise to different ELISA 

approaches: in direct strategies, the antigen to be detected is coated onto the plate 

and a specific tagged primary antibody serves as a detector; in indirect settings, the 

primary antibody is not labeled and, therefore, a secondary tagged antibody that is 

specific for the primary one is used for detection; in sandwich ELISA format, a 

coated capture antibody binds to the antigen, which is then detected either through 

direct or indirect strategy. The sandwich ELISA setting can be modified to create a 

competitive assay, where labeled purified antigen is used and competes with 

unlabeled antigens from the sample for binding with the coated antibody. While a 
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direct detection is quicker and avoids aspecificity issues coming from secondary 

antibody possible cross-reactivity, an indirect approach may be preferred because 

of its higher sensitivity and flexibility. 

In this thesis, both indirect and sandwich ELISA were applied to verify affinity of 

anti-KIV-2 mAb and anti-KIV-2 mAb-derived scFv for purified Lp(a), KIV-2 and 

KIV-2-KIV-2 domains (Table 3.21).  

 

Table 3.21 ELISA settings. 

Indirect ELISA 

Antigen Primary Ab Secondary Ab 

1 µg/ml 

KIV-2 

1 µg/ml 

anti-KIV-2 mAb 

1:4000 

anti-mouse pAb 

1 µg/ml 

KIV-2-KIV-2 

1 µg/ml 

anti-KIV-2 mAb 

1:4000 

anti-mouse pAb 

Sandwich ELISA 

Capture Ab Antigen Primary Ab Secondary Ab 

1:2000 

anti-apoB100 mAb 

1 µg/ml 

Lp(a) 

1 µg/ml 

anti-KIV-2 mAb 

1:4000 

anti-mouse pAb 

1:6400 

anti-Lp(a) pAb 

1 µg/ml 

Lp(a) 

1 µg/ml 

anti-KIV-2 mAb 

1:4000 

anti-mouse pAb 

1-50 µg/ml 

anti-KIV-2 scFv 

1 µg/ml 

Lp(a) 

1:6400 

anti-Lp(a) pAb 

1:4000 

anti-rabbit pAb 

1-50 µg/ml 

anti-KIV-2 scFv 

1 µg/ml 

Lp(a) 

1:2000 

anti-apoB100 mAb 

1:4000 

anti-mouse pAb 

KIV-2 and anti-KIV-2 mAb are in purified form. Anti-KIV-2 scFv is either in purified 

form or crude yeast supernatant. Anti-mouse pAb is from Dako. Anti-apoB100 mAb 

and anti-rabbit pAb are from Millipore. 

All secondary antibodies are conjugated with HRP enzyme. mAb: monoclonal 

antibody; pAb: polyclonal antibody. 

 

The method included several steps, in order to set up consecutive "layers" of 

reagents: 

(1) Coating: 50 μl/well of samples (1-10 μg/ml of protein) were incubated in a 96-

well plate (Falcon), overnight, at 4°C, in humid box.  

(2) Blocking: 200 μl/well of 1% BSA (Sigma) in PBS were added; plate was then 

incubated at room temperature for 1 hour. Wells were then washed three times with 
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200 μl/well PBS. 

(3, only in sandwich ELISA) Bridging: 50 μl/well of 1 µg/ml purified Lp(a) in PBS 

were added and incubated at room-temperature for 1 h. Wells were then washed 

three times with 200 μl/well TBS. 

(4) First layer: 50 μl/well of primary antibody in 1% BSA in PBS were incubated at 

room-temperature for 1 h. Wells were then washed three times with 200 μl/well 

PBS. 

(5) Second layer: 50 μl/well of secondary antibody in 1% BSA in PBS were 

incubated at room-temperature for 45 min. Wells were then washed three times 

with 200 μl/well PBS. 

(6) Chromogenic reaction: 100 μl/well of TMB Substrate Solution (0.2 M dibasic 

sodium phosphate, 0.1 M citric acid, 0.1 mg/mL 3,3',5,5'-tetramethylbenzidine, pH 

5, Sigma-Aldrich) with 1 μl/10 ml of 30% hydrogen peroxide were added. Optimal 

degree of blue intensity usually occurred within 10-20 min. 

(7) Stop reaction: 50 μl/well of stop solution (2 M sulfuric acid) were added. 

Absorbance was read at 450 nm POLARstar Omega Plate reader 

Spectrophotometer (BMG Labtech). 

 

 

3.5.2 SURFACE PLASMON RESONANCE 
 
Anti-KIV-2 mAb binding reactivity and affinity for purified KIV-2 and KIV-2-KIV-

2 proteins were investigated through surface plasmon resonance (SPR) technique, 

using a Biacore™ T200 (GE Healthcare) apparatus. SPR is an optical method 

based on the resonant oscillation of electrons in a metal surface, typically a thin 

gold film, upon polarized light stimulation. The Biacore™ technology exploits the 

SPR phenomenon to monitor in real time interactions between biomolecules, of 

which one partner (the ligand) is immobilized on the metal surface of a chip, while 

the other one (the analyte) is in aqueous solution and is pushed by pumps onto the 

chip surface within a microflow system. An optical detection unit measures the 

refractive index of polarized light reflected by the interface between the metal 

surface and the flowing solution. Binding of molecules to the chip or to ligands 

immobilized on the chip is detected through a change in refractive index and an 

increase in signal intensity I, which is then translated to resonance or response units 

(RU) that are continuously recorded and plotted versus time on a sensogram graph 

(Fig 3.10).  

Ligand immobilization may be performed by a direct strategy, i.e. covalent 

coupling of ligand with the chip surface, allowing a high binding capacity, or by a 

capture approach, i.e. covalent coupling of a capture molecule (e.g. antibody, 

protein A, streptavidin) with the chip surface, which, though showing lower 

binding capacity, could be useful whether the ligand solution is not homogeneous 

and offers the possibility to bind the ligand with a specific orientation.  
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Figure 3.10 Biacore T200 surface plasmon resonance analysis. Top: Ligand, analyte and 

capturing molecule in relation to the sensor surface; left: direct strategy; right: capture 

strategy. Bottom: Schematic illustration of a sensorgram (x axis: time. y axis: 

Resonance/Response Units, RU); the bars below the sensorgram curve indicate the 

solutions that pass over the sensor surface. Figure adapted from Biacore T200 Software 

handbook, GE Healthcare. 

 

The most common applications of the Biacore™ technology include specificity 

analysis (e.g. epitope mapping), binding analysis, affinity analysis, concentration 

analysis, screening of molecular libraries and thermodynamic assays. Particularly, 

affinity between two molecular species can be characterized through derivation of 

association (kon) and dissociation (koff) rates from the shape of sensogram curves. 

Maximum RU values instead relate to concentration of immobilized ligand and 

bound analytes and therefore can be used to measure the binding affinity (KD). 

Biacore™ T200 is a high-performance SPR system, supporting temperature-

controlled analysis of molecular interaction in four in-series flow cells 

simultaneously, with high sensitivity. 

In this thesis, purified anti-KIV-2 mAb was the ligand, which was immobilized by 

a capture approach, using an anti-mouse antibody (from Mouse Antibody Capture 

Kit, GE Healthcare) as the capture molecule, which was covalently attached to the 
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dextran surface of a CM5 chip by amine coupling chemical reaction. One of the 

four functionalized flow cells of the chip was used as the reference channel for 

blank subtraction. For binding assays, the analytes, represented by recombinant 

KIV-2 and KIV-2-KIV-2, were diluted to 500 nM concentration in PBS and 

injected into the flow cell (excluding the reference channel) at a constant flow-rate 

of 30 µl/min for 3 min. For kinetic analysis, a single-cycle kinetics method was 

applied, in which subsequential injections of increasing concentration of the same 

analyte were performed during a single analysis cycle. Analyte desorption was 

allowed by removing analytes from continuous flow for 5 min. Mobile phase was 

PBS supplemented with 0.005% Tween 20. Biacore™ T200 Software was used to 

both control the system and evaluate results. 

 

 

 

 

3.6 PROTEIN CRYSTALLIZATION 
 

Crystallization of proteins is today aimed at determining their three-dimensional 

structure through analysis of their X-ray diffraction pattern. In general, generation 

of crystals is a multi-parametric process that involves three main steps: nucleation, 

growth and cessation of growth.  

Crystallization of macromolecules may be considered a more complex process if 

compared to crystallization of small molecules, since it involves a larger number of 

variables implied, such as purity, solubility, source and concentration of protein 

and the presence of ligands.  

The search for conditions that allow good-quality crystallization is not trivial and is 

supported by empirical knowledge observed for other related biological 

macromolecules. In fact, given the large number of parameters to be sampled over 

a wide range of values, the production of high-resolution diffracting crystals is, still 

today, one of the most challenging steps in structural biology studies. An 

incomplete factorial experiment approach, in which a small subset of all possible 

conditions is screened in a limited number of experiments, is often adopted as a 

preliminary test of promising protein precipitates. If something interesting is found, 

a finer screen can be performed. Once crystal growth conditions are found, the 

subsequent step is the optimization of conditions to produce crystals of suitable 

size and quality for diffraction studies. 

Several crystallization methodologies exist, among which sitting drop and hanging 

drop vapor diffusion technologies are the most common, because they are 

relatively easy to perform, require limited amounts of sample and are particularly 

apt for screening and optimization. In this thesis, the sitting drop technique was 

applied: a small droplet (1 μl) of sample containing the solubilized protein to be 

crystallized was mixed with the crystallization reagent (1 μl) on the platform of a 
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suitable crystallization plate. The same crystallization reagent was also put into the 

well surrounding the platform as a reservoir solution in vapor equilibrium with the 

sample drop. The initial reagent concentration in the droplet is lower than in the 

reservoir. Over time, the reservoir will pull water from the droplet to the vapor 

phase, establishing a vapor equilibrium, in which the protein sample is also 

concentrated, as water is subtracted from the drop, increasing the relative super-

saturation of the protein in the drop.  

 

 

3.6.1 CRYSTALLIZATION OF RECOMBINANT KIV-2 AND KIV-2-KIV-2 
 
Protein fractions collected from chromatographic purifications were concentrated 

down to 200-500 μl, dialyzed versus crystallization buffer (10 mM Tris-HCl, 150 

mM NaCl, pH 7.8), using centrifuge concentrators (3 kDa cut-off, Millipore) and 

stored at 4°C. For longer term storage, the protein was frozen in liquid nitrogen in 

20 μL aliquots and then preserved at -80°C. In order to set up crystallization plates, 

the sample was recovered and centrifuged (14000 x g, 4°C, 10 min) to remove any 

precipitate. Protein concentration was determined using the bicinchinonic acid 

method. To apply the sitting drop vapor diffusion technique in 48-wells 

crystallization plates (Hampton Research), 200 μl of reservoir solutions were 

pipetted into each well and the drop was prepared by pipetting 1 μl of protein 

solution and 1 μl of the reservoir solution onto the middle of the plastic platform of 

the same well, without mixing. Then, the well was sealed with optical sealing tape 

and the plate was incubated at 21°C. 

A Pre-Crystallization Test kit (PCT, Hampton Research) was employed in order to 

determine an indicative concentration value of protein to start with for the next 

crystallization screening and the protein concentration was adjusted according to 

the PCT test results. This test was performed according to manufacturer’s 

instructions and using the sitting drop method.  

For crystallization screening, the sitting drop technique was used as well and 

crystallization conditions from the following crystallization screening kits (all from 

Molecular Dimensions) were tested for both KIV-2 and KIV-2-KIV-2 recombinant 

proteins: Structure Screen 1 MD1-01 (50 conditions), Structure Screen 2 MD1-02 

(50 conditions), MIDAS MD1-59 (96 conditions) and PGA Screen MD1-50 (96 

conditions).  

Crystallization plates were checked each day during the first week and each week 

afterwards, using a stereomicroscope (LEICA 12.5). Each well was scored as a 

clear drop, precipitate (microcrystalline or amorphous), phase separation, or 

crystals. Conditions positive for protein crystals were optimized by changing 

protein concentration, buffer pH, precipitant concentration, including also a replica 

of the original positive condition. 
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3.7 MAMMALIAN CELL CULTURE 
 
Tissue culture or cell culture refers to in vitro techniques used to grow ex vivo, in 

an artificial controlled and favorable environment, tissues or cells derived from 

living tissues or organs. A cell line is defined as a cell population originally derived 

from a single clone, thus sharing an identical or similar genome. Cell lines can be 

identified as primary or immortalized. Primary cell lines are usually derived from a 

donor organism and have a finite life span: upon reaching confluence stage in flask, 

they can be sub-cultured for a limited number of passages (i.e. cell transfer to new 

flasks with fresh growth medium) prior to become senescent, loose their own 

morphological/functional features and die. Immortalized cell lines are well 

established cell populations that can be replicated perpetually, maintaining their 

peculiar features. Usually, they are directly isolated from in vivo tumors, but they 

can also be derived from primary cell lines engineered to become immortal. Well-

established and well-characterized immortalized cell lines are commonly used as in 

vitro model systems in several kinds of studies. 

Principal requirement to cell culturing is to maintain an aseptic work area in order 

to prevent any possible contact between cells and contaminating microorganisms. 

Thus, a cell culture hood in which the laminar flow is filtered by High Efficiency 

Particulate Air (HEPA) filter units and use of sterile equipment are necessary. In 

general, to favor proliferation outside the living organism, cells are exposed to 

media basically consisting of saline solutions that reproduce the physiological 

environment and containing all the needed nutrients. Essential nutrients supply is 

typically provided by addition of fetal bovine serum (FBS) to media and L-

glutamine, which is required by most of the cultured cells, especially those derived 

from tumors. Moreover, some cell lines require specific compounds for survival 

and proliferation that must be provided separately (e.g. cytokines, growth factors). 

Media can also be supplied with antibiotics in order to prevent contamination by 

prokaryotic organisms. Cells are usually cultured in a humidified incubator at 37°C 

in presence of 5% CO2, which is needed to allow the carbonate buffer system of 

cell media to work. 

 

 

 

3.7.1 CELL LINES AND MEDIA 

 
All the cell lines used were kept in liquid nitrogen until thawed and maintained in a 

standard 37°C humidified incubator with 5% CO2 saturation. Both suspension and 

adherent cells were used. For the formers, sub-culturing was performed by simple 

dilution of the cell culture in fresh medium. For adherent cells, instead, a 

trypsinization was needed to detach them from the plastic surface. Briefly, adherent 

cells were washed twice with PBS and a suitable volume (2 ml for a T-75 flask) of 
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trypsin solution (0.25 % trypsin-EDTA, Sigma-Aldrich) was added to the cells and 

incubated at 37°C for 1-5 min to facilitate cell detachment. Then, trypsin was 

inhibited by adding FBS-containing medium. Cells were then harvested by 

centrifugation (1250 x g, 3 min) and resuspended in fresh medium at the desired 

concentration. 

HepG2 liver hepatocellular cells, human umbilical vein endothelial cells 

(HUVECs), THP-1 human monocytic leukemia cells and human aortic smooth 

muscle cells (HASMCs) were used as in vitro models for Lp(a) metabolism and 

pathogenesis. HepG2 are a stable cell line of human hepatocellular carcinoma, 

growing with epithelial morphology and forming an adherent monolayer with small 

aggregates. HUVECs and HASMCSs were isolated from endothelium of human 

umbilical veins and smooth muscle of human aorta, respectively, and both grow as 

spindle adherent cells forming monolayers. These cells maintain their typical 

features for a limited number (n=15) of passages; in this thesis, HUVECs were 

used at the sixth (6p) or seventh passage (7p). THP-1 cells are a stable cell line 

originally isolated from peripheral blood of a patient with acute monocytic 

leukemia and grow in suspension.  

The human embryonic kidney 293T (HEK293T) cell line was used to express 

recombinant apo(a) isoforms. HEK293T cells derive from kidney tissue of a human 

embryo, immortalized with sheared adenovirus. HEK293 cells are recognized as an 

excellent cell line to use in transfection experiments. HEK293T is a transfectable 

variant containing the SV40 large T-antigen and grows as an adherent cell line 

without contact inhibition of cell division. 

The murine hybridoma clone was used to produce anti-KIV-2 monoclonal 

antibodies (see section 3.7.2 for detailed information). These cells grow as semi-

adherent cells forming small clusters and their proliferation rate is highly 

influenced by FBS concentration in the medium. 

HepG2, HUVEC, THP-1 and HEK293T were obtained from ATCC (American 

Type Culture Collection); HASMCs were purchased from Gibco® Lifie 

Technologies. The hybridoma clone secreting anti-KIV-2 mAbs was kindly donated 

by Prof. Livia Visai (Department of Molecular Medicine, University of Pavia). 

HepG2, HEK293T and hybridoma cells were cultured in high-glucose Dulbecco’s 

modified Eagle’s medium (HG-DMEM, Sigma-Aldrich), supplemented with 10% 

FBS. HUVEC cells were grown in gelatine-coated flasks and using McCoy’s 

medium (Gibco®), supplemented with 10% FBS, 10 μg/mL ECGF (Roche), 5 

U/ml heparin, 1% penicillin, 1% streptomycin and 1% sodium pyruvate. THP-1 

cells were maintained in RPMI 1640 medium (Lonza), supplemented with 10% 

FBS; to trigger THP-1 monocytic differentiation into macrophage-like cells, 5 

ng/ml 12-O-tetra-decanoylphorbol-13-acetate (TPA, Sigma-Aldrich) were 

administered. HASMC cells were cultured in Medium 231 (Gibco®), 

supplemented with Smooth Muscle Growth Supplement (SMGS, Gibco®). Phenol 

red was used as a pH indicator of cell culture media. 
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3.7.2 MONOCLONAL ANTIBODY PRODUCTION BY HYBRIDOMA CELLS 
 
Hybridoma cells are artificial cell lines created to produce monoclonal antibodies 

(mAbs), i.e. antibodies derived from the same cell clone, against an antigen of 

interest. According to the technology developed by Kohler and Milstein (Kohler G 

and Milstein C 1975), hybridomas can be generated by cell fusion of myeloma 

cells and B lymphocytes, the latter being commonly isolated from a host organism 

that was immunized with an antigen of interest. Thus, a successfully fused cell is 

theoretically immortal and capable of producing the desired mAb as a stable cell 

factory. Another advantage of producing antibodies through hybridoma cultures is 

that these molecules are secreted in the medium, hence facilitating the downstream 

processing. 

The murine hybridoma cell line used in this work secretes anti-KIV-2 monoclonal 

antibodies. In order to set up mAb large-scale production, cells were passed from 

T-75 flasks to roller bottles (Corning®) and incubated at 37°C, rolling. Serum-free 

HG-DMEM was gradually added to roller bottles both to supply cells with fresh 

nutrients and to dilute FBS to a final concentration of 2.5% (v/v). Reduction of 

FBS levels in the medium allowed a slower cell growth rate, possibly correlating 

with more efficient protein production, as well as a limited concentration of 

proteins other than the target mAb in the cell supernatant to be processed. 

Supernatant was collected by centrifugation (6500 x g, 4°C, 30 min) when cell 

viability, determined using trypan blue (Sigma-Aldrich), was higher than 70%, then 

filtered with 0.22 µm cut-off membranes (Millipore) and stored at 4°C until 

purification by affinity chromatography. 

 

 

3.7.3 REAL TIME CELL ANALYSIS (RTCA) 
 
Real time cell analysis (RTCA) is an innovative cell-based technology which finds 

application in both basic and applied biological research. 

RTCA allows continuous monitoring of proliferation, differentiation and viability 

of adherent cell cultures though the measurement of a specific parameter, called 

impedance (Limame R et al. 2012) and without the use of potentially interfering 

labelling agents. Impedance is an extremely sensitive electronic readout derived 

from the resistance employed by adherent cells on electronic biosensors and, 

therefore, is influenced by cell number (proliferation), morphology, size and 

attachment. This way, cell behavior may be controlled in a non-invasive, label-free 

way in a real-time in vitro assay.  

RTCA was performed on HepG2, HUVEC, THP-1 and HASMCs cells exposed to 

purified Lp(a) using an iCELLigence™ device (ACEA Biosciences). In this 

system, the bottom of 8-well E-plates is covered with gold microelectrodes which 

act as impedance sensors able to measure the extent of cell-covered area. 

Impedance is automatically converted by the iCELLigence system to cell index 

(CI), a dimensionless parameter that is defined as the relative change in electrical 
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impedance created by cells (Fig. 3.11).  

