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Abstract 

The process of Lp(a) assembly occun in hvo steps. wherein initial non-covalent 

association of apo(a) and apoB precedes specific disulfide Iinkage. The non-covalent 

association is sensitive to die addition of lysine and proline, and involves sequences 

within npo(a) kringlr (K) IV,,. In the present snidy. we have utilized site-directed 

mutagenesis to specifically study the contribution of the weak lysine binding sites 

(WLBS) in apo(a) KIV types 6.7 and 8 to non-covalent interactions with apoB. Wr 

introduced n Glu to Gly substitution in each of the U V  types 6.7 and 8 as well as 

simultnneously rnutating WLBS in KIV types 6 m d  7 and U V  types 7 and S. Al1 

mutants were yrnrrated in the context of a 17-kringle recombinant apo(a) and were used 

to transfeçt human rmbryonic kidney cells. .4po(a) derivatives were puritied tiom the 

sonditioned media by lysine-Sepharose affinity chromatography. Puntied proteins were 

iissessed for thrir ability to bind to tluorescently-labeled humm LDL in solution. 

.-\nnlysis of binding affinities demonstrated that removal of the WLBS in KIV, had little 

or no effect on the interaction. while 2- and Mold decreases in affiniiy were observed 

upon removal of the WLBS in KWtypes 7 and S. respectively. Simultaneous removal of 

the WLBS in KIV types 6 and 7 reduced the affinity for the LDL by approximately 3-fold. 

while a 1 3-fold decrease in afnnity was observed upon simultaneous removal of the 

WLBS in KIV types 7 and S. The derivatives descnbed above were also assessed for 

their tiffect on covalent Lp(a) assernbly by SDS-PAGE under non-reducing conditions 

followed by Western blotting. Trends observed in the non-covalent binding were 
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parallrled in this analysis: the greatest etTect on both m a ~ i m u m  Lp(a) formation over 24 

hours (-50% decrease) and rate of particle assembly (-70% decrease) was obsemed using 

the derivative with the WLBS in both KIVtypes 7 and 8 removed. Taken together. Our 

d m  suggest that the WLBS in both apo(a) KlVtypes 7 and 8 are required for non- 

covalent association with apoB, and that the etticiency of the first step of Lp(a) formation 

dictates the extent to which covalent Lp(a) particles are formed. 
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Introduction 

1.1 Overview - 

Lipoprotein(a) [Lp(a)] antigen was first detected by Khe Berg (1) in human 

plasma and was described as a qualitative genetic trait [either Lp(a)+ or Lp(a)-1. As 

detection methods improved it became clear that plasma concentrations of Lp(a) are a 

quantitative trait and concentrations range in the human population from 4 . 1  mgdl to 

; 100 rngdl. (2) In addition to humans. Lp(a) is also present in a limited number of other 

spticicts. inciuding hiçher primates and hedgehogs. (3) Lp(a) remains a focus of research 

inrrrest due  to the epidemiological studies that have correlated hi& Lp(a) levels (greater 

thnn 3 risk threshold of 20-30 mg/dl) with an increased risk of development of 

iitherosçlerotic disorders. including coronary hem disease (CHD). (2.43) 

1.2 Structure of Lp(a) Particles - 

Lp(a) contains two components. a low density lipoprotein (LDL)-like particle and 

the highly gi ycosy lated apoiipoprotein(a) [apo(a)] moiety (see Figure 1.1 ). (6,7.5) The 

LDL-like moiety of Lp(a) consists of the apolipoprotein B-100 protein (4536 amino 

acids) closeiy associated with the cholesterol and phospholipids on the surface of the 

particle, whose lipid core is composed of cholesterol esters and triglycerides. 

(9.10. i 1.11.13) ApoB- 100 consists of five different sub-domains (1-V). as evidenced by 

thermal unfolding O C C U ~ ~ ~  in a step-ivise marner relatively independent of each other, 

with the C-terminai domain (V) being the most hydrophobic. ( 13,14) ApoB- 100 contains 

I 



Figure 1.1 

Schematic representation of the Lp(a) particle. The LDL-like moiety 
consists of the apolipoprotein B- 100 protein closely associated with the 
cholesterol and phospholipids on the surface of the core lipid particle. 
This LDL-like moiety is attached by a single disulfide bond to the 
_elycoprotein apolipoprotein(a) in the Lp(a) particle. 
[Lawn. R.M. ( 1992) Sci .-lm. 2665.1-601 



3 cysteines that are concentrated in the N-terminus, of which 16 are involved in 8 intra- 

rnolecular disulfide bonds. (1 3 , l j )  Of the seven remaining cysteines, nvo. located at the 

C-terminus, are on the surface of LDL making them available for disulfide linkage to 

apo(a) to form Lp(a) particles. ( 16.17) The identity of the apoB- 100 cysteine responsible 

for disulfide linkage to the cysteine on apo(a) remains controversial (see Section 1.5.4). 

Lp(a) is distinquished from LDL by the presence of the glycoprotein apo(a) (see 

Section I A). which is attached by a single disulfide bond to apoB- 1 00: the apo(a) and 

apoB 1 O0 are in a 1 : 1 molar ratio in the Lp(a) particle. ( 18) Lp(a) c m  be detected in 

human plasma using antibodies specific for either apo(a) or LDL. (2) Lp(a) can be found 

in hurnan plasma at a density benveen 1 .O2 dm1 to 1.1 O giml. depending on the apo(a) 

isoform sizr (ranging fiom 200 to 800 kDa: see Section 1.4) as well as the lipid 

composition of the LDL componrnt. ( 10) The apo(a) component of Lp(a) contains 

multiple domain repeats known as knngles (see Figure 1.2). Knngles are common in 

plasma protrins invol\-ed in the coagulation and tibrinolytic cascades. where they likeiy 

mediate specitic binding hnctions. (4) Lp(a) shares characteristics with both LDL and 

apo(a) and as such. the pathogenicity of Lp(a) may be attnbuted to either. or both of these 

çomponents (see Section 1.3). 

1.3 Lipoprotein(a) as a Risk Factor for Coronarv Heart Disease - 

The rnajority of epidemiological studies performed over the past three decades 

suggest that elevated plasma levels of Lp(a) confer an increased Rsk for the development 

of atherosclerotic disorders including coronary hem disease (CHD). (2.4) Lp(a) 

3 



Figure 1.2 

General representation of a tri-looped kringle structure. A kringle consists 
of approximately 80 amino acids ( 1 -82), of which six cysteines are paired 
to forrn three inma-kringle disulfide bonds. In apo(a). multiple knngles are 
separated by an inter-kringle domain of approximately 30 amino acids (83- 
109) 



accumulates in the arterial intima at the sites of atherosclerotic lesions, to an extent that is 

proportional to plasma Lp(a) concentration. (2,19,20.2 1) Whether this accumulation is a 

cause or consequence of CHD is unciear, however. The apo(a) component of Lp(a) is 

highly polymorphic (see Section 1 . 4 ,  which complicates the design and interpretation of 

~pidemiological studies. 

The role of Lp(a) in CHD may reflect its similarity to the atherogenic LDL 

particle. LDL can be modified in vitro by chernical acetylation or oxidation to a form that 

is recognized and intemalized by monocyte/rnacrophage scavenger receptors: in vitro 

studies suggest that the LDL-component of Lp(a) c m  be modified in a sirnilar rnanner 

( 2 6 )  Once this uptalce occurs accumulation of modified LDL results in the conversion of 

macrophages into t o m  cells. (27) Foam cells are macrophages that have collrcted 

bencath the vascular endothelium and have been loaded with cholesterol esters. (28) 

Compared to LDL. Lp(a) preferentially accumulates in the intima of vessel walls by 

i ntrractions with numerous extracellular matrix components including 

clvcosaminoglycans. fibronectin. tibrinogen and fibrin. (4) As mentioned above, once 
C 1 

cntrcipped in the vessel wall the LDL component of Lp(a) may undergo oxidative 

modification. Like modified LDL. this oxidized Lp(a) c m  also be a ligand for the 

macrophage scavenger receptor. thereby contributing to foam ceIl formation. (4) 

The similarity of the apo(a) component of Lp(a) to plasminogen (see Section 1.4, 

Figure 1.3) has been proposed to result in the ability of Lp(a) to interfere with the normal 

hnctions of plasminogen. Plasminogen is a zymogen that is cleaved by plasminogen 

activators such as urokinase-type plasminogen activator @PA) or tissue-type plasminogen 

5 



activator ((PA). to generate active plasmin. (7,29) Plasmin in tum cleaves fibrin, thereby 

resulting in the dissolution of fibrin dots. Lp(a) is able to bind to similar substrates as 

plasminogen including proteoglycans, fibronectin, fibrinogen and fibrin. (4) Like 

plasminogen. the binding of Lp(a) to some of these substrates is mediated by a strong 

lysine binding site (LBS) in apo(a) (see Section 1.4. Figure 1.3). (30.3 1 )  Lp(a) has been 

suggested to compete with plasminogen for binding to fibrinogen. thereby interfering 

with plasminogen activation which is essential for the normal fibrinolytic hnction of 

plasrnin. This in tum has been proposed to result in the generation of a prothrombotic 

state itr i i m  Lp(a) has been shown to interfere with fibrin clot lysis Ni vitro (32.33). as 

well as in transgenic mice overexpressing apo(a). (34) Additionall y. an inverse 

relationship has been demonstrated benveen plasma Lp(a) levels and levels of active 

transfonning p w r h  factor beta (TGF-B) in the vesse1 wall. (35) This has been suggested 

to result from the Lp(a)-mediated inhibition of plasminogen activation. thereby resulting 

in a deçrease in the activation of TGF-P. Normally. TGF-f3 is activated fiom its latent 

form by plasmin cleavage: active TGFQ inhibits smooth muscle ce11 prolifention and 

migration. Lp(a) has therefore been proposed to inhibit TGF-8 activation and therefore 

promote smooth muscle ce11 proliferation and migration, which conaibutes to the 

atherosclerotic process. (2.3 5.36) 

1 .J Structure of Apoli~o~rotein(a) - 

Apo(a) is a hiçhly glycosylated protein (-30% carbohydrate weight) which is 

pnmarily synthesized by the liver. (37,38) Apo(a) is highly polyrnorphic. with at least 34 
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different isofomis reported to date, corresponding to proteins which range in mass frorn 

<200 kDa to >800 kDa. ( 1  1,39) The size heterogeneity of apo(a) is controlled by the 

pol ymorphic apo(a) gene locus. ( 1 1,40) tn the Caucasian population the apo(a) gene is 

responsible for >90°/0 of variation in Lp(a) concentrations in plasma. (1 1 ,do) As 

mrntioned above (see Section 1.3), apo(a) shares a high degree of sequence sirnilarity 

with the fibrinolytic proenzyme plasminogen. Plasminogen consists of five distinct 

domains known as knngles, designated K 1-5, which are followed by a C-terminal serine 

protease domain. (39) The protease domain c m  be cittalytically activated by either tPA or 

uPA. (7.29) Apo(a) contains no sequences corresponding to plasminogen kringles 1-3. 

but rather has multiple copies of a kringle homologous to plasminogen knngle 4. 

followd by 3 single copy of a knnçle which shares -90% sequence identity with 

plasminogen knngle 5. followed by a catalytically inactive senne protease-like dornain 

( s r r  Figure 1.3). (7.32.41.42) The apo(a) knngle IV-like domains can be subdivided into 

ten distinct classes on the basis of amino acid sequence and are designated UV,-, , ,  (see 

Figure 1 A). Al! apo(a) isofoms contain a single copy of U V ,  and KIV,-,,, while 

differing numbers of identically-repeated U V 2  sequences, ranging fiom 3 to >jO, form 

the molecular basis of apo(a) iso form size heterogeneity. (39,43) 

Apo(a) KIV domains consist of approxirnately 80 amino acids, which are 

separated by an inter-kringle region of approximately 30 amino acids. (4414). Al1 apo(a) 

KIV domains contain six cysteines which are paired to form three intra-kringle disulfide 

bonds. resulting in a characteristic tri-loop structure (see Figure 1.2). KIV, contains an 

additional seventh unpaired cysteine. which has been s h o w  to be involved in disulfide 

7 
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Plasminogen S: - TI 

1 O0 75-85 

Percent Identity 

Figure 1.3 

Cornparison of the structure of plasminogen and apo(a). Plasminogen 
consists of five distinct kringle domains (K 1-5), followed by an 
activatable C-terminal senne protease domain. Apo(a) consists of 
multiple copies of a kringIe 4-like domain, followed by a single copy of a 
kringle 5-like domain and a catalytically inactive serine pmtease-like 
domain. Amino acid sequence identity of apo(a) to plasminogen for the 
various dornains is indicated. 



Apo(a) isoform size heterogeneity 

Figure 1.4 

Structural organization of apo(a). Apo(a) is subdivided into ten distinct 
classes of knngles. designated KIVI-,, (types I to 10). All apo(a) isoforms 
contain a single copy of KIV, and KIV,,,, while the number of KW2, 
repeats form the molecular basis of apo(a) isoform size heterogeneity. The 
weak lysine binding si tes present in UV,, are designated by diamonds. 
The unpaired cysteine in UV,, which is involved in disulfide linkage to 
apoB, is indicated. The strong lysine binding site in KIV,, is designated 
by a circle. The KV and inactive protease domains are located at the C- 
terminus of the molecule, 



linkage with the apoB- 100 component o f  LDL to fom Lp(a) particles (see Section 1.5.3). 

