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Introduction 

Summary 

The low density lipoprotein receptor-related protein (LRP) is a large membrane 
glycoprotein that is a member of the low density lipoprotein (LDL) receptor family of 
endocytic receptors. In contrast to the restricted ligand specificity of the LDL receptor, 
LRP can bind and internalize a remarkable spectrum of structurally-unrelated classes of 
ligands suggesting a role for the receptor in diverse physiological and patho
physiological processes ranging from lipoprotein metabolism, cell growth and cell 
migration to atherosclerosis and alzheimer's disease. In this review we will summarize 
the current insights in the biology of LRP and particularly focus on the recent progress 
in our understanding of the molecular mechanisms that enable LRP to interact 
specifically with such a multitude of different ligands. 

History, gene structure, and protein biosynthesis 

In 1988, the cDNA of an unusually large endocytic membrane receptor was cloned.' 
This receptor is abundant in liver and has close structural and biochemical similarities to 
the low density lipoprotein (LDL) receptor. Because of these similarities this molecule 
was termed 'low density lipoprotein receptor-related protein' or LRP.rev' Not 
much later, two independent laboratories purified the a2-macroglobulin receptor 
(a2MR) from rat liver6 and human placenta,7 and revealed by amino acid sequencing 
that LRP and a2MR are identical proteins.8'9 

The gene coding for LRP, assigned to chromosome 12 in the segment ql3-14, 
covers about 92 kb and includes 89 exons which vary in size from 65 to 925 bases. 
The full length LRP cDNA spans 14.896 base pairs encoding 4525 amino acids.' LRP 
is synthesized in the endoplasmic reticulum as a glycosylated, single-chain precursor 
protein with an apparent molecular mass of about 600-kDa. After cleavage of the signal 
peptide, LRP is transported to the Golgi where the initial high mannose carbohydrate 
structures are modified to yield a wide variety of mostly N-linked carbohydrate 
structures.1314 At the same time, the precursor is proteolytically processed in the 
terminal cisternae of the trans-Go\g\ giving rise to an amino-terminal, 515-kDa a-chain 
and a carboxyl-terminal, 85-kDa ß-chain.'3 This cleavage is mediated by the 
intracellular enzyme furin and occurs at the carboxyl-terminus of the Arg-His-Arg-Arg 
recognition site (between amino acids 3924 and 3925).'5 In the mature form, the a- and 
ß-chains remain associated in an extremely tight, non-covalent fashion. ° On the cell-
surface, LRP is inserted in the plasma membrane through the ß-chain that contains a 
transmembrane domain and a short cytoplasmic tail that is essential for endocytosis. 
The a-chain functions as a large ectodomain that interacts with the ligands of the 
receptor. Ligands bound to LRP are rapidly internalized into endosomes via clathrin 
coated pit-mediated endocytosis16 and dissociate from the receptor in the endosomes 
before they are degraded in the lysosomal compartment. LRP, on the other hand, 
recycles to the cell membrane. 
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Tissue distribution and regulation of cellular expression 

Immuno-histochemical staining of human tissues with monoclonal antibodies against 
LRP has shown that particularly the liver, placenta, lung and brain express high levels 
of the receptor.18 In the liver LRP is present on the parenchymal cells and the Kupffer 
cells. The high expression in the placenta is exhibited by the syncytiotrophoblasts. 
Furthermore, LRP is present on neurons and astrocytes in the central nervous system, 
epithelial cells of the gastrointestinal tract, smooth muscle cells, fibroblasts, granulosa 
cells in ovary and dendritic interstitial cells of kidney.18 Retinal Muller (glial) cells also 
express LRP,19 so do trabecular meshwork cells,20 adipocytes21 and Leydig- and Sertoli 
cells in testis.22 So far, the monocyte is the only blood cell that expresses LRP18 and 
LRP has been defined as a monocyte differentiation antigen (CD91).23 During the 
differentiation of monocytes to macrophages there is a major increase in the expression 
of the receptor.24 The elements involved in this upregulation are not known but LRP 
expression on macrophages is increased by macrophage colony stimulating factor-1 
(CMSF-1)25 and downregulated by lipopolysaccharide (LPS), interferon-y and 
estradiol.26_!9 Some other factors that modulate LRP expression in cultured cells have 
been described. Interferon-y treatment increases LRP expression on human astroglial 
cells' and insulin has been shown to induce LRP surface expression on cultured 
adipocytes." • ' This action of insulin has been suggested to be due to reorganization of 
the endocytotic pathway and mobilization of intracellular receptors rather than to a 
transcriptional regulation. Furthermore, it was reported that the atherogenic factors 
platelet-derived growth factor-BB (PDGF-BB) and epidermal growth factor (EGF) can 
increase LRP activity in vascular smooth muscle cells also by altering receptor 
distribution on the cell surface.32 Addition of 8-bromo-cAMP to cultures of human 
cytotrophoblasts prevented the increase in expression of LRP as the cytotrophoblasts 
differentiated into syncytioblasts, by down regulating LRP expression at a 
transcriptional level.33 The promoter of LRP does not contain a sterol-regulatory 
element, as is present in the promoter of the LDL receptor.34 Consistent with these 
findings, intracellular cholesterol down regulates the expression of the LDL receptor, 
where it does not have any effect on LRP expression.27 

Ligands and (patho)physiological functions of LRP 

Extensive studies performed in many different laboratories have revealed that LRP 
interacts with a multitude of apparently structurally-unrelated ligands, suggesting a role 
for the receptor in diverse physiological and patho-physiological processes. This 
assumption was underscored by the observation that targeted disruption of the gene 
coding for LRP in the mouse arrested the development of LRP_/" embryos around the 
implantation stage (day 13 of development) demonstrating an essential role for this 
receptor during embryonic development.35'36 

In table 1, we have listed the currently known classes of ligands that bind to the LDL 
receptor family, and grouped them in different functionality groups. We have also made 
an effort to compare the ligand affinities for LRP. This presents problems because when 
one compares the many publications on LRP-ligand interactions, it is striking that very 
different KD values have been estimated for the same ligands. The choice of method 
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(e.g. radioassays on cells or purified receptor, BIAcore analysis, inhibitor experiments 
or ELISA) and differences in temperature, data evaluation and specific activity of 
ligands and receptors may in part explain these often many-fold differences in the 
published ligand affinities. In addition, binding data are often very complex due to 
multi-site kinetics (e.g. several heterogeneous binding sites in RAP and uPA/tPA-PAI-1 
and four homogenous binding sites in activated a2-macroglobulin). In order to 
overcome some of the overwhelming problems when making a comparison of the 
ligand affinities estimated by different methods in different laboratories we have only 
listed the relative affinities in arbitrary units (see table 1). 
In the following paragraphs we will summarize the potential physiological significance 
of the internalization of the different ligands by LRP. 