The well size of E-plates provides enough cells for complementary assays 

including imaging, western blotting, FACS, etc. 

 

 
 

Figure 3.11 iCELLigence RTCA technology. Top: iCELLigence RTCA Station with two   

separate electronic 8-well plates (left) and the principle of impedance-based cell adhesion 

monitoring (right). Bottom: representative cell index (CI) vs time (expressed in h) curves 

showing the titration experiment for HUVEC cells, seeded at 50000 (red), 25000 (green), 

12500 (blue) and 6250 (magenta) cells/well. The first increase in CI (~3 h) is due to 

adhesion of cells to the surface of wells, while the subsequent increases are associated to 

cell proliferation. By this preliminary test, the most suitable cell density and time for 

treatment can be chosen, commonly corresponding to a cell concentration high enough to 

significantly detect alterations in behavior and to a time point when cells are at their log 

phase of growth (the arrow indicates the time point chosen for treatment of HUVEC cells, 

when seeded at 50000 cells/well density). 

 

For RTCA iCELLigence measurements, background impedance was measured 

with addition of 300 μl cell culture medium in each E-plate well. To identify the 

most suitable cell density and time of cell seeding for treatments, a preliminary 

evaluation (titration) of cell adhesion and proliferation in RTCA was performed for 
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each cell line collecting a long-term CI profile (98 h) at densities of 6250, 12500, 

25000, 50000 cells/well, respectively, in duplicate. The final volume of cell culture 

was adjusted to 600 μl per well. After seeding, cells were allowed to adapt, by 

leaving the E-plate on a flat surface at room-temperature for 20 min. Then, the E-

plates were transferred to the iCELLigence RTCA Station, placed in a humidied 

incubator at 37°C and 5% CO2, and the analysis was launched. 

For all the cell lines, a 50000 cells/well density was considered appropriate for 

treatments with purified Lp(a), which were planned at 24 h after seeding, when 

cells were in their exponential phase, as the effects of treatment are expected to be 

more meaningful during this stage of cell growth. For RTCA of treatments, cells 

were seeded using a final volume of 450 μl per well. After 24 h of analysis, 

whether the recorded RTCA profiles were regular, 150 μl of either PBS or purified 

Lp(a) (5, 10 or 20 μg/ml final concentration) in PBS were added. Each 

concentration of treatment and controls were tested in duplicate.  

CI was automatically derived from impedance and recorded as a function of time 

every hour before treatment and each minute for 2 h after treatment, then every 

hour for 96 h.  

All measurements were controlled by the RTCA software v. 1.0.1302 (ACEA 

Biosciences). Data analysis was performed using the RTCA Data Analysis 

Software 1.0.0.1304 (ACEA Biosciences) and ANOVA followed by Tukey post-

hoc test were calculated by OriginPro 8 v. 0.8724 (OriginLab corporation). 

 

 

 

 

 3.8 LIPID QUANTIFICATION 
 
Total concentrations of triglycerides, cholesterol and phospholipids of samples of 

purified Lp(a) were determined using biochemical enzymatic methods.  

Both triglycerides and cholesterol were determined by Dr. Anna Boria from Centro 

Analisi Monza (CAM) laboratories, using a Siemens Healthcare ADVIA system. 

For triglycerides, the ADVIA Chemistry Triglycerides_2 assay was used. The assay 

is based on a three-step reaction: triglycerides are converted to glycerol and free 

fatty acids by lipase; glycerol is then converted into glycerol-3- phosphate by 

glycerol kinase, followed by a conversion in hydrogen peroxide by glycero-3- 

phosphate-oxidase. Under the action of peroxidase, a colored complex is formed 

from hydrogen peroxide, 4-amino-phenazone and 4-chlorophenol. The absorbance 

of the complex is then measured as an end-point reaction at 505-694 nm. For 

cholesterol, the ADVIA Cholesterol_2 assay was used, in which the cholesterol 

esters are hydrolyzed by cholesterol esterase into free fatty acids and cholesterol. 

Cholesterol is then converted by cholesterol oxidase into cholest-4- en-3- one in the 

presence of oxygen to form hydrogen peroxide. Hydrogen peroxide forms a 
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colored complex, 4-amminoantipyrine and phenol thanks to the catalytic activity of 

peroxidase. The absorbance is measured at 505-694 nm. 

Phospholipid concentration was instead determined using the Phospholipid Assay 

kit (Sigma-Aldrich), characterized by a detection range of 3-200 µM. This assay is 

based on the enzymatic hydrolysis of phospholipids (e.g. lecithin, lysolecithin, 

sphingomyelin) by phospholipase D (PLD) leading to the release of choline, which 

is then oxidized by a second enzyme (choline oxidase) in a colorimetric reaction 

that uses a H2O2 specific dye. Briefly, provided phosphatidylcholine standards were 

prepared at known concentrations (0, 30, 60, 120 µM) and 20 µl of them were 

transferred into separate wells of 96-well plate, together with 20 µl of each purified 

Lp(a) sample to be tested. Reaction mixes were then prepared using 85 µl of Assay 

Buffer, 1 µl of Enzyme Mix, 1 µl of PLD Enzyme and 1 µl of Dye Reagent per 

well. Mixes were added to standards and sample and reaction was incubated in the 

dark for 30 min at room-temperature in a horizontal shaker. Absorbance was 

measured at 570 nm and sample phospholipid concentrations were calculated using 

the slope of phosphatidylcholine standard curve. 

 

 

 

 

 3.9 BIOPHYSICAL ANALYSES 
 

 3.9.1 MEASUREMENTS AT FLUID INTERFACES 

 
Ellipsometry, surface pressure and rheology measurements were performed on 

purified Lp(a) samples using dedicated equipment at the Soft Matter Department of 

the Institute of Physics of Rennes (IPR, University of Rennes, FR). These 

techniques allow to study intra- and inter-molecular interaction and organization of 

amphiphilic biomolecules at fluid interfaces, such as lipid/liquid or air/liquid ones. 

Thus, interfacial studies may be an accurate tool to characterize from the 

biophysical point of view several properties of proteins and lipoproteins with 

amphiphilic nature that have tendency to form a monolayer at 

hydrophilic/hydrophobic interfaces.  

Particularly, ellipsometry provides information on the amount of molecules (in the 

case of Lp(a), lipids and apolipoproteins) adsorbing at the fluid interface, by means 

of non-destructive optical measures on reflected light waves. This technique relies 

on the relative change of polarization of a light beam reflected by a fluid interface 

due to a change of refractive index (η), which is caused by adsorption of molecules 

at the interface itself. The η change is in fact registered as a shift of polarization, 

which happens with an elliptic pattern, and measured as the so-called ellipsometric 

angle (Δ) that is directly proportional to the thickness of the molecular film 

generated at the fluid interface and, therefore, to the initial concentration of 
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amphiphilic molecules in the liquid phase. Moreover, variation of the ellipsometric 

angle during time is a relevant probe for changes occurring at the interface. 

 

 

Figure 3.12 Schematic diagram of a typical experimental set-up for ellipsometry 

measurements. The incident light is set at a given angle Φ and is linearly polarized by a 

polaryzer. The refracted rays are registered by a detector, upon processing by an analyzer, 

which is the same optical device as the polarizer. An ellipsometric angle (Δ) is measured, 

according to the refractive index (η) modified by the sample adsorbing at the w/a 

interface. 

 

In physical chemistry, surface pressure (π) of a fluid interface is defined as: 
 

π = γw – γw+s, 
 

where γw is the surface tension of water and γw+s is the surface tension of a water 

solution containing a surfactant. In turn, surface tension of water is the inward 

force, mainly due to water hydrogen bonds, which tends to minimize the area of an 

air/water (a/w) interface, while a surfactant is a substance that interferes with water 

hydrogen bonds, thus reducing water surface tension. Amphiphilic molecules, such 

as proteins and lipids, can act as surfactants and increase the surface pressure of a 

liquid surface. Surface pressure is hence a parameter which may be used to 

measure the force that is created at the a/w interface due to short-range interactions 

between proteins, lipids and water molecules.  

Rheology is a branch of fluid mechanics which studies the flow (from Greek, ῥέω) 

of the so-called “soft matters”, comprising liquid state matters and solids that, upon 

application of a force, respond with plastic flow rather than elastic deformation. 

Particularly, surface rheology is focused on evaluation of elasticity and rigidity 
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properties of a sample adsorbed at a fluid interface. In fact, a monolayer formed by 

a network of molecules at a w/a interface can behave as an oscillator and it is 

possible to measure the lateral rigidity or elasticity of this monolayer when it is 

subjected to a shear stress, thus obtaining elastic (μ, mN/m) and viscosity (η, 

mN/m) constants. 

 

 

 3.9.1.1 ELLIPSOMETRY AND SURFACE PRESSURE MEASUREMENTS 

 
Ellipsometry and surface pressure measurements were recorded simultaneously, 

using an integrated equipment. Lp(a) monolayers were prepared on a circular 

Teflon trough (S = 20 cm2) from 8 ml solutions at Lp(a) concentrations in the range 

of 1.5–9 μg/ml in PBS. Surface pressure was measured with a sensor (Nima 

Technology, Coventry, UK) using a Wilhelmy plate. The ellipsometric 

measurements were carried out with a home-made ellipsometer operated with He–

Ne laser (λ = 632.8 nm, Melles Griot, Carlsbad, CA) that was polarized with a 

Glan-Thompson polarizer. The incidence angle of the light on the surface was 1° 

away from the Brewster angle. After reflection on the water surface, the laser light 

passed through a λ/4 retardation plate, a Glan-Thompson analyzer, and a 

photomultiplier. Through a computer-controlled feedback loop, the analyzer 

automatically rotated toward the extinction position. In this “null ellipsometer” 

configuration, the analyzer angle, multiplied by 2, yielded the value of the 

ellipsometric angle (Δ), i.e. the phase difference between parallel and perpendicular 

polarization of the reflected light. The laser beam probed a surface of 1 mm2 and a 

depth of the order of 1 μm. Initial values of the ellipsometric angle (Δ0) and surface 

tension of pure buffer solutions were recorded on the subphase for at least a half-

hour. These values have been subtracted from all presented data. Values of Δ and π 

were recorded every 4 s with a precision of ±0.5° and ±0.5 mN/m, respectively. 

Experiments were performed at 18°C. Two independent measurements were 

repeated for each sample. 

 

 

 3.9.1.2 SURFACE RHEOLOGY MEASUREMENTS 

 
A 10 mm-diameter paraffin-coated aluminium disk was put floating at the centre of 

a 48 mm-diameter Teflon trough, in which a monolayer was let to form during an 

overnight incubation of a 8 ml solution of 1.5 μg/ml Lp(a) in PBS. The aluminium 

float, which was thus in contact with the monolayer, carried a small magnet and 

was kept centred by a permanent magnetic field (B0 = 6 × 10−5 T) parallel to the 

Earth's field, created by a small solenoid located above the float. Sensitive angular 

detection of the float rotation was achieved using a mirror fixed on the magnet to 

reflect a laser beam onto a differential photodiode. A sinusoidal torque excitation 

was applied to the float in the 0.01-100 Hz frequency range by an oscillating 



 

 

 

 
 

3. Materials and methods 

 

117 

 

magnetic field perpendicular to the permanent solenoid field. The latter field acted 

as a restoring torque equivalent to a monolayer with a rigidity of 0.16 mN/m, thus 

representing the sensitivity limit of the rheometer. This device behaves as a simple 

harmonic oscillator. The resistance that the monolayer opposes to the rotation of 

the float is directly measured. An important advantage of this setup is the absence 

of a physical link between the outside and the float torsion (i.e., no torsion wire), 

allowing high sensitivity.  

The amplitude (A) and phase (φ) of the mechanical response of PBS were 

preliminary analysed in the frequency range 0.01–100 Hz to establish that no 

rigidity was detected. Then, the protein solution was directly poured in the trough, 

and the mechanical response of the layer formed at the interface was recorded at 

the fixed frequency of 5 Hz. At the end of the adsorption kinetics, when the shear 

elastic constant μ (mN/m) reached a constant value, a new measurement between 

0.01 Hz and 100 Hz was recorded to determine whether the system behaves as an 

elastic layer. Experiments were performed at 18°C. Two independent 

measurements were repeated for each sample. 

 

 

 3.9.2 DYNAMIC LIGHT SCATTERING (DLS) 

 
Dynamic Light Scattering (DLS) is an analytical technique that allows a label-free 

determination of the size of particles or polymers in solution through their light 

scattering pattern. Particularly, DLS measures the so-called hydrodynamic diameter 

of molecules in a fluid suspension, which is dependent on the Browninan motion of 

a molecule, and hence on molecular size: in fact, small molecules show faster 

Brownian motion than larger ones and vice versa. 

Purified Lp(a) samples to be analyzed by DLS were concentrated to 1 mg/ml 

according to micro-BCA quantification kit (Pierce) and dialyzed against PBS using 

a 30 kDa cut-off Amicon Ultra-15 concentrator (Millipore). Final solutions were 

filtered with a 0.22 µm cut-off syringe filter (Millipore) to remove large 

aggregates. Measurements were performed at the Department of Biochemistry of 

the University of Oxford (UK) using a Malvern Viscotek 802 DLS device matched 

with OMNIsize 3.0 software for both experimental control and data evaluation. 

Buffer was used as a negative control. Each Lp(a) sample was analyzed at three 

different concentrations: 0.25, 0.5 and 1 mg/ml. Measurements, each of them 

including 10 readings, were repeated two times for each sample concentration. 

 

 

 3.9.3 ELECTRON MICROSCOPY (EM) 

 
Single particle electron microscopy (EM) is a potent technique in structural biology 

for visualization of specimens at high resolution by means of accelerated electrons 

as source of illumination.  
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For this thesis, in order to verify sample suitability for EM studies, preliminary 

analyses were performed on purified Lp(a) K25 isoform at the Cambridge 

Advanced Imaging Centre (Cambridge, UK). EM tests on purified Lp(a) K25 were 

carried out at 0.01 and 0.1 mg/ml Lp(a) concentrations and using negative staining. 

Negative staining represents a relatively simple approach for EM sample 

preparation, in which specimen contrast is created by embedding samples to be 

visualized in a thin layer of dried heavy metal salts. 
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4. Results 

 
 

 
Part 1:  

Anti-Lp(a) antibodies: characterization of new tools 

for diagnosis and therapy. 
 
Antibodies could represent a solution to the urgent need to improve on the 

diagnostic and therapeutic front of hyperlipoproteinemia(a). Here, the production, 

purification and characterization of the anti-Lp(a) antibodies object of this study 

are reported. 
 
 
 
 4.1 PRODUCTION AND ENGINEERING OF ANTI-KIV-2 ANTIBODIES 
 
In this section, the production of the anti-Lp(a) antibody and of its engineered scFv 

form will be described, taking into consideration the different recombinant 

expression systems (i.e. E. coli and P. pastoris) adopted. The scFv antibody format 

was chosen, because of its small size and to explore its yield and potential for 

structural and functional studies. 

 
 
 4.1.1 ANTI-KIV-2 MONOCLONAL ANTIBODY PRODUCTION AND 

PURIFICATION  
 
In order to obtain an anti-Lp(a) antibody, a murine hybridoma cell line, secreting a 

monoclonal antibody (mAb) specific for the KIV-2 epitope (D'Angelo A et al. 

2005), was imported from the laboratory of Prof. Livia Visai (Department of 

Molecular Medicine, University of Pavia). Large-scale production batches of this 
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anti-KIV-2 mAb were carried out in 2 l roller bottles as described in section 3.7.2 

and the best yields of antibody production were 0.65 mg/l of culture, as determined 

by micro-BCA quantification (Pierce kit) of purified protein. Particularly, optimal 

production was observed after 72-96 h of incubation in 2.5% FBS-containing 

medium, when cell viability, as defined by cell count upon trypan blue staining, 

was higher than 70%.  

Purification of mAb from hybridoma supernatant was achieved by a single step 

affinity chromatography (Fig. 4.1a), using a 20 ml rProtein A Sepharose resin (GE 

Healthcare). Elution included a two-step pH shift, typically resulting in a single 

absorbance peak at pH 5.0.  

 

 

Figure 4.1 Production and purification of anti-KIV-2 mAb. (a) FPLC chromatogram of 

representative mAb affinity purification from hybridoma supernatant by pH shift elution; 

blue line: 280 nm UV absorbance. (b) 10% acrylamide SDS-PAGE gel stained with 

Coomassie blue showing purified mAb in reducing (R) and non-reducing (NR) conditions. 

M = Precision Plus Dual Color protein standard (Biorad); FT = post-loading flow-through; 

W = post-loading column wash. (c) Western blot analysis of small-scale mAb production 

screening using 2 or 10 mg/ml peptone supplement from Sigma-Aldrich (SA), Merck (M), 

Fisher Scientific (F) and Applichem (A), or IMDM medium (I), with or without 10% FBS 

(F); - = standard growth medium; C+ = purified anti-KIV-2 mAb Western blotting was 

performed with a 1:8000 anti-mouse HRP-conjugated pAb (Dako). 

 

The eluted protein corresponded to the mAb as demonstrated by SDS-PAGE 

analysis in both reducing and non-reducing conditions (Fig. 4.1b): in the former 

case, the two heavy immunoglobulin chains (MW: 50 kDa) could be seen as 

separated from the two light ones (MW: 25 kDa) because of the DTT-driven 

reduction of disulfide bridges; in the latter case, instead, the full mAb molecule 
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(MW: 150 kDa) was detected as a single band. Furthermore, duplication and 

smearing of protein bands, especially in the full mAb and in the heavy chain bands, 

probably indicated glycosylation of the produced antibody, as confirmed by 

detection of bands at a higher MW than that predicted from the amino acid 

sequence.  

In order to find culture conditions improving mAb yields, a small-scale production 

screening was performed in limited volumes (2 ml) of hybridoma culture by adding 

peptone supplement from different commercial sources (Sigma-Aldrich, Merck, 

Fisher Scientific, Applichem, see Fig. 4.1c) to culture medium at two different 

concentrations (2 and 10 mg/ml) or changing medium to Iscove's modified 

Dulbecco's medium (IMDM), which is indicated for high-density cultures and 

suited for serum-free conditions. SDS-PAGE and Western blot analysis (Fig. 4.1c), 

however, suggested that none of the tested conditions significantly improved mAb 

production. On the contrary, hybridoma growth in IMDM, both with and without 

10% FBS supplementation, reduced production of mAb. 

 

 

 
 4.1.2 ANTI-KIV-2 SCFV ENGINEERING 
 
In order to generate an anti-KIV-2 antibody in a single-chain variable fragment 

(scFv) format, the murine hybridoma clone described above was chosen as the 

mRNA donor for the genes encoding for the antibody variable domains of heavy 

(VH) and light (VL) immunoglobulin chains. Extraction of total RNA from these 

hybridoma cells was carried out through three different methods: phenol extraction, 

Genelute™ mammalian total RNA Miniprep kit (Sigma-Aldrich) and using 

RNAzol reagent (Sigma-Aldrich). The best yield of extracted RNA, which was 

then used in the following steps, was obtained by using RNAzol reagent, as shown 

in Figure 4.2a, where the two bands representing 28 S and 18 S ribosomal RNAs 

are markers of good quality and non-degraded RNA. VH- and VL-encoding mRNAs 

were then selectively retro-transcribed into cDNAs, using Avian Myeloblastosis 

Virus Reverse Transcriptase (AMV-RT) and different pair combinations of 

degenerated primers (Tables 3.1 and 3.2) specific for murine immunoglobulin 

variable region genes.  

The obtained template cDNAs were then amplified through PCR, using high-

fidelity Pfx polymerase and suitable forward and reverse primers. Amplified genes 

were analyzed through agarose gel electrophoresis (Fig. 4.2b), displaying ~400 bp 

DNA fragments, as it is expected for antibody V domains. These amplified 

fragments were then isolated and purified from agarose gel and both of them 

cloned into the pCR2.1-TOPO® cloning vector using the TOPO TA cloning kit 

(Invitrogen). After transformation of Mach1 E. coli competent cells with pCR2.1-

TOPO®-VH and pCR2.1-TOPO®-VL through the heat-shock procedure, a PCR 

screening of the obtained colonies was performed, in order to select the colonies 

which were positive for the amplification of the V domain genes (Fig. 4.2c). 
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Extracted pCR2.1-TOPO®-VH and pCR2.1-TOPO®-VL plasmid DNAs from 

different positive clones (Fig. 4.2d) were sent for sequencing through Sanger 

automated technology by GENEWIZ service.  