(45.46) .4po(a) is highly glycosylated and has at least oneN-glycosylation site per KIV 

domain and up to six O-glycosylation sites in each inter-kringle sequence. (47) Apo(a) is 

synthesized as a smaller-sized precursor in the endoplasmic reticulum (ER) (18): 1% and 

O-linked glycosylation occun in the ER and Golgi of hepatocytes. thereby resulting in the 

Iarger mature form observed in plasma. 

K:V,, contains a relatively strong LBS (which is the most similar to plasminogen 

K f  ). which mediates lysine binding of Lp(a) to biological substrates. (29.30.19) Based 

on cornparison with plasminogen K4. the UV,, LBS consists of a conserved seven amino 

açid pocket. (19) This pocket consists of a hydrophobic trough (Trp62. Phe64. Trp72). a 

cationiç site (Arg35. .kg7 1 ) and an anionic site (Aspjj. Asp57). (44) A Trp7PArg72 

substitution phenotype in KIV,,, has been identified in ~ 2 %  of the human population 

\r. hich nbolishcs the lysine binding ability of the corresponding Lp(a) species. (50) .41so. 

an h p 5 7  -4sn57 substitution in KIV,,, of chimpanzees abolishes the LBS propenies of 

U V , , ,  and causes 3 decrease in apo(a) binding to fibrin. ( 5  1) KIV,, each contain a weak 

LBS ( WLBS) which have been suggested to be reqiiired for the initial step in Lp(a) 

assembly (see Section 1.5). (52.53.54.55) These WLBS also consist of a conserved seven 

amino acid pocket (see Figure 1.5). with two modifications compared to the EUV,, strong 

LBS pocket. (44) The hydrophobic region contains T.64 compared to Phe64 in KIV,,. 

Also. the anionic site contains Glu57 cornpared to Asp57 in KIVlo. These changes have 

been predicted to cause a decrease in lysine binding ability of K I - ,  compared to that of 

KIV,,,. 



Asp 55 

Figure 1.5 

Ribbon diagram of the weak lysine binding site of UV., consisting of a 
conserved seven amino acid pocket. The pocket is fomed by a cationic 
site consisting of .kg35 and Arg7 1, an anionic site consisting of Asp55 
and Glu57 and a hydrophobic trough consisting of Trp62, Tyr64 and 
Trp72. Also modeled is the position of the lysine analogue 6- 
arninocaproic acid (E-ACA). [Model kindly provided by Dr. Zongchoa Ji% 
Deparunent of Biochemistry, Queen's University, Kingston, Ontario] 



1.5 Assemblv of Li~o~roteinlal  - 

Although apo(a) can be synthesized and secreted fÏom hepatocytes independently 

of apoB-containing lipoproteins. very liale free apo(a) is found in hurnan plasma. (45). 

Rather. the majority of plasma apo(a) is covalently linked to LDL. Therefore, covalent 

nssrmbly of apo(a) and apoB appears to be essential for the presence of circulating Lp(a) 

in human plasma. As such. much work has been done to understand the process of Lp(a) 

formation. 

1. j. l Site of' lpla) .-hsemblr 

ApoB- 100 is produced by the liver in humans. while a truncated form of apoB. 

apolipoprotein BAS (apoB-18). is produced in the human intestine. ( 12) ApoB- 100. 

consisting of 4536 amino acids. is the major protein component of a number of plasma 

lipoproteins. including very Iow density lipoprotein (VLDL), intermediate low density 

lipoprotein (IDL) and low density lipoprotein (LDL). (13) Pulse-chse studies using 

human hepatocytes ( HepGZ) have suggested that translocation of apoB- 100 across the 

rndoplasmic reticulum (ER) lumen and lipid transfer to apoB-IO0 occun CO- 

translationally. (55.56) r\po(a) is also synthesized in the liver as demonstrated by 

transplantation studies. (57) A debate currently exists about the location of apo(a) and 

apoB- 1 O0 assembly to f ~ r m  Lp(a) particles. Very linle free apo(a) is detectable in human 

plasma (45). suggesting assembly with apoB-100 prior to or immediately after secretion 

fiom liver cells. Recent studies usinç a recombinant 6 kringle (6K) form of apo(a) 

expressed in HepG? cells demonstnted the presence of Lp(a) in ce11 lysates, suggesting 
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intracellular assembly (58)? although earlier studies (46) using a 17 kringle ( l7K) form of 

r-apo(a) failed to detect an intracellular Lp(a) species. Using human liver samples, it was 

demonstnted that apo(a) and apoB are not associated in the liver. (59) Funher snidies 

using baboon hepatocytes reinforced the notion of extracellular Lp(a) assembly. (18,60) 

Co-irnmunoprecipitation of apoB- 100 with apo(a) was inhibited by supplementation of 

the conditioned media (CM) fiom baboon hepatocytes with goat anti-human apo(a) anti- 

semm [anti-apo(a)]. which suggested that apo(a)-apoB assembly is extracellular. 

.-\dditionally the lysine analog 6-amino hexanoic acid (6-AHA) inhibited Lp(a) assembly 

when added to the medium of the baboon hepatocytes. (60) I t  has been suggested that 

Lp(a) assembly may occur on the surface of the hepatocytes (60): addition of 6-AHA and 

prolinr was shown to reiease apo(a) from the hepatocyte surface. probably by disrupting 

kringle interactions with the ce11 surface. (60) Kringles responsible for ce11 surface 

binding appear to be masked in the context of Lp(a) since addition of apo(a) and Lp(a) to 

cell culture show binding of apo(a). but not Lp(a) to the ceIl surface. Supplementation of 

culture medium with LDL caused the release of ce11 surface bound apo(a) in the fonn of 

Lp(a). Protein disuifide isomerase (PDI) in the ER is known to play a role in intra- 

disultide binding of apoB which affects translocation and secretion of LDL. (61) The ce11 

surface assembly of Lp(a) has also been suggested to be catalyzed by PD1 that may be 

present in the outer ce11 membrane. (62) 

I .j.l Meclianism ofLpp(o) ilssernb& 

Lp(a) assembly is a two step process, in which initial non-covalent association of 
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apo(a) and apoB is followed by the formation of a covalent bond between the hvo species 

(see Figure 1.6). (53) A number of studies have been performed to establish which 

scquences in apo(a) and apoB are required for Lp(a) assembly. The presence of WLBS in 

cach of KIV, to KIV, have been demonstrated (52) ;  sequences within KIV,, appear to be 

required for non-covalent interaction with apoB. (52.63) This non-covalent interaction of 

apo(a) and apoB can be inhibited by lysine, lysine analogues. proline. arginine and 

phenylalanine. (51.64) The WLBS in apo(a) are proposed to be masked in the context of 

covalent Lp(a) particles. (39.52) Support for this mode1 cornes tiom electron microscopy 

studies showing that both non-covalent and covalent interactions of apo(a) and apoB are 

mrdiated by the C-terminal half of apo(a) (Le. KIV,,,). while the N-terminus (i-r. N- 

rrrminal halt) of apo(a) extends out tiom. and is not directly associated with the Lp(a) 

panicle. (65) The single disuifide bond between apo(a) and apoB in Lp(a) particles has 

brçn shown to involve the tiee cysteine in apo(a) KIV, and a cysteine within the C- 

terminal 5090 of apoB. (45.46.66.67.68.69.70) 

1.5.3 .-himal :Clodelsfor Lp(a) .ksemb[v 

Transgenic mice have been genented that express recombinant human apo(a) [r- 

apo(a)]. (7 1.72) In contrast to what is found in humans, the apo(a) was shown to circulate 

in an uncomplexed tiee form in the plasma of these mice. No Lp(a) was detected in the 

transgenic mouse plasma, indicating that human apo(a) and mouse LDL do not associate 

to form covalent Lp(a) particles. When the mice were injected with a bolus of human 

LDL. Lp(a) could then be detected in the plasma. (7 1) Also, double transgenic mice 
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Figure 1.6 

Schematic representation of the two step Lp(a) assembly model. Weak 
lysine binding sites in UV,, associate non-covalently with apoB: this 
association is inhibited upon addition of lysine, lysine analogues, proline, 
arginine and phenyldanine. In this rnodel, the initiai non-covalent 
association aligns KIV, of apo(a) with a free cysteine in apoB (Cys3734). 
A covalent disultide bond is fomed between the two proteins. completing 
the second step of Lp(a) assembly. 



expressing both human apo(a) and human apoB contained detectable Lp(a) in their 

plasma. (77) Interestingly, transgenic rabbits expressing human r-apo(a) contain plasma 

Lp(a) particles composed of human apo(a) and rabbit LDL. (3) This suggests the 

possibility for cornparison benveen rabbit, mouse and human LDL in helping to 

understand sequence requirements in apoB for Lp(a) assembly. 

I .  5.4 Seqirsnce Requirements Nt ApoB- 100 for Lp(a) Formation 

The identity of the cysteine of apoB- 100 involved in the disulfide bond with 

apo(ri) is somewhat controvenial. although it has generally been s h o w  to be located in 

the C- teminal 50% of apoB. (66.67.68.69.70) Two fiee cysteines on the surface of LDL 

have been detected ( 16). but the exact identity of the cysteine residue in apoB- 100 

involved in disultide linkage with apo(a) is unclear. Contlicting evidence points to either 

the Cys373-i (66.67) or Cys4326 (65.69) ofapoB- 100 being involved in disultide linkage 

to apo(a) to form Lp(a). Due to a combination of evidence generated by tluorescent 

labeling of apoB 100 and cornputer modeling showinç its surface accessibility. Cys3734 

has been suggested to be involved in the disulfide linkage with apo(a). ( 1  6.67) SevenI 

ELISA-based studies [Koschinsky et a1 (66) and Rahman et a1 (741, have shown that a 

synthetic apoB fragment corresponding to amino acid sequence 3732-3745 (i.e. spanning 

Cys373.1) binds r-apo(a). Although binding measured is non-covalent and does not 

directly implicate Cys3731 in disulfide interaction with apo(a), it suçgests that 

surrounding amino acids may mediate initial non-covalent interaction. thus promoting a 

specific disulfide bond. Contradictory results were found when n t  hepatocytes (McA- 
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Rh7777) were transfected with variably C-terminal truncated apoB species. (70) Al1 

truncations analyzed (as large as apoB-94, i.e. containing the arnino-teminal94% of 

apoB) did not result in covalent association with r-apo(a). Cys3734 is contained within 

apoB-91, which was interpreied to suggest that Cys4326. which is present within the C- 

teminal 6% of apoB- 100. may be responsible for disulfide linkage to apo@). 

Amino terminal sequences of apoB have been implicated in the initial non- 

covalent step of Lp(a) assembly. (73) Full len-gh apoB 100 and C-terminal mincations of 

apoB were stably expressed in McA-RH7777 cells. CM from cells expressing the various 

truncations were then passed over atxnity columns consisting of either a 17K r-apo(a) or 

KIVI., r-apo(a) immobilized on Sepharose beads: specifically bound protein was 

considered to bc that eluted by the addition of the lysine analogue mrninocaproic acid ( E -  

C A .  It was found that al1 apoB constructs mater than and including apoB29 bound 

completely to the apo(a) affinity columns. whereas apoB 18 exhibited a decrease in 

binding affinity and apoB 15 did not bind to either colunin. These results indicaie that 

srquences within the amino terminus of apoB (between the amino terminal 15%- 18% of 

the molecule. corresponding to amino acids 680 to 78 1 )  play an essential role in non- 

covalent interaction wi th apo(a). 

1.j.j Seqilence Requiremenrs in Apola) for L p ( 4  Formation 

A number of studies support the mode1 fiom electron microscopy studies which 

showed that the C-terminal half of apo(a) mediates both the non-covalent and covalent 

interactions with apoB. (63) The apo(a) cysteine residue invoived in disulfide linkage to 
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apoB has been identified by site-directed mutagenesis as Cys4057, the seventh unpaired 

çystrine in KIV, (see Section 1 A). (15.46) 

The electron rnicroscopy studies (65) are also consistent with a role for knngles 

containing WLBS of apo(a) in the initial non-covalent association with apoB- 100. 