Apolipoproteins and lipases 

The close homology of LRP with the LDL receptor, and the fact that LRP binds 
lipoprotein particles via apolipoprotein E (apoE),37'38 lipoprotein lipase (LpL),39_41or 
hepatic lipase (HL),42 has indicated a role in lipid metabolism.1'37'38'43,44 Chylomicrons 
function to transport dietary fat and cholesterol from the intestine through the lymph 
into the blood. These lipoproteins are metabolized in two steps. First, most of the 
triglycerides are removed in a process catalyzed by LpL and chylomicron remnants are 
produced. LpL is also a ligand for LRP either in its free form or when associated with 
lipoprotein particles or remnants.39"41'45"47 The remnants are then removed from the 
circulation by liver parenchymal cells via a receptor-mediated process. This process 
depends upon apoE on the particle surface, and is mediated by the LDL receptor. 
However, since these particles are efficiently catabolized in patients affected with 
homozygous familial hypercholesterolemia (FH) who have severe LDL receptors 
deficiencies, another receptor must assume this function in these patients, and LRP is a 
candidate for this function. The role of LRP in remnant clearance has been strongly 
debated.4950 In a study using mice lacking the LDL receptor, apoE or both proteins, it 
was established that apoE is required for clearance of chylomicron remnants and very 
low density lipoproteins.51 To investigate the role of LRP on the uptake and endocytosis 
of chylomicron remnants by the liver in rats, the effect of receptor-associated protein 
(RAP) was examined.52 RAP acts as a universal inhibitor of ligand binding by LRP (see 
below). High levels of RAP reduce the removal of ' 5I-chylomicron remnants from the 
plasma by about 30%, and completely abolishes endocytosis of these lipoproteins. 
Furthermore, using an adenoviral vector to transfer the RAP gene into the liver of 
normal mice and mice lacking the LDL receptor, a high circulating level of RAP was 
achieved which completely blocked LRP function.49 The inactivation of LRP was 
associated with a marked accumulation of chylomicron remnants in the LDL receptor 
deficient mice, and to a lesser degree in normal mice. These studies indicate that the 
LDL receptor, and a RAP-sensitive receptor which is most likely LRP, both play an 
important role in the internalization of chylomicron remnants. Recently, definitive 
genetic evidence was provided which showed that the endocytic uptake of cholesterol-
rich remnant lipoproteins from the circulation by the hepatocytes is achieved by means 
of a dual receptor system that involves the LDL receptor and LRP." In this study the 
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Table 1. Ligands for LDL receptor family members and affinities for LRP 
Ligands LRP LRP2 LDLR VLDLR* LRP 

bindingf 
Apolipoproteins and lipases 

apo(a) 
apoB 
apoE 
apoJ 
lipoprotein lipase 
hepatic lipase 

#39.40 

42 

.131 

# 108 

.263 

.108 

.262 

• 
. 1 5 8 

.264 

.262 

. 1 2 7 

.128 

+ 

+++ 
++ 

Proteinase inhibitors and complexes 
PAI-1 
u-PA/PAI-1 
t-PA/PAI-1 
thrombin/PAI-l 
u-PA/protease nexin 1 
thrombin/protease nexin 1 
u-PA/protein C inhibitor 
thrombin/protein C inhibitor 
u-PA/antithrombin 111 
thrombin/antithrombin III 
u-PA/Cl inhibitor 
CI esterase/CI inhibitor 
thrombin/heparin cofactor II 
elastase/a 1 -antitrypsin 
trypsin/a 1 -antitrypsin 
cathepsin G/a 1-antichymotrypsin 
Oó-macroglobulin/proteinase 
pregnancy zone protein/proteinase 

70 

35.60 

57 

204 

•6I 

126 

126 

126 

126 

167 

126 

#26S 

.126.167 

269 

167 

270 

.265 

.108.266 

.108 

. 204 

.269 

.267 

.126 

. 126 

. 126 

. 126 

.126 

. 126 

+++ 
+++ 
+++ 
+++ 

+ 

+ 

+ 

+++ 

Kunitz-type inhibitors 
tissue factor pathway inhibitor 
ß-amyloid precursor protein 
aprotinin 

80 

79 .79 

+++ 
+ 
+ 

Serine proteinases 
t-PA 
pro-u-PA 
u-PA 

58 

.59.84 

59 

.265 .128 

+ 
+ 
+ 

Matrix proteins 
thrombospondin-1 
thrombospondin-2 

88.89 

90 

. 8 8 .248 ++ 

Chaperone 
RAP .111.27, . 230 • +++ 

Other ligands 
Pseudomonas exotoxin A 
malaria circumsporozoite protein 
lactoferrin 
minor group of human rhinovirus 
plant ribosome-inactivating proteins 
vitellogenin 
transcobalamin/vitamin-B 12 

104 

106 

108 

105 

107 

1 14 

.108 

.132 

.105 

+++ 

*VLDLR stands for very low density-lipoprotein receptor. 
tArbitrary units: +++ represents an affinity comparable to or higher than that of RAP, ++ 
represents a moderate affinity and + a week affinity. 
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Cre/loxP recombination system was used to achieve inducible, tissue-specific and 
quantitative disruption of the LRP gene in adult mice. Inactivation of LRP in the livers 
of LDL receptor-deficient mice resulted in the accumulation of cholesterol-rich remnant 
lipoproteins in the circulation. In normal animals this caused a compensatory 
upregulation of the LDL receptor in the liver. 
The role of LRP in lipid metabolism indicates a possible contribution of LRP in the 
excessive lipid uptake that leads to foamcell formation in atherosclerosis. Indications for 
such a role came from the observation that LRP is expressed on smooth muscle cells 
and macrophages in the atherosclerotic lesions.54'55 In addition, unlike the LDL receptor, 
LRP is not down-regulated by intracellular cholesterol contents.27 