VH and VL DNA sequences were analyzed through Bioedit software and IMGT/V-

QUEST tool, which allowed to determine that the cloned sequences corresponded 

to genes producing functional murine VH and VL, particularly VK, domains.  

 

 

Figure 4.2 Amplification and cloning of VH and VL genes. Agarose gel analysis of (a) 

RNA extraction from hybridoma cells (HC) and HL60 leukaemia cells (C+) through phenol 

extraction (E1), RNAzol reagent (E2) and Genelute™ mammalian total RNA Miniprep kit 

(E3) (1% agarose gel); (b) VK and VH PCR products showing a ~ 400 bp length (2% 

agarose gel); (c) screening of Mach1 colonies positive for PCR amplification of VK and VH 

(2% agarose gel); (d) extracted Miniprep plasmid DNA from clones transformed with 

pCR2.1-VH and pCR2.1-VK (1% agarose gel). M = DNA ladders (GeneRuler™, 

Fermentas). 

 

In order to join the VH and VK fragments together in a fusion construct, thus 

creating a scFv antibody format, a cloning strategy was carried out using pHENIX 

expression vector, a ~5 kb long modified version of original pHEN vector 

including a (G4S)3 polylinker structure within its multiple cloning site (MCS). 

According to our strategy, firstly, suitable restriction sites were selected upstream 

(i.e. Sfi I and Xho I, Fig. 4.3a) and downstream (i.e. ApaL I and Not I) the 

polylinker site.  

Secondly, suitable primers were designed to amplify VH and VK genes (~400 bp 

each) using high-fidelity Pfx polymerase (Fig. 4.3b) and, at the same time, to insert 

the selected restriction sites at 5'- and 3'-ends of the genes for cloning into pHENIX 

MCS.  

Lastly, digestion with restriction enzymes and ligation were performed, cloning the 

VH gene upstream and the VK gene downstream the pHENIX polylinker region. 

Furthermore, a C-terminal His-tag, made up of 6 histidine codons, and three stop 

codons, were also included at the end of the designed gene.  

The engineered VH-polylinker-VK construct (i.e. a scFv construct), encompassing 

775 bp (~800 bp band in Fig. 4.3c), was then sub-cloned into pCR2.1-TOPO® 

cloning vector for amplification and subsequent analysis, such as control 
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sequencing. 

 

 

Figure 4.3 Cloning of VH and VK genes into pHENIX vector. Agarose gel analysis of (a) 

pHENIX vector (~5 kb) digested with Sfi I and Xho I for VH cloning (0.8% agarose gel); (b) 

VK and VH PCR products showing a ~ 400 bp length (2% agarose gel); (c) pHENIX-scFv 

construct digested with Sfi I and Not I (1% agarose gel); the scFv DNA fragment is ~800 bp 

long. M = DNA ladders (GeneRuler™, Fermentas). 

 

 

 4.1.3 ANTI-KIV-2 SCFV EXPRESSION AND PURIFICATION IN E. COLI 
 
Expression of the engineered scFv construct was tested in recombinant systems.  

As a first attempt, a prokaryotic host for protein expression, i.e. E. coli, was tested.  

The scFv construct was sub-cloned into an expression vector suitable for bacterial 

recombinant protein expression, such as pET45b(+) (Novagen). To this goal, a 

standard cloning procedure similar to that used with pHENIX plasmid was applied: 

suitable restriction sites (Nco I and Not I) were added to the scFv by designed PCR 

primers and digestion and ligation were achieved; Mach1 E. coli competent cells 

were transformed and pET45b(+)-scFv plasmid DNA was extracted and checked 

by sequencing.  

In order to evaluate the best conditions for scFv protein expression (strain, time of 

induction, etc), a small-scale screening of the considered clones was carried out, as 

described in the Materials and Method section of this thesis.  

Three strains of competent E. coli cells, namely BL21(DE3), Origami(DE3) and 

Rosetta-gami(DE3), were transformed with pET45b(+)-scFv through heat-shock 

procedure and positively selected by their ampicillin resistance. One positive clone 

for each strain was tested for scFv production in small volumes of liquid culture 

grown at 30°C, using 0.8 mM IPTG as an inducer and samples were taken every 

hour from the time of induction (t0), to 4 hours after induction (t1, t2, t3, t4). From 

each sample, cells were lysed with BugBuster reagent (Novagen) to discriminate 

soluble and insoluble cell fractions. SDS-PAGE and Western blot analysis (Fig. 
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4.4a,b) suggested that the best productions were obtained in Rosetta-gami(DE3) 

soluble fraction and in BL21(DE3) insoluble fraction, at t4 (expected scFv MW: 

~27 kDa). 

 

Large-scale expression of the anti-KIV-2 scFv by Rosetta-gami(DE3) cells was 

carried out in 6 l culture, following the same induction conditions as done in small-

scale.  

Harvested cells were lysed by sonication and centrifuged in order to eliminate 

organelles and cell debris; the scFv protein in the soluble fraction was then purified 

through immobilized metal affinity chromatography (IMAC), by exploiting the 

ability of the scFv His-tag to selectively bind to a 5 ml HisTrap Ni-NTA resin and 

using a linear gradient of imidazole (IMD) to elute the bound protein. The FPLC 

profile displayed two peaks, at 120 and 220 mM IMD, respectively (Fig. 4.4c), 

whose corresponding fractions were analyzed through SDS-PAGE and Western 

blotting (Fig. 4.4d). Although SDS-PAGE showed promising results (see bands at 

~27 kDa on the Coomassie-stained SDS-PAGE gel, Fig. 4.4d), no bands at the 

expected molecular weight for scFv (~27 kDa) were present in Western blot 

analysis. 

Thus, large-scale expression and purification from BL21(DE3) cell insoluble 

fraction (i.e. inclusion bodies) was attempted, considering results from the small-

scale induction, showing the purest and most abundant production of a 27 kDa 

protein (Fig. 4.4b).  

Different batches of 1 l BL21(DE3) cultures were prepared, first reproducing the 

induction conditions of the small-scale, then optimizing them to overexpress the 

scFv protein: the best yields were obtained at 37°C with 0.8 mM IPTG for 6 h of 

induction. The cellular pellet was processed as described by Mahlawat et al. 

(Mahlawat P et al. 2012).  

The scFv was extracted using 8 M urea as chaotropic agent and purified by IMAC 

using a 1 ml Ni-NTA resin and 300 mM IMD isocratic elution. The FPLC profile 

displayed a clean peak of ~340 mAU (Fig. 4.4e), corresponding to the recombinant 

scFv, as demonstrated by SDS-PAGE (Fig. 4.4f).  

The eluted protein was then treated with 60 mM reduced glutathione (GSH) and 

refolding was tried diluting the protein into different refolding buffers. However, 

the anti-KIV-2 scFv showed extensive precipitation in every refolding condition 

tested, with negligible recovery of correctly folded protein.  

An alternative procedure for protein extraction from inclusion bodies was also 

attempted based on protein solubilization by arginine (see section 3.2.4.2). 

Nevertheless, high precipitation and loss of the anti-KIV-2 scFv protein occurred as 

well, as demonstrated by the absence of signals in the IMAC chromatogram using 

5 ml Ni-NTA resin and linear IMD gradient for elution (data not shown). 
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Figure 4.4 Expression of anti-KIV-2 scFv in E. coli. Western blot analysis of soluble (a) 

and insoluble (b) fractions from BL21(DE3), Origami(DE3) and Rosetta-gami(DE3) cells, 

each of them being induced (I) or non-induced (NI) with IPTG for the production of the 

recombinant scFv protein (~27 kDa expected MW); M = Precision Plus Protein Standard 

(Biorad). (c) FPLC chromatogram of scFv affinity purification from Rosetta-gami(DE3) 

soluble fraction; blue line: 280 nm UV absorbance; green line: linear imidazole (here 

indicated with the abbreviation “ImOH”) gradient; red lines: collected fractions. (d) SDS-

PAGE (above) and Western blot (below) analysis of fractions obtained from FPLC elution 

(Fig. 4.4c); M = protein marker; FT = loading flow-through; 5-25 = volumes (ml) of 

fractions collection. (e) FPLC chromatogram of scFv affinity purification from BL21(DE3) 

inclusion bodies after denaturation; blue line: 280 nm UV absorbance; green line: imidazole 

(ImOH) concentration. (f) SDS-PAGE analysis of fractions (lanes 1-3) corresponding to the 

peak of affinity FPLC elution (Fig. 4.4e); M = Precision Plus Protein Standard (Biorad). 
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 4.1.4 ANTI-KIV-2 SCFV EXPRESSION AND PURIFICATION IN P. PASTORIS 
 
As expression of biologically active anti-KIV-2 scFv in bacterial expression 

systems was unsatisfactory, a eukaryotic organism, namely the P. pastoris yeast 

was tested as a hosting system for the production of the recombinant protein.  

The scFv construct was thus sub-cloned into the pPIC9KE yeast-specific 

expression vector. Recombinant pPIC9KE-scFv plasmid was then linearized using 

Sal I REase (Fig. 4.5a) and used to transform competent cells of the P. pastoris 

GS115 His- strain through generation of yeast spheroplasts by zymolase (see 

section 3.2.1.2).  

Transformed clones were selected by reversion of the His- phenotype, given by 

insertion of the pPIC9KE his4 cassette into the yeast genome, on a medium 

deprived of histidine. Efficiency of transformation was 265 colonies/μg DNA, with 

visible colony size heterogeneity (Fig. 4.5b).  

A second screen performed on selective solid plates (Fig. 4.5c) indicated that 76 

out of 100 His+ transformed colonies were also resistant to G418, suggesting an 

effective insertion of the pPIC9KE-scFv plasmid into the yeast genome. In this 

kind of screen test, a direct correlation exists between colony size and number of 

pPIC9KE-scFv copies integrated into the yeast genome. However, as the number of 

integrated construct is not straightly correlated to efficiency of recombinant protein 

production, colonies of both big (A14, A37, A42, B27, B33, B38) and medium 

(A2, A23, B16, B29) size were selected for the following small-scale screening of 

protein production, together with one colony (B14) which was non-resistant to 

G418, as a negative control (Fig. 4.5c).  

Expression of the anti-KIV-2 scFv was induced with 0.5% methanol, for 96 h at 

30°C in small volumes of culture (10 ml/clone). In order to monitor cell growth 

and viability, OD600 was checked every 24 h and, at the same intervals, samplings 

were made for each clone culture (t0, t24, t48, t72, t96). Supernatants of sampled 

cultures were analyzed through SDS-PAGE and Western blot, displaying different 

patterns of protein production depending on the clone and the time of induction 

(Fig. 4.5d).  

In order to confirm Western blot data and, at the same time, to test the affinity of 

the produced scFv for Lp(a), a qualitative sandwich ELISA was performed on yeast 

supernatants using them as coating reagents, Lp(a) purified from human serum as 

the antigen and a polyclonal anti-Lp(a) antibody (Dako) as detection antibody. This 

way, affinity of scFv for Lp(a) was confirmed in all the considered supernatants, 

except for, as expected, the B14 clone. The most promising clone (A23, an 

originally medium-sized clone) was chosen as a result of the best compromise 

between protein band intensity in Western blot and reactivity performance in 

ELISA (Fig. 4.5e).  

Production of the anti-KIV-2 scFv by clone A23 was then scaled-up to 6 l of 

culture and conditions for expression, initially being those used in the small-scale 

expression test, were gradually optimized batch-by-batch. The best production was 

obtained by decreasing the time of induction to 72 h and by increasing 
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concentration of methanol to 0.75%. Particularly, yield improved from 84 μg/l to 

260 μg/l of culture, as determined by micro-BCA quantification (Pierce kit) on 

purified protein solution.  
 

 

Figure 4.5 Expression of anti-KIV-2 scFv in P. pastoris. (a) Recombinant pPIC9KE-scFv 

vector ~10.1 kb long (pPIC9KE = ~9.3 kb + scFv = ~800 bp), linearized with Sal I 

analyzed on a 0.8% agarose gel. M = 1 kb DNA ladder (GeneRuler™, Fermentas). (b) P. 

pastoris (GS115) colonies transformed with pPIC9KE-scFv plasmid grown in selective 

solid medium without histidine source. (c) Picked P. pastoris transformed colonies in agar 

plates containing (+G418) or non-containing (-G418) G418 antibiotic. (d) Silver staining of 
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SDS-PAGE analysis of recombinant scFv (MW: 27 kDa, highlighted in the red box) 

secreted by three representative yeast clones (1, 2 and 3) at different times (t0, 24 h, 48 h, 

72 h, 96 h) of induction. (e) Comparison between signal obtained in Western blot and 

ELISA of the 14 analyzed clones; A23 clone, chosen for large-scale production, is 

highlighted by a red box. (f) Affinity FPLC purification of scFv from clone A23 

supernatant; blue line: 280 nm UV absorbance; green line: imidazole (here indicated as 

“ImOH”) concentration. (g) Western blot analysis of fractions from FPLC elution (Fig. 

4.5f); M = Precision Plus Protein Standard (Biorad); FT = post-loading flow-through; W = 

post-loading column wash. 

 
Purification from culture supernatant was carried out through IMAC, using a 5 ml 

HisTrap Ni-NTA resin and eluting with linear gradient of IMD (Fig. 4.5f). The 

recombinant scFv (MW: ~27 kDa) eluted at 75 mM IMD without detectable 

contaminants (Fig. 4.5g).  

A 37 kDa protein, positive both in Western blot and Lp(a)-capture sandwich 

ELISA, eluted at 150 mM IMD (Fig. 4.5g). SDS-PAGE gel staining with fucsin 

revealed that this protein was not a glycosylated form of the anti-KIV-2 scFv (data 

not shown) and hence it was not considered for subsequent studies. 

 

 

 

 

 4.2 GENERATION OF RECOMBINANT KIV-2 DOMAINS FOR 

ANTIBODY BINDING AND STRUCTURAL STUDIES 
 
The antibody target domain (KIV-2 as a single and double repeat) was expressed in 

recombinant form in different expression systems (i.e. E. coli and P. pastoris) to 

explore the binding of the monoclonal antibody, and for structural studies.  

Here, the main results obtained on expression, purification and crystallization of 

KIV-2 domains will be illustrated. 

 

 
 4.2.1 RECOMBINANT KIV-2 EXPRESSION AND PURIFICATION IN E. COLI 

AND P. PASTORIS 
 
Our group had previously cloned a chemically synthesized DNA fragment of the 

LPA gene (NCBI database: NM_005577.2), encoding for a single apo(a) KIV-2 

domain and a 6xHis-tag and a TEV site at its 5'-end, into different expression 

vectors, among which pET45b(+) and pPIC9KE.  

These constructs were here exploited for the expression of the KIV-2 domain in 

recombinant form in bacteria and yeast hosts.  
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BL21(DE3) and Rosetta-gami(DE3) E. coli strains were transformed with 

pET45b(+)-KIV-2 recombinant plasmid through the heat-shock procedure and 

selected for their ampicillin resistance.  

A small-scale induction test was performed as described above for pET45b(+)-scFv 

E. coli cells. The best production was detected in BL21(DE3) insoluble fraction 

after 4-5 h of IPTG induction (data not shown).  

Conditions for the large-scale expression (1 l of culture) using this bacterial strain 

were instead optimized to 24 h of induction at 18°C, using 1 mM IPTG. The over-

expressed protein was extracted from inclusion bodies by arginine-mediated 

solubilization and it was then purified by IMAC using a 5 ml HisTrap Ni-NTA 

resin and eluting with a linear gradient of IMD (Fig. 4.6a). This way, a good 

amount of highly pure KIV-2 recombinant protein (MW: ~13.5 kDa), as 

demonstrated by SDS-PAGE analysis (Fig. 4.6b) and by the presence of a single 

absorbance peak in analytic gel filtration on Superdex 75 10/300 GL resin (data not 

shown), was obtained. The typical protein yield, as determined by micro-BCA 

assay kit (Pierce) on the purified sample, was 20 mg/l of culture. 

For expression of the recombinant KIV-2 domain in GS115 P. pastoris strain, yeast 

cells were transformed with pPIC9KE-KIV-2 recombinant plasmid by spheroplast 

generation, screened in a small-scale induction assay, as described for pPIC9KE-

scFv P. pastoris, and the most productive clone (A4) was selected. Thus, clone A4 

was used in large volumes of culture (6 l) and induced with 0.75% methanol at 

30°C for 72 h. To obtain a homogenous protein preparation, a two-step 

chromatographic purification from clarified yeast supernatant was carried out: 

firstly by IMAC, using 5 ml HiTrap Ni-NTA resin, and secondly by gel filtration, 

using Superdex 75 10/300 GL column to remove all the contaminants, degradation 

products and multimeric variants of the KIV-2 (Fig. 4.6c). Gel filtration also 

allowed to separate a glycosylated form (~17.5 kDa) from a non- or poorly-

glycosylated form (~13.5 kDa) of the recombinant protein (Fig. 4.6d,e). The 

obtained yield of glycosylated KIV-2, as determined by micro-BCA quantification 

kit (Pierce), was 0.58 mg/l of culture.  

Correct folding of both E. coli- and P. pastoris-derived recombinant KIV-2 

domains was in part verified by positive binding reactivity detected in an indirect 

ELISA format, where KIV-2 was the coating antigen and the purified anti-KIV-2 

monoclonal antibody was the primary antibody.  

Furthermore, a shift in electrophoretic migration of the purified KIV-2 protein was 

detectable in SDS-PAGE between sample exposed to reducing and non-reducing 

conditions (Fig. 4.6g), suggesting the presence, in non-reducing conditions, of 

established disulfide bonds stabilizing a more compact (globular) protein folding 

that accelerates migration rate through the polyacrylamide sieve. 
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Figure 4.6 Expression of KIV-2 in E. coli and P. pastoris. (a) IMAC chromatogram of 

KIV-2 purification from BL21(DE3) inclusion bodies; blue line: 280 nm UV absorbance; 

green line: imidazole concentration [(ImOH)]. (b) Coomassie stained SDS-PAGE gel of 

fractions (lanes 1-8) corresponding to the main peak of Fig. 4.6a; M = Precision Plus 

Protein Standard (Biorad); FT = post-loading flow-through. (c) Gel filtration purification of 

KIV-2 from P. pastoris supernatant; blue line: 280 nm UV absorbance. (d) SDS-PAGE 

analysis of fractions (lanes 1-3) of gel filtration (Fig. 4.6c), Coomassie staining of gel; M = 

Precision Plus Protein Standard (Biorad); Pre-GF = sample before gel filtration. (e) Detail 

of Coomassie (left) and fucsin (right) staining of a 15% acrylamide SDS-PAGE gel of 

affinity purified KIV-2 before gel filtration. 

 

 

 

 4.2.2 RECOMBINANT KIV-2-KIV-2 EXPRESSION IN E. COLI 
 
Four variants of KIV-2-KIV-2 construct, i.e. a DNA fragment encoding for two 

KIV-2 domains, were obtained through PCR amplification (Fig.4.7a), using the “5x 

KIV2 of LPA” construct (see section 3.1.9.1) as the DNA template, Pfx polymerase 

and four combinations of two forward/reverse primer pairs (listed in Table 3.5), 

which also allowed insertion of an N-terminus 6x His-tag and of restriction sites 

(Nco I at the 5’-end and Not I at the 3’-end) for sub-cloning into pET45b(+). 

Particularly, forward primers were tailored to either include or not include a TEV 

site downstream the His-tag in order to possibly remove the tag, while reverse 

primers were designed to amplify a C-terminus tail of either 7 or 4 amino acids 

after the last cysteine of the KIV-2 domain. Consequently, the following constructs 
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were produced: 

(i) KIV-2-KIV-2, with TEV site and 7 C-terminus amino acids (684 bp), 

(ii) KIV-2-KIV-2, without TEV site and 7 C-terminus amino acids (663 bp), 

(iii) KIV-2-KIV-2, with TEV site and 4 C-terminus amino acids (675 bp), and 

(iv) KIV-2-KIV-2, without TEV site and 4 C-terminus amino acids (654 bp). 

Each construct was cloned in the pCR®-Blunt amplification vector (Invitrogen) 

and transformed into Mach1 E. coli competent cells through the heat-shock 

procedure. Plasmid DNA was extracted from Mach1 colonies and screened by 

restriction analysis, verifying the presence of the inserts (Fig. 4.7b) before 

sequencing. Each KIV-2-KIV-2 construct was then sub-cloned into the pET45b(+) 

expression vector by Nco I/Not I digestion and ligation.  