Studies using COS cells (fiom Atiican green monkey C. uethiops kidney) transfected 

with a series of tmncated apo(a) denvatives showed that the presence of the KIV, was 

required for efficient Lp(a) assembly. (75) This study also demonstrated that the spacing 

or distance between UV,  and KIV, was important. with a required length corresponding 

to two KIV sequences. The importance of initial non-covalent interactions between 

WLBS of apo(a) and apoB was Funher shotvn by studies using baboon hepatocytes. (60) 

The accumulation of  Lp(a) was obsewed in the culture medium of the hepatocytes. The 

addition of the lysine analog 6-AHA caused an inhibition of Lp(a) iissembly. providing 

tùnhrr widcnce that the LBS are required for efficient assembly. Additional studies have 

bren performed by Trieu and McConathy utiiizing Chinese Hamster Ovary (CHO) cells 

transfeçted with tmncated apo(a) derivatives. (53) They showed that a C-terminal 

derivative of apo(a) containing apo(a) KIV, and KIV,,, followed by the KV and protease- 

like domains cannot bind to apoB. Inclusion of N-terminal sequences indicated that 

KIV,. and possibly UV-. are required For the initial non-covalent interaction of apo(a) 

and apoB- 100. Reducing the number of KIV: sequences from 28 to 17 did not affect the 

non-covalent interaction of apo(a) and LDL. (53) This seems to contradict the inverse 

correlation between apo(a) size and Lp(a) concentration in plasma, thus suggesting a 

possible role for KIV? sequences in apo(a) secretion efficiency. (6.22) 
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Our lab has also exarnined non-covalent Lp(a) assembly using a variety of N- and 

C-terminal tmncations of apo(a) for binding studies. (66,76) Results demonstrate that 

removal of KIV, domains increases Lp(a) assembly efficiency: the 12K r-apo(a) 

derivative (containing three KIV, domains) bound non-covalently to irnmobilized LDL 

with a slightly greater at3nity than the 17K r-apo(a) denvative (containing eight KIV. 

domains) ( 1 l K  Kd=340 nM vs 17K &=530 nM). This contradicts work by Tneu and 

klcconathy (53) which suggested no role for the number of UV2 domains in Lp(a) 

assembly. This suggests that a cntical number of UV, domains can affect Lp(a) 

assembly. Additional U V 2  domains above this critical number may cause structural 

çonstroints for apo(a)-apoB association. thereby impeding L p(a) assembl y. This also 

srrms to suggest that the inverse relationship between apo(a) size and plasma Lp(a) levels 

may retlrct. at least in part. the etriciency of Lp(a) formation. particularly for very small 

apo(a) isoform sizes. Results tiom our lab (66.76) suggest that the WLBS in UV,  does 

not play a signiiicant role in the non-covalent association of apo(a) and apoB-100, since 

cornparison of K, values between the KIV,, derivative (lacking KIV,. Kd= 1800 nM ) and 

the 6K derivative (containing a KIV,/IUV, hybrid, &=670 nM) shows that removal of 

KIV, 3c~a l l y  increases apo(a) affinity for immobilized LDL. In theses studies. sequential 

removal of WLBS-containing kringles resulted in a decrease in non-covalent binding 

affinities to irnmobilized LDL (KIV,, Kd=670 nM; KIV7.,, &=1800 nM: KIV,-, 

K,=j 100 nM) with no binding detected upon removal of UV,. C-terminal deletions of 

the 6K constmct from the protease domain to UV,, with WLBs remaining, also exhibited 

decreases in binding afinities, but never a complete loss of binding (6K, &=670 nM; 
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6 U V P .  K,= 1600 nM: UV,, k&=2000 nM: KIV,,, Kd=7900 nM). Cornparison of the 

binding aftïnities for KIV,, and UV, contradicts the lack of a role for KIV, in non- 

covalent binding to apoB-100. .41so, additional studies in our lab using a purified KIV, 

domain rxpressed in E. cdishowed the ability of this kringle to bind. albeit weakly. to 

irnmobilized LD L. (71) This interaction was inhibited by lysine, arginine and 

phenylalanine. These results suggest that the UV, can play a small role in non-covalent 

binding to apoB- 100. Also, site-directed mutagenesis of a key lysine binding site residue 

in KIV,,,. Trp7PArg72. in the context of 17K recombinant apo(a) [r-apo(a)] did not 

affect non-covalent Lp(a) apo(a)-apoB-100 interaction. (3 1 )  This suggests that the lysine 

binding hnction of KIV,,, is not required for Lp(a) assembly. Analysis of a consmict 

cnçoding cipo(a) UV,, resulted in the observation of increased non-covalent binding 

affinity compared to a derivative containing UV, (UV,,. &=7900 nM; KIV,,. Kd- l  100 

n.LI ). (73)  Again. this supports previous results that the removal of U V ,  increases apo(a) 

J ftinity for immobilized LDL. suggesting that apo(a) KIV,, mediates the non-covalent 

association of apo(a) and apoB- 100. (66.76) Also. non-covalent apo(a)-apoB interactions 

using both the 17K and the UV,, derivatives were shown to be inhibited by the addition 

of arzinine. phenylalanine, proline, lysine and lysine analogues. The results suggest that 

these amino acids can interact with apo(a) through WLBS present in KIV,, UV,. and/or 

KIV,. thus disrupting initial non-covalent interactions between apo(a) and apoB. This is 

consistent with studies by Kostner et ai (77) demonstrating an initial role for KIV, and 

KIV- in the initial non-covalent interaction of apo(a) and apoB-100. 



In an additional study, Gabel et al. (54) generated stably-transfected human 

embryonic kidney (293) cells expressing a battery of mincated recombinant apo(a) 

derivatives. al1 of which contained the KIV, sequence required for covalent Lp(a) 

formation. Analysis of the initial rate at which successive apo(a) N-terminal truncations 

tomrd covalent Lp(a) particles over the tint two hours and the maximum eficiency of 

Lp(a) formation was detemined. Cornparison of covalent Lp(a) formation of 17K and 

12K r-apo(a) derivatives (containing eight and five KIVI domains. respectively) showed 

that removal of KIV, knngles results in increased Lp(a) assembly rate (0.9 nrno1.L-' h'l 

and 1 .S nrnol L" h". respectively) and increased efficiency of formation (-700'0 and -8994~ 

respectively ). While Trieu and McConathy (53) did not detect an effect of reducing KIV: 

number ( h m  19 to 17) on Lp(a) assembly. Gabel et al. (54) observed an etyect by 

reducing the number of KIV, sequences (ffom eight to five). This suggests that a KIV, 

number greater than eight has no tiirther effect on Lp(a) assembly. The N-terminal 

truncation. 6-P (encoding a C-terminal sequence of apo(a) from KIV, to the protease-like 

domain). showed an increase in rate (1.3 nmol-Le' h") and the same efficiency of 

formation ( - S O O / o )  when compared to the 6K (encoding an N-terminal KIV,/KIV, hybnd 

in addition to the 6-P sequence) rate (3.1 nmol-L"-h") and efficiency of formation (-80%). 

The N-terminal truncation 7-P (encoding a C-terminal sequence of apo(a) îiom KIV, to 

the proteasc-like domain) showed a similar rate (3.7. nmol-L"*h") and etEciency of 

formation (-80%) when compared to 6K. but the rate of fomation was slightly decreased 

compared to the previous truncation 6-P. This suggests that UV, plays a role in the 

initial non-covalent interaction of Lp(a) assembly. Further N-terminal deletions. 8-P and 
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9-P (encoding C-terminal sequences of apo(a) fiom UV, to the protease-like domain and 

from KIV, to the protease-like domain, respectively) showed an even more drastic 

decrease in rate ( 1.63 mol-L-'.h" and 0.3 nmo1.L-'-h". respectively) and efficiency (-57% 

and -120h. respectively) of Lp(a) formation, comparing 9-P to 8-P and cornparhg both to 

the 7-P truncation. Also. when the UV,, denvative was used to form r-Lp(a) particles 

this Lp(a) was unable to bind io lysine-Sepharose, suggesting that the WLBS are 

"maskrd" in the context of Lp(a) and that the strong LBS in UV,, mediates lysine- 

dependent binding of Lp(a) to biological substrates. Taken together, these data suggest 

that WLBS in KIV,. UV,. and KIV,, as well as sequences in UV, are responsiblr for the 

initial non-covalent binding of apo(a) and apoB in Lp(a) assembly. These studies are 

limi trd in their physiological relevance due to the use of truncated derivatives of apo(a). 

which çould affect apo(a) conformation. .As such. abolishment of WLBS in the context 

LI f p hysiolo sical relevant apo(a) derivatives would be more usetiil. 

1.6 Objectives and Hv~othesis 
7 

The goal of the present study is to tùrther anal. the mechanism of Lp(a) 

assembl y and specifically the roie of apo(a) WLBS in this process. Apo(a) denvatives 

have been genented in which WLBS in U V  types 6-8 have been mutated either singly or 

in combination. These mutants have been generated in the context of the 17K derivative, 

which corresponds to a physiologically-relevant apo(a) isoform both in ternis of size and 

knngle composition. These derivatives were then utilized to study both non-covalent and 

covalent Lp(a) formation. 



We hypothesize that disruption of these WLBS will cause a decreased affinity o f  

apo(a) for the apoB component of  LDL, resulting in a decrease in both non-covalent and 

covalent association between these two molecules. 



Materials and Methods 

2.1 Construction of Plasmids Encoding 17-krinde Recombinant Apoli~oprotein(a) - - 

&I utant Derivatives 

Experiments were performed utilizing 17 kringle ( l7K) r-apo(a) species (wild- 

type and mutant derivatives). Sequences encoding the wild-type 17K r-apo(a) were 

lissembled in the pRK5 expression plasmid (75) as previously described (pRKjhal7 

plasrnid). ( 3 5 )  Constmction of 17K derivatives containing point mutations, resulting in 

the substitution of Glu56-+Gly56 (see Figure 2.1) in the weak lysine binding sites 

(WLBS) in apo(a) KIV,, UV., and KIV, was performed as described below (see Figure 

2.1). Thrse mutations cause the disruption of the WLBS and result in decreased binding 

to lysine-Sepharose columns. ( 5  1 : W. Sangaar. unpublished data: B. Gabel. unpublished 

data) 

1.1.1 Cotisn~rcrion d a n  Evpression Plusrnid E~tcoding rhe 17KAWLBS6 Derirative 

The plasmid encoding the 6K r-apo(a) denvative (pRKSha6 plasmid) (54) was 

used as a PCR template in the constmction of an expression plasmid encoding the 

17KSWLBS6 derivative. Primers 1 and 2 (see Table 2.1 ) were used to produce a 695 bp 

PCR product (product 1 )  which was cloned into EcoRV-digested pBluescript SK*. 

Primers 3 and 1 (see Table 2.1 ) were used to produce a 505 bp PCR product (product 2) 

which was cloned into EcoRV-digested pBluesaipt SEC; fragments in pBluescnpt were 

verified by DNAsequence analysis. A 636 bp restriction fragment (generated by digestion 
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Asp 55 

Figure 2.1 

Ribbon diagram of  KIV. showing the position of the mutation 
(Glu57+Gly57) in the weak lysine binding site; the mutation was 
introduced in analogous positions in KIV, and KIV,. [Model kindly 
provided by Dr. Zongchoa Jia, Department of  Biochemistry, Queen's 
University, Kingston. Ontario] 



of product 1 with EcoRl and NgoMIV) and a 499 bp restriction t'ragment (generated by 

digestion of product 2 with NgoMIV and EcoRI) were used for a 3-part ligation into 

EcoRI-digested pBluescript. The resulting clone was digested with EcoRVdafII to 

produce a 730 bp fiagrnent containing the WLBS mutation. The pRK5ha6 plasmid 

digested together with .larII/Safl. together Mth the 730 bp EcoRVrlatIt fragment were 

used for a three-part ligation into the wild-type p K 5  expression plasmid that had been 

digested with EcoRVSan: the resulting plasmid was designated pRKjha6AWLBSb. This 

plasmid was digested with EcoRVISmal to produce a 1896 bp tiagment which then 

ligated into the pRKjhal7 plasrnid digested with EcoRVISmal: a 342 bp Smai fragment 

(rncoding KIV,) was ligated into this Smal-digested plasmid to give the tinal expression 

plasmid desikgated pK5ha 1 7AWLBS6. 

1-12 C O ) I S O ~ I C ~ ~ O ~ I  q f a ~ t  fipression Plusrnid Drcodi~tg rhe 17h2lVLBS7 Deriwrir*e 

The pRK5ha6 plasmid was used as a PCR template in the constmction of an 

expression plasmid rncoding the I7KSWLBS7 derivative. Primers 5 and 6 (see Table 

2 .  1 )  were used to produce a 239 bp PCR product (product 3) which was cloned into 

EcoRV-digested pBluescnpt SEC. Primen 7 and 4 (see Table 2.1 ) were used to produce 

a 19-4 bp PCR product (product 4) which was cloned into EcoRV-digested pBluescnpt 

SK': fragments in pBluescnpt were verified by DNA sequence analysis. A 233 bp 

restriction fragment (generated by digestion of product 3 with EcoRI and NgoMIV) and a 

192 bp restriction hgment (generated by digestion of product 4 with NgoMIV and 

EcoRI) ae re  used for a 3-part ligation into EcoRIdigested pBluescript. The resulting 
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clone was digested with EcoRi/AatII to produce a 41 7 bp Fragment containing the WLBS 

mutation. The pRKjha6 plasmid digested to produce a 730 bp EcoRUAatII fiagment. 

together with the 4 17 bp EcoRVAatII fragment were used for a three-part ligation into 

EcoRI-digested pBluescript SK-. The resulting clone was digested with EcoRYHgal to 

produce a 10 13 bp fiagrnent containing the WLBS mutation. The pRKjha6 plasmid 

digrstrd with HguIiBalI to produce a 5 16 bp fragment together with the 10 13 bp 

EcoRIiHgaI tiagment were used for a three-part ligation into a pRKSha6 plasmid lacking 

srquences encoding the KV and protease domains (pRKSha6AVP) (54) digested with 

ECoRI/Ban. The resulting clone was digested with .4vrII and a 1 675 bp .4vrlI fngment 

h m  the pRKjha6 plasmid (encoding the protease domain) was cloned into the vector; 

the resulting plasmid was designated pRKSha6AWLBS7. This plasmid was digested 

nith ECoRVrSniaI to produce a 1896 bp hbment  which then ligated into the pRKjha17 

plasmid digested with EcoRVISmat: a 342 bp SmaI tiagment (encoding KIV,) was ligated 

into this St?taI-digested plasmid to give the final expression plasmid desiçnated 

pKShal7AWLBS7. 