Proteinase inhibitors and complexes 

The ability of LRP to bind and rapidly internalize both proteinases and proteinase-
inhibitor complexes suggests a major role for this receptor in regulating proteinase 
activity. Many of these ligands are complexes of proteinase inhibitors that belong to the 
so-called seipin family.56 The serpins inhibit their target serine proteinase by forming an 
inactive stable, stoichiometric complex, that, when formed in the circulation, is rapidly 
catabolized by the liver. LRP ligands include the complexes of tissue-type plasminogen 
activator (t-PA) and urokinase-type plasminogen activator (u-PA) and their 
inhibitors35'57"61 and other serpin enzyme complexes (SECs).reviewed in 62 Several 
independent lines of evidence suggest that LRP is the hepatic receptor that plays a major 
role in the clearance of several SECs. 
The u-PA/u-PA receptor (u-PAR) system is involved in several biological processes 
including cell-associated proteolysis, invasion and migration, Chemotaxis, wound 
heeling, embryogenesis and metastasis.63"69 LRP internalizes the u-PA/PAI-1 complexes 
bound to the u-PAR.60'70 After internalization, u-PAR escapes degradation in lysosomes 
and recycles to the cell surface, allowing it to again exert its function as a mediator of 
cell-surface mediated matrix degradation and cell adhesion and migration.71'72 Because 
of this role of LRP in the dynamics of the u-PA/u-PAR system, LRP is thought to be 
involved in the above mentioned biological processes. Recently, it was shown that 
embryonic fibroblasts which are genetically deficient in LRP, demonstrate increased 
activity of the u-PA/u-PAR system and accelerated migration on vitronectin in 
comparison to normal fibroblasts.73 However, the migration of human smooth muscle 
cells in vitro could be inhibited by RAP. So it remains unclear if and how LRP is 
involved in cell migration. 
As already mentioned, LRP is the oc2M receptor and binds the inhibitor once it has been 
transformed to an a2M-proteinase complex.6'7 In addition to the control of proteinases 
by a2M, it has been demonstrated that several cytokines (platelet-derived growth factor-
BB,75 inhibin, activin, follistatin,76 and transforming growth factor-beta l77) bind to 
activated a2M and that these complexes are cleared from plasma via LRP. Therefore, 
LRP was suggested to function as a modulator of cytokine activity. 
Tissue factor pathway inhibitor (TFPI), a plasma serine proteinase inhibitor that 
regulates tissue factor-induced blood coagulation and aprotinin, also known as 
pancreatic trypsin inhibitor and ß-amyloid precursor protein (APP), all Kunitz-type 
protease inhibitors, are ligands of LRP.78"80 The observation that LRP is found in the 
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senile plaques that are associated with Alzheimer's disease,81'82and that LRP can 
mediate the degradation of ß-amyloid precursor protein80 and apoE, has raised 
considerable interest in the role of LRP in the pathogenesis of Alzheimer's disease. 

Serine proteinases 

T-PA and u-PA are rate-limiting factors of the fibrinolytic system. They catalyse the 
conversion of the zymogen plasminogen into the broad-specificity serine protease 
plasmin. T-PA in particular, has been used extensively as a thrombolytic agent for the 
treatment of acute myocardial infarctions.83 A limitation of this treatment is the rapid 
clearance of t-PA from the circulation by the liver. LRP binds t-PA58 and single-chain 
u-PA (scu-PA)59'84 and in rats, LRP on the surface of parenchymal cells is thought to be 
responsible for over half of the liver uptake of t-PA and u-PA. 

Other ligands 

The matrix protein thrombospondin also binds to LRP.88"90 Proposed functions for 
thrombospondin include an involvement in platelet aggregation, ' cell adhesion, 
cell growth,98"100 angiogenesis,101 and regulation of protease activities.102'103 

Other ligands include the Pseudomonas exotoxin A,104 minor group of human 
rhinovirus,105 malaria circumsporozoite protein,106 plant ribosome-inactivating 
proteins,'07 lactoferrin108 and a molecule that co-purifies with LRP, RAP,8'9 an 
intracellular folding chaperone109'110 that antagonizes all ligand-binding to LRP 1 "" 3 

and will be discussed in detail below. Vitellogenin, a lipophosphoglycoprotein essential 
for oocytic growth in egg-laying animals, also binds LRP.114 

Structure of LRP 

The remarkable capability of LRP to specifically bind and internalize such a multitude 
of diverse ligands is the subject of active investigation and the major topic of this 
review. In the following sections we will focus on the structure of LRP and the other 
members of the LDL receptor protein family, and review what is known about the 
structural features that are implicated in the molecular mechanisms underlying LRP's 
multifunctionality. 
Being a type I membrane protein, the carboxyl-terminal 100 amino acids make up the 
cytoplasmic domain and harbour two copies of the Asn-Pro-X-Tyr motif that function 
as a signal for clathrin coated pit-mediated endocytosis.16 The ß-chain contains a single 
membrane-spanning region that anchors the receptor in the plasma membrane. 
The major part of the extracellular domain of LRP consists of three types of repeats. It 
contains 31 class A cysteine-rich repeats which are also present in the LDL receptor and 
are therefore called LDL receptor class A (LDLRA) domains.' LRP has four clusters 
with 2, 8, 10 and 11 LDLRA domains generally referred to as clusters I, II, III and IV, 
respectively. In LRP, LRP2 (described below) and the LDL receptor, the clusters of 
LDLRA domains constitute the ligand binding domains."5"'20 Furthermore, 22 
epidermal growth factor repeats (EGF) are present in LRP. Two distinguishable patterns 
of EGF-type repeats occur, denoted B.l and B.2.' The first 16 EGF-type repeats of LRP 
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are of the B.2 pattern and these flank the clusters of LDLRA domains. Six EGF repeats 
of the B.l pattern are present in the LRP ß-chain. Another conserved motif is the 
'YWTD' repeat which contains a conserved Tyr-Trp-Thr-Asp sequence in a span of 50 
amino acids. These repeats separate the four clusters of LDLRA domains and EGF 
repeats. The EGF and YWTD repeats are thought to act together in a pH dependent 
conformational change of the receptor which releases ligands within the endosomes 
allowing the unoccupied receptor to recycle back to the cell surface. 