 

 

Figure 4.7 Expression of KIV-2-KIV2 in E. coli. (a) 1.5% agarose gel displaying ((i), 684 

bp), ((ii), 663 bp), ((iii), 675 bp) and ((iv), 654 bp) KIV-2-KIV-2 PCR products upon 

purification by agarose gel extraction; M = DNA ladder (GeneRuler™, Fermentas). (b) 

pCR-Blunt-KIV-2-KIV-2 constructs digested with Nco I and Not I (1.5% agarose gel); the 

KIV-2-KIV-2 inserts (~700 bp) appear separated from the digested pCR-Blunt vector; M = 

DNA ladder (GeneRuler™, Fermentas). Coomassie stained SDS-PAGE analysis showing 

insoluble (c) and soluble (d) fractions extracted from BL21(DE3) cells, each of them being 

induced (I) or non-induced (NI) with IPTG for the production of the recombinant (ii) or (iv) 

KIV-2-KIV-2 proteins (~25 kDa expected MW, highlighted in the red box); M = Precision 

Plus Protein Standard (Biorad). (e) IMAC purification of KIV-2-KIV-2 from BL21(DE3) 

inclusion bodies; blue line: 280 nm UV absorbance; green line: imidazole concentration. (f) 

SDS-PAGE analysis of IMAC fractions eluted at 50 mM and 200 mM imidazole (ImOH) 

(Fig. 4.7e), Coomassie staining; M = Precision Plus Protein Standard (Biorad); FT = 

loading flow-through; W = post-loading column wash. (g) Coomassie staining of a 15% 

acrylamide SDS-PAGE gel of affinity purified KIV-2 and KIV-2-KIV-2 in reducing (R) 

and non-reducing (NR) conditions. 

 

Small-scale expression test in BL21(DE3) E. coli host cells was performed only for 
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(ii) and (iv) KIV-2-KIV-2 versions, as described above for the pET45b(+)-scFv 

construct. In both cases, and consistently with the small-scale expression test of 

recombinant KIV-2, the most promising condition for production was identified in 

BL21(DE3) insoluble fraction after 4-5 h of induction, as shown by SDS-PAGE 

(Fig.4.7c,d) and Western blot analysis.  

Since this preliminary expression test did not indicate preferential protein 

production of version (ii) rather than version (iv) of KIV-2-KIV-2, large-scale 

expression was carried out using the (ii) KIV-2-KIV-2 protein and reproducing the 

same optimal induction conditions and strategy for protein extraction from 

inclusion bodies as done for the recombinant KIV-2 domain.  

Recombinant KIV-2-KIV-2 was purified to homogeneity by IMAC, using a 5 ml 

HisTrap Ni-NTA resin and a linear gradient of IMD for elution (Fig. 4.7e). Protein 

purity was assessed both by SDS-PAGE analysis (Fig. 4.7f) and gel filtration using 

Superdex 75 10/300 GL resin (see section 4.3). The total yield of purified protein 

was 4.5 mg/ l of culture, according to micro-BCA quantification kit (Pierce).  

This recombinant KIV-2-KIV-2 double domain was positive to binding to anti-

KIV-2 mAb in indirect ELISA assay, suggesting that the protein was correctly 

folded. Another evidence of protein folding was given by SDS-PAGE analysis, in 

which a migration pattern shift was observed in reducing condition compared to 

non-reducing conditions (Fig. 4.7g), consistently with what found with KIV-2 

SDS-PAGE analysis. 
 

 

 4.2.3 CRYSTALLIZATION OF KIV-2 AND KIV-2-KIV-2 RECOMBINANT 

PROTEINS 
 

Protein crystallization assays were set up using the recombinant form of KIV-2 

apo(a) domain and KIV-2-KIV-2 tandem domains, both produced from 

BL21(DE3) E. coli inclusion bodies.  

These proteins were preliminary purified to homogeneity by IMAC and gel 

filtration, checked on SDS-PAGE Coomassie-stained gel and quantified through 

micro-BCA quantification assay (Pierce). A buffer (20 mM TrisHCl, 100 mM 

NaCl, pH 7.8) compatible with both protein stability and crystallization conditions 

was chosen and was used for dialysis of the purified proteins.  

According to the PCT test (Hampton Research), a protein concentration of 5 mg/ml 

was suitable to crystallization studies for both KIV-2 and KIV-2-KIV-2 proteins.  

Among a total 292 crystallization conditions from MD1-01, MD1-02, MD1-50 and 

MD1-59 (Molecular Dimensions) screening kits tested on both recombinant 

proteins, only 2 conditions were positive for crystals in the case of KIV-2 after 3 

weeks of incubation at 21°C. Particularly, in condition #30 (2 M ammonium 

sulphate, 0.1 M sodium HEPES pH 7.5, 2% v/v PEG400) of MD1-01, crystals 

were of modest size and stick-shaped (Fig.4.8 a,b), while in condition #32 (2 M 

ammonium sulphate, 0.1 M Tris pH 8.5) of the same screening kit, crystals were 
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smaller and higher in number (Fig. 4.8c), compared to those found in condition 

#30. The internal highly organized structure of crystals was assessed by their 

ability to diffract polarized light (Fig. 4.8a). Furthermore, the Izit Crystal Dye 

(Hampton Research), a blue dye that is specific for protein crystals, stained the 

crystals blue (Fig. 4.8b), differentiating them from salt crystals that would have 

remained colorless.  

Slight modifications of crystallization conditions, i.e. pH (pH 6.0 – 8.5) and 

concentration of buffering agent (0 M - 2.5 M ammonium sulphate) and 

concentration of precipitant (0% – 4% PEG400), were applied in order to obtain 

larger and more regular crystals. However, under these new conditions, no crystals 

were obtained and the generation of KIV-2 crystals revealed reproducibility issues. 

As for recombinant KIV-2-KIV-2 protein, amorphous or light precipitation was 

detected in more than 50% of conditions, yet no crystal formations were detected in 

any condition tested. 

 

 

Figure 4.8 Crystallization of recombinant KIV-2 domain using MD1-01 screening kit 

(Molecular Dimensions). (a) KIV-2 stick-shaped crystals of condition #30, diffracting 

polarized light. (b) KIV-2 blue-colored crystals of condition #30, after staining with Izit 

Crystal Dye. (c) KIV-2 crystals of condition #32. 
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 4.3 ANTI-KIV-2 ANTIBODIES SPECIFICITY AND AFFINITY TESTING 
 
Binding between the anti-Lp(a) antibodies and their target domain (KIV-2 as a 

single and double repeat) was explored by several methods: analytical gel filtration, 

ELISA, Slot Blot and SPR. The main findings are reported in the following 

paragraphs. 

 
 
 4.3.1 ANALYTICAL GEL FILTRATION  
 
A preliminary qualitative evaluation of the recombinant anti-KIV-2 scFv binding 

affinity for both KIV-2 and KIV-2-KIV-2 recombinant domains was achieved 

through analytical gel filtration on Superdex 75 10/300 GL resin (GE Healthcare). 

This column is indicated for separation of species with molecular weight 

comprised between 3 and 70 kDa, and hence it was suitable for analysis of scFv 

(MW: ~27 kDa), KIV-2 (MW: ~13.5 kDa), KIV-2-KIV-2 (MW: ~25 kDa) and 

possible related complexes. Particularly, independent gel filtration runs of the E. 

coli-derived (thus, non-glycosylated) KIV-2, the KIV-2-KIV-2 and the anti-KIV-2 

scFv were carried out (Fig. 4.9a) and resulted in peaks eluting with different 

retention volumes (RV: 13.33 ml, 12.03 ml and 12.47 ml, respectively), 

consistently with their molecular weight and sizes. The KIV-2 and the anti-KIV-2 

scFv species were recovered from fractions corresponding to respective peaks, 

quantified through micro-BCA assay (Pierce), mixed together in a 1:1 molar ratio 

and incubated at 17°C for either 4 h or 16 h, in order to allow generation of 

possible macromolecular complexes. Gel filtration analysis of these KIV-2/scFv 

mixtures (Fig. 4.9b) resulted in the emergence of a novel early peak with smaller 

retention volume (RV: 11.08 ml) compared to that of the scFv and KIV-2, 

suggesting elution of a species of higher molecular weight. A minor peak, eluting at 

13.33 ml, was also visible, probably due to an excess of KIV-2 protein in the 

mixture. No difference was observed related to the time of incubation. A similar 

test was performed mixing the same recombinant scFv antibody with the 

recombinant pure KIV-2-KIV-2 tandem domains, either in a 1:1 or 2:1 molar ratio, 

respectively, in both cases with 20% molar excess of the scFv (Fig. 4.9c). By 

loading them on the Superdex 75 column, the former mixture resulted in elution of 

two novel early peaks (the earliest at 9.65 ml of RV and the later 10.33 ml of RV). 

The latter showed one prevalent peak (RV: 9.78 ml) overlapping with the earlier 

peak of the former run and showing a tailed shape towards higher retention volume 

values (RV: ~10.30 ml), in correspondence with the later peak (RV: 10.33 ml) of 

the former run. 

Comparison with retention volumes of standard proteins (albumin, ovalbumin, 

chymotrypsin, ribonuclease A) loaded on the same gel filtration column, which 

were chosen to cover the relevant MW range, allowed to infer the molecular 

weights of the analysed species (Table 4.1a,b). Particularly, the scFv and KIV-2 
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calculated MW were consistent with the expected ones, while the KIV-2-KIV-2 

calculated MW was higher than the expected one, possibly due to a protein open 

conformation that increases steric hindrance and migration through the gel 

filtration resin. These calculations also allowed to hypothesize the formation of a 

scFv/KIV-2 complex (estimated MW: 40.5 kDa) with a 1:1 stoichiometric ratio, 

and the formation of a scFv/KIV-2-KIV-2 complex with either 1:1 (estimated MW: 

52 kDa) or 2:1 (estimated MW: 79 kDa) stoichiometric ratio.  

However, differences between expected and inferred MW values were observed, 

possibly due to influence of the shape of molecular complexes on elution migration 

through the sieving resin. 

 

Table 4.1a Retention volumes (RV) 

and inferred MW of analysed proteins 

and protein complexes. 
 

Table 4.1b Retention volumes 

(RV) and calculated MW of 

protein standards. 

Species 
RV 

(ml) 

MW 

(kDa) 
 Species 

RV 

(ml) 

Anti-KIV-2 scFv 12.47 26.0  Ovalbumin dimer (88 kDa) 9.31 

KIV-2 13.33 12.2  Ovalbumin (44 kDa) 10.68 

KIV-2-KIV-2 12.03 34.4  Albumin dimer (132 kDa) 9.01 

1:1 scFv:KIV-2 11.08 52.4  Albumin (66 kDa) 10.38 

1:1 scFv:KIV-2-KIV-2 
9.65 

10.53 

77 

62.2 
 Chymotrypsin (25 kDa) 12.72 

2:1 scFv:KIV-2-KIV-2 9.78 78.5  Ribonuclease A (13.5 kDa) 13.43 

 

 

To prove that the molecular complexes were actually constituted by both the 

antibody (scFv) and the antigen (KIV-2 or KIV-2-KIV-2) proteins, and not by 

multimeric variants of single protein species, fractions corresponding to the peaks 

of interest were analysed through SDS-PAGE, strongly suggesting the presence of 

both scFv and KIV-2/KIV-2-KIV-2 (Fig. 4.9d,e). 
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Figure 4.9 Gel filtration analysis of anti-KIV-2 scFv, KIV-2 and KIV-2-KIV-2 using 

Superdex 75 10/300 GL resin. (a) Overlapped gel filtration chromatograms of anti-KIV-2 

scFv (green line), KIV-2 (blue line) and KIV-2-KIV-2 (purple line). (b) Gel filtration 

chromatogram of anti-KIV-2 scFv/KIV-2 mixture (red line). (c) Overlapped gel filtration 

chromatograms of anti-KIV-2 scFv/KIV-2-KIV-2 mixtures with 1:1 (orange line) or 2:1 

(cyan blue line) molar ratio. (d) SDS-PAGE (silver staining) analysis of fractions 

corresponding to peaks of Fig. 4.9a (scFv and KIV-2) and Fig. 4.9b (scFv/KIV-2 mixture); 

M = Precision Plus Protein Standard (Biorad). Color legend: green = scFv; blue = KIV-2; 

purple = KIV-2-KIV-2; red = scFv/KIV-2 1:1 complex; orange = scFv/KIV-2-KIV-2 1:1 

complex; cyan blue: scFv/KIV-2-KIV-2 1:2 complex. 
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 4.3.2 QUALITATIVE AND QUANTITATIVE ELISA  
 
Binding reactivity of anti-KIV-2 mAb and of its recombinant scFv format to KIV-2 

and KIV-2-KIV-2 recombinant domains, as well as to purified Lp(a) was also 

qualitatively demonstrated by ELISA assays.  

Particularly, to verify affinity of anti-KIV-2 mAb, an indirect ELISA was set up 

using either recombinant KIV-2 (in E. coli-derived non-glycosylated and P. 

pastoris-derived glycosylated formats) or KIV-2-KIV-2 proteins as coating antigen.  

A sandwich ELISA approach was used in the case of purified Lp(a), which was 

captured by a commercial anti-Lp(a) polyclonal antibody (Dako), since this 

lipoprotein is not apt to adsorb to the wells surface. Binding of anti-KIV-2 mAb 

was detected by an HRP-conjugated rabbit anti-mouse secondary antibody (Dako).  

Instead, the scFv antibody fragment was tested through a sandwich ELISA for 

affinity towards purified Lp(a), showing that this antibody format was able to 

capture, and thus to bind, this lipoprotein.  

Overall, comparison with suitable negative controls (e.g. using the same ELISA 

settings as the samples, but missing either the antigen or the anti-KIV-2 antibodies 

to be tested) allowed to establish that both antibody formats had affinity for Lp(a) 

and, in the case of the mAb, also for the recombinant KIV-2 and KIV-2-KIV-2 

domains. 

Suitability of using the anti-KIV-2 scFv in sandwich ELISA format as a 

quantitative test was also explored. In this case, Lp(a) was specifically captured by 

the scFv through the apo(a) KIV-2 moiety and the detection was achieved by a 

mouse anti-apoB100 primary mAb (Millipore), recognizing a single epitope on the 

apoB100 of a single Lp(a) particle, and an HRP-conjugated rabbit anti-mouse 

secondary antibody. Lp(a) standard solutions (STD: 0 mg/dl, 5, 10, 20, 40 and 80) 

and intra-assay internal controls (C1: 16.7 mg/dl, C2: 38.8 mg/dl) from Macra 

Lp(a) ELISA kit (Trinity Biotech) were used as Lp(a) concentration reference and 

quality control of the ELISA test, respectively.  

Average absorbance readings of Lp(a) standards were plotted in a curve, typically 

displaying a logarithmic pattern, and interpolated using a logarithmic trend line 

(Fig.4.10).  

When different concentrations (namely 1 µg/ml, 5 µg/ml and 50 µg/ml) of anti-

KIV-2 scFv capture antibody were tested (Table 4.2), the best accuracy was 

obtained with the two lowest concentration of scFv, possibly due to background 

interference of this mouse antibody format with the secondary antibody used for 

detection. ELISA assays were replicated two times for each scFv-coating 

concentration value. 
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Table 4.2 Performance of quantitative sandwich ELISA using anti-KIV-2 

scFv. 

Coating antibody 

concentration 
R2 C1 (mg/dl) C2 (mg/dl) 

1 µg/ml anti-KIV-2 scFv 0.958 19.2 38.93 

5 µg/ml anti-KIV-2 scFv 0.957 20.4 38.45 

50 µg/ml anti-KIV-2 scFv 0.924 14.6 46.6 

Values shown are averages of n=2 independent experiments. Theoretical values of 

C1 = 16.7 mg/dl; C2 = 38.8 mg/dl. 

 

 

Figure 4.10 Typical standard curve of quantitative sandwich ELISA using anti-KIV-2 

scFv. Y-axis: absorbance response read at 450 nm, expressed as absorbance units (AU); x-

axis: concentration of Lp(a) standards, expressed in mg/dl. 

 

 

 

 4.3.3 SLOT BLOT  
 
Slot blot analysis was performed using either anti-KIV-2 mAb or recombinant scFv 

as detecting molecules in order to assess their affinity and specificity for Lp(a) 

lipoprotein and KIV-2 domain in human plasma or purified samples blotted on a 

membrane.  

In this test, binding was evaluated in both reducing (100 mM DTT, 0.1% SDS) and 

non-reducing (PBS) conditions. In all cases, even in negative controls (i.e. 

incubation of membrane with secondary antibody only, data not shown), plasma 

samples showed marked and aspecific signal, likely due to the high complexity of 

plasma composition. Purified Lp(a) samples showed similar problems of 

aspecificity, possibly related to their lipidic content (data not shown). Purified KIV-
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2 and KIV-2-KIV-2 recombinant proteins, instead, were specifically detected by 

anti-KIV-2 mAb and scFv, but only in non-reducing conditions (Fig.4.11a,b). In 

fact, no signal was detected in reducing conditions, where KIV-2 proteins are 

denatured and disulfide bonds are reduced. 

 

 

Figure 4.11 Slot blot analysis of recombinant KIV-2 and KIV-2-KIV-2 in reducing (R) 

and non-reducing (NR) conditions (a) using anti-KIV-2 mAb coupled with anti-mouse 

secondary antibody and (b) using anti-KIV-2 scFv coupled with Nickel Peroxidase 

Conjugate reagent (Sigma-Aldrich).  

 

 

 4.3.4 PLASMON SURFACE RESONANCE AND AFFINITY KINETICS  
 
Plasmon surface resonance (SPR) technology was applied to accurately evaluate 

binding capacity and determine affinity kinetic parameters of the anti-KIV-2 mAb 

(the ligand) in the interaction with specific analytes, i.e. purified Lp(a), 

recombinant KIV-2 (both E. coli-derived non-glycosylated and P. pastoris-derived 

glycosylated forms) and KIV-2-KIV-2.  

An anti-mouse antibody (Mouse Antibody Capture kit, GE Healthcare) was firstly 

immobilized onto two flow cells (reference and sample cells, respectively) of a 

CM5 chip reaching a stable resonance signal of ~10000 RU in each flow cell. 

Purified anti-KIV-2 mAb was then flowed on the sample cell and captured by the 

functionalized surface, as demonstrated by the stable increase in RU compared to 

the reference channel: flowing 30 µl/min of 58 µg/ml purified anti-KIV-2 mAb for 

3 min brought to a 600 RUs increase in the sample flow cell. Significant analyte 

binding was not detectable at any concentrations tested (up to 0.18 nM) in the case 

of purified Lp(a), since parallel RU increases were observed in the sample channel 

as well as in the reference channel, suggesting aspecific binding to the 

functionalized chip possibly due to hydrophobic interactions mediated by the 

lipidic components (Fig. 4.12a). Thus, purified Lp(a) was considered unsuitable for 

further SPR studies using this assay setting. On the contrary, significant binding 

responses were achieved using 500 nM KIV-2 (in both non- and glycosylated 

forms) and KIV-2-KIV-2 recombinant proteins (Fig. 4.12b), with a signal increase 

comprised between 121 and 167 RUs.  
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Figure 4.12 Biacore T200 reference subtracted sensorgrams displaying resonance 

response (RU) versus time (s) using captured anti-KIV-2 mAb as the ligand. (a) 

Binding assay of purified Lp(a) at 0.18 nM; subtraction of reference curve resulted in a 

negative response, indicating undetectable specific binding. (b) Representative sensorgram 

of a binding assay, displaying the capture of the anti-KIV-2 mAb (capture) and the binding 

of recombinant non-glycosylated KIV-2 (sample) at 500 nM. (c) Representative sensorgram 

of a single cycle kinetics experiment fitted to a model curve and obtained injecting 

recombinant non-glycosylated KIV-2 at increasing concentrations (represented by the 

distinct “bumps”) of 3.12, 6.25, 12.5, 25 and 50 nM. Red line: recorded curve; black line: 

model curve. 
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For these analytes, further investigations were also performed using a single-cycle 

kinetics approach and injecting increasing concentrations of analyte protein (3.12, 

6.25, 12.5, 25 and 50 nM), in order to better characterize the strength of binding 

(i.e. affinity) of anti-KIV-2 antibody towards KIV-2 domain. 