1 . 3  Commrcriorr of art Erpression Piasmid Emoding the I 7KA CVLBSS Den'wtive 

The pRKjhaKiV,, plasmid (79) was used as the tint PCR template in the 

construction of an expression plasrnid encoding the 17KAWLBS8 denvative. Primers 1 

and 6 (see Table 2.1 ) were used to produce a 1026 bp PCR product (produci 5) which was 

cloned into EcoRV-digested pBluescript SK'. The pRKjhaKIV,-, plasmid (54) was used 

as the second PCR template in the conshuction of an expression plasrnid encoding the 
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1 7 U  WLBS8 denvative. Primers 8 and 9 (see Table 2.1 ) were used to produce a 1973 

bp PCR product (product 6) which was cloned into EcoRV-digested pBluescript SK*: 

fragments in pBluescript were verified by DNA sequence analysis. A 757 bp restriction 

( i apen t  (çenerated by digestion of product 5 with EcoRi and NgoMIV) and a 1972 bp 

restriction fiagrnent (generated by digestion of product 6 with iVgoMIV and EcoRl) were 

used for a 3-pan ligation into EcoRI-digested pBluescript. The resulting clone contained 

a 101 bp EcoRI/.-fatII fragment (upstrearn tiom the WLBS mutation) which was removed 

and replaced with a 730 bp EcoRUAariI fngment (see Section 2.1.2) fiom the pRKjha6 

plasrnid. The resulting clone was digested with Ban to produce a 1796 bp tiagment 

containing the WLBS mutation: this fragment was ligated into the pRKSha6AVP plasmid 

ivhiçh had bern diyrsted with Ban. The resulting clone contained a 580 bp Aw-11 

ka-ment which was removed and replaced with a 1675 bp dvrI1 fragment tiom the 

pRK5ha6 plasmid (encoding the protease domain); the resulting plasmid was designared 

pRKjha6AWLBSS. This plasrnid was digested with EcoRViSmal to produce a 1896 bp 

fiabment which then ligated into the pRKjha17 plasmid digested with EcoRVISmaI; a 

317 bp Smal fragment (encoding KIVI) was ligated into this Smal-digested plasmid to 

cive the final expression plasmid designated pKSha 1 7AWLBS8. 
b 

2.1.4 Constnrction of an Eipression Plumid Encoding the I 7KA WLBSO. 7 Derivative 

The pRKjha6AWLBS6 plasmid (see Section 2.1.1) was digested with 

EcoRI/.-latII to produce a 730 bp Fragment (encoding for the KIV, and KIV, domains). 

The pRKjha6AWLBS7 plasmid (see Section 2.1.2) was digested with AurIIlEcoRV to 

28 



produce a 162 1 bp tiagment. The 730 bp restriction hgment and the 162 1 bp restriction 

hg-nent were used for a 3-part ligation into EcoRVEcoRV-digested pRKha6 plasmid; 

the resulting plasmid was designated pRKSha6AWLBS6,7. This plasmid was digested 

with EcoRVISmal to produce a 1896 bp fragment which then ligated into the pRK5ha17 

plasmid digested with EcoRVISmaI: a 312 bp SmaI fragment (encoding UV,) was ligated 

into this Snia 1-digested plasmid to give the final expression plasmid designated 

pK5ha 17AWLBS6.7. 

2.1.3 Comtnrcfion oJon fipression Plasrnid Encoding the I7KAWLBS7.8 Derivative 

The pRKjha6 plasmid was linearized with NgoMIV. The linearized plasmid was 

rhen blunt-ended with Mung Bean Nuciease (MBN; NEB) and re-ligated. resulting in the 

removal of the XgoMIV site. designated pRKjha6hiVgoMIV. The pRKjha6AWLBS7 

plasmid (sre Section 1.1.2) was digested with EcoRIhVgoMIV producin~ a 954 bp 

hqn-irnt. The pRKjhû6AWLBSS plasmid (see Section 2.1.3) was digested with 

.VgobtIV!Safl producing a 1906 bp fragment. The 954 bp restriction fragment and the 

1906 bp restriction fragment were used for a 3-part ligation into the pRKSha6MgoMIV 

plasmid that had been digested with EcoRVSan: the resulting plasmid was designated 

pRK5ha6AWLBS7.S&VgoMIVV The pRKjha6AWLBS7 plasmid (see Section 2.1.2) was 

used as a PCR ternplate in a subsequent step in the construction of an expression plasmid 

encoding the 17KAWLBS7.8 denvative. Primers 5 and 6 (see Table 2.1 ) were used to 

produce a 57 1 bp PCR product (product 7) which was cloned into EcoRV-digested 

pBluescnpt SK-: the fiabment in pBluescript was verified by DNA sequence analysis. A 
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312 bp restriction fragment (generated by digestion of product 7 with NgoMIV) was 

ligated into the pRKShaMWLBS7,8MgoiMIV plasrnid that had been digested with 

YgoM1V; the resulting plasmid was designated pRKjha6AWLBS7.8. This plasmid was 

digestrd with EcoRVISmaI to produce a 1896 bp fragment which then ligated into the 

pRK5ha 17 plasmid digested with EcoRVISmaI: a 342 bp SmaI fiagrnent (encoding UV,) 

w as ligated into this Smn I-digested plasmid to give the final expression plasmid 

desi p i e d  pK5ha 1 7AWLBS7.8. 



Primer ;C Sequence 

1 CCACAGGTGTCCACTCCC 

3 - AGGACTAATGCCGGCATCTGGATTCCT 

3 AATCCAGATGCCGGCATTAGTCCTTGG 

4 CCTGGACCCCAGTGCTGTTT 

5 GTCC ACGGCTGTTTCTGMC AA 

6 GCGAATCCCGGCATCTGGATTCCT 

7 CCAGATGCCGGC,\TTCGCCC?TGGTGnAT 

S CCAGATGCCGGCATTCGCCCTTGGTGTTAC 

9 TAACCATTATAAGCTGC 

Table 2.1 

Table of primers used for PCR amplitication in the consmiction of the 
1 7 U W L B S  derivatives. Restriction sites are underlined, while rnutated 
residues are in bold. 



Figure 2.2 

Identification of WLBS mutations in the 17K r-apo(a). Apo(a) contains 
ten types of kringle IV ( U V )  sequences (UV,- UV,,) followed by a 
single copy of the kringle V (KV) and protease-like (P) domains. This is a 
schematic of the 17 kringle r-apo(a) which contains eight copies of the 
KlV, sequence. and corresponds to a naturally-occurring apo(a) isoform. 
Diarnonds indicate weak lysine binding sites (WLBS) present in each of 
the KIVI, KIV,, KIV-. and KIV, with site-directed mutants labeled 
accordingly. The circle represents a strong lysine binding site present in 
apo(a) KIV,,. 



2.2 Isolation of 17K r-apo(a) A ~ o l i ~ o ~ r ~ t e h ( a )  and Mutant Derivatives - 

2.7.1 Trunsfectio>i andErpression of 17K r-apola) IVild-Qpe and iMirtant Derivatives 

Human rmbryonic kidney (293) cells were routinely cultured at 3PC in Minimal 

Essential Medium (MEM; GibcoiBRL) supplemented with 5% Fetal Calf Serum (FCS; 

ICN). Cell lines expressing 17K r-apo(a) (wild-type and derivatives) were generated by 

transfection of 293 cells by the calcium phosphate CO-precipitation method. (80) 

Transient transfections of 293 cells expressing r-apo(a) derivatives, used in covalent 

nssembly assays (see Section 2.4.3). were generated by transfection with 10 pg of 

expression plasmid prr 100 mm plate. Transiently aansfected cells were rescued 5 houn 

post-transfection by washinj with phosphate buffered saline (PBS) and incubated at 37°C 

in OptiMEM (Gibcoj BRL: 6 rn1/ 100mm plate) for 48 hr. At this time. the conditioned 

media (CM) was harvested and claritied by brief centrifugation ( B e c h a n  H-20.4000 

rpm for 5 min ). Lrvels of apo(a) in the CM were determined by Enzyme-linked 

Immunosorbant hssay (ELISA) (see Section 2.2.1) and the CM was stored at -2VC pnor 

to use. Cells stably expressing r-apo(a) derivatives. which were used for non-covalent 

binding assays (see Section ?A.?), were generated by calcium phosphate CO-precipitation 

(80) with 10 pg of expression plasmid and 1 pg of a plasmid encoding the neomycin 

resistance gene (8 1 ) per 100 mm plate. Stably-transfected cells were rescued 5 hr post- 

transfiction by washing cvith PBS and then incubated at 37°C in serum-containing MEM. 

Stably-transfected cells were selected by culturing cells in the presence of the selective 

agent Geneticin (G-118: Gibco/BRL: 800 @ml of media). AAer several weeks. G4 18- 
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resistant foci were removed from the 100 mm plates and transferred to 24-well plates. 

Lrvels of expression were determined by ELISA (see Section 2.2.2). Cells expressing the 

highest levels of apo(a) were ihen transferred to 100 mm plates. Dilution cloning of each 

linr was then performed to obtain clonal populations. Stably-expressing lines were used 

to seed roller bottles (Coming). Cells were allowed to adhere to roller boales for a 48 hr 

period. at which time MEM was replaced with OptiMEM for subsequeni harvests. CM 

WU, collecred every three days for approximately one month; media was cluified by bnef 

çentritùgation (Beckrnan 5-68.3000 rpm for 5 min) and stored at -20UC. 

2. :. : Deremi~iatio~i of rlpolipoprofein(a) Concenrration b-v Enzme-iiizked 

htnrlimrorbanr .-Issa>- (ELlS.4) 

The sheep polyclonai capture antibody. -5-33A [nised against 1 7K r-apo(a)], 

\vas imrnobilized in microtiter wells [ I  0 pg/ml in coating buffer (50 mM NaHCO,, pH 

9.6: 100 pl/ wrll)] overnight at 4°C. The wells were washed four times with 150 pI/weil 

PBS-Tween (PBST: PBS containing O. 1 % Tween-20). The wells were then incubated 

with 1 50 pl/well blocking buffer (PBS containing 0.2% BSA) at 4°C for 2 hr. to block 

non-specific binding sites. Wells were then washed four times with PBST. The purified 

17K r-apo(a) wild-type derivative was used as a standard for the assay (O pM io 20 pM in 

HBS containing 1 % BSA and 0.1% Tween-70). CM from transfections (stable or 

transient transfections. as describeci in Section 2.2.1) were diluted 1 : 100 in diluent buffer 

to produce the stock concentration: 1 2  dilution of the stock, followed by subsequent of 

i !Z dilutions in diluent bufier were perfonned. The wells were incubated with 100 

34 



pl/well of each r-apo(a) denvative media at 4°C for 1 hr. Wells were then washed four 

times with PBST. The wells were then incubated with 100 p h e l 1  of a 1 :3000 dilution of 

the primary antibody in diluent buffer at room temperature for 2 hr. The primary 

antibody was the monoclonal antibody, Mab34, that is specific to the protease-Iike 

domain of apo(a). AAer incubation with the primary antibody the wells were washed four 

times with PBST. The wells were then incubated with 100 pYwell of a 1:3000 dilution of 

mi-rnouse IgG conjugated to horseradish peroxidase at room temperature for 1 hr. The 

wlls  were then washed four times with PBST. Detection of second.. antibody binding 

was pertbnned by addition of 100 pl/well colour development buffer (0.05 M phosphate- 

citrate buffer. pH 5.0. containing 1 O-phenylenediamine tablet. 0.4 mgiml. and 1.2% 

H.O.). + - The colour reaction was stopped by the addition of 50 pYwell of 2.0 M H2S0,. A 

TiterTsk plate reader was used to mesure absorbance readings at 190 nm and 630 nm. 

Linctar re~gcission was perfomed on readinss from the 17K r-apo(a) wild-type denvative 

standard and concentrations of apo(a) in CM hxvests were determined using the standard 

c u n c  

2 - 2 3  Ptlrtfication oj' 17K r-apo(a) CVild- Ti  pe and Mutant Derivaiives 

Cultured media fiom ceil lines stably expressing each r-apo(a) denvative was 

thawed and filtered. A lysine-Sepharose C L 4 B  (Pharmacia) column was used for the 

purification of each r-apo(a) derivative by atxnity chromatopphy, as previously 

described. (54) Brietly. the column (10 ml) was equilibrated with PBS, pH 7.4 

containing 0.5 M NaCl( PBSNaCI). CM fiom each stably transfected ceil line was 
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passed over the column. The colurnn was then washed with 10 column volumes of 

PBSiNaCl to elute non-specifically and weakly-bound proteins. Derivatives of r-apo(a) 

were then eluted with PBSNaCl containing 0.2M & - K A  to elute specifically-bound 

apo(a) denvatives. Fractions containing protein, as detemined by measuring the 

absorbance at 230 nm, were pooled in dialysis tubing (Fisher) and dialyzed against 

HEPES Buffered Saline (HBS) (four changes of 4L each). Polyethyleneglycol (Fluka) 

with a molecular weight cut-off of 20 000 (PEG-20 000) was used to concentrate the 

protein to a desirable volume/concentration. Final protein concentration was determined 

by rneasuring absorbance at 280 nm using an extinction coefficient detemined by the 

tyrosine difference spectral method. (38) Purified proteins were aliquoted and stored at - 

70°C. 