The LDL receptor family 

The LDL receptor family represents a typical example of related proteins whose genes 
have evolved by an evolutionary process called exon-shuffling. All members are 
endocytic receptors, composed of varying numbers of similar domains as described for 
LRP in the previous section (see fig. 1). The first identified member of this family was 
the LDL receptor, that mediates the cellular uptake of apoB and/or apoE containing 
lipoproteins.123124 The LDL receptor contains one cluster of 7 LDLRA domains and is 
ubiquitously expressed. Very similar in structure is the very low-density lipoprotein 
(VLDL) receptor that contains 8 LDLRA repeats.125 This receptor binds proteinase-
inhibitor complexes126 and apoE/LpL containing lipoproteins.127,128 A cDNA encoding a 
variant form of the VLDL receptor, which lacks the O-linked sugar domain has also 
been identified.125 The VLDL receptor is highly abundant in the heart, (skeletal) muscle 
and adipose tissue but not present in the liver.127 Furthermore, the VLDL receptor is 
present in the brain, spleen, lung, kidney, adrenal, testis, small intestine, human vein 
endothelial cells and human aortic smooth muscle cells.128 A third member of the family 
is named the apoE receptor 2 (apoER2).129 It recognizes apoE-rich lipoproteins with 
high affinity and contains 7 LDLRA domains. Expression is high in brain and placenta. 
Similar in size to LRP is the fourth member of the LDL receptor family denoted LRP2, 
also known as gp330 or megalin.130 LRP2 binds many, but not all, of the ligands that 
interact with LRP and, like LRP, may function in lipoprotein metabolism and 
proteinase/proteinase-inhibitor regulation. In addition, LRP2 binds apoB and 
transcobalamin-vitamin B12.131'132 The extracellular domain contains 36 LDLRA 
domains in four clusters of 7, 8, 10 and 11 domains. LRP2 is predominantly expressed 
in specialized epithelia of the brain, lung and kidney. 

A molecule closely related to LRP2 has been identified in C. elegans, ' containing four 
clusters of 6, 8, 10 and 11 LDLRA domains and in Drosophila, a protein belonging to 
the LDL receptor family was identified containing two clusters consisting of 5 and 8 
LDLRA domains.134 In chicken at least four different proteins which belong to the LDL 
receptor family have been identified.revlcwe 

A novel hybrid-type receptor was identified, denoted sorLA-1, which is expressed in 
brain, spinal cord, and testis.136 It is an unusually complex member since it is build up 
of a cluster of 11 LDLRA domains, 5 YWTD repeats, a segment homologous to 
domains in the yeast carboxypeptidase Y binding vacuolar protein sorting 10 protein, 
VpslOp, and six tandemly arranged fibronectin type III repeats also found in certain 
neural adhesion proteins. The domain structure suggests that sorLA-1 is an endocytic 
receptor possibly implicated in the uptake of lipoproteins and of proteases. For the 
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rabbit homologue of this receptor, denoted L R U , it was shown that it is capable of 
binding apoE-containing lipoproteins.137 

In addition to the LDL receptor family members, a hybrid receptor with an amino-
terminal cluster of 12 LDLRA domains and a carboxyl-terminal part similar to regions 
m guanine nucleotide binding protein-coupled receptors has been described in the 
mollusc Lymnea stagnai is.ni 

0 LDLRA domain 

• EOF repeat type R.2 

0 EGF repeat type B 1 

m YWTD repeats 

• O-linked sugar domain 

8 Transmembrane Domain 

• NPXY (like) motif 

NI':(I1D^W«C#-=COOH LDLR 

Nil, (JJJJJJ)wwv«=§=COOH apoER2 

mU (MI)>»*«=*"COOH VLDLR 

NH, fflfl]ÊmmiMffflfflfiÊÊmiÊ§^cooH Yolkless (Drosophila) 

^ ^ » • « « • H r a « * « ^ ^ LRp 

N H = ( M H ^ H I l f f i ^ ^ LRP2 like (C. elegans) 

NH^ D M ) » « « « H 1 I ^ ^ LRP2 

Fig. 1. Domain organization of members of the LDL receptor family. 
All members of the LDL receptor family are composed of structural domains that are described in 
the box. A variant form of the VLDL receptor, which lacks the O-linked sugar domain is not 
shown. 

Other LDLRA domain containing proteins 

The LDLRA domain was first identified in components of the complement system. 
Therefore, the LDLRA domain is also known as the complement-type A repeat. 
Complement factor I, which is responsible for cleaving the alpha-chains of C4b and 
C3b, contains 2 copies of LDLRA.139'140 Complement component C6,141 C7,142 C81 4 3 1 4 5 

and C9146 contain each one LDLRA domain. 

Furthermore, perlecan, a large multidomain basement membrane heparan sulfate 
proteoglycan contains 4 LDLRA domains.147 A similar but shorter proteoglycan, unc52 
is found in C. elegans which has 3 repeats of LDLRA.148 Also, invertebrate giant 
extracellular hemoglobin linker chains, which allow heme-containing chains to 
construct giant hemoglobin, contains 1 LDLRA domain.149150 Vertebrate enterokinase, 
a type II membrane protein of the intestinal brush border which activates trypsinogen,' 
contains 2 LDLRA domains151 and vertebrate integral membrane protein D G C R 2 / I D D ' 
a potential adhesion receptor has 1 LDLRA domain.152 The Drosophila serine protease 
nudel, which is involved in the induction of dorsoventral polarity of the embryo, 
contains 11 LDLRA domains.153 Finally, avian subgroup A Rous sarcoma virus receptor 
has 1 copy of a LDLRA domain.154 
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Structure of LDLRA domain 