By fitting obtained sensorgrams with a kinetic model representative a 1:1 ligand-

analyte binding model (Fig. 4.12c), association (on-rate, kon), dissociation (off-rate, 

koff) and equilibrium dissociation (KD) constants were inferred (Table 4.3). 
 

 

Table 4.3 Kinetic affinity parameters of anti-KIV-2 antibody. 

Antigen (analyte) kon (M-1s-1) koff (s-1) KD (M) 

Non-glycosylated KIV-2 4.25 x105 2.51 x10-4 5.90 x10-10 

Glycosylated KIV-2 5.28 x105 1.22 x10-4 2.31 x10-10 

KIV-2-KIV-2 9.50 x105 6.85 x10-5 7.21 x10-11 

Values shown were obtained by fitting the recorded RU curves into a 1:1 binding 

model (0.74< χ2<1). 
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Part 2:  

Biophysical and biological studies on Lp(a). 
 
Lp(a) pathophysiology is poorly defined, especially at the level of its isoforms. In 

this part, the main results obtained on the front of biophysical and biological tests 

performed on different Lp(a) isoforms will be described. 

 

 

 

 4.4 BIOPHYSICAL CHARACTERIZATION OF LP(a) ISOFORMS  
 
Biophysical analysis of different isoforms of Lp(a) has never been performed so 

far. This work, performed partially (section 4.4.3) at the laboratory of Prof. Sylvie 

Beaufils (Department of Soft Matter, IPR, University of Rennes) and partially 

(sections 4.4.4 and 4.4.5) at the laboratory of Dr. Victor Bolanos-Garcia 

(Department of Biological and Medical Sciences, Oxford Brookes University) are 

here described. 

 
 
 4.4.1 LP(a) PURIFICATION AND APO(a) MOLECULAR WEIGHT 

DETERMINATION 
 
A total of sixty-six plasma samples from healthy donors were collected and 

screened for the identification of Lp(a) variants through high-resolution SDS-

agarose gel electrophoresis and Western blot analysis. This technique was 

optimized in order to characterize apo(a) isoforms according to their number of 

KIV-2 domains, allowing to distinguish by separation apo(a) species that differ for 

a single KIV-2 copy (Fig. 4.13a).  

Overall, Lp(a) concentration in the analyzed plasma samples was highly variable, 

being comprised between 8 and 880 µg/ml, according to Macra Lp(a) ELISA kit 

quantification and excluding samples in which apo(a) was not detectable through 

Western blot analysis (considered as “null”).  

Among the plasmas tested in Western blotting, four homozygous samples (single 

band phenotypes) carrying Lp(a) with 20, 24, 25 and 29 copies of KIV-2 repeats, 

named here Lp(a) K20, Lp(a) K24, Lp(a) K25 and Lp(a) K29, respectively, were 

selected for Lp(a) purification by affinity chromatography. In order to have enough 

sample material, four independent purifications were repeated for each sample 

(Fig. 4.13b). Apo(a) molecular weight of the four selected Lp(a) isoforms and 

sample integrity were confirmed by high-resolution Western blot analysis (Fig. 
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4.13c). Purification yields were typically 7.5-21 µg/ml plasma according to micro-

BCA quantification. 
 

 

Figure 4.13 Lp(a) isoform purification and phenotypic evaluation by high-resolution 

SDS-agarose electrophoresis and Western blot analysis. (a) Separation of plasma 

samples with Lp(a) homozygous phenotype and apo(a) isoforms with increasing (from left 

to right) KIV-2 domain copies ranging from 19 to 31; M = apo(a) isoforms standard 

(Technoclone). (b) Representative chromatogram of Lp(a) affinity purification from human 

plasma using CNBr-activated sepharose resin conjugated with polyclonal anti-human Lp(a) 

antibody (Dako); Lp(a) elution by isocratic pH lowering typically results in a single peak; 

blue line: 280 nm UV absorbance. (c) Affinity purified Lp(a) K20, K24, K25 and K29 

samples from homozygous plasma donors. 

 

 

 4.4.2 QUANTIFICATION OF PURIFIED LP(a) SAMPLE LIPID CONTENT 
 
In order to evaluate the suitability of purified Lp(a) K20, K24, K25 and K29 

samples for biophysical analyses, concentration of lipid components of the Lp(a) 

particle in terms of triglycerides, cholesterol and phospholipids was evaluated. 

Quantified lipids content of purified samples, adjusted for Lp(a) concentration as 

determined by micro-BCA quantification assay (Pierce), is reported in Table 4.4.  

 

Table 4.4 Lipid composition of affinity purified Lp(a) samples. 

Isoform 
Triglycerides 

(mg/dl) 

Cholesterol 

(mg/dl) 

Phospholipids 

(µM) 

Lp(a) K20 484.08±0.00 4.67±0.00 32.62±2.51 

Lp(a) K24 450.84±2.83 2.67±0.00 27.82±2.69 

Lp(a) K25 456.43±1.94 1.83±0.00 26.67±2.91 

Lp(a) K29 393.00±2.83 1.5±0.71 32.33±4.39 

Reported values are averages and standard deviations of n=3 independent 

quantification assays. 
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Statistically (one-way ANOVA test, n=3), no significant difference was detected 

between the groups: for triglycerides P=0.46, for cholesterol P=0.22 and for 

phospholipids P=0.18 Because of this, the four samples were considered 

homogenous from the lipid composition point of view. 

 

 

 

 4.4.3 LP(a) BEHAVIOR AT THE WATER/AIR INTERFACE 

 

 4.4.3.1 ELLIPSOMETRY AND SURFACE PRESSURE MEASUREMENTS OF 

LP(a) AT DIFFERENT CONCENTRATIONS 
 

Preliminary ellipsometry and surface pressure measurements were carried out 

simultaneously on one purified Lp(a) isoform at different concentrations in order to 

investigate the kinetics and the behavior of Lp(a) particles at the water/air (w/a) 

interface (Fig. 4.14a-e).  

The Lp(a) isoform K25 was selected for these analyses, as a representative of a 

middle value in the range of KIV-2 repeats (from 20 to 29) of the considered Lp(a) 

isoforms. Measurements on Lp(a) K25 were performed at increasing 

concentrations, namely 1.5 μg/ml, 3 μg/ml and 9 μg/ml according to micro-BCA 

quantification assay, preserving identical experimental settings, in order to 

determine the more suitable conditions for subsequent experiments. As the 

ellipsometric angle, Delta (Δ), is proportional to the amount of molecules 

adsorbing and accumulating at the surface of the water phase, it increased both 

with time and with the Lp(a) concentration (Fig. 4.14a). The initial phase of 

adsorption of molecules at the interface showed instability (Fig. 4.14b), especially 

at lower Lp(a) K25 concentrations. Then Δ profiles became more linear and, 

eventually, reached a plateau (Fig. 4.14a).  

On the other hand, surface pressure, Pi (π), after a phase of latency, increased over 

time, until a plateau was reached (Fig. 4.14c), suggesting the generation of a stable 

monolayer of molecules interacting between each other and generating a force at 

the w/a interface.  

The kinetics of π was by far dependent on Lp(a) K25 concentration: the time of 

latency before π rising was shortest and the increase rate of π was fastest at the 

highest concentration (9 μg/ml) of Lp(a) K25. Notably, surface pressure started to 

rise after the phase of instability registered in ellipsometry measurements, for all 

concentrations of K25 Lp(a) (Fig. 4.14b,d). 
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Figure 4.14 Ellipsometry and surface pressure measurements of Lp(a) K25. (a) 
Ellipsometric angle (Δ) measurements, expressed in arc degrees (°), of Lp(a) K25 at 

different concentrations registered over time (h); (b) focuses on the first hour of Fig. 4.14a. 

(c) Surface pressure (π) profiles, expressed in mN/m, for K25 Lp(a) at different 

concentrations over time (h); (d) illustrates the first hour of Fig. 4.14c. (e) Surface pressure 

(π) plotted versus ellipsometric angle (Δ) measurements; the minimum ellipsometric angles 

(Δ0) are inferred from the slope of the resulting curves and the intersection with x-axis. 
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The minimum ellipsometric angle (Δ0), corresponding to the amount of molecules 

at the interface at which surface pressure starts developing, was identical (7.11°) 

for 1.5 μg/ml and 3 μg/ml Lp(a) K25, while it was higher (8.01°) for 9 μg/ml Lp(a) 

K25 (Fig. 4.14e). Consistently, the related curves for the two lowest Lp(a) K25 

concentrations were similar, indicating that the kinetics of both Δ and π followed 

the same pathway for these two concentrations. The curve at the highest Lp(a) K25 

concentration was instead slightly translated towards higher Δ values. This might 

mean that slightly more molecules were required at the interface to establish a 

surface pressure force. 

 

 

 4.4.3.2 ELLIPSOMETRY AND SURFACE PRESSURE MEASUREMENTS OF 

FOUR LP(a) ISOFORMS 
 

Ellipsometry and surface pressure measurements were subsequently carried out on 

the four considered affinity purified Lp(a) isoforms, i.e. K20, K24, K25 and K29 

(Fig. 4.15a-e), in order to evaluate possible differences regarding their kinetic 

behavior at the w/a interface. These analyses were performed using a fixed 

concentration of Lp(a), namely 1.5 μg/ml according to micro-BCA quantification, 

which was considered suitable from analyses described in paragraph 4.5.3.1. 

Overall, ellipsometry measurements revealed overlapping profiles for all the 

analyzed isoforms for the entire time of analysis (Fig. 4.15a), suggesting that these 

species adsorb at the interface with similar kinetics and without significant 

differences regarding the amount of molecules accumulating at the interface. For 

all the Lp(a) isoforms, fluctuation of Δ signal stabilizes 40 min after the beginning 

of measurements (Fig. 4.15b). Before this stabilization, the pattern of Δ instability 

was very similar among all the isoforms and it might be attributed to 

destabilization of the Lp(a) macromolecular complex once reaching the surface, 

rearranging according to hydrophilic/hydrophobic properties of the different 

lipoprotein components. 

Regarding surface pressure (Fig. 4.15c), the recorded latency time before 

establishment of a force was similar for all the isoforms. Furthermore, the 

correspondence between the rising of surface pressure and the stabilization of 

ellipsometric angle was confirmed for each isoform (Fig. 4.15b,d), as observed in 

the study of Lp(a) K25 at different concentrations (Fig. 4.15b,d). Notably, on the 

other hand, Lp(a) K20 and K24 displayed faster kinetics of surface pressure and 

eventually reached higher values of π compared to Lp(a) K25 and K29. Given that 

the four purified isoforms were found to be homogeneous from the lipid 

composition (triglycerides, cholesterol and phospholipids) point of view (see 

paragraph 4.5.2), the observed difference in surface pressure behavior could 

probably be attributed to protein-related variables, i.e. MW of apo(a) due to the 

different number of KIV-2 repeats. Δ0 values inferred from π versus Δ curves were 

instead very similar for all the isoforms, ranging from 6.20° to 6.52° (Fig. 4.15e). 
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Figure 4.15 Ellipsometry and surface pressure measurements of different Lp(a) 

isoforms analyzed at the same concentration. (a) Comparison of ellipsometric angle (Δ, 

°) trend of the considered isoforms registered over time (h); (b) focuses on the first hour of 

Fig. 4.15a. (c) Comparison of surface pressure (π, mN/m) trend of the considered isoforms 

registered over time (h); (d) illustrates the first hour of Fig. 4.15c. (e) π, (mN/m) plotted 

versus Δ (°) measurements; the minimum ellipsometric angles (Δ0), overlapping for all the 

considered isoforms, are inferred from the slope of the resulting curves and the intersection 

with the x-axis. 
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 4.4.3.3 RHEOLOGY MEASUREMENTS OF FOUR LP(a) ISOFORMS 
 

In order to evaluate elasticity and rigidity properties of the monolayer formed at the 

w/a interface by affinity purified Lp(a) K20, K24, K25 and K29, rheology 

measurements were performed as described in the Materials and Methods (section 

3.9.1.2).  

The angular response was recorded upon π plateau establishment, indicating 

complete and stable formation of a molecular interfacial monolayer, and was fitted 

into a visco-elastic model, in order to define elastic and viscous contributions of 

our samples. For all the considered Lp(a) isoforms, fits of measurements to the 

model were of good quality, indicating that the layer formed at the interface had 

substantially elastic features. 

Overall, extracted elastic constants (µ) were lower compared to other standard 

proteins (ovalbumin: µ ~ 15-20 mN/m, classical apolipoproteins: µ = 20-50 

mN/m). Comparing average µ values of the four isoforms, Lp(a) K24 showed the 

lowest elasticity, thus formed the most fluid interfacial layer, yet no statistically 

significant difference (P>0.05, one-way ANOVA test, n=2) was found among the 

isoforms (Fig. 4.16a). 

Extracted viscous constants (η) were slightly lower compared to reference proteins 

and similar to that of dystrophin (2.4 x10-1 mN/m). Consistently with comparison 

of µ, no significant difference (P>0.05, one-way ANOVA test, n=2) was observed 

among samples, even if Lp(a) K24 could be pointed out as the species forming the 

less viscous interfacial layer (Fig. 4.16b). 

 

 

 

 4.4.4 DYNAMIC LIGHT SCATTERING ON FOUR LP(a) ISOFORMS 
 
Dynamic light scattering (DLS) technique was applied to affinity purified Lp(a) 

K20, K24, K25 and K29 samples in order to define their polydispersity and the size 

of particles present in solution.  

These measurements resulted in composite profiles characterized by the presence 

of three species (Fig. 4.17a) in all the four isoforms, confirming our previous 

findings on independent purified Lp(a) samples, where small, medium and large 

sized particles were detected (Pasquetto V et al. 2016). Among the four Lp(a) 

isoforms, average particles size was 7.87±0.64 nm for small, 81.27±24.82 nm for 

medium and 1240±205.99 nm for large particles, respectively.  

Analysis of peak areas, representative of the relative abundance of particle species, 

demonstrated a prevalence of medium-sized particles (65.2-82.1%) versus small 

and large species, again consistently with our previous work (Pasquetto V et al. 

2016). Large particles were present in the lowest percentage (4.4-6.5%), while 

small particles ranged between 11.4 and 29.7%. 
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Interestingly, by normalizing small particles areas by medium particles areas within 

each sample (Fig. 4.17b), the derived values showed a profile similar to the elastic 

constant one (R2=0.65) and even more to the viscosity one (R2=0.74), suggesting a 

correlation between the small particles present in purified Lp(a) samples with 

visco-elastic properties of samples themselves. 

 

 

 

Figure 4.16 Bar charts summarizing average values (n=2) obtained in rheology 

measurements for purified Lp(a) K20, K24, K25 and K29 isoforms. (a) Elastic constant 

(µ), expressed in mN/m; incertitude = ±0.2 mN/m. (b) Viscous constant (η), expressed in 

mN/m; incertitude = ±0.18 x10-2 mN/m. 

 

 

 

 

Figure 4.17 DLS analysis of 1 mg/ml purified Lp(a) K20, K24, K25 and K29 samples. 

(a) Representative DLS graph of Lp(a) K25 displaying presence of small, medium and 

large particle species present in affinity purified Lp(a) samples (b) Histogram comparing 

small particles peak areas of the four Lp(a) samples normalized by respective medium 

particle areas. 
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 4.4.4.1 HDL CONTENT IN PURIFIED LP(a) SAMPLES 
 
In order to investigate the nature of small particles observed through DLS 

measurements in purified Lp(a) samples (see above), the presence and 

concentration of high-density lipoproteins (HDLs) was determined by a specific 

and sensible ELISA assay (HDL Human ELISA kit, Abcam). By this test, 

contaminating HDL particles were found in each affinity purified Lp(a) sample. 

HDL concentrations, reported in Table 4.5, were inferred from intra-assay HDL 

standard curve and normalized according to samples protein concentrations as 

determined by micro-BCA quantification assay (Pierce). 

 

Table 4.5 HDL content of affinity purified Lp(a) samples. 

Sample HDL (µg/ml) 

Lp(a) K20 26.74±9.57 

Lp(a) K24 108.50±42.35 

Lp(a) K25 51.18±19.55 

Lp(a) K29 47.97±24.30 

Reported values are averages and standard deviations of n=5 

independent quantification assays. 

 

Notably, Lp(a) K24 sample showed a statistically significant higher content of 

HDL particles compared to the other three Lp(a) samples (P<0.05, one-way 

ANOVA, n=5), which could be related to the difference observed, though not 

significant, in rheology measurements, where the Lp(a) K24 isoform showed the 

lowest visco-elastic constants of all Lp(a) samples (see section 4.4.3.3).  

No significant correlation was found between HDL content and relative abundance 

of small-sized particles as determined by DLS (see section 4.4.4), indicating that 

the small particles detected by DLS are probably not representative of a pure HDL 

population. 

 

 

 4.4.5 ELECTRON MICROSCOPY ON PURIFIED LP(a) 
 
In order to both better characterize quality of affinity purified Lp(a) samples 

and to verify their suitability for future cryo-EM studies, electron 

microscopy (EM) was applied to evaluate negative staining-treated Lp(a) 

samples. For these preliminary tests, purified Lp(a) K25 was used and the 
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best image quality was obtained by diluting sample to 0.1 mg/ml according 

to micro-BCA quantification assay (Pierce). EM images (Fig. 4.18a-d) show 

the presence of spherical particles of different sizes, some of which seem to 

be aggregated. Although some irregular structures were visible attached to 

the spherical particles, the apo(a) moiety was not easily identifiable and 

higher image resolution is required in order to obtain significant structural 

information of the purified Lp(a) isoforms. 

 

 

Figure 4.18 Electron microscopy images of 0.1 mg/ml Lp(a) K25 samples treated by 

negative staining technique. 
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 4.5 IN VITRO EVALUATION OF LP(a) ISOFORMS PATHOPHYSIOLOGY 
 
In this section, the results obtained by real-time cell analysis (RTCA) of cells 

exposed to different Lp(a) isoforms are illustrated. 

 
 
 4.5.1 REAL TIME CELL ANALYSIS (RTCA) ON MODEL CELL LINES 

TREATED WITH PURIFIED LOW AND HIGH MOLECULAR WEIGHT LP(a) 

ISOFORMS 
 
In vitro real time cell analysis (RTCA) was performed using the iCELLigence 

system (ACEA Biosciences) on four model human cell lines of Lp(a) metabolism 

and atherogenesis, namely HepG2, THP-1, HUVEC and HASMC, in order to 

perform a continuous study of biological parameters such as cell viability, 

proliferation, morphology and differentiation upon administration of purified 

Lp(a). To this goal, preliminary studies were performed, reported in (Santonastaso 

A and Scotti C 2016), in order to study dose-dependent responses of cells exposed 

to a low-MW Lp(a) isoform, Lp(a) K22, carrying 22 copies of KIV-2 domain, and 

to a high-MW Lp(a) isoform, Lp(a) K31, carrying 31 copies of KIV-2, both 

purified from plasma of homozygous donors. In this work, purified Lp(a) K22 and 

K31 were administered at increasing concentrations (5, 10 and 20 µg/ml) and 

Normalized Cell Index (NCI) data showed that the kinetic behavior of all the 

model cell lines tested was modified by Lp(a) treatment, though with a variable 

response intensity. Furthermore, it was found that low- and high-MW Lp(a) 

isoforms at the same concentrations could exert opposite reactions on cell 

impedance kinetics. Overall, these data suggested that RTCA analysis through the 

iCELLigence system was suitable to detect as impedance variation, in a real-time 

and sensitive manner, modifications in the behavior of adherent cells induced by 

purified Lp(a) with effects that depended from its specific isoform. 

 

 

 4.5.2 RTCA ON MODEL CELL LINES TREATED WITH DIFFERENT LP(a) 

ISOFORMS 
 
Evaluation of the biological effect exerted by Lp(a) isoforms differing for apo(a) 

size was explored on HepG2, THP-1, HUVEC and HASMCs model cell lines 

through the RTCA iCELLigence system. Particularly, three Lp(a) isoforms were 

tested: Lp(a) K20 (i.e. presenting 20 KIV-2 domain repeats), representative of low-

MW isoforms, Lp(a) K25 (25 KIV-2 domain repeats), representative of medium-

MW isoforms, and Lp(a) K28 (28 KIV-2 domain repeats), representative of high-

MW isoforms.  According to previous observations, 10 µg/ml Lp(a) was chosen as 

fixed concentration of treatment for all the isoforms, as it was high enough to 

produce a significant response and low enough to avoid Lp(a) aggregation and 
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precipitation (Santonastaso A and Scotti C 2016). In these analyses, Normalized 

Cell Index (NCI) profiles were generated by normalizing each Cell Index value 

(CI) by the CI at the time point immediately before Lp(a) treatment (typically 24 h 

after cell seeding), in order to minimize background interference due to differences 

in the number of seeded cells. Background impedance signal due to possible Lp(a) 

adsorption to well surface was also preliminarily measured by testing 10 µg/ml of 

purified Lp(a) alone (without seeded cells) by RTCA. This resulted in a stable 

increase of 0.15 CI units (data not shown), considered negligible for subsequent 

evaluation of biological cell effects.  