2.2. J SDS-PA GE dna[isis of1 7K and Mutant Derivarives Prodiiced by Transient or 

Stubk Expr-rssio~i 

The 17K r-apo(a) and mutant derivatives produced by msfection of 293 cells 

were diluted in ZX Laernmli buffer. (82) Samples were analyzed by SDS-PAGE using 

69b polyacryiarnide gels. Stably-expressed proteins were visualized by silver-staining, 

rvhile transiently-expressed proteins were subjected to Western blotting in msfer buffer 

(3 mM Tris. 192 mM glycine. 10°h methanol. pH 8.1). Following transfer, the 

membrane was incubated in blocking solution (6% Casein in 1X NET; 1.5 M NaCl, 50 

miL1 EDTA 0.5 Ev1 Tris, 0.5% Triton X- 100, pH 7.4 ) ovemight at room temperature, with 

constant shaking. The following day, the membrane was incubated with the primary 
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monoclonal antibody, Mab34, ( 1 :3000 dilution in 1X NET) for I hr at room temperature. 

The membrane was then washed four times, for I5 min each, with 1X NET and incubated 

with the anti-mouse IgG conjugated to horseradish peroxidase (HRP) (1  :3000 dilution in 

1 S NET) for 1 hr at room temperattire. The membrane was again washed four times, for 

15 min each, with 1 X NET. The blot was developed using a cherniluminescence kit 

( EC L; Amers ham). 

2.3 Isolation of LDL from Human Plasma - 

Whole blood. containing 1 mM EDTA to prevent coagulation, was subjected to 

low-speed centrifugation (Beckman J-66) at 710g for 20 min at room temperature in 

ordrr to isolate plasma. The plasma. supplemented with 1mM 

phsnylrnethylsulfonyltluoride (PMSF) was used to isolate LDL by sequential tlotation. as 

previousl y described. (53) Brietly. the plasma (60 ml) was adjusted to a d= 1 -02 g m L  

using sodium bromidr and cenrrifùged at 30 000 rprn (Beckman. 60 Ti rotor) for 20 hr at 

10°C. The top tiaction (dc  1 .O2 gimL) was removed and discarded. The i n h a t a n t  was 

supplemented with IrnM EDTA and 1mM PMSF and then adjusted to d4.063 g/mL 

using sodium bromide and centnhged under the sarne conditions. The top fraction (1 .O2 

wmL < d < 1 .O63 g/mL), containing LDL, was removed. This tiaction was supplemented 
C 

with 1mM EDTA and 1mM PMSF. diluted with TE buffer (100mM Tris, pH 7.4, 

containing I mM EDTA), and adjusted to d=1.063 g/mL using sodium bromide. This 

solution ivas then centrifùged at 30 000 rpm (Beckrnan, 70.1 Ti rotor) for 20 hr at IVC. 

The tloating LDL-containing fiactiori was removed and supplernented with 1mM PMSF. 
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This fraction was then dialyzed ovemight at 4°C against 20 rnM HBS, pH 7.4. Protein 

concentration was detemined utilizing a modified Bradford assay (Bio-Rad) (76) with 

bovine semm albumin (BSA; ICN) as a reference standard. LDL was stored at 1°C and 

was used within a maximum of five days of isolation. An aliquot of isolated LDL was 

analyzed by SDS-PAGE (82) using a 6% polyacrylarnide gel. The LDL was visualized by 

Coomassie Blue staining. 

2.4 ,\ssavs for Non-covalent and Covalent Lda) Assembly - 

2 . .  1 Fltmresce>rr Labelirtg of lsolaled LDL 

Isolated LDL was tluorescently labeled by incubation with a 50-fold molar excess 

of iodoacetarnidotluorescein (5'-IAF: Pierce) ovemight at 4°C in the dark. A 

d irthy laminoet hy lene anion-exchange column (DEAE: Sigma) was pre-incubated with 

HBS and the labeled LDL was passed over the column to remove unbound label. Labeled 

LDL was collected in 500 pL îkactions. Protein-containing hctions. as determined by 

the modified Bradford assay (see Section 2.3) with BSA as a reference standard, were 

pooled and dialyzed ovemight in the dark against HBS containing 0.0 1% (v/v) Tween-20 

(HBST; Sigma). The modified Bradford assay was used to determine final LDL 

concentration. An aliquot of labeled LDL was analyzed by SDS-PAGE (82) using a 6% 

polyacrylamide gel. The labeled LDL was visualized by Coomassie Blue staining and 

under ultra-violet light. 



2 - 4 2  Fhrorescence dssays to Detemine Non-covalent Apo(a)-LDL Association 

The 5'-IAF labeled LDL (Flu-LDL), prepared as described above (see Section 

2.4.1 ). was diluted to a concentration of 50 nM in HBST. The 17K r-apo(a) wild type and 

mutant derivatives were diluted to 2 pM in 50 nM FIu-LDL. The fluorometer 

wavelengths were set at hexcitation=490 nm and hemission=535 nm. The slit sizes for 

the light beam of the tluorometer were set at excitation slit=2.5 nm and emission slit=5 

nm with the tllter cutot-f=j 15 nrn. Titrations were perfomed at room temperanire. For 

each mn. a 100 pl aiiquot of 50 nM Flu-LDL was added to the tluorometer cuvette and a 

basdine reading was obrained over a 10 min period. Increasing concentrations of either 

the 17K or corresponding denvatives were added to the cuvette and changes in 

fluorescence readings were recorded. Note that the Flu-LDL in the cuvette was 

müintained at a constant concentration. Data were fit to Equation 1. describing the 

relritionshi p between change in tluorescence and binding affinity. 

Eqrlurion I :  

~F=F,,+O.~*~I*(K~+[P]+[F~U-LDL]-((K~+[P]+[F~~-LDL]>L~*[P]*[F~U-LDL])~~~) 

where AF=absolute value of change in tluorescence 

F,,=baseline fluorescence readinç for 50 nM Flu-LDL 

dI=unit of fluorescence change per nM of apo(a) protein as determined by 

non-linear regression 

Kd=binding aftinity of apo(a) to FIu-LDL as detemined by non-linrar 

regression 

[P]=concentration of apo(a) protein at each titration point 
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[Flu-LDL]=concentration of Flu-LDL throughout titration (50 nM) 

2.43  Covale~lr Lp(a) Assembb Tirne Course 

CM harvested fiom each transient transfection of the1 7K r-apo(a) wild type and 

mutant derivatives was diluted to 2 f i l  final apo(a) concentration in HBS and added to a 

25-fold molar excess of isolated LDL. The reactions ( 1 ml final volume) were then 

incubated in a 37°C water bath. At the desired tirne points (O, 0.5, 1.2.4, 6 ,  8, and 24 

hr). 100 p L  of each reaction mixture was removed and added to an eppendorf tube 

containing 100 pL of ZX SDS sample buffer. (52) Samples were placed at -20°C 

immrdiately. Upon completion of the time course assay, 6% SDS-PAGE (under non- 

reducing conditions) followed by Western blot analysis was pertbrmed as described 

übove (ser Section 2.2.4). Two bands were detected, a lower band representing Iiee 17K 

r-apo(a) wild-type or mutant denvative luid a higher molecular weight band contûining r- 

apo(a) covalrntly associated with LDL to fom r-Lp(a). Films were scanned using a 

Scanjet I C  and densitometric analysis (SihgmaGel) was performed. The percentage of 

Lp(a) particle formed at each time point was determined using Equation 2. 

Eqiraiiori 2: 

r-Lp(a) fomed (?/o)=Intensity of r-Lp(a)/(Intensity of free apo(a)+Intensity of r- 

Lp(a)) 



Results 

J.J Non-covalent Association of Fluorescently-labeled LDL and 17K r-a~o(a1 

Derivatives 

3.1. I E.rpression and Ptirzj?cution of I 7K r-apo(a) CViid-hpe and Derivatives 

The sequences encoding the wild-type 17K r-apo(a) and mutant constructs were 

assembled in the pRK5 expression plasmid (78) as previously described (see Section 2.1). 

(38) Human embryonic kidney (393) ce11 lines stably expressing 17K r-apo(a) (wild-type 

and mutant derivatives) were genented by transfection of cells with 10 pg of expression 

plasmid and 1 pg of a plasmid encoding the neomycin resistmce gene per 100 mm plate 

by the calcium phosphate CO-precipitation method (see Section 2.2.1). (80) For the 

puriticarion of the r-apo(a) derivatives serum-tiee CM tiom each stably expressing ce11 

line was chromatographed over a lysine-Sepharose afinity column. (54) The 

concentrations of puritied 1 7 K r-apo(a) and mutant derivatives were determinrd by 

measunng absorbante at ZSO nm using an extinction coefficient [MW=278.7 19. 

E, ,  ,oo(2SOnrn)=2.07] determined by the tyrosine difference spectral method. (38) Samples 

containing 200 ng of each protein were then electrophoresed on a 6 % SDS-PAGE gel, 

under non-reducing conditions, followed by silver staining. The presence of a single 

band was observed for each derivative. migrating at a comparable position to that of 

purified 17K r-apo(a) (see Figure 3.1 ) Punfied proteins were stored at -70°C prior to use. 
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Figure 3.1 

Analysis of purity of 17K r-apo(a) proteins (wildtype and mutant 
derivatives) by SDS-PAGE on a 10% polyacrylarnide gel. followed by 
silver staining. Approximately 200 ng of each protein was loaded per 
Iane. Lane 1 : 17K: Lane 2: I7AWLBS6; Lane 3: 17AWLBS7: Lane 4: 
17AWLBS8: LaneS: 17AWLBS6.7: Lane 6: 17AWLBS7.S. 



3.i . l  Iso/ario?~ and Fluorescent Lobeling of Human LDL 

Fresh-fiozen plasma, containing 1 mM EDTA and I mM PMSF, was used to 

isolate LDL by the method of sequential flotation. (83) LDL was fluorescently labeled 

with iodoacetarnidotluorescein and stored at 4°C in the dark. Protein content was 

determined utilizing a modified Bradford assay (see Section 2.3) with BSA as a reference 

standard. Concentrations of labeled LDL (Flu-LDL) ranged fiom -0.7 mgml  ( 1.4 PM) to 

- 1.2 mglm1 (2.4 PM). 

3.1.3 Fliiorescertt Binding Assqvs 

The Flu-LDL was diluted in HBS. containing 0.1% Tween-20, to a final 

concentration of 50 nM. The 1 7K r-apo(a) (wild type and mutant derivatives) were 

dilutrd to 2 ph!. in 50 niil Flu-LDL containing O. 1% Tween-20. An initial 400 pl aliquot 

0150 nM Flu-LDL was added to the fluororneter cuvette and a baseline reading was 

obtriinrd over ii I O  min penod. The iitration of each 17K r-apo(a) derivative was 

prrforrned and chanses in fluorescence readings were recorded. Average tluorescence 

readings, for each r-apo(a) concentration, were determined over a hvo minute interval. 

These data were subjected to non-linear regression analysis using Equation 1. 

Fit cuntes (see Figures 3.2A. 32B, 32C, 32D, 3.2E, 3 2 F ,  3.2G) were produced 

using values obtained kom Equation 1. It should be noted chat actual binding 

rxperiments resulted in a decrease in fluorescence intensity of Flu-LDL. This change was 

expressed as an absolute value and therefore is shown gnphically as a positive change. 

i.e. percentage change with respect to initial baseline reading. Equation 1 was used to 
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determine the K, value, or binding afinity, for each 17K r-apo(a) protein (wild-type and 

mutant denvatives) with Flu-LDL. In an attempt to address potentiai variation in LDL 

preparations the 17K r-apo(a) wild-type was run as a standard for each Flu-LDL 

preparation. The 17K r-apo(a) mutant binding affinities for Flu-LDL were cornpared to 

the 17K r-apo(a) wild-type standard analyzed for binding to the respective Flu-LDL 

preparation (see Table 3.1 ). Data shown are representative of experirnents performed a 

minimum of two times. 



17K Concentration ( nM ) 

Figure 3.2A 

Binding of 17K r-apo(a) to Flu-LDL (50 nM) in solution phase. Circles 
represent changes in percent fluorescence readings, while the line 
represents the data fit to Equation 1 .  The change in fluorescence is 
expressed as a positive percentage change with respect to the tluorescence 
reading of Flu-LDL alone. ïhe binding affinity value. &, of the 17K for 
Flu-LDL is included. 
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Figure 3.2B 

Binding of 1 7UWLBS6 r-apo(a) to Flu-LDL (50 nM) in solution phase. 
Circles represent changes in percent fluorescence readings, while the line 
represents the data fit to Equation 1. The change in fluorescence is 
expressed as a positive percentage change with respect to the fluorescence 
reading of Flu-LDL alone. The binding affinity value. &, of the 
17KAWLBS6 for Flu-LDL is included. along with that of the 17K 
performed as a control (in bnckets). 
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Figure 3.2C 

Binding of 17UWLBS7 r-apo(a) to Flu-LDL (50 nM) in solution phase. 
Circles represent changes in percent fluorescence readings, while the line 
represents the data fit to Equation 1 .  The change in fluorescence is 
expressed as a positive percentage change with respect to the fluorescence 
reading of FIu-LDL alone. The binding affinity vaiue, &, of the 
I 7 U W L B S 7  for FIu-LDL is included, dong with that of the 17K 
performed as a control (in brackets). 
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Figure 3.2D 

Binding of 17UWLBS8 r-apo(a) to Flu-LDL (50 nM) in solution phase. 
Circles represent changes in percent fluorescence readings, while the line 
represents the data fit to Equation 1 .  The change in fluorescence is 
expressed as a positive percentage change with respect to the fluorescence 
reading of Flu-LDL atone. The binding affinity value, &, of the 
17KrlWLBSS for Flu-LDL is included, along with that of the 17K 
performed as a control (in brackets). 
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Figure 3.2E 

Binding of 17UWLBS6.7 r-apo(a) to Flu-LDL (50 nM) in solution phase. 
Circles represent changes in percent tluorescence readings, w hile the line 
represents the data fit to Equation 1. The change in fluorescence is 
expressed as a positive percentage change with respect to the fluorescence 
reading of Flu-LDL alone. The binding affinity value, &, of the 
17KAWLBS6.7 for Flu-LDL is included, dong with that of the 17K 
performed as a control (in brackets). 
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17KAWLBS7,8 Concentration ( nM ) 

Figure 3.2F 

Bindi'ng of 17UWLBS7.S r-apo(a) to Flu-LDL (50 nM) in solution phase. 
Circles represent changes in percent tluorescence readings, while the line 
represents the data fit to Equation 1. The change in tluorescence is 
expressed as a positive percentage change with respect to the fluorescence 
reading of Flu-LDL alone. The binding affinity value, &, of the 
17KdWLBS7,S for Flu-LDL is included. dong with that of the 17K 
perfonned as a control (in brackets). 
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Figure 3.2G 

Binding cuves of 17K r-apo(a) derivatives to Flu-LDL (50 nM) in 
solution phase. Symbols represent the absolute value of changes in 
tluorescence readings over original fluorescence readings. while lines 
represent the data fit to Equation 1 .  Circles: 17K wild-type; squares: 
17KAWLBS6: upright triangles: 17KAWLBS7; inverted triangles: 
17MWLBS8: diamonds: 17KAWLBS6,7; hexagons: 17KAWLBS7,8. 