As described above, clusters of LDLRA domains constitute the ligand binding domains 
in LRP and the other members of the LDL receptor family of proteins. It was suggested 
that a common origin for these motifs dated back at least 600 million years.155 An 
LDLRA domain contains about 40 amino acids of which 6 are disulphide-bound 
cysteines, and a highly conserved cluster of negatively charged amino acids between the 
fourth and sixth cysteines.156 These acidic residues are important for high-affinity 
binding of positively-charged sequences in ligands of the LDL receptor.157 The cysteine 
residues are disulphide bonded in the pattern one to three, two to five, and four to six.156 

Reduction of the disulphide bonds destroys the structure and abolishes binding of the 
LDLRA domain to ligands.158 In addition, it has been suggested that calcium ions 
interact with the repeats, as ligand binding is calcium dependent.159'160 The three-
dimensional structures of three independent LDLRA domains, all derived from the LDL 
receptor, have been solved.161"163 The first LDLRA domain from which the structure 
was solved is the amino-terminal LDLRA domain of the LDL receptor (LB1).161 This 
domain is not involved in binding the ligands apoB and apoE. However, it appears to 
contain a calcium-binding site, as it is recognized by a monoclonal antibody only in the 
presence of calcium ions.159'164'165 The antibody is conformation specific, as binding is 
abolished when the disulphide bonds of the repeat are reduced.164,165 The three 
dimensional structure of this domain has been determined by two-dimensional 'H NMR 
spectroscopy and shown to consist of a ß-hairpin structure followed by a series of ß 
turns. Many of the side chains of the acidic residues, including a highly conserved Ser-
Asp-Glu triad, are clustered on one face of the module.161 Calcium ions had only minor 
effects on the circular dichroism (CD) spectrum and no effect on the 'H NMR spectrum 
of the domain, suggesting that calcium does not induce a significant conformational 
change. 

The second three-dimensional structure of a LDLRA domain was derived from the 
second LDLRA domain from the LDL receptor (rLB2).162 This domain might be 
involved in LDL binding via apoB because binding of LDL to the LDL receptor is 
affected by deletion of any single repeat, excluding that at the amino-terminus (LB1)."7 

Therefore, it is concluded that apoB-binding requires a combination of repeats 2 to 7, 
plus adjacent EGF repeats. Deletion of single repeats does not appear to alter the 
binding to ß-VLDL (containing apoB and apoE), with the exception of repeat 5, the 
deletion of which reduces ß-VLDL binding by 60%. Furthermore, in this site-directed 
mutagenesis study the deletion of both the first and second repeats resulted in normal 
binding to ß-VLDL; however, binding to LDL is reduced by 29%."7 The three-
dimensional structure of rLB2, also obtained by using two-dimensional 'H NMR 
spectroscopy, parallels that of LB1, with an amino-terminal ß-hairpin structure followed 
by a succession of ß-turns.162 In the presence of calcium the three-dimensional structure 
is far better refined by 'H NMR spectroscopy although the CD spectra do not differ 
greatly in the absence or presence of calcium. The hydrogen bonds which must stabilize 
the hairpin in LB1 are absent from rLB2. 
Recently, the three-dimensional structure of the fifth LDLRA domain (LR5) of the LDL 
receptor was reported.163 As already mentioned, deletion of this domain reduces ß-
VLDL binding by 60% and it has been concluded that apoE-binding primarily requires 
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repeat 5 of the LDL receptor.117 The structure of LR5, determined by X-ray 
crystallography, contains a calcium ion coordinated by four conserved carboxyl-
terminal acidic residues plus two nearby carbonyl oxygens. Although the overall 
topology of LR5 is similar to that of LB1 and rLB2, the NMR structures of the latter 
two domains failed to show Ca2+ binding. Many point mutations that impair ligand 
binding by the LDL receptor and cause FH map to the fifth LDLRA domain of the LDL 
receptor, particularly to the cluster of acidic residues near the carboxyl-terminal end of 
the domain. The effects of these mutations can be explained by the LR5 structure. These 
mutations fall into two categories: elimination or misplacement of residues that 
coordinate the Ca2+ ion, and removal of hydrogen bonds or disulphide bonds that help 
maintain the backbone topology. In addition to justifying the effects of FH mutations, 
the structure of LR5 calls into question existing models for ligand-binding to LDLRA 
domains. These models postulate that the interaction between LDLRA domains and 
their ligands occurs between the conserved acidic motif in the LDLRA domains and 
positively charged residues of the ligands. However, this latest structure shows that 
most of the residues in the conserved acidic motif of LR5 are buried to participate in 
Ca2+ coordination, instead of being exposed on the surface of the domain. Perhaps the 
ligands interact with the other negatively-charged residues that are not involved in Ca + 

coordination. 