 

HepG2 cells 

Consistently with our previous findings (Santonastaso A and Scotti C 2016), and 

independently from the isoform considered, the NCI profiles of treated HepG2 

cells were systematically higher than control, especially during the early phases of 

treatment (Fig. 4.19a), with tendency to gradually converge and overlap with the 

control profile, suggesting an early biological effect. This behavior was 

homogeneous for all the three isoforms (Lp(a) K20, K25 and K28) during the 

whole time of analysis, suggesting the absence of an Lp(a) isoform-dependent 

effects on this cell line. 

 

THP-1 cells 

In THP-1 macrophages, a systematic increase of NCI, again consistently with our 

previous results (Santonastaso A and Scotti C 2016), was observed as induced by 

all the three isoforms tested with respect to control for all the time of analysis (Fig. 

4.19b). The increase in slope of Lp(a)-related NCI curves compared to control was 

quite continuous along the analysis. However, divergence from control values was 

especially marked in early phase (until 16 h from treatment) and intermediate-late 

phase (after 30 h from treatment) of analysis (Fig. 4.19c), suggesting some Lp(a)-

mediated stimulation of two separate biological effects. Furthermore, an isoform-

dependent effect was observed with apo(a) size being indirectly associated to NCI 

increase. In particular, Lp(a) K20 and Lp(a) K25 showed a similar kinetic pattern 

of more rapid NCI growth rather than Lp(a) K28. 

 

HUVEC cells 

In our previous RTCA analyses (Santonastaso A and Scotti C 2016), Lp(a) was 

found to exert a mild, yet consistent, early inhibitory effect on NCI of HUVEC 

cells with respect to control values. The Lp(a)-induced CI inhibitory response was 

confirmed for this cell line by treatment with Lp(a) K20, K25 and K28 (Fig. 4.19d) 

systematically during the whole time of analysis and more markedly within 16 h 

after treatment time. As observed for treated THP-1 cells, also in this case an 

isoform-dependent effect on cell impedance was observed with Lp(a) K20 and K25 

being associated with the most relevant NCI inhibition rather than Lp(a) K28. 
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Figure 4.19 iCELLigence RTCA analysis of model cell lines treated with 10 µg/ml 

Lp(a) K20, K25 and K28. (a) NCI vs. time (h) curves of HepG2 cells. (b) NCI vs. time (h) 
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curves of THP-1 cells. (c) Histogram of NCI profile slopes (expressed in 1/h), calculated 

within 16 h (red) and after 30 h (green) from treatment time. (d) NCI vs. time (h) curves of 

HUVEC cells. (e) BNCI vs. time (h) curves of HASMC cells. Line colour legend: see 

figure. 

 

HASMC cells 

Compared to the other cell lines tested, HASMC cells showed a complex behavior 

in RTCA: they typically reached a CI peak at 3 h after seeding (phase of cell 

adhesion), then showed a CI profile decline and eventually started a slow 

proliferation. Thus, in order to better analyze these irregular CI curves, Baseline 

Normalized Cell Index (BNCI), was derived by subtraction of mean NCI value of 

control from NCI values for each time point and used. Overall, all Lp(a) 

treatments, independently from the isoform size, showed homogeneous BNCI 

trends (Fig. 4.19e), with an early and sudden decrease of signal (1 h after 

treatment), immediately followed by (3 h after treatment) an increase in relative 

NCI. Then, at ~16 h from treatment time, BNCI profiles showed a progressive 

decline which continued systematically until the end of analysis. 

 

 

 4.5.3 MORPHOLOGY OF MODEL CELL LINES TREATED WITH 

DIFFERENT LP(a) ISOFORMS 
 
In order to better understand the biological responses corresponding to the 

registered impedance variations (see above) relative to model cell lines treated with 

different Lp(a) isoforms with respect to control, cell morphology was studied under 

the optical microscope, by observing treated and non-treated cells at the end of 

RTCA analyses. 

In the case of both HepG2 and HUVEC cells, no remarkable morphologic 

differences between treated and non-treated cells could be detected by Trypan blue 

staining (data not shown). Our group previously showed that mouse macrophages 

(RAW 264.7 cell line) were able to internalize Lp(a) particles (Pasquetto MV et al. 

2016). Accordingly, microscopy evidence demonstrated that human THP-1 

macrophages were modified in their morphology by exposure to Lp(a), showing 

relevantly more cell protrusions than control cells and a foam cell-like appearance 

(Fig. 4.20a), hence suggesting uptake of Lp(a) particles and consequent stimulation 

of cell degeneration. Furthermore, consistently with the isoform-dependent effect 

observed in RTCA profiles, those morphological alterations were more marked in 

THP-1 cells treated with low- (K20), rather than intermediate- (K25), or high-MW 

(K28) Lp(a) isoform. In vitro, HASMC cells typically form distinct fibers of 

aggregated muscle cells. In this study, fibers deriving from Lp(a)-treated cells 

appeared thicker than those formed by control cells. Staining with propidium 

iodide (Fig. 4.20b) evidenced a higher number of dead cells around the fibers 

formed by treated cells rather than those constituted by non-treated cells, whereas 

no significant difference was detected between different Lp(a) isoforms, suggesting 
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an isoform-independent effect, consistently with what observed in RTCA profiles 

(see above). 

 

 
Figure 4.20 Optical microscopy images (40X magnification) of cells seeded onto 

iCELLigence E-plates and treated with 10 µg/ml Lp(a) K20, K25 or K28 isoforms, and 

controls (C+). (a) THP-1 cells, stained with Trypan blue; (b) HASMC cells, stained with 

propidium iodide and observed by fluorescence microscopy. 

 

 

 

 

 4.6 GENERATION OF RECOMBINANT APO(a) ISOFORMS  
 
In this section, the generation of a new platform to produce recombinant apo(a) and 

Lp(a) protein/lipoprotein variants is described.  

 

To generate recombinant apo(a) constructs with different number of KIV-2 

modules, the engineered apo(a) sequence building blocks (N-term LPA, KIV2-0 

LPA, 5xKIV2 LPA, C-term LPA), provided in the pUC57 vector, were used (Fig. 

4.21a). In this picture, the KIV2-0 LPA designed sequence was the starting DNA 

block, derived from the LPA cDNA gene, but completely lacking KIV-2 units and 

containing two Bsa I sites located at the opposite edges of a linker, analogous to the 

naturally conserved one in apo(a), connecting the KIV-1 and KIV-3 domains. At 

the 3’-end of this construct, a tag of 10 histidines was added. Restriction enzyme 

digestions were performed for each pUC57 plasmid DNA extracted using 

respective cloning sites to purify the synthetic genes upon separation through 

agarose gel electrophoresis.  
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 4.6.1 CLONING OF R-APO(a) K0 

 
Generation of Apo(a) K0 construct, i.e. recombinant apo(a) without (K0) KIV-2 

motifs, implied an engineering of the KIV2-0 LPA construct, particularly the 

replacement of the KIV2-0 LPA gene N-terminus, in which two Bsa I sites were 

inserted, with a natural LPA N-terminus sequence provided by N-term LPA 

construct. This was achieved by a classical cloning procedure: pUC57-KIV2-0 LPA 

was digested with EcoR I and Xho I and the 6544 bp linearized construct was 

purified by agarose gel extraction (Fig. 4.21d). This was ligated to the N-term LPA 

gene and the resulting pUC57-Apo(a) K0 construct was transformed into Mach1 E. 

coli cells.  

The purified plasmid DNA was used to check Apo(a) K0 DNA fragment by 

restriction mapping (Fig. 4.21c) and sequencing and to subclone it into 

pCDNA3.1/myc-His expression vector, using EcoR I (at 5’) and Not I (at 3’) 

cloning sites. Midiprep-grade plasmid DNA of this recombinant vector was 

extracted from Mach1 host cells to have sufficient genetic material for transfection 

of HEK293T cells (see below). 

 

 

 4.6.2 GOLDEN GATE CLONING OF R-APO(a) K5 

 
In order to obtain Apo(a) K5, i.e. recombinant apo(a) with five copies (K5) of KIV-

2 domain, Golden Gate cloning (described in section 3.1.9.2) was performed 

between KIV2-0 LPA and 5x KIV2 LPA engineered genes using the Bsa I sites 

specifically inserted at the gene design phase maintaining the open reading frame. 

For this purpose, two different Golden Gate cloning strategies were applied, either 

using (i) pUC57-KIV2-0 LPA and pUC57-5xKIV2 LPA, or (ii) pUC57-KIV2-0 LPA 

and the isolated 5xKIV2 LPA fragment as starting reagents. In both (i) and (ii) 

cloning reaction mixtures, the molar ratio within the backbone vector (pUC57-

KIV2-0 LPA) and the insert (5xKIV2 LPA) DNA was 1:1. Bsa I-mediated digestion 

and Mighty Mix-mediated ligation were achieved in a one-step reaction consisting 

of repeated cycles of temperature alternating from 37°C (optimal for digestion) to 

16°C (optimal for ligation).  

Mach1 cells were transformed with the products of Golden Gate cloning and 4 

colonies of each (i) and (ii) reaction-derived transformants were analyzed for the 

presence of the Apo(a) K5 insert (6256 bp) by restriction enzyme digestion check 

using EcoR I and Not I sites (Fig. 4.13d). Among the two cloning strategies 

applied, the (ii) showed an efficiency near to 100% when the pUC57-KIV2-0 LPA 

acceptor vector was combined with the isolated 5xKIV2 LPA, thanks to the fact that 

the applied alternating cycles of digestion and ligation favour the generation of 
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stable target constructs. Instead, a lower (~50%) efficiency was observed for the 

strategy (ii), where the acceptor vector was combined with a pUC57-5xKIV2 LPA 

donor vector: in this case, a reciprocal exchange of inserts may occur between the 

two parent vectors, thus producing two types of derived vectors, of which only one 

(50%) represents the target construct.  

Upon Apo(a) K5 sequence confirmation by sequencing analysis, this construct was 

subcloned into pCDNA3.1/myc-His expression vector using EcoR I and Not I as 5’ 

and 3’ cloning sites, respectively. The recombinant construct was amplified in 

Mach1 host cells and a Midiprep DNA preparation was used to transfect HEK293T 

cells (see next paragraph). 

 

 

 4.6.3 EXPRESSION OF R-APO(a) K0 AND R-APO(a) K5 in HEK-293T 
 
HEK293T cells were transfected with the Apo(a) K0 and Apo(a) K5 constructs 

subcloned into pCDNA3.1/myc-His (Fig. 4.21e) in order to evaluate protein 

expression on a small scale (2 ml culture/transfection in 6-well plates).  

The experimental design, described in Table 4.6, was developed in order to 

compare transfection efficiency of mixtures prepared using two different 

proportions of Midiprep DNA/transfecting agent (PEI), namely 1:3 and 1.5:1 

(DNA:PEI) mass ratios. Controls were included to monitor transfection efficiency 

during time, where HEK293T were transfected with a pCDNA3 vector containing 

the gene encoding for Green Fluorescent Protein (GFP).  

Evaluation of control fluorescence-emitting cells through fluorescence microscope 

observation suggested that 1:3 DNA:PEI ratio performed better than 1.5:1 

DNA:PEI ratio in terms of transfection efficiency. Furthermore, the maximum of 

GFP expression was detected between the 3rd and the 4th day after transfection (Fig. 

4.21f). From the 6th day, GFP expression started to decline, possibly due to the 

transient nature of this transfection approach and to cell death caused by depletion 

of nutrients. 

 

Table 4.6 Experimental set up for small-scale expression of recombinant Apo(a) K0 (K0) 

and Apo(a) K5 (K5) in HEK293T cells through transient expression, including a negative 

(C-) and a positive (C+) control for transfection. 

 

 

Construct K0 K5 K0 K5 K0 K5 K0 K5 / GFP 

Valproate - - + + - - + + - - 

 

1:3 DNA:PEI 1.5:1 DNA:PEI  C-        C+ 
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In order to examine recombinant apo(a) protein expression, SDS-PAGE and 

Western blot analysis were performed on HEK293T supernatants withdrawn on the 

3rd day after transfection (Fig. 4.21g), when recombinant protein expression was 

likely to be the highest. The bands corresponding to the expected MW for Apo(a) 

proteins appeared smeared, probably indicating the presence of protein 

glycosylation.  

This analysis also suggested that supplementation of Valproate to transfected 

cultures was useful in increasing expression of the recombinant protein. However, 

the expected MW difference between Apo(a) K0 and Apo(a) K5 was barely 

appreciable on this kind of gel.  

SDS-agarose gel electrophoresis coupled to Western blotting was applied to allow 

better high-MW proteins separation. Particularly, production of recombinant 

Apo(a) K0 and Apo(a) K5 in HEK293T cells was evaluated in a time-course 

analysis (from day 1 to day 10 after transfection), focusing on cells transfected with 

1:3 DNA:PEI ratio and grown with Valproate supplementation. An increase of 

signal intensity during time was observed for both Apo(a) K0 and Apo(a) K5 (Fig. 

4.21h). Furthermore, the resolution power of the electrophoretic run was 

significantly improved, making the difference in size between the two proteins 

clearly visible. Smearing of bands was again observed, suggesting the presence of 

different forms of glycosylated Apo(a)s, which causes their molecular weight to be 

higher than expected and heterogeneous, thus affecting their electrophoretic 

migration. In fact, the estimated protein MW, on the basis of amino acid sequence, 

is 166 kDa for Apo(a) K0 and 228 kDa for Apo(a) K5, respectively, whereas in our 

electrophoretic system Apo(a) K0 migrated between 450-600 kDa and Apo(a) K5 

over 600 kDa.  

It should be noticed that the difference in the migration pattern of the apo(a) 

standards with respect to Apo(a) K0 and Apo(a) K5 could also be due to the 

different origin of these apolipoproteins (hepatic cells versus HEK293T cells, 

respectively), an aspect which requires further investigations. 
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Figure 4.21 Cloning and expression of recombinant Apo(a) K0 and Apo(a) K5. (a) 
Midipreps of constructs 1 (pUC57+C-term LPA), 2 (pUC57+KIV2-0 LPA), 3 
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(pUC57+5xKIV2 LPA), 4 (pUC57+ N-term LPA); M = 1 kb DNA ladder (GeneRuler™, 

Fermentas). (b) Lane 1: enzymatic digestion of pUC57-KIV2-0 LPA plasmid DNA with 

EcoR I and Not I; pUC57 = 2710 bp; KIV2-0 LPA = 4487 bp; M = 1 kb DNA ladder 

(GeneRuler™, Fermentas). (c) Restriction enzyme digestion check of pUC57-Apo(a) K0 

Minipreps with EcoR I and Not I; only clones 1 and 3 were positive for the presence of N-

term LPA (successful ligation); pUC57 = 2710 bp; KIV2-0 LPA without Bsa I/Bsa I sites: 

3834 bp; N-term LPA: 653 bp. M = DNA ladders (GeneRuler™, Fermentas). (d) Golden 

gate cloning using strategy (i) or (ii): restriction enzyme digestion check of pUC-Apo(a) K5 

Minipreps with EcoR I and Not I; pUC57 = 2710 bp; Apo(a) K5: 6256 bp; M = 1 kb DNA 

ladder (GeneRuler™, Fermentas). (e) Apo(a) K0 (lane 1) and Apo(a) K5 (lane 2) excised 

from pcDNA3.1/myc-His; M = 1 kb DNA ladder (GeneRuler™, Fermentas). (f) Time 

course of HEK293T transfected with GFP-containing pCDNA3 expression vector. Results 

from transfections using 1.5:1 (DNA: PEI) ratio and 1:3 (DNA: PEI) are shown at days 1, 3 

and 8. Images were taken through fluorescence microscopy. (g) Western blot analysis of 

transiently expressed Apo(a) K0 (0) and Apo(a) K5 (5), with (+) or without (-) Valproate 

supplementation, at day 3 of transfection. For detection, 1:7000 anti-His HRP-conjugated 

antibody was used; M = Precision Plus Protein Standard (Biorad). (h) Western blotting of 

SDS-agarose gel showing the time-course (from day 1 to 10) of Apo(a) K0 and Apo(a) K5 

expression. Detection was achieved using an anti-Lp(a) pAb (Dako); M = apo(a) isoforms 

standard (Technoclone). 
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5. Discussion 

 
 
 

Elevated lipoprotein(a) [Lp(a)] serum level is universally recognized by the 

scientific community as a novel biomarker of cardiovascular diseases (CVDs) 

associated with atherosclerosis, whose clinical monitoring is recommended for 

classes of patients considered at intermediate or high risk of CVD (Erqou S et al. 

2009; Nordestgaard BG et al. 2010; Enkhmaa B et al. 2016).  

Structurally, Lp(a) is a non-canonical serum lipoprotein particle composed by one 

LDL-like particle and one apolipoprotein(a) [apo(a)] glycoprotein, which is a 

unique and polymorphic molecule closely related to plasminogen and constituted 

by repeated protein motifs of Kringle domains, plus a protease domain that is 

catalytically inactive. 

Although its physiological function remains mysterious, the importance of Lp(a) in 

human medicine is clear considering that CVDs constitute the leading cause of 

death in industrialized countries (Bethesda M 2012) and that Lp(a) represents a risk 

factor determined by genetic bases and independent from other common CVD risk 

factors. Furthermore, the correlation between elevated Lp(a) and risk of 

atherosclerosis-related CVD is a causal one, as Lp(a) was found to trigger 

detrimental effects in atherosclerosis by a complex interplay with different 

molecular and cellular components (Boffa MB and Koschinsky ML 2016). 

Particularly, Lp(a) is considered an atherothrombotic agent: it both stimulates 

atheroma formation and progression by accumulating in the arterial intima and 

promoting cell proliferation and degeneration, and competes with plasminogen, 

inhibiting its fibrinolytic activity of thrombi dissolution. 

The most commonly recognized feature of Lp(a) is its intrinsic heterogeneity 

observed among individuals, which is mainly determined by a genetic 

polymorphism in the gene encoding for apo(a) (LPA), resulting in a highly variable 

copy number (from 1 to more than 40) of the Kringle IV type 2 (KIV-2) domain of 

apo(a) (Koschinsky ML et al. 1990). Consequently, apo(a) molecular weight 

ranges from ~280 to more than 800 kDa, depending on the genetically encoded 

isoform. Notably, an inverse relationship between apo(a) isoform size, and thus 

number of KIV-2 repeats, and plasmatic Lp(a) concentration. Hence, CVD risk has 

been widely reported (Kronenberg F 2016). Nonetheless, some evidence suggests 

that small (LMW) apo(a) isoforms seem to be more pro-atherogenic than large 

(HMW) ones, independently from Lp(a) serum levels. Indeed, because Lp(a) serum 
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levels are highly variable in the population, a low KIV-2 copy number does not 

necessarily correspond to high Lp(a) concentrations. Additionally, LMW apo(a) 

isoforms appear to have a greater, Lp(a) concentration-independent, pathogenic 

potential than HMW ones. A paradigmatic example is the more effective inhibition 

of plasminogen-related fibinolysis operated by small apo(a) isoforms, as compared 

to large apo(a) isoforms (Hervio L et al. 1996). However, the molecular basis 

underlying the pathogenic mechanisms involving Lp(a), especially those that are 

influenced by apo(a) size, still need to be defined. 

Given its heterogeneous nature and the relatively recent introduction of Lp(a) 

monitoring into healthcare recommendations, at present both the study of Lp(a) in 

basic research and the management of elevated Lp(a) conditions in clinics are 

hampered by technical issues. For instance, the lack of a standard and accurate 

procedure for quantification of Lp(a) plasmatic levels (Marcovina SM and Albers 

JJ 2016). Moreover, hyperlipoproteinemia(a) condition still lacks an approved and 

specific Lp(a)-lowering therapy (van Capelleveen JC et al. 2015). The research 

work of the present thesis was designed to address some of these open questions of 

both basic and applicative nature, related to Lp(a) heterogeneity, by an integrated 

approach particularly focusing on the investigation of Lp(a) variants differing in 

the number of KIV-2 domain copies. 