1 7 K r-apo(a) 
Denvative 

E& value' 
( 1 

Control K, value' 
(M) 

Relative b' 

Table 3.1 

Comparison of Kd values for 17K r-apo(a) wild-type and mutant 
derivatives. Data are representative of expenments perfomed a minimum 
of two times. 
'obtained by fitting of fluorescence data to Equation 1 .  
'obtained for 1 7K wild-type binding expenment performed in parallel. 
'obtained by comparing & value to that of 17K. 





We next investigated the effect of WLBS mutation in both KIV, and UV,, and in 

both KIV. and U V ,  on the non-covalent interaction of the corresponding apo(a) 

derivative and Flu-LDL. The Y, value for the 17KAWLBS6,7 derivative binding to Flu- 

LDL was 60.4 nM. compared to the respective 17K wild-type control which yielded a 

value of 1 8.6 nM. The data show an increase in relative K, value (-3X) compared to the 

1 7K wild-type protein. These resulrs for the mutation of the WLBS in both KIV, and 

KIV-. in the context of the 17K apo(a) isoform. indicate that the removal of this WLBS 

causes an -3X decrease in afinity of the initial non-covalent association of apo(a) and 

apoi3. The K, value for the 1 7UWLBS7.S derivative binding to Flu-LDL was 237.2 

nM. compared to the respective 17K wild-type control which yielded a Y, value of 15.6 

nM. The data for this mutant denvative show an increase in relative K, value (-1 2X) 

compared to the 17K wild-type protein. These results for the mutation of the WLBS in 

both KIV- and KIV,. in the context of the 17K apo(a) isoform. indicate that the removal 

of this WLBS causes an -1 7X decrease in affinity of the initial non-covalent association 

of apo(a) and apoB. 

Taken together, the results indicate that removal of the WLBS in KIV, does not 

adversely affect its ability, cornpared to the 17K wild-type protein, to non-covalently 

associate with Flu-LDL. Removal of the WLBS in UV. results in decreased binding to 

Flu-LDL compared to the 17K wild-type protein Removal of the WLBS in both UV, 

and KIV, results in decreased binding to Flu-LDL compared to 17K wild-type standard, 

but also when compared ro apo(a) with the WLBS removed in UV, and UV, separately. 

Removal of the WLBS in KIV, results in decreased binding to Flu-LDL compared to the 
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1 7K wild-type protein, as well as compared to apo(a) denvatives with the WLBS 

removed in KIV, and UV, and simultaneously in UV, and UV-. Simultaneous removal 

of the WLBS in KIV- and UV, results in decreased binding to Flu-LDL compared to 

17K wild-type standard: this denvative results in the geatest decrease in binding to Flu- 

LDL compared to the other derivatives. Taken together, these results suggest that the 

WLBS in KIV. and KIV,, are primarily responsible for the non-covalent interaction with 

apoB in the t i n t  step of Lp(a) assembly. The next stage of this snidy was to detemine if 

removal of WLBS in 17K apo(a) affects the second step of Lp(a) assembly. the formation 

of a disulfide bond behveen apo(a) and apoB. We were also interested in determining 

whrther the results from covalent Lp(a) assembly assays would parallel those observed 

for the non-covalent assays with respect to which WLBS are important for these 

procrisses. 

Covalent .4ssocintion of Native LDL and 17K r-apo(a) Derivatives 

3.2. I Transient Expression of 1 7K r-apo (a) I W d - t y e  and Derivarires in Hiiman 

Etnb potr ic Kicinq Cdls 

The sequences encoding the wiid-type 17K r-apo(a) and WLBS mutant 

derivatives were ûssembled in the pRK5 expression plasmid (78) as previously descnbed 

(see Section 1.1 ). (35) Human embryonic kidney (293) cells transiently expressing 17K 

r-apo(a) (wild-type and denvatives) were generated by transfection of 293 cells with 10 

pg of expression plasmid per 100mrn plate by the calcium phosphate CO-precipitation 
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method (see Section 2.2.1). (80) Following transfection, cells were incubated at 37°C in 

serum-ttee cultured medium for 48 hours and the corresponding CM was harvested. 

Lrvrls of expression were determined by ELISA; generally, concentrations nnged fiom 4 

io 8 nM. The CM for each transfection was stored at -20°C prior to covalent binding 

assays. 

3.2.  I Isolariori of'i\iative Hrtma~t LDL 

Fresh-tiozen plasma. containing ImM EDTA and 1mM PMSF. was used to 

isolate LDL by method of sequential tlotation. as described previously (see Section 2.3) 

( 83 ) Protein content was determined utilizing a modified Bradford assay (see Section 

2.3 ) with BS A as a reference standard. Concentrations of native LDL ranged tiom - 1 .O 

m-ml (7.0 uM)  to -2.0 rnyml(3.9 FM). 

3.2.3 Cu va la 1 r L p (a) .-lssern b!r .-issaw 

C M  han-ests From transient transfections of the 1 7K r-apo(a) wild type and mutant 

derivatives were diluted to 2 nM final concentration in HBS containing a 3-fold molar 

excess of isolated native LDL. Reaction mixtures tvere incubated at 37°C for 24 hours; at 

various time points samples were removed for Western blot analysis under non-reduced 

conditions. Two bands were detected: a lower molecular weight band corresponding to 

tiee 17K r-apo(a) wild-type or mutant derivative, ar.d a higher rnolecular weight species 

representinp the r-apo(a) covalently associated with LDL to form r-Lp(a) particles (see 

Figure 3.3). Densitometnc analysis was used to determine the percentage of apo(a) 
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incorporated into the Lp(a) particle. Time course curves (see Figures 3.4A. 3AB. 3.4C. 

3 AD, 3.4E. 3.4F) were generated, as previously described. (54) The initial rates of Lp(a) 

formation were calculated by detemining the slopes of the tangents to the initial linear 

portions of the time course curves. as previously described. (54) The maximum levels of 

Lp(a) formation were determined by estimation of plateaus for the time course curves 

over 20 to 24 hours. A11 experiments were performed a minimum o h v o  times: data 

shown are tiom a representative experiment (see Table 3.2). 



Figure 3.3 

Represenrative analysis for time course of covalent Lp(a) assernbly assay. 
Reaction mixtures consisting of transfected CM and isolated LDL were 
incubated at 37°C; sarnples were withdrawn at specified times for analysis 
by SDS-PAGE on a 6% polyacrylarnide gel followed by Western blot 
analysis. Resulting films were subjected to densitometric analysis in order 
to determine the intensity of Free r-apo(a) and Lp(a) species. Lane 1 : O hr: 
Lane 3: 0.5 hr: Lime 3: 1 hr: Lane 4: 2 hr; LaneS: 4 hr; Lane 6: 6 hr; Lane 
7 :  S hr: Lane 8: 23 hr, 



Time (hrs) 

Figure 3.4A 
Tirne course curve for covalent Lp(a) formation using 17K wild-type and 
LDL. Circies represent percentage of Lp(a) formeci at each time point, 
while the line represents manually fit data. The amount of Lp(a) fonned is 
expressed as a positive percentage of amount of Lp(a) fonned with respect 
to total amount of apo(a) and Lp(a) species at the specified time point 
The initial rate of Lp(a) formation (over -the first two hours) and the 
estimated maximal Lp(a) formation (after 20 to 24 ho-) was determineci. 
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Figure 3.4B 

Time course c u v e  for covalent Lp(a) formation using 17kîWLBS6 and 
LDL. Circles represent percentage of Lp(a) formed at each time point, 
while the Iine represents manually fit data. The amount of Lp(a) formed is 
expressed as a positive percentage of amount of Lp(a) formed with respect 
to total amount of apo(a) and Lp(a) species at the specified time point 
The initial rate of Lp(a) formation (over -the fint two hours) and the 
estimated maximal Lp(a) formation (after 20 to 24 hours) was determined. 



Figure 3.4C 
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Time course curve for covalent Lp(a) formation using 
LDL. Circles represent percentage of Lp(a) formed at 

17KAWLBS7 and 
each time point, 

while the line represents rnanuaily fit data The amount of Lp(a) forrned is 
expressed as a positive percentage of amount of Lp(a) formed with respect 
to total amount of apo(a) and Lp(a) species at the specified time point. 
The initial rate of Lp(a) formation (over -the k t  two hours) and the 
estimated maximal Lp(a) formation (aîter 20 to 24 hours) was detemined. 
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Figure 3.4D 

Tirne course cuve for covalent Lp(a) formation using 17kiWLBS8 and 
LDL. Circles represent percentage of Lp(a) fomed at each t h e  point, 
while the line represents manually fit data The amount of Lp(a) formed is 
expressed as a positive percentage of amount of Lp(a) formed with respect 
to total amount of apo(a) and Lp(a) species at the specified time point. 
The initial rate of Lp(a) formation (over -the first two hours) and the 
estimated maximal Lp(a) formation (der  20 to 24 hours) was detexmineci. 
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Figure 3.4E 

Time course c w e  for covalent Lp(a) formation using 17KAWLBS6,7 and 
LDL. Circles represent percentage of Lp(a) forrned at each t h e  point, 
while the line represents muiually fit data The arnount of Lp(a) formed is 
expressed as a positive percentage of amount of Lp(a) fonned with respect 
to total amount of apo(a) and Lp(a) species at the specified time point. 
The initial rate of Lp(a) formation (over -the first two hours) and the 
estimated maximal Lp(a) formation ( a h  20 to 24 hours) was determined. 
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Figure 3.4F 

Time 
LDL, 
while 

course curve for covalent Lp(3  formation using 17KAWLBS7,8 and 
Circles represent percentage of Lp(a) formed at each time point, 
the line represents manuaily fit data The arnount of Lp(a) formed is 

expressed as a positive percentage of amount of Lp(a) formed with respect 
to total amount of apo(a) and Lp(a) species at the specified time point. 
The initial rate of Lp(a) formation (over -the f int  two hours) and the 
estimated maximal Lp(a) formation (afier 20 to 24 hours) was determineci. 



1 7 K r-apo(a) 
Derivative 

Rate of 
Formation' 
(% - hi') 

Relative b1a.x imum Relative 
Rate of Formation' Maximum 

~ormation' (%) Formation" 

Table 3.2 

Cornparison of n tes  of formation and maximum formation of 17K r- 
apo(a) wild-type and mutant derivatives. Data are representative of 
experiments performed a minimum of two times. 
I obtained by deterrnining dope of the tangent of the covalent Lp(a) 
assembly curve for each derivative over die initial 2 hr of the time 
course. 

'obtained by comparing rate of formation to that of 17K. 
'obtained by estimating maximum Lp(a) formation between 20 to 24 
lu. 

'obtained by comparing rate of maximum Lp(a) formation to that observed 
usinç 17K 



3 . 2 4  Siuwnar?* of Covalent Binding Assa-v Resulrs 

These assays firstly investigated the effect of WLBS mutation in each of KIV,, 

KIV,. and U V ,  on the covalent bond formation between the corresponding apo(a) 

drrivative and native LDL. The initial rate of Lp(a) formation for the 17KAWLBS6 

derivative with LDL was 16.2 compared to the respective 17K wild-type control 

which yielded an initial rate of Lp(a) formation of 13.1 ?/o h-'. The maximum level of 

Lp(a) formation for the I7KAWLBS6 derivative with LDL was -85941. compared to the 

respective 17K wild-type control which yielded a maximum level of Lp(a) formation of 

-60°i. An increase was observed in both relative rate of Lp(a) formation (- 1.2X) and 

relative maximum Lp(a) formation (- l.4X) compared to thlit observed using the 1 7K 

wild-type protrin. These results for the mutation of the WLBS in UV,, in the context of 

the 17K apo(a) isoform. indicûte that the removal of this WLBS promotes both the rate 

and extent of Lp(a) formation. The initial rate of Lp(a) formation for the 17UWLBS7 

drrivative with LDL was 8.4 96 h". compared to the respective 17K wild-type control 

which yielded an initial n te  of Lp(a) formation of 13.1 %.h". The maximum level of 

Lp(a) formation for the 17UWLBS7 derivative with LDL was 40%, compared to the 

respective 17K wild-type control which yielded a maximum level of Lp(a) formation of 

-60%. An increase was observed in both relative rate of Lp(a) formation (-0.6X) and 

relative maximum Lp(a) formation (-0.7X) compared to that observed using the 17K 

wild-type protein. These results for the mutation of the WLBS in UV,, in the context of 

the 17K apo(a) isoform. indicate that the removal of this WLBS results in a decrease in 

both the rate and extent of Lp(a) formation. The initial rate of Lp(a) formation for the 
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17lidWLBSS denvative with LDL was 6.2 %k'. compared to the respective 17K wild- 

type control which yielded an initial rate of Lp(a) formation of 13.1 % h". The ma..imum 

level of Lp(a) formation for the 17KAWLBS8 denvative with LDL was -40%. compared 

to the respective 17K wild-type control which yielded a maximum level of Lp(a) 

fornation of -6O0/0. h increase was observed in both relative rate of Lp(a) formation 

( - O S )  and relative maximum Lp(a) formation (-0.7X) compared ro that obsemed using 

the 17K wild-type protein. These results for the mutation of the WLBS in KIV,. in the 

contrxt of the I 7K apo(a) isoform. indicate that the removal of this WLBS also decreases 

borh the rate and extent of Lp(a) formation. 