Structural determinants on LRP responsible for ligand binding 

The first evidence that showed that also for LRP the LDLRA domains are involved in 
ligand binding was derived by ligand-blotting of CNBr-digested receptor fragments. 
125I-labeled a2M-light chain, u-PA/PAI-1 and RAP were demonstrated to bind to a 75-
kDa LRP fragment composed of three disulphide-linked subfragments comprising 
amino acids 776-1399 of LRP. This ligand-binding fragment contains the second cluster 
of eight LDLRA domains (cluster II) flanked by one amino-terminal and two carboxyl-
terminal EGF-type repeats. It seems unlikely that the binding sites for these above 
mentioned ligands are within the two carboxyl-terminal EGF-repeats since a 
monoclonal antibody, for which the epitope is located within these two EGF-type 
repeats, does not inhibit binding of these ligands. Furthermore, LDLRA domain number 
8 of LRP (the sixth domain of cluster II) contains a CNBr-sensitive Met107o-Asp107i 
bond and as a result of cleavage at this site this domain is most likely not intact 
anymore. Based on this assumption it can be concluded that this domain is probably 
also not important for binding of the ligands used in this study. 
Also a recombinant DNA approach was used to express functionally restricted LRP-
minireceptors containing only the cluster II or the cluster IV domain.116 Ligand-blot 
analysis of these truncated receptors reveals binding of 125I-labeled glutathione S-
transferase (GST)-RAP fusion protein both to the cluster II and IV containing 
minireceptors. The cluster II containing receptor also binds ' 5I-labeled t-PA/PAI-1 
complex on ligand blot, while no binding of t-PA/PAI-1 complex to cluster IV could be 
detected. In these studies binding of l25I-u-PA/PAI-l complexes to cluster II on ligand 
blot was also observed. 125I-Labeled t-PA that is not complexed by PAI-1 does not show 
detectable binding to either cluster or to wild-type LRP on ligand blot. Furthermore, 
a2M fails to bind to the minireceptors. Because the cluster II minireceptor sequence 
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partially overlaps with the above mentioned 75-kDa ligand-binding CNBr fragment, but 
is lacking the EGF repeat at the ammo-terminus, it is possible that this EGF repeat is at 
least part of the a2M binding site. 
As an alternative approach to delineate the ligand binding sites of LRP, a series of 
soluble recombinant receptor fragments spanning the second cluster of LDLRA 
domains, and the amino-terminal flanking EGF repeat of LRP (amino acids 787-1165) 
were expressed in Baby Hamster Kidney Cells and purified. A detailed study of 
ligand binding to these fragments using surface plasmon resonance, revealed the 
presence of three distinct, Ca2+-dependent ligand binding sites in the cluster II domain 
of LRP. T-PA/PAI-1 complexes as well as PAI-1 bind to a domain located in the 
amino-terminal portion of cluster II, spanning LDLRA domains 3-7 plus the flanking 
EGF repeat. Adjacent to this site, and partially overlapping, is a high-affinity RAP-
binding site located on LDLRA domains 5-7. Fab A8,'66 a pseudo-ligand of the 
receptor, binds to a third Ca2+-dependent binding site constituted by LDLRA domains 8-
10 at the carboxyl-terminal end of cluster II. Fab A8 is an antibody selected from a 
phage-display library that binds the receptor in a Ca2"-dependent fashion and 
completely inhibits the binding of pro-u-PA and that, in part, inhibits the binding of u-
PA/PAI-1 complexes, but has no effect on the binding of a2M and t-PA/PAI-1 
complexes to immobilized purified LRP. In view of the likely disruption of LDLRA 
domain number 8 due to CNBr digestion and the finding that Fab A8 binds to the CNBr 
fragment comprising cluster II, it can be concluded that the binding site of Fab A8 is 
restricted to LDLRA domain 9 and 10. In view of the fact that Fab A8 can completely 
inhibit pro-u-PA binding to LRP it is suggested that pro-u-PA binds to this same region. 
However, binding of pro-u-PA to the cluster II fragment comprising LDLRA domains 
5-10 could not be detected (Horn, unpublished results). 
In a similar study, anchor-free, soluble minireceptors were generated that represent each 
of the four putative ligand-binding domains of LRP (cluster I to IV). Co-
immunoprecipitation and ligand binding studies demonstrated that RAP binds to cluster 
II, III, and IV, but not to cluster I. However, the interactions of cluster II and IV were 
much stronger than that of cluster III. 
Competition experiments between LRP ligands provide additional evidence for 
independent and partially overlapping ligand-binding domains. For example, the finding 
that oc2M and PA/PAI-1 complexes do not cross-compete with one another for LRP 
binding, as shown by crosslinking and immunoprecipitation experiments, implies these 
ligands'bind to independent sites on LRP.58'60 Furthermore, it was reported that oc2M and 
apoE/ßVLDL partially cross-compete for binding to LRP, but only at high 
concentrations, suggesting the competition results from steric hindrance at adjacent but 
not identical sites.44 The observation that degradation of t-PA/PAI-1 complexes by 
fibroblasts is not inhibited by LpL/ßVLDL, apoE/ßVLDL, lactofemn, or a2M implies 
that t-PA/PAI-1 complexes bind to a site on LRP separate from the other ligands. 
Cross-competition binding experiments with lactofemn, LpL/ßVLDL, and 
apoE/ßVLDL suggests that these ligands bind to three distinct, but partially overlapping 
sites on LRP.108 Thrombin/heparin cofactor II and trypsin/antitrypsin inhibited the 
LRP-mediated uptake and degradation of 125I-labeled antithrombin III /thrombin 
complexes in mouse fibroblasts.167 Very low concentrations of lactoferrin are highly 
effective in competing for apoE-dependent lipoprotein uptake by LRP in cultured cells 
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but does not compete for a2M or t-PA/PAI-1.108'68 Lactoferrin inhibits binding of 
malaria circumsporozoite protein to LRP.1 6 Taken together, the first studies show that 
the clusters of LDLRA domains of LRP contain multiple independent ligand-binding 
sites for the different classes of LRP ligands. Fig.2 summarizes the locations of the 
characterized ligand binding sites. 
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a2M, u-PA/PAI-l RAP RAP 

PAI-1. t-PA/PAI-1 

RAP 

Fab A8 

Fig. 2. Ligand binding to LRP. 
Schematic representation of ligand binding to the clusters of LDLRA domains of LRP, denoted I 
to IV. See fig. 1 for description of structural motifs. 

Structural determinants on ligands responsible for LRP binding 

As outlined in previous sections, ionic interactions have been postulated to play a role in 
the ligand/receptor interactions of members of the LDL receptor gene family. Notably, 
most of the ligands of LRP are heparin binding proteins as has been demonstrated for 
several SECs, RAP, LpL, thrombospondin, TFPI, lactoferrin, and apoE. Receptor 
binding of these ligands is inhibited by heparin.60'69 Binding of a2M/proteinase 
complexes is not inhibited by heparin and heparin itself does also not bind to LRP.169 

For several ligands the positively-charged heparin binding domains have been shown to 
comprise the receptor binding domains (see below). Apparently structurally-unrelated 
ligands appear to contain homologous positively-charged domains which are involved 
in receptor binding. Studies with different ligands have demonstrated that, in several 
cases, interactions with LRP on the cell surface are preceded by initial binding to 
proteoglycans. Subsequently, these proteoglycans might facilitate ligand uptake, 
ultimately mediated by LRP, by a process denoted 'ligand transfer'. In vitro studies 
supported that this mechanism may be operative for the ß-amyloid precursor protein,80 

LpL or apoE containing lipoproteins, l170 TFPI,78 thrombospondin,89 and the malaria 
circumsporozoite protein.106 