Accordingly, the first part of this thesis, discussed in paragraphs 5.1-3, was focused 

on the generation and characterization of suitable antibody formats targeting the 

region of apo(a) heterogeneity, the KIV-2 domain, as possible candidates for the 

improvement of currently available research, diagnostic and therapeutic tools. The 

second part of this work, outlined in paragraphs 5.4-5, was instead dedicated to the 

study of Lp(a) variants carrying differently-sized apo(a) isoforms, in order to 

elucidate the role and biological impact of apo(a) size in atherosclerosis 

pathophysiology. Preliminary observations of the structural biology of Lp(a) and 

KIV-2 domains are also illustrated in paragraph 5.6. 

 

 

 

 

 5.1 SUCCESSFUL DEVELOPMENT OF ANTI-LP(a) ANTIBODIES 
 
The essential need for standardization of diagnostic procedures gravely hampers 

the actual adoption of Lp(a) as a routinely measured biomarker. Furthermore, the 

majority of the currently available tests for Lp(a) determination in the research 

laboratory and in the clinics is isoform-insensitive, thus ignoring the determination 

of apo(a) size, which is crucial for a complete assessment of CVD risk. For this 

reason, the first aim of this research work was to develop antibodies directed 

against the KIV-2 domain and to explore their antigen-binding properties in order 

to evaluate their suitability as building blocks for qualitative and quantitative 
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systems aimed at the accurate determination of both apo(a) isotype and Lp(a) 

concentration. Antibodies are, in fact, powerful molecules that are becoming more 

and more important in both research and healthcare, whose use was approved for a 

number of diagnostic and therapeutic cases, thanks to their binding specificity, 

which allows precise targeting a molecule of interest among many others, and 

versatility, due to their modular nature. One antibody-based diagnostic device that 

could revolutionise and improve the clinical procedures currently available for 

Lp(a) determination is a lateral flow immunoassay. This kind of analysis is suitable 

for the so-called point of care testing (POCT), which, compared to the classical 

centralized laboratory analyses, provides prompt outcomes in shorter times and is 

generally more convenient for the patient. The lateral flow immunoassay-based 

device is mainly composed of an adsorbant paper strip on which different reagents 

(e.g. antibodies) are immobilized at a given site and are activated by the flow of a 

given liquid sample (Koczula KM and Gallotta A 2016). This system has many 

advantages, such as rapidity (analysis result is typically displayed in 5-30 min), 

cost-effectiveness, portability and easy preparation of the device. In this kind of 

device, antibodies act as detecting reagents and are required to be highly specific 

and to have high affinity. 

Monoclonal antibodies (mAbs) were therefore considered apt for our purposes in 

order to achieve the best specificity possible in binding the epitope, to grant batch-

to-batch reproducibility and to allow characterization of homogeneous molecular 

species. The KIV-2 domain was chosen as the antigen recognized by our mAbs, 

because it represents a domain that is found in apo(a) only, which is in turn the 

distinguishing moiety of Lp(a) particles, and, at the same time, is the element 

responsible for apo(a) polymorphism and Lp(a) heterogeneity. 

Two antibody formats were produced and purified, both of them being targeted to 

the same epitope of KIV-2 (D'Angelo A et al. 2005): a full mAb immunoglobulin G 

and a single-chain variable fragment (scFv), derived from the former mAb and 

hence retaining, in principle, the same antigen-binding affinity and specificity 

properties. 

The anti-KIV-2 mAb was directly purified from the supernatant of a specific 

hybridoma clone of mouse origin, which was developed and imported from the 

laboratory of Prof. Livia Visai (Department of Molecular Medicine, University of 

Pavia) (D'Angelo A et al. 2005). Because the amount of antibody secreted by this 

clone was low, optimization of culture conditions was attempted: for example, time 

of expression was balanced in order to obtain the highest mAb secretion, as well as 

to avoid cell death-related protease release and aspecific proteolysis. Furthermore, 

as reported evidence suggested that supplementation of peptone could significantly 

increase antibody production by cell cultures (Biosciences B 2007), different types 

of peptones at low (2 mg/ml) and high (10 mg/ml) concentrations were 

administered to the murine hybridoma clone, yet no improvement in mAb yield 

was detected. Under the best culture conditions, the final yield of mAb purified to 

homogeneity through affinity chromatography (0.65 mg/l of culture) was however 

fully sufficient for subsequent analyses. 

As for the anti-KIV-2 scFv, it was generated in recombinant form. A scFv is an 
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artificial antibody format of about 27 kDa constituted by the variable domains of 

light (VL) and heavy (VH) immunoglobulin chains, interconnected by a molecular 

bridge, usually a short peptide, that connects the C-terminus of one V domain to 

the N-terminus of the other one in a single fusion protein (Fig. 5.1). As a result, the 

scFv epitope-binding site closely mimics that of the antigen-binding fragment (Fab) 

of an IgG antibody. Advantages of working with a scFv antibody format include all 

the benefits related to small biological molecules, such as high tissue penetration, 

easier production in recombinant microbial host systems and low immunogenicity, 

while maintaining the same binding capability and specificity of the parent 

antibody (Ahmad ZA et al. 2012). Small antibody formats like the scFv are also 

useful in structural studies, thanks to their ability to stabilize structures. Moreover, 

the scFv may be used as a versatile and small module with binding affinity for a 

specific target and that can be assembled and fused with a functional element of 

interest (e.g. immunoconjugates, bispecific antibodies, etc). 
 

 
Figure 5.1 Immunoglobulin G (IgG) and single-chain variable fragment (scFv) 

structures. The scFv format retains the antigen binding site of the parent IgG antibody. 

 

The chosen strategy to obtain this engineered antibody format included 

amplification and sequencing of cDNAs encoding for the variable domains of light 

VL (which belonged to the κ subtype, (VK) and heavy (VH) immunoglobulin chain 

of the anti-KIV-2 antibody, upon isolation of the murine hybridoma total RNA. The 

VK and the VH genes were joined together by DNA cloning strategy and using a 
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(G4S)3 polylinker. This kind of amino acid linker is suitable for correct folding of 

scFv antibodies, as it is short enough to keep together the two V interacting 

domains, though it is long and flexible enough to allow the parallel arrangement of 

the domains themselves. The engineered scFv construct, also provided with an His-

tag to facilitate subsequent analysis and purification, was sub-cloned into two 

different vectors, pET45b(+) and pPIC9KE, suitable for expression in bacterial (E. 

coli) and yeast (P. pastoris) hosts, respectively.   

Expression in E. coli cells showed promising production of the recombinant scFv 

in the soluble fraction of Rosetta-gami(DE3) cells and the insoluble fraction of 

BL21(DE) cells. Rosetta-gami(DE), an artificially modified E. coli strain, was 

chosen because it is designed for the expression of heterologous constructs with a 

non-bacterial codon usage and for correct folding of disulfide bond-containing 

proteins. However, this host demonstrated to be unsuitable for expression and 

purification of the scFv protein in large-scale batches of production, as negligible 

yields of recombinant protein were recovered, possibly because of either inefficient 

production or protein degradation. Thus, BL21(DE3) insoluble fraction was 

explored as a possible source of recombinant scFv. BL21(DE3) is a modified E. 

coli strain convenient to contrast cellular protease-mediated protein degradation. 

Insoluble fraction of recombinant bacterial host cells is mainly constituted by 

inclusion bodies (IBs), which are intracellular formations in which heterologous 

overexpressed proteins are accumulated and aggregated. IBs may reach significant 

sizes within the intracytoplasmic space and hence may offer a rich source of 

recombinant protein. Nonetheless, recovery of correctly folded proteins from IBs is 

often a limiting step (Tsumoto K et al. 2004). In fact, in our case, the scFv protein 

was extracted from BL21(DE3) IBs in considerable amounts and with high degree 

of purity, yet protein refolding has not been achieved in each of the conditions 

tested. This could be due to the fact that the scFv protein contains intra-domain 

disulfide bonds (one within the VK plus two within the VH) that has to form 

correctly and, furthermore, the two V domains have to assemble together properly 

by establishing non-covalent interactions across the VK/VH domain interfaces. 

Accordingly, refolding attempts were characterized by extensive protein 

precipitation, suggesting protein aggregation due to the exposure of hydrophobic 

regions to the aqueous solution as a consequence of protein unfolding/misfolding. 

Because of the unsuccessful performance obtained using bacterial cells, expression 

of the anti-KIV-2 scFv in a eukaryotic host, namely the P. pastoris yeast, was 

tested. Indeed, this simple organism offers many of the advantages typical of more 

complex eukaryotic organism, carrying out protein processing, protein folding, and 

post-translational modifications, while being as easy to manipulate as E. coli. 

Furthermore, the overexpressed protein is mainly secreted into the extracellular 

medium, allowing a more straightforward purification, also thanks to the low 

fraction of homologous proteins secreted by P. pastoris. By using this recombinant 

system and upon optimization of culture conditions to maximise expression of the 

recombinant protein, moderate yields (0.26 mg/l of culture) of affinity purified 

scFv were obtained, which were reactive to purified Lp(a) in qualitative ELISA 

assays, suggesting a good folding/functionality of the scFv antibody. 
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 5.2 RECOMBINANT ANTIGENS: A HIGH YIELD PRODUCTION OF 

KIV-2 DOMAINS AND A GOLDEN GATE PLATFORM FOR APO(a) ISOFORMS 

 

Recombinant forms of the apo(a) KIV-2 single domain, the apo(a) KIV-2-KIV-2 

tandem domains, as well as whole apo(a) isoforms were generated for a dual 

purpose: (i) to accurately characterize the antigen-binding properties (e.g. 

specificity, affinity) of the anti-KIV-2 mAb and the engineered scFv and (ii) to 

examine intrinsic structural and functional properties of the KIV-2 domain/apo(a) 

molecule, particularly those depending on the number of KIV-2 repeats.  

For the design of these constructs, the amino acid sequence of apo(a) comprising 

the long linkers connecting consequent Kringle domains was retained with respect 

to the cDNA sequence present in NCBI database (NM_005577.2). This was done 

in order to generate a standard material representative of the complex natural 

counterpart, which both accurately reproduces the natural protein and ensures to 

work with highly homogeneous and reproducible samples, something that is not 

possible when working with natural material (i.e. Lp(a) isolated from human 

plasma of a donor). Furthermore, the process of extraction of apo(a) from its 

natural source includes strongly denaturing treatments on the purified Lp(a) that 

could significantly impair native structures. 

The only modifications that were introduced to the recombinant sequences were 

the addition of an His-tag and, for the KIV-2 domains only, a TEV site which can 

be useful to remove the His-tag whether a more natural form is required. In the 

case of KIV-2-KIV-2, four different constructs were designed, differing for the 

presence of TEV site and for the length of the C-terminus amino acid tail 

(comprising either 4 or 7 amino acids), protruding downstream the last cysteine 

residue, and hence the last disulfide bridge, of the second KIV-2 domain. In this 

thesis, the two KIV-2-KIV-2 variants without TEV site were used, as removal of 

the His-tag was not necessary at this stage. Subsequently, as no preferred 

expression of one of the two constructs having 7 rather than 4 C-terminus 

protruding amino acids was detected, the KIV-2-KIV-2 variant with the 7 amino 

acid tail was chosen for subsequent analyses as it was more comparable with the 

single KIV-2 domain, having a 7 amino acid C-terminus tail as well. 

The single KIV-2 domain as well as the KIV-2-KIV-2 tandem domains were 

abundantly produced in E. coli BL21(DE3) IBs, using the pET45b(+) expression 

system. Recovery of proteins from inclusion bodies was successfully achieved by 

using arginine as the extracting agent. Thanks to its guanidinium group, this amino 

acid is an effective suppressor of protein-protein interactions (i.e. protein 

aggregation), but in this action it is not as strong as the common chaotropic agents 

commonly used to solubilize proteins (e.g. urea, guanidinium chloride). Thus, in 

protein extraction from inclusion bodies, arginine is sometimes preferred as it is 

able to bring the protein into solution under mild conditions which allow an easier 

folding when the solubilizing amino acid is eventually removed (Tsumoto K et al. 

2004). In our case, upon extraction by arginine, the recombinant KIV-2 and KIV-2-
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KIV-2 purified to homogeneity were, in fact, obtained at excellent yields, 

especially for the single domain form (20 and 4.5 mg/ml, respectively). The correct 

folding of KIV-2 proteins was indirectly confirmed by positive binding reactivity in 

qualitative ELISA and by a shift towards higher MW levels in SDS-PAGE 

migration when the proteins were exposed to reducing agents, as compared to non-

reducing conditions. This latter evidence suggests the establishment of disulfide 

bridges (three disulfide bonds are expected to form in each KIV-2 domain) that 

secure the KIV-2 domain in a globular shape.  

As the apo(a) of human Lp(a) is extensively glycosylated, in order to better 

reproduce the natural protein state the recombinant KIV-2 domain was also 

expressed in P. pastoris, which, as a eukaryotic host, is able to carry out this kind 

of post-translational modifications. By this expression system and by affinity 

purification, even if the protein yields (0.58 mg/ml) were not as high as those 

obtained in E. coli, a glycosylated form of KIV-2 was obtained, as demonstrated by 

the higher MW in SDS-PAGE and by positivity to fucsin staining. 

For the generation of recombinant apo(a) [r-apo(a)] proteins a versatile and 

efficient platform based on Golden Gate cloning has been developed. This 

advanced cloning strategy allows to efficiently assemble multiple DNA fragments 

in a one-step cloning reaction and in a seamless way, without the need of adding 

any extra residues to the constructs (Engler C and Marillonnet S 2014). The Golden 

Gate cloning-based platform here designed contemplated the achievement of a 

complete library of r-apo(a) isoforms carrying from 0 to 40 KIV-2 domains and 

differing for 5 copies of KIV-2 from one isoform to the other, using Bsa I 

restriction sites. The basic unit of five KIV-2 tandem repeats (5x KIV2 LPA) 

flanked by two Bsa I recognition sites represents the unit block that, upon PCR 

amplification with dedicated primers, can to be introduced into the KIV2-0 LPA 

sequence to generate progressively longer isoforms.  

In this work, the generation of two r-apo(a) isoforms, namely Apo(a) K0, deprived 

of KIV-2 domains, and Apo(a) K5, containing 5 KIV-2 copies, was accomplished. 

Although an apo(a) without any KIV-2 domain has never been found in the 

population, this isoform could lead to interesting functional studies. Apo(a) K5 is 

described as a relatively rare isoform in the general population (<10%) and it is 

included among the most dangerous isoforms. Apo(a) K0 was generated using 

classical cloning techniques, while Apo(a) K5 was created by Golden Gate cloning.  

For expression of Apo(a) K0 and Apo(a) K5 constructs, a mammalian cell line, 

namely HEK293T cells, was chosen and transfected with these constructs 

previously subcloned into the pcDNA3.1/myc-His expression vector. Apo(a) is, in 

fact, an extremely large protein of human origin, which is hardly compatible with 

microbial expression. HEK293T cell line was particularly selected because of its 

high transfection efficiency and because it has already been used for some r-apo(a) 

expression (Koschinsky ML et al. 1991). A GFP-mediated monitoring of 

transfection efficiency allowed to state that, in this system, transfection was 

optimal using 1:3 DNA/transfecting agent (i.e. PEI) ratio, as opposed to 1.5:1 

DNA/PEI ratio, and the positive peak of recombinant protein accumulation was 

detected at 3-4 days after transfection. Since the apo(a) signal peptide sequence had 
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been maintained in Apo(a) K0 and Apo(a) K5 constructs, the expressed 

recombinant proteins were expected to be secreted into the supernatant, which were 

thus analysed for evaluating protein expression. It was evidenced that 

administration of valproic acid, a known inhibitor of chromatin deacetylation and 

hence chromatin condensation, prominently determined beneficial effects on r-

apo(a) production. By high-resolution SDS-agarose gel electrophoresis analysis, a 

gradual accumulation of r-apo(a) in HEK293T supernatant, as well as an increased 

electrophoretic mobility of the samples were observed during time, perhaps 

indicating protein degradation. This technique also allowed to separate the two r-

apo(a) isoforms by size, in contrast with classical SDS-PAGE. However, a 

significant discrepancy was found between the expected r-apo(a) MW (Apo(a) K0: 

166 kDa; Apo(a) K5: 228 kDa) and the MW inferred from the electrophoretic run 

(Apo(a) K0: 450-600 kDa; Apo(a) K5: >600 kDa). The reason for this discrepancy 

is likely due to aberrantly extended glycosylation. In fact, protein enrichment in 

carbohydrates content, in addition to increasing of the molecular mass, also 

determines a non-canonical electrophoretic migration. Furthermore, the production 

of differently glycosylated r-apo(a) species might also explain the smeared patterns 

observed in Western blotting. Given the excessive divergence in MW compared to 

natural apo(a) isoforms and the species heterogeneity observed, the r-apo(a) 

isoforms produced in HEK293T cells were not used in subsequent studies. 

However, the efficient r-apo(a) cloning platform here developed can be as well 

applied to more suitable expression systems. For instance, as previously 

demonstrated (Bonen DK et al. 1997), r-apo(a) transfected hepatocytes such as 

HepG2 cells are able to produce full recombinant Lp(a) particles, and a full set of r-

Lp(a) variants of different size is surely a powerful research tool to accurately 

investigate structural and functional aspects of Lp(a) isoforms. 

 

 

 

 5.3 HIGH AFFINITY ANTI-LP(a) ANTIBODIES: INTERACTION WITH 

COGNATE ANTIGENS 

 
The first step to characterize the binding properties of anti-KIV-2 mAb and scFv 

antibodies was to qualitatively assess whether these species had binding reactivity 

for the target, using homogeneous material such as the recombinant KIV-2 

proteins. These analyses constituted a confirmation in the case of the mAb, which 

was already known to be specific for the KIV-2 domain of apo(a) (D'Angelo A et 

al. 2005), whereas they were a critically important assessment in the case of scFv, 

to verify if the binding capacity of this artificially engineered protein was retained 

from the parent mAb, as binding properties could differ from one format to the 

other.  

Binding capacity to the recombinant KIV-2 proteins was confirmed by slot blot and 

indirect ELISA assays. In addition, gel filtration was used to further explore the 
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antibody-antigen interaction in the case of scFv. These studies suggested that the 

epitope recognized by these antibodies was a conformational one, i.e. formed by 

amino acids that are located in close positions in the three-dimensional protein 

structure, but are distant in the primary structure. In fact, no binding was detected 

when the KIV-2 proteins were denatured by reducing conditions.  

Another interesting evidence was that the binding capacity was not influenced by 

the presence of glycosylation, as in ELISA the signal was positive using both E. 

coli-derived and P. pastoris-derived recombinant KIV-2 domain. On the other 

hand, results from gel filtration demonstrated that the scFv formed molecular 

complexes with both KIV-2 and KIV-2-KIV-2 proteins. It was also possible to infer 

that the recognized epitope is likely to be located in the globular protein region of 

one KIV-2 domain rather than in the amino acidic linker between two consecutive 

KIV-2 domains, because the single KIV-2 domain was bound and, moreover, 

binding of KIV-2-KIV-2 tandem domains seemed to occur with two scFv 

molecules rather than one. 

The scFv also showed promising quantitative performance, as compared to Macra 

Lp(a) ELISA commercial kit, in a sandwich ELISA setting (Fig. 5.2) aimed at 

determining Lp(a) concentration. According to this model, the scFv, being derived 

from a monoclonal antibody specific for an apo(a)-unique domain, constitutes the 

capturing moiety that specifically binds Lp(a) only from a complex mixed sample 

(e.g. human plasma). The detecting antibody is instead a mAb specific for 

apoB100, which is a moiety present as a single copy in each Lp(a) particle. This 

way, the obtained signal should be directly proportional to the number of Lp(a) 

particles initially present in the sample, independently from the heterogeneity of 

apo(a).  
 

 

Figure 5.2 Set-up of quantitative sandwich ELISA for the determination of Lp(a) 

concentration. First layer: coating with the anti-KIV-2 scFv; second layer: sample 

containing Lp(a) to be quantified; third layer: primary detecting anti-apoB100 monoclonal 

antibody (mAb); fourth layer; secondary HRP-conjugated antibody. TMB: 3,3’,5,5’-

Tetramethylbenzidine. 
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Besides the high performance obtained by this home-made ELISA kit, its possible 

application to the diagnostic determination of Lp(a) concentration in plasma 

samples needs further investigations and is hampered by the lacking of reference 

material. 