We next investigated the effect of WLBS mutation in both KIV, and KIV,. and in 

both KIV- and KIV, on the covalent bond formation benveen the corresponding apo(a) 

derivatives and native LDL. The initial rate of Lp(a) formation for the 17KAWLBS6.7 

derivative with LDL was 9.6 O/o h". compared to the respective 17K wild-type control 

ivhiçh yictlded an initial rate of Lp(a) formation of 13.1 % h". The maximum level of 

Lp(a) formation for the 1 7UWLBS6,7 derivative with LDL was 40%.  compared to the 

respective 17K wild-type control which yielded a maximum level of Lp(a) formation of 

-6096. An increase was observed in both relative rate of Lp(a) formation (-0.7X) and 

relative maximum Lp(a) formation (-0.7X) compared to that observed using the 17K 

wild-type protein. These results for the mutation of the WLBS in both UV, and KIV,, in 

the context of the 17K apo(a) isoform, indicate that the removal of these WLBS decreases 

both the rate and extent of Lp(a) formation. The initial rate of Lp(a) formation for the 

17KîWLBS6.7 denvative with LDL was 3.9 %h-', compared to the respective 17K wild- 
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type control which yielded an initial rate of Lp(a) formation of 13.1 Oia h-'. The maximum 

level of Lp(a) fonnation for the 17KAWLBS6,7 derivative with LDL was -30%. 

compared to the respective 17K wild-type control which yielded a maximum Ievel of 

Lp(a) fomation of -60%. An increase was observed in both relative rate of Lp(a) 

formation (-0.X) and relative maximum Lp(a) fonnation (-0.X) compared to that 

obsewed using the 17K wild-type protein. These resuits for the mutation of the WLBS in 

both KIV. and KIV,, in the context of the 17K apo(a) isoform, indicate that the removal 

of these WLBS also decreases both the rate and extent of formation of a covalent bond 

between apo(a) and apoB. 

These results indicate that removal of the WLBS in KIV, resulted in a slight 

incrsase in both rate and rxtent of Lp(a) formation compared to that observed using the 

I 71i wiid-type protein. Removal of the WLBS in KIV, resulted in a decrease in both rate 

and extent of Lp(a) fonnation compared to that observed using the 17K wild-type protein 

Rrmovûl of the WLBS in both KIV, and KIV- resulted in a decrease in both rate and 

rxtcint of Lp(a) fomation compared to that observed using the 17K wild-type proteia this 

mutant denvative exhibited a slight increase in rate and no change in extent of Lp(a) 

fomation compared to that observed using the 17UWLBS7 and exhibited decreases in 

both rate and extent of Lp(a) formation compared to that observed using the 

1 7 WWLBS6. Removal of the WLBS in UV, resulted in a decrease in both rate and 

extent of Lp(a) formation compared to that observed using the 17K wild-type protein: this 

mutant denvative exhibited a decrease in rate of Lp(a) formation compared to that 

observed using the 17IUMTBS6, L 7KAWLBS7 and 17KAWLBS6,7. The 17KAWLBS8 
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also exhibited a decrease in extent of Lp(a) formation compared to 1 7KAWLBS6, but 

exhibited no change compared to I7KdWLBS7 and 17KAWLBS6.7. Removal of the 

WLBS in both KIV- and KIV, resulted in a decrease in both rate and extent of Lp(a) 

formation ::ompared to that observed using the 17K wild-type protein; this derivative 

resulted in the greatest decrease in these parameters cornpared to the other derivatives. 

Taken together. these results suggest that the WLBS in KIV, and U V ,  are prirnarily 

responsibie for mediating the non-covalent apo(a)-apoB interaction and ultimately 

çovdent Lp(a) formation. The results of the non-covalent and covalent assays in the 

current study are in good agreement. This suggests that the first step of Lp(a) assembly 

(Le. the non-covalent association of apo(a) and apoB) dictates the efEciency to which the 

second step ( i  .r. formation of the covalent bond between apo(a) and apoB- 100) occun. 



Discussion 

&i Mode1 for L ~ l a j  Assemblv 

Lp(a) consists of apoB disulfide bonded to apo(a) (see Section 1 3 ,  in a 1 : I molar 

nrio. ( 18) The Cys3734 residue of apoB 100 may be involved in the disulfide linkage 

with apo(a) (see Section 1 .jA), although this remains controversial. (16.67) The apo(a) 

cystrine involved in disulfide linkage to apoB has been conclusively identified as 

Cys-1057. the seventh unpaired cysteine in UV, (see Section 1.5.5) (45.46) Lp(a) 

assembly has been determined to be a two step process (53), in which initial non-covalent 

association of ûpo(a) and apoB is followed by the formation of a covalent bond behveen 

the rwo species (see Figure 1.5): the non-covalent step is sensitive to the addition of 

lysine and lysine analogues. (54.6466) A nurnber of studies have been performed to date 

in order to establish which sequences in apo(a) and apoB are required for Lp(a) assembly. 

The presençe of WLBS in each of apo(a) KIV, to KIVy have been demonstrated (52): 

several studies suggest thût sequences cvithin apo(a) KIV,, UV- and UV,  are required for 

non-covalent interaction with apoB (52.63.64.76), while other studies (54.66) suggest that 

sequences within apo(a) UV, and KIV, are required for this interaction and that UV, 

p l a y  only a minor role in Lp(a) assembly. Other studies (53,77) suggest that apo(a) UV, 

and KIV- are the major kringles involved in the initial non-covalent interaction with 

apoB 100 to f o n  Lp(a) particles. Frank er ai dernonstrated that the spacing or distance 

between KIV, and KIV, is important. with a required Iength corresponding to two U V  

sequences. (75) This gives credence to the current study in that conformational integrity 

of a physiologically-relevant r-apo(a) may be important in Lp(a) assembly. AI1 of these 
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studies utilized tmncated foxms of apo(a); the objective of the current study was to 

determine the effect of the affinity reduction of WLBS in apo(a) UV,, UV, and UV, in 

the context of 1 7K apo(a) which corresponds to a physiologically-occurring isoform. In 

order to directly demonstrate the role of WLBS in the context of L7K r-apo(a) we 

generated mutations in these WLBS (see Section 2.1 ) and assessed their ability to bind 

non-covalently to LDL and to f o m  covalent Lp(a) particles. 

4.1. I Roie of' ltZ BS of 1 7K r-..(po(a) on Non-covalent Lp(a) .4ssemb!v 

Studirs tiom our laborûtory have s h o w  that sequences within UV,, UV, and 

KIV, iipprar to be required for the initial non-covalent interaction with apoB and that 

rhesc: sequençes bind directly to imrnobiiized LDL in a lysine-dependent manner. (66.76) 

Basrd on studies using truncated apo(a) derivatives (see Section 1.5.5 and Section 4. l) ,  it 

is c«ntro\wsiaI whrther KIV,. KIV- and KIV, only play a direct lysine-binding rolr in the 

initial non-covalent strp of Lp(o) assernbly. or whether they also exen their effects 

indirectly throuçh a conformational stabilization of other C-terminal sequences. Also, it 

is unçlrar whether oiher sequences in addition to WLBS in these kringles are required for 

Lp(a) ûssembl y. To address these questions. the current study utilized WLBS mutants 

eenerated in the context of 17K r-apo(a) rather than truncated derivatives. Isolated 
C 

human LDL was fluorescently-labeled with 5'-IAF which tags free, exposed cysteines. 

This effectively abolishes the ability of LDL and apo(a) to form a covalent Lp(a) particle 

in our assûy. Also, the temperature and time requirements for covalent Lp(a) particle 

formation (see Section 2.43) are not favourable for covalent Lp(a) formation. Binding 
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af'finities of the various derivatives for FIu-LDL were obtained (see Section 3.1.3) and 

compared to the 1 7K wild-type r-apo(a) performed in parallel (see Table 3.1). 

The current study firstly investigated the effect of WLBS mutation in each of 

KWh, KIV. and KIV, on non-covalent interaction of the corresponding apo(a) derivative 

and Flu-LDL. We found that the value for the 17KAWLBS6 binding to Flu-LDL is 

companble to the respective 17K wild-type control. These results for the mutation of the 

WLBS in KIV,, in the context of the 17K apo(a) isoform, indicate that rernoval of this 

WLBS has very little effect on the affinity of the initial non-covalent association of apo(a) 

and apoB. Our data indicate that the K, value for the 17UWLBS7 binding to FIu-LDL 

is -2X greater compared to the respective 17K wild-type control. These results for the 

mutation of the WLBS in KIV-. in the context of the 17K ûpo(a) isoform. indicate that the 

remwril of this WLBS causes an -2X drcrease in affinity of the initial non-covalent 

association of apo(a) and apoB. The Y, value for the 17UWLBS8 binding to Flu-LDL 

is -4X - meenter compared to the respective 1 7K wild-type control. These results for the 

mutation of the  WLBS in KIV,. in the context of the 17K apo(a) isoform, indicate that the 

removal of this WLBS causes an 4 X  decrease in affinity of the initial non-covalent 

association of apo(a) and apoB. These results. using single point mutations in the 17K 

apo(a) isoform. indicate that the non-covalent binding affinity of  apo(a) for apoB is 

largely mediated by KIV, and KIV,. with KIV, WLBS having the greatest role. The 

current study contradicts a previous study using truncated r-apo(a) denvatives (76) which 

also suggested a role for KIV, in the non-covalent association of apo(a) and apoB-100. 

An additional snidy which utilized mncated r-apo(a) species (53) suggested that KIV, 
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primanly mediates the interaction of apo(a) and apoB. Previous work tiom our 

laboratory (66) also demonstrated a small role for UV, in the non-covalent interaction of 

apo(a) and apoB, which has been substantiated by addition studies from Our lab. (74) 

W r  next investigated the effect of mutation of the WLBS in both UV,  and KIV-, 

and in both KIV- and KIV, on non-covalent interaction of apo(a) and apoB. The I& value 

for the 1 7UWLBS6.7 binding to Flu-LDL is -3X greater compared to the respective 

17K wild-type control. These results for the mutation of the WLBS in both UV, and 

KIV-, in the context of the 17K apo(a) isofom, indicate that the removal of these WLBS 

causes an -3X decrease in affinity of the initial non-covalent association of apo(a) and 

apo B. The K, value for the 1 7UWLBS7.S binding to Flu-LDL is - 1 ,.SX greater 

compared to the respective 17K wild-type control. These results for the mutation of the 

WLBS in both KIV- and EUV,, in the context of the 17K apo(a) isofom. indicate that the 

remoul  of these WLBS causes m - 1 2.5X decrease in affinity of the initial non-covalent 

association of apo(a) and apoB. These results. using point mutations in combination in 

the 17K apo(a) isofom. also indicate that the WLBS in UV, and KIV, are both required 

for maximally efficient non-covalent Lp(a) assembly. We observed that the afinity 

reduction of the WLBS in both KIV, and KIV, results in a greater decrease in affinity of 

the apo(a)-apoB interaction when compared to that observed upon mutation of the WLBS 

in either KIV, or UV-.  The mutation of the WLBS in both KIV, and UV, results in a 

lesser decrease in affinity of apo(a) and apoB when compared to the mutation of the 

WLBS in KIV,, asain pointing to a key role for the WLBS in KIV, in mediating non- 

covalent interactions with apoB. While our data suggests no role for KIV, in non- 

73 



covalent Lp(a) assembly, sirnultaneous removal of the WLBS in both IUV, and U V ,  has 

a slightly greater effect than removal of the WLBS in UV, alone. This suggests that 

KIV, plays a synergistic role with KIV,. The mutation of the WLBS in both KIV, and 

KIV,. in the context of the 17K apo(a) isoform. resulted in the greatest decrease in 

affinity of apo(a) to apoB compared to al1 other derivatives used in the current study. Our 

data suggest a role for KIV. and for UV, in non-covalent Lp(a) assembly. while 

simultaneous removal of the WLBS in both U V ,  and UV, suggests that these effects c m  

act synergistically to drastically decrease the atxnity of the apo(a)-apoB interaction. This 

çontradicts previous studies (53.76) that specifically implicate KIV, and U V -  in initial 

non-covalent apo(a)-apoB interaction. 

The results of the current study suggest that the WLBS in KIV. and KiV, play the 

t~eatest role in mediating non-covalent apo(a) and apoB interactions. We now wanted to 
b 

test the validity of the nvo-step mode1 of Lp(a) assembly. which predicts that these 

mutations will also affect covalent Lp(a) assembly. 