In the following paragraphs we will summarize the structural features that have been 
shown to be involved in LRP binding for some of the major LRP ligands. 
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ApoE 

All members of the LDL receptor family bind to apoE. In the absence of lipids, apoE 
self-associates to form a tetramer over a wide concentration range.17117 In contrast, this 
self-association does not occur on lipid surfaces.173 ApoE contains two structural 
domains joined by a protease-susceptible hinge region.172'174 Digestion of apoE with 
thrombin results in a 22-kDa amino-terminal fragment (amino acids 1-191) and a 10-
kDa carboxyl-terminal fragment (amino acids 216-299).175 The lipid-binding domain 
resides on the carboxyl-terminal fragment and mediates the binding of apoE to the 
surface of lipoproteins, whereas the LDL receptor binding domain is located in the 
amino-terminal fragment.176 The three-dimensional structure of the amino-terminal 
fragment has been deduced from x-ray crystallography.176 Besides a short connecting 
helix (amino acids 44-53), this fragment contains an antiparallel four-helix bundle 
composed of helix 1 (24-42), 2 (54-81), 3 (87-122), and 4 (130-164). The LDL receptor 
binding domain is situated on helix 4, and is comprised of amino acids 136-150 as 
determined using the monoclonal antibody ID7. This antibody binds to an epitope 
consisting of these amino acids thereby inhibiting binding of apoE to the LDL 
receptor.175"177 The LDL receptor binding domain is unusually rich in basic residues 
(Argi36, His140, Arg142, Lysi43, Arg145, Lys146, Arg147, and Arg150). The importance of 
Arg and Lys residues for binding to the LDL receptor has been demonstrated by 
chemical modification studies. Selective modification of Arg residues by 1,2-
cyclohexadione178 or reductive methylation of Lys residues179 completely inhibited 
apoE-mediated LDL receptor binding. It is assumed that the interaction of apoE with 
other receptors of the LDL receptor family resembles the interaction with the LDL 
receptor. 
ApoE possesses two heparin binding domains,180'181 through which apoE binds to 
heparin182 via electrostatic interactions. One of these domains (amino acids 142-147) 
corresponds to the LDL receptor binding region, and the binding of heparin to this site 
is inhibited by the monoclonal antibody 1D7.181 Studies with synthetic peptides 
indicated another heparin-binding site between amino acids 202-243. 
In humans the nature of apoE is polymorphic, as has been demonstrated using 
isoelectric focusing.183'184 Three alleles at the APOE gene locus (E2, E3, and E4) encode 
the three major isoforms. These isoforms are distinguished from each other by their Cys 
and Arg content at two polymorphic sites: apoE2 (CysU2, Cys158), apoE3 (Cysn2, 
Arg158) and apoE4 (Arg112, Arg158).

184'185 Whereas apoE3 and apoE4 bind equally well 
to the LDL receptor, apoE2 displays only approx. 1% of their binding activity.1 l 

However, apoE2 was approximately 40% as effective as apoE3 or apoE4 in binding to 
LRP.187 

LpL 

LpL and the homologous hepatic and pancreatic lipases are members of the mammalian 
lipase family. The crystallographic structure of pancreatic lipase188 shows that it consists 
of two folding domains, a larger amino-terminal and a smaller carboxyl-terminal 
domain. Because of the high degree of sequence similarity between the lipases, a three-
dimensional model for LpL was proposed.189 LpL circulates both as a 96-kDa 
homodimer, which is the normally secreted and catalytically-active form, and as a 
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catalytically-inactive monomer.190"192 The dimeric structure of LpL helps efficient LRP-
mediated lipoprotein uptake, possibly because only the dimer can simultaneously bind 
to a lipoprotein particle and to the receptor.39 Residues 1-312 of LpL, the amino-
terminal folding domain, harbour the catalytic triad with its covering loop, which is 
important for interaction with lipid substrates,193 heparin binding sites,192 and the site for 
binding of the cofactor apoCII.194 The carboxyl-terminal folding domain of the human 
lipase, comprising residues 313-448, is important for binding to LRP and also 
participates in binding to lipoprotein particles and to heparin. Sequences within residues 
378-423 largely account for the affinity to LRP.195 Tryptophan residues 390 and 393 
have been suggested to be involved in lipid binding.47'196 Recently, it was suggested that 
residues 380-384 are important for recognition of LRP and residues 404-430 are 
important for binding to the receptor as well as to heparin.197 It was proposed that 
Lys38b Lys383, and possibly Lys379 participate in receptor binding. Due to high 
homology between hepatic lipase and LpL at the carboxyl-terminal end, it is most likely 
that hepatic lipase binds to LRP via a structurally similar site. 

Serine proteinases, serine proteinase inhibitors and complexes 

With no exception, LRP has a higher affinity for serpins that are complexed with 
proteinases then for the native or cleaved serpin. In certain cases, such as with^serpins 
complexed to u-PA or t-PA, the enzyme is also known to bind to LRP ' and 
therefore the higher affinity of PA/PALI complexes has been attributed to the 
additional binding regions in the PAs.57'84 T-PA has been shown to interact with LRP 
via residues in the finger and growth factor domains.198199 Most proteinases, however, 
do not appear to bind to LRP; thus it seems that a major interaction site occurs on the 
serpin itself. PAI-1 is subjected to major conformational changes upon protease-
binding200"203 and it has been noted that other proteases, like the coagulation factor 
thrombin, exclusively bind to LRP when complexed to PAI-1.204 Therefore, it has been 
postulated by several investigators that the serpin exposes a recognition site for LRP 
upon complex-formation with its target protease.205'206 We recently obtained evidence 
that such a cryptic binding site is indeed located on the inhibitor moiety of the t-
PA/PAI-1 complex (article submitted). Specifically, a critical role can be ascribed to the 
lysine 69 residue, located in the heparin binding domain of PAI-1.207 A single amino 
acid substitution (Lys69^Ala) increases the KD of t-PA/PAI-1 Lys69^Ala complexes 
for the interaction with LRP 12,4 fold as compared to t-PA/PAI-1 complexes. 
Importantly, the Lys69 residue is not involved in the binding of free PAI-1 to LRP. A 
minor role is suggested for Lys80 and Lys88 in the binding of complexes to LRP. It is 
conceivable that the binding of t-PA/PAI-1 complexes to LRP is predominantly 
mediated by the PAI-1 moiety of the complex, specified by residues Lys69, Lys80, and 
Lys88. This is deduced from the observation that the affinity of the triple mutant t-
PA/PAI-1 Lys69^Ala, Lys80^Ala, Lys88^Ala complex for LRP (KD=97 nM) is only 
slightly higher than that of free t-PA (KD=158 nM). Furthermore, it was recently 
reported that the double mutants Arg78^Ala, Lys124^Ala and Lys82^Ala, Arg120^Ala 
of PAI-1 in complex with u-PA bind with a 10- to 20-fold reduced affinity to purified 
LRP.208 The rationale for introduction of the particular substitutions Arg120-^Ala and 
LySl24->Ala came from binding-competition results showing that the Fab fragment of 
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the anti-PAI-1 Mab-2, with an epitope localized to the PAI-1 residues 102-145, 
competes with the u-PA/PAI-1 complex for binding to LRP.60J0 The region in PAI-1 
containing the residues Arg78, Lys82, Arg120, and Lys124 is part of the flexible joint 
region covering the a-helices D, E and F, and ß-strands 2A and 1A.209 It is argued that 
this region in serpins is flexible relative to the rest of the molecule, to accommodate the 
transition from the active to the cleaved conformation, which involves strand insertion 
of the exposed reactive site loop into the central ß-sheet A, after cleavage in the reactive 
site loop. Hence, the flexible-joint region in PAI-1, besides being capable of interacting 
with heparin207 and vitronectin,210 is also involved in binding to LRP. Interestingly, the 
affinity of complexes of PAI-1 with serine proteases is one to two orders of magnitude 
higher than that of complexes, containing another serpin.7 ' ' It is proposed that PAI-
1 displays a property that is not shared by other serpins. 
Recently, a peptide corresponding to residues Pro47-Ile58 in the protease nexin 1 
sequence was identified as a potent inhibitor of 125I-thrombin/protease nexin 1 complex 
degradation via LRP.211 This sequence exists as a loop structure that is bound by sheet-
6B on the amino-terminal side and by helix-B on the carboxyl-terminal side. Because 
there is no crystal structure data available for protease nexin 1, it is not possible to say 
with certainty whether this site is masked or partially masked in uncomplexed protease 
nexin 1. The heparin binding domain of protease nexin 1, comprised of amino acids 90-
105,212 does not seem to be involved in LRP binding. 
It was recently shown that the binding and internalization of pro-u-PA via LRP on LM-
TK-cells, that lack u-PAR, was stimulated by the hexapeptide EEIIMD. This peptide 
corresponds to amino acids 350-355 of PAI-1, which contacts the sequence RHRGSS 
(amino acids 179-184) in the variable region-1 of u-PA.213 EEIIMD also stimulated the 
binding of pro-u-PA to purified LRP and had no effect on the binding of u-PA or of 
complexes between pro-u-PA and u-PAR. It is suggested that this stimulation is a result 
of a conformational change in pro-u-PA, induced by the binding of the hexapeptide. 
These results indicate that structural elements in the protease domain of u-PA may 
contribute to the interaction of u-PA/PAI-1 complexes with the receptor. 

a2-macroglobulin 

Native a2M inhibits a large number of proteinases of different classes. The molecule is 
composed of 4 identical 180-kDa subunits that form the functional tetrameric cage 
structure. Reaction with the target proteases is initiated by specific limited proteolysis of 
the bait region located between residues 667-705 of each subunit. Cleavage of the bait 
region induces a series of molecular events including the interruption of an internal 
thiolester which triggers conformational changes resulting in entrapment of the protease 
and exposure of previously hidden receptor recognition sites located on the carboxyl-
terminal domains of the subunits (residues 1314-1451 ).reviewed in 2I4 Treatment of a2M 
with methylamine also leads to cleavage of the internal thiolester and results in a 
transformed molecule that resembles that of oc2M/proteinase complexes but still has an 
intact though poorly accessible bait region. The carboxyl-terminal 138 residue receptor 
binding domain (RBD), that can be released from the transformed oc2M by limited 
proteolysis, retains its capacity to bind to LRP albeit with an affinity about two orders 
of magnitude lower than that of the binding of the native molecule to LRP." ' A 
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variant (RBDv) of human a2M-RBD containing 15 upstream residues in addition to the 
138 residues of the domain obtained by proteolysis of a2M

215"217 binds to LRP with 
nearly the same affinity as that found for interaction between one RBD in intact 
oc2M/proteinase and LRP." It was shown that chemical modification of lysine residues 
within the RBD of this fragments abolishes receptor binding.219 The RBD, that can be 
expressed and purified in a functional form was further investigated to identify the 
residues involved in LRP binding.21 ' 20 Targeting on the lysine residues that are highly 
conserved among receptor binding a-macroglobulins from different species, mutational 
analysis showed that substitution of Lysi370 to Ala resulted in a 4-5 fold increase in the 
KD for binding of the recombinant RBD to LRP.221222 Mutagenesis of Lys,374 had a 
minor effect on LRP binding, and mutagenesis of other residues including Lys1306, 
Lysi333, Lys136i, Glu,377, LyS|425, Aspi428, and Arg1384, causes no significant effect on 
LRP binding. From these studies and competition experiments with methyl-treated 
oc2M, it was proposed that two lysine residues, LyS|370 and to a lesser extent Lys!374, 
located in the carboxyl-terminal RBD of the subunits, are important for the binding of 
activated a2M to LRP. 

Kunitz-type inhibitors 

TFPI is a plasma Kunitz-type serine protease inhibitor that regulates blood coagulation 
via the inhibition of coagulation factor Xa and factor Vila/tissue factor. TFPI is unique 
among coagulation inhibitors in having multiple protease inhibitor domains. The acidic 
amino-terminus is followed by three consecutive Kunitz-type protease inhibitory 
domains and a basic carboxyl-terminus.223 The second Kunitz domain of TFPI mediates 
its binding to and inhibition of factor Xa, whereas the first Kunitz domain of TFPI is 
required for its inhibition of the factor Vila/tissue factor catalytic