Determination of the affinity of an antibody molecule is of paramount importance 

for its characterization, especially if this species is destined to use in clinics, as it 

reports the strength of antibody-antigen binding on a kinetic basis, and thus it 

constitutes an important predictor of performance of the antibody. Based on the 

comparison with published literature kinetic values for mouse monoclonal 

antibodies (Abcam 2016) and on the values here obtained by SPR, our anti-KIV-2 

mAb appeared to show high affinity properties: KD values of the anti-KIV-2 mAb 

were in the sensitivity range of nanomolar to picomolar (10-10), as compared to the 

average KD nanomolar values of mouse mAbs (10-9). All the affinity values were 

quite similar for both non-glycosylated and glycosylated KIV-2, confirming the 

independency of carbohydrate groups in the binding. A slightly faster kinetic 

affinity was instead detected for KIV-2-KIV-2 tandem domain, possibly because of 

an avidity effect and/or a partially-shared epitope between two nearby KIV-2 

domains.  

 

 

 

Figure 5.3 KD distribution of mouse monoclonal antibodies (mAbs). The reported KD 

values, expressed in M, are derived from affinity characterization of 88 mouse mAbs 

reported in published literature. The arrow indicates the KD value of the anti-KIV-2 mouse 

mAb, as determined by SPR. Figure modified from (Abcam 2016). 

 

Although specificity of these anti-KIV-2 antibodies has to be confirmed, especially 

when used to target their cognate antigen in a complex mixture such as human 

plasma, their high affinity makes them valid candidates for diagnostic and/or 
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therapeutic applications. By a collaboration with the company Advanced 

Biomedical Systems (ABS Srl, Cernusco sul Naviglio, MI), we are currently 

evaluating the efficiency of our anti-KIV-2 antibodies coupled to a device based on 

lateral flow, as an innovative semi-quantitative and time-effective assay to 

determine Lp(a) concentration from human plasma. 

 

 

 

 5.4 A NOVEL PATHOGENICITY THRESHOLD BASED ON BIOPHYSICS 

OF LP(a) ISOFORMS? 

 
Heterogeneity of different Lp(a) isoforms was explored by biophysical methods, 

particularly through measurements made at fluid air/water (a/w) interfaces and 

DLS. The former determinations mainly evaluate the behavior of molecules at the 

interface of a hydrophylic (w) and a hydrophobic (a) phase. Considering that 

amphiphilic molecules show specific interfacial behaviors depending on their 

physicochemical properties and on intermolecular interactions, these kind of 

studies were used to characterize the biophysical profiles of Lp(a) isoforms that 

differ by apo(a) size. DLS was instead applied to obtain information on the particle 

size of different Lp(a) isoforms. 

Homogeneous samples of Lp(a) were derived by affinity purification of Lp(a) from 

plasma of homozygous donors and, as the lipid components of Lp(a) may interfere 

with the interfacial measurements, purified Lp(a) samples were selected on the 

basis of homogeneous lipid content. This way, the selected Lp(a) samples should 

differ only by apo(a) size. Particularly, four lipid-homogeneous Lp(a) isoforms 

were studied, as representative of low MW (i.e. Lp(a) with 20 KIV-2 repeats, here 

called Lp(a) K20), intermediate MW (Lp(a) K24 and Lp(a) K25) and high MW 

(Lp(a) K29) isoforms.  

All the interfacial measurements, namely ellipsometry, surface pressure and 

rheology measurements, were tracked continuously during time. Ellipsometric 

angle (Δ) gives information on the thickness of the layer which is formed at the a/w 

interface, which is also dependent on the concentration of “material” accumulated 

in the section of about 1 µm below the water surface. Our data demonstrated that 

Lp(a) is an amphiphilic molecular complex, as it tends to accumulate at the a/w 

interface. The main adsorption of purified Lp(a) at the surface occurred for all the 

considered isoforms within 2 h of analysis and the kinetics of this process was 

dependent on the concentration of Lp(a), being faster at high concentrations. 

Interestingly, we observed a phase of instability of the Δ during the first 30 min of 

analysis. This behavior can be interpreted as a scenario in which the Lp(a) particle 

rapidly adsorbs at the interface due to its amphiphilic properties and, there, it 

breaks up (phase of instability), releasing its heterogeneous hydrophobic 

lipid/apolipoprotein content. Molecules released upon the rupture of Lp(a) particle 

progressively arrange themselves according to their hydrophobic/hydrophilic 
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properties and some of them accumulate at the interface, until a state of equilibrium 

is reached (plateau phase). The ellipsometric angle at plateau was approximately 

the same and the overall profile was overlapping for all the studied Lp(a) isoforms, 

confirming the homogeneous nature of the purified samples and suggesting that 

differences in apo(a) size do not affect the kinetics of adsorption and the thickness 

of the interfacial layer. 

Surface pressure (π) is a result of the forces that can be established between 

molecules adsorbed at the water surface. In the case of Lp(a), we observed that the 

kinetics of surface pressure are dependent on concentration of Lp(a), with higher 

values of π being reached earlier at high concentrations, where more tensioactive 

molecules are present to develop interactions at the surface. An interesting point is 

that, in all cases, surface pressure starts to rise in the same moment as when the Δ 

curves stabilize, indicating the appearance of tensioactive molecules at that stage at 

the interface. Notably, at the same concentration, we registered different profiles of 

surface pressure depending on the Lp(a) isoform, with K20 and K24 clustering 

separately from K25 and K29. Given that the four isoforms were homogeneous in 

terms of lipid composition, the observed difference in surface pressure can 

probably be related to protein heterogeneity, i.e. to the MW of apo(a) and different 

number of KIV-2 repeats. 

There is no strict consensus at the moment on the definition of the threshold value 

defining the number of KIV-2 repeats that can separate the low "pathogenic" and 

the high "non-pathogenic" molecular weights of Lp(a) into two distinct groups. 

Several papers place this threshold at 22 according to epidemiological data, but this 

choice is not supported by any molecular evidence. Our data might help in 

determining a new, more reliable risk threshold, based on surface pressure data. In 

fact, the low MW isoforms (Lp(a) K20 and Lp(a) K24) showed a higher surface 

activity/affinity compared to the Lp(a) K25 and the Lp(a) K29 isoforms and this is 

in inverse correlation with cardiovascular risk (i.e., the lower the MW mass the 

higher the cardiovascular risk). A higher surface pressure means that the covering 

of the a/w interface is more efficient, thus Lp(a) K20 and Lp(a) K24 isoforms have 

a higher ability to access to the a/w interface than K25 and K29, possibly 

suggesting a better stability. 

With rheology measurements, we determined that the layers formed at the a/w 

interface by the adsorbed Lp(a) isoforms were homogeneous in terms of viscosity 

and elasticity in response to shear stress. Specific visco-elastic properties can be 

attributed to the specific molecular composition of a sample. Lp(a) K24 showed the 

most diverging rheology values, as it formed the less elastic and the more fluid 

layer, even if the difference with the other isoforms was not statistically significant. 

Homogeneity and polydispersity of the four purified Lp(a) samples were 

investigated by DLS measurements. These experiments allowed, on one hand, to 

confirm the previously documented (Pasquetto V et al. 2016) and theoretically 

unexpected complex composition of the samples, each of them presenting three 

differently-sized particles instead of only one particle species (i.e. that of Lp(a)), 

and, on the other hand, to disclose a potential relationship between the relative 

abundance of the small particles component and of the visco-elastic constants. 
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As it was reported that Lp(a) may establish interactions with HDL particles and 

may also be co-purified together with them (Dong J et al. 2011; Onat A et al. 

2013), the possible contamination of HDL in our samples was checked by a 

specific ELISA assay. Notably, each sample of purified Lp(a) was positive for 

HDL detection, with the Lp(a) K24 sample being significantly enriched compared 

to the others. However, even if the size of HDL is similar to that measured for 

small particles by DLS, HDL concentration did not show a strong correlation with 

the percentage of the small particle population found in Lp(a) samples, suggesting 

that other small particles were detected by DLS. Another possible explanation 

could be the association of HDL with other HDL or Lp(a) particles, thus increasing 

the total diameter of the complex. This latter hypothesis of particle oligomerization 

could also be the reason why the average dynamic diameter registered by DLS for 

the medium-sized particles (81.27 nm), which are the most abundant species and 

likely represent Lp(a) particles, is different from what reported in literature (from 

25 to 30 nm), where, however, no strict agreement was reached. On the other hand, 

the enrichment of HDL in the Lp(a) K24 sample could be at the basis of the 

diverging visco-elastic constants of this sample, compared to the others. Whether 

the HDL contamination was due to a co-purification of these particles with Lp(a) 

as a consequence of particle association/aggregation or just to lack of specificity of 

the chromatographic resin used is still under investigation. 

 

 

 

 5.5 RTCA REVEALS LP(a) ISOFORM-DEPENDENT EFFECTS ON 

MODEL TARGET CELL LINES 

 
As Lp(a) is present in nature only in a limited set of mammalian taxonomic groups 

(humans, primates, hedgehogs), most of the studies focusing on Lp(a)-related 

processes of atherosclerosis are hampered by the lack of animal models and are 

typically performed in vitro.  

One part of the present research work was focused on the understanding of the 

biological mechanisms underlying the pathogenicity of Lp(a) and, in particular, 

those influenced by apo(a) size. Furthermore, we were interested in establishing a 

cell-based system that could be useful to explore the therapeutic potential of our 

anti-KIV-2 antibodies, for example in inhibiting the pathogenic Lp(a)-related 

effects. To this aim, RTCA, an innovative cell-based in vitro technology, was 

applied to study the biological effects of different purified Lp(a) isoforms, with a 

number of KIV-2 ranging from 20 to 31, on key model cell types that play a role in 

the development of the atherosclerotic plaque, or in the metabolism of Lp(a), such 

as monocytes, endothelial cells, smooth muscle cells and hepatocytes. The complex 

effects triggered by Lp(a) in vivo were thus studied in a simplified system that 

sensitively analyses the response of one cell type to Lp(a) isoforms exposure. 

Particularly, RTCA allows a continuous monitoring of cell proliferation, 
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differentiation, morphology and viability (Limame R et al. 2012), by measuring a 

parameter referred to as “impedance”, which is a sensitive and accurate indicator of 

cell adhesion, in a real-time manner, overcoming the limitations of working with 

end-point data only. Another advantage of RTCA is that the analysis does not 

require the use of labelling agents, which could interfere with the physiologic cell 

behaviour. Measurement of cell impedance, moreover, provides a quantitative 

readout of cell condition during time, something which allows objective evaluation 

of the extent of an effect on cells, e.g. triggered by a molecule of interest. 

In a set of preliminary RTCA tests (Santonastaso A and Scotti C 2016) conducted 

using one LMW (Lp(a) K22) and one HMW (Lp(a) K31) isoform at different 

concentrations, we were able to observe the effects induced by Lp(a) on the 

impedance kinetics of HepG2, THP-1, HUVEC and HASMC cells in a time-wise 

manner. Notably, some of them were dependent on the Lp(a) isoform type. A 

second array of RTCA experiments was carried out on the same cell lines in order 

to confirm the preliminary results and to explore new Lp(a) variants, representative 

of small (Lp(a) K20), intermediate (Lp(a) K25) and large (Lp(a) K28) isoforms, 

while collecting morphological data. 

Lp(a) catabolism is operated mainly by the liver, possibly through involvement of 

the apo(a) moiety (Hoover-Plow J and Huang M 2013), even if receptor molecules 

specifically dedicated to Lp(a) internalization have not been defined yet. 

Internalization of Lp(a) in HepG2 cells was documented in different studies, but 

without distinction in apo(a) size. The early and systematic NCI increase we 

observed in treated HepG2 cells can be interpreted as a change in morphology, 

possibly upon internalization of Lp(a) particles. Significantly, this NCI increase 

depends on Lp(a) concentration rather than apo(a) size (the K28 isoform showed 

more pronounced effects than the K25). As morphologic data were collected at the 

end of the analysis, when the NCI profiles were all overlapped, no significant 

difference was evident between treated cells and control. 

Once Lp(a) particles accumulate in the atherosclerotic blood vessel wall, they are 

known to exacerbate atherosclerosis by a complex networking with vessel 

“resident” cells, such as macrophages, endothelial and smooth muscle cells. One of 

the most pathogenic effects of Lp(a) is its ability to promote adhesion and 

transendothelial migration of inflammatory cells, inducing expression of adhesion 

molecules, in a process mediated by the apo(a) moiety (Allen S et al. 1998). The 

macrophages recruited into the atherosclerotic plaque internalise Lp(a) particles, 

and, eventually, degenerate into foam cells, consistently with previous findings by 

our group on a murine macrophage cell line uptaking both the lipid and the protein 

components of Lp(a) (Pasquetto MV et al. 2016). Notably, it was also previously 

observed that small Lp(a) isoforms show a higher affinity for the β2-integrin Mac-

1, exposed at the cell surface of THP-1 monocytes (Hervio L et al. 1996). 

Consistent with these findings, our RTCA on THP-1 macrophages showed a 

consistent increase in NCI throughout all the experiment whose intensity was 

inversely related to apo(a) size (i.e. the smaller the isoform, the greater the NCI 

increase). This evidence was confirmed by analysis of cell morphology, where the 

smallest Lp(a) isoforms showed the most pronounced effects (extensive formation 
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of cell protrusions, “foam cell” appearance).  

On human vascular endothelial cells, Lp(a) was found to stimulate proliferation 

and migration (Riches K and Porter KE 2012), but also to induce ROS production 

and apoptosis (Heermeier K et al. 1999). Our findings in RTCA support the latter 

hypothesis of Lp(a) mediating apoptosis, as a systematic decrease in NCI of treated 

HUVEC cells was observed compared to control, independently from the isoform, 

suggesting reduced cell viability. Morphology studies did not evidence any 

difference between treatments and control, suggesting that the lower NCI registered 

in RTCA was due to reduced cell proliferation/viability rather than changes in the 

cell shape. 

Even if Lp(a) is considered a stimulator of smooth muscle cell proliferation 

(Grainger DJ et al. 1993), RTCA analyses evidenced only an early and modest 

effect of NCI increase within 16 h after Lp(a) treatment, without isoform 

distinction. In the long-term, instead, a significant NCI decrease was observed. By 

combining RTCA results with morphological analyses, it is possible to hypothesize 

a scenario in which Lp(a) causes proliferation of smooth muscle cell that 

determines growth of muscle fibres in height rather than laterally, thus it is not 

fully detected by impedance measurement, and then cell death start occurring as a 

consequence of either lack of nutrients or an Lp(a)-induced late toxicity. 

Overall, RTCA data provided evidence that also long-term intervals need to be 

considered when investigating the effect of Lp(a) on cells and suggest that cell 

impedance kinetic profiles can be useful to identify the specific time-frames which 

deserve further studies by molecular and morphological approaches. In addition, 

these results demonstrate that RTCA can be used to evaluate the therapeutic 

potential of the antibodies developed in this work on Lp(a) effects, especially using 

the more relevant cell lines (e.g. THP-1, HASMC). 

 

 

 

 5.6 A FRAMEWORK FOR STRUCTURAL STUDIES ON LP(a) AND  

KIV-2 

 
In this work we sought to set the basis for the study of the molecular structure of 

both the whole Lp(a) particle and the discrete KIV-2 domain, which could be 

crucial to help defining their pathophysiological functions. 

Controversial structural observations on Lp(a), described and compared in section 

1.4.1 of the present thesis, were reported by different studies, especially concerning 

the conformation of the long apo(a) chain and possible particle association 

mediated by the apo(a) moiety (Phillips ML et al. 1993; Prassl R et al. 1995; Xu S 

1998). Furthermore, no data is currently available regarding possible different 

conformational solutions adopted by Lp(a) variants with variable apo(a) size. Here, 

only a preliminary study was carried out in order to characterize and assess the 

suitability of our purified Lp(a) samples for electron microscopy (EM) 
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investigations. Negative staining allowed to obtain quite good-quality images, in 

which particles of different size were visible, as well as physical association 

between them. However, under these conditions, it was not possible to distinguish 

the apo(a) glycoproteins from the rest of the Lp(a) particles. The following step to 

continue these studies will be the application of cryo-EM, an innovative and 

powerful technology, in order to subsequently improve in resolution and to 

possibly evidence the structural organization of differently sized-apo(a) chains 

within the Lp(a) particle.  

The three-dimensional structure of the KIV-2 domain of apo(a) has not been 

determined yet. In this case, because of their reduced molecular weight and 

homogeneous nature, the KIV-2 and KIV-2-KIV-2 recombinant forms were apt to 

be used in crystallization assays aimed at obtaining good-quality (i.e. highly 

internally organized) crystals to be analysed by X-rays diffraction. Particularly, the 

non-glycosylated form of recombinant KIV-2 was used, because of its theoretically 

higher homogeneity. However, both the KIV-2 single domain and the KIV-2-KIV-2 

tandem domains were more prone to non-organized precipitation than crystals 

formation, possibly because of their scarce secondary structure and molecular 

stability. For this reason, a future improvement for KIV-2 crystallization could be 

to exchange the long and “loose” natural amino acid linker (including 38 amino 

acids) that connects two KIV-2 tandem domains in apo(a) into a shorter and more 

“rigid” one, to possibly enhance protein stability and facilitate crystallization. In 

alternative, co-crystallization of KIV-2 with the scFv here developed might be 

tried, thus obtaining accurate information not only regarding the two molecular 

species, but also on the respective binding sites. 
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6. Conclusions 

and future perspectives 

 
 
 
In this thesis, two main objectives were addressed through a multi-disciplinary 

approach: (1) the generation and the characterization of anti-Lp(a) monoclonal 

antibodies, in mAb and scFv formats, respectively, as candidate molecules for the 

improvement of diagnosis and therapy of hyperlipoproteinemia(a), and (2) the 

study of biophysical and biological properties of different Lp(a) isoforms, which 

helped in the elucidation of some key pathophysiological aspects of these variants. 

For the first part of the research, an anti-KIV-2 mAb and its scFv engineered 

format were produced and purified in good yields. Their cognate antigens, ie. the 

KIV-2 domain (both in its glycosylated and non-glycosylated form), as well as 

KIV-2-KIV-2 tandem domains of apo(a) were obtained at very high yields in 

recombinant systems. Though their selectivity in plasma samples is still under 

investigation, these antibodies showed good specificity and high affinity for target 

antigen. These high affinity anti-KIV-2 antibodies will be tested as tools for a 

variety of research and diagnostic systems. To this purpose, for instance, a 

conjugation of the scFv format with a reporter group (e.g. GFP) could improve the 

antibody detecting performance. A collaboration with the company ABS (Cernusco 

sul Naviglio, MI) is currently ongoing to evaluate the possible use of our mAb as 

the Lp(a)-detecting tool in a dedicated diagnostic device.  

In the second part of this research, a potentially novel threshold for Lp(a) isoform 

pathogenicity risk, namely 24 copies of KIV-2 repeats, was identified thanks to 

isoform-specific biophysical behavior. On the other hand, an innovative real-time 

in vitro cell analysis system (RTCA) was established as a good model to evaluate 

the pathophysiological effect of purified Lp(a) isoforms on target cell types, and, in 

the future, to explore the therapeutic potential of our anti-KIV-2 high affinity 

antibodies.  

Furthermore, some preliminary work has been done to pave the way for future 

structural studies on both the entire Lp(a) particle and the KIV-2 domain of apo(a). 

On this front, cryo-EM experiments are planned for the analysis of different Lp(a) 

isoforms using high-performant instrumentation of the University of Cambridge. In 

the case of KIV-2 structure, instead, both stabilization of KIV-2-KIV-2 structure 

and co-crystallization of KIV-2/KIV-2-KIV-2 with anti-KIV-2 scFv will be 

attempted, also allowing a study of the antibody-antigen interaction sites. 

Finally, a Golden Gate cloning platform for the efficient generation of a full set of 
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r-apo(a) isoforms was developed and will be the starting point to obtain 

homogeneous and reproducible apo(a) and Lp(a) isoforms in order to further 

improve our research work aimed at exploring the multiple intrinsic properties 

depending on the copy number variation of KIV-2 in apo(a). 

 

Overall, the data presented in this thesis will contribute to develop improved 

diagnostic and therapeutic procedures specifically dedicated to the clinical 

management of hyperlipoproteinemia(a). 
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