4.1 .2  Role of WLBS o f f  7Kr-.4po(a) on Covalenf Lp(a) Assembiy 

As mentioned above (see Section 41 .1  ) several studies (53.66.76) have suggested 

the importance of either KIV,, KIV?, UV,, or a combination of these on the initial non- 

covalent step of Lp(a) assembly. Several other studies (54,75,77.84) have focused on the 

second step of Lp(a) assembly. that of covalent bond formation between apo(a) and apoB, 

pnmarily using tnincated apo(a) derivatives. In the current study we utilized WLBS 

mutant derivatives in the context of the 17K r-apo(a) rather than tnincated species. Initial 
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rates of reaction and maximal levels of Lp(a) formation of the various derivatives were 

obtained (see Section 3.2.3) and compared to that obtained using the 17K wild-type r- 

apota) performed in parallel (see Table 3.2). 

We investigated the effect of WLBS mutation in each of UV,, UV,  and KIVs on 

covalent termat ion of Lp(a) particle b y SDS-PAGE under non-reducing conditions 

followed by Western blotting (see Section 2.4.3) The initial rate of Lp(a) formation for 

the 1 7IiSWLBS6 derivative and LDL is - 1.2X greater compared to the respective 17K 

wild-type control. Also. the maximum percentage of formation for the 17KAWLBS6 

derivative and LDL is - 1 .JX greater compared to the respective 17K wild-type control 

These results for the mutation of the WLBS in KIV,, in the context of the 17K apo(a) 

isofom. indicate that the removal of this WLBS slightly increases the ability. both in rate 

and extent. of apo(a) and apoB to covalently associate. The initial rate of Lp(a) torrnation 

for the 1 7 W WLBS7 denvative and LDL is -0.6X less compared to the respective 1 7K 

wild-type control. Aso. the maximum percentage of formation for the 17UWLBS7 

derivative and LDL is -0.7X less compared to the respective 17K wild-type control. 

These results for the mutation of the WLBS in KM, in the context of the 17K apo(a) 

isoform. indicate that the removal of this WLBS decreases the ability, both in rate and 

extent. of apo(a) and apoB to covalently associate. The initial rate of Lp(a) formation for 

the 17UWLBSS derivative and LDL is -0.jX less compared to the respective 17K wild- 

type control. Also. the maximum percentage of formation for the 17KAWLBSS 

derivative and LDL is -0.7X less compared to the respective 17K wild-type controL 

These results for the mutation of the WLBS in KIV,, in the context of the 17K apo(a) 
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isofom, indicate that the removal of this WLBS decreases the ability. both in rate and 

extent. of apo(a) and apoB to covalently associate. These results. using single point 

mutations in the 17K apo(a) isoform. indicate that the initial rate and extent of covalent 

assembly of apo(a) and apoB is primarily mediated by the WLBS in KIV, with lesser 

contributions from the WLBS in KiV, and KIV,, respectively. This is in complete 

agreement with non-covalent binding data generated in the current stuciy, which validates 

the two-step mode1 for Lp(a) assembly. The current study contradicts several other 

studies using truncated r-apo(a) derivatives which suggest a major role for KIV, (75) or 

both KIV, and KIV. (77.54) in covalent formation of Lp(a). The current study is in 

agreement. however with previous smdies fiom this labontory (54) In the latter study. 

sequrntial removal of N-terminal knngle domains was perfonned and effects on covalent 

Lp( a)  formation were analyzed using the same rnethodology as in the current study. 

Rrmoval of KIV, did not affect rate and rxtent of Lp(a) particle formation. while removal 

of U V -  caused a decrease in both rate and extent of Lp(a) particle formation. An even 

tùrther decrease in rate and extent were observed upon removal of KIV,. The results of 

this study support those of the current study in which the WLBS in KIV, plays a major 

role in covalent Lp(a) forrnation. with lesser contributions tiom the WLBS in U V ,  and 

KIV,. respective1 y. 

We next investigated the effect of WLBS mutation in both UV, and KIV,, and in 

both KIV. and KIV, on covalent formation of Lp(a). The initial rate of Lp(a) formation 

for the 1 7UWLBS6.7 derivative and LDL is -0.7X less compared to the respective 1 7K 

wild-type conûol. Also. the maximum percentage of formation for the 17KAWLBS6,7 
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derivative and LDL is -0.7X less compared to the respective 17K wild-type control 

These resuits for the simultaneous mutation of the WLBS in UV, and UV, in the 

context of the 17K apo(a) isoform. indicate that the removal of these WLBS decreases the 

abiliry. both in rate and extent, of apo(a) and apoB to covalently associate. The initial 

rate of Lp(a) formation for the 17KAWLBS7.8 derivative and LDL is -0.3X less 

cornpared to the respective 17K wild-type control. Also, the maximum percentage of 

formation for the 17KAWLBS6.7 denvative and LDL is -05X less compared to the 

respective 17K wild-type control. These results for the sirnultaneous mutation of the 

WLBS in KIV- and KIV, in the context of the 17K apo(a) isoform. indicate that the 

removal of  these WLBS deçreases both rate and extent of Lp(a) formation. These results 

arc also in ogeement with non-covalent binding data obtained using these apo(a) 

derivatives We obsewed that the mutation of the WLBS in both UV, and KIV, resulted 

in 3 p a t e r  decrease in initial rate of covalent Lp(a) assembly compared to the mutation 

of the LVLBS in KIV, ûlone. but a lesser decrease in initial rate of covalent Lp(a) 

assembly when cornpared to the mutation of the WLBS in KIV, alone. However. the 

simultaneous mutation of the WLBS in both KIV, or KIV, resulted in a lesser decrease in 

initial rate of covalent Lp(a) assembly compared to the mutation of the WLBS in EUV,. 

Wr also observed that the mutation of the WLBS in both UV, and KIV, results in a 

geater decrease extent of covalent Lp(a) assembly compared to the mutation of the 

WLBS in UV,, while no change in extent of covalent Lp(a) assernbl y was observed 

compared to the data generated for the mutation of the WLBS in UV.. The simultaneous 

mutation of the WLBS in both KIV, and KIV, results in a greater decrease in extent of 
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covalent Lp(a) assembly compared to the mutation of the WLBS in UV,. Our results 

suggest that the WLBS in UV, is not required for covalent Lp(a) assembly. Point 

mutations in the WLBS in both UV, and KIV, also suggest that KIV, does not mediate 

covalent Lp(a) assembly. The simultaneous mutation of the WLBS in both KIV, and 

KIV, results in the greatest decrease in rate and extent of covalent Lp(a) formation 

compared to al1 other denvatives used in the current snidy. Mutations in the WLBS in 

rithrr KIV- or KIV, suggest a role for the WLBS in these knngles in covalent Lp(a) 

assrmbly; results for the simultaneous removal of WLBS in UV- and UV, suggest that 

these WLBS can act synergistically in mediating Lp(a) assembly. The results for the 

double WLBS mutations also contradict several other studies that suggest KIV, (75) or 

bot11 KIV, and KIV- (77.51) prirnarily mediate covalent Lp(a) formation 

The data for the non-covalent and covalent Lp(a) formation that we have 

cenerated suggrst a role for the WLBS in both KIV- and UV, in these processes. The 
C 

tirst step of Lp(a) assembly is mediated primarily by WLBS in KIV, and KIVs, while the 

second step. covalent Lp(a) assembly, is dictated by non-covalent interactions between 

KIV- and KIV, of apo(a) and LDL. 

41.3 Reliability uj'..lssa~s 

Previous studies (52.53 .%,63,64.66.76,77) have utilized apo(a) derivatives with 

particular KIV dornains removed by mincation in order to study the role of these domains 

in apo(a)-apoB interaction. The efiect of tmncations on the formation of apo(a) is 

unknown and may affect its interaction with apoB. nie current study uses 
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physiologically-relevant apo(a) isofonns containing site-specific mutations, thereby 

minimizing structural alterations of the apo(a). Additionally, both non-covalent and 

covalent assays were performed in solution phase promoting the native conformation and 

interaction of apo(a) and apoB. However. the non-covalent assays require a tluorescent 

label on the free cysteine of LDL, which prevents covalent association of apo(a) and 

apoB. but which may also affect non-covalent interactions. The utilization of a smaller- 

sized tluorescent label at the sarne position on LDL and subsequent labeling of LDL at a 

diffenng position could help determine whether the current labeling method is valid. The 

riffinity of 17K for LDL in the current study is comparable to that obtained for an 

immobilized system using iodinated apo(a). (B. Gabel, unpublished data) Covalent 

üssays utilize native LDL and allow for the formation of a disulfide bond with apo(a). 

The current and a previous study (54) were unable to demonstrate complete incorporation 

of 17K r-apo(a) into Lp(a) particle. Addition of hepatocyte membrane increases the 

arnount of 17K r-apo(a) able to bc incorporated into the Lp(a) particle (T.G. Wright. 

unpublished data), suggesting conditions could be optimized for covalent assembly 

assays. In the drnsitometric anaiysis of covalent Lp(a) formation the same antibody is 

used to detect free apo(a) and apo(a) in the Lp(a) particle. This assumes that apo(a) is 

detected with the same efficiency in its bound state as in its free state; this assumption 

should be tested. Also, use of the phosphoimager nther than X-ray film for detecrion 

ma- improve the sensitivity and accuracy of the subsequent densitometnc analysis. The 

current results for non-covalent Lp(a) assembly paralle1 resuits for covalent Lp(a) 

assembly. suggesting that the assays are valid. 
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j- Revised klodel for LD@) Assemble 

As previously mentioned (see Section 4 1 ) ,  Lp(a) assembly has been determined 

to be a two step process, in which initial non-covalent association of apo(a) and apoB is 

followed by the formation of a covalent bond between the two species (see Figure 1.5). 

(53) A nurnber of studies (52.53.54.63.66.76.77) have been performed to establish which 

srquences in apo(a) and apoB are required for Lp(a) assembly: these studies have been 

uscd to cstablish a more refined model for this process. One such study (75) suggests that 

KlV, mediates the interaction of apo(a) and apoB. Another study (53) also demonstrated 

a role for KIV, with KIV- contributing to a lesser degree. Other studies (77.51) also 

showed KIV, and UV. as being crucial for apo(a)-apoB interactions in Lp(a) assembly. 

Previous work in our lab (54.76) has contributed to the retinernent of the two-step model 

by the use of apo(a) tmncations for binding studies. Results fiom the non-covalent study 

by Gabel er a1 (76) suggest a role for sequences within UV,, EUV- and KIV, in Lp(a) 

iissembly. while results tiom an additional snidy by Gabel and CO-workers (54) suggest a 

role for KIV- and EUV, in covalent Lp(a) assembly. The current study specifically 

exarnined the role of WLBS in apo(a) KWh- KIV, and U V ,  in both non-covalent and 

covalent Lp(a) assembly. in the context of the physiologically-relevant 17K apo(a) 

iso tom. As such, results tiom the current snidy are in partial agreement with the non- 

covalent results %om Gabel et al (76). but are in complete agreement with the covalent 

Lp(a) formation studies (54) which demonstrated that apo(a) KIV, and KIV, domains 

both play a crucial role in covalent Lp(a) assembly. Also, the agreement between non- 

covalent and covalent data in the current study demonstrates that the second step of Lp(a) 
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assembly is etyectively dictated by the efficiency of the initial non-covalent intenction 

between apo(a) and LDL. Since previous studies utilized truncated forms of apo(a) while 

the current study utilizes a physiologically-relevant apo(a) isoform containing single 

amino acid substitutions. we consider the present study to be more reliable. As such. we 

are now proposing a modified mode1 of the Lp(a) assembly mechanism. (see Figure 4. I ). 

-1.3 Future Directions 

From the present study, it has been determined that UV, and UV, play the 

geatest role in mediating the apo(a)-apoB intenction. As such. these sequences should 

be hnher studied. We have expressed apo(a) KIV- in E. coli and solved the crystal 

structure: ive now plan to express U V ,  and determine the structure of its WLBS. This 

will help to develop an understanding of how these WLBS participate in Lp(a) formation. 

For enample. it  will be of interest to determine whether or not there are tùndarnental 

differences in the WLBS of UV. and KIV,, or whether the greater contribution of KIV, 

ro the process of Lp(a) assembly retlects its position relative to KIV,. Sevenl amino 

acids and compounds are known to inhibit the non-covalent interaction of apo(a) and 

apoB. Non-covalent tluorescence assays may be repeated using the apo(a) derivatives 

with subsequent addition of these inhibitors in order to anal- their effects on binding 

atfinities. Also. these inhibitors could be analyzed for their effect on covalent Lp(a) 

assernbly using the apo(a) derivatives described in this study. 

The sequences in apoB which are required for its interaction with apo(a) are also 

being studied in our lab. This information will help to provide a more complete 
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Figure 4.1 

Revised schematic representation o f  the hvo step Lp(a) assernbly model. 
Weak lysine binding sites in UV,-, associate non-covalently with apoB. 
In this model. the initial non-covalent association aligns KIV, of apo(a) 
with a tiee cysteine in apoB (Cys3734). A covalent disuitide bond is 
fonned benveen the two pmteins. cornpleting the second step of Lp(a) 
assembly. 



understanding of the process of Lp(a) assembly. The long-term benefit of this knowledge 

çould be to develop precise inhibitors used to prevent the formation of Lp(a). thereby 

rttducing the levels of this atherogenic lipoprotein in plasma. 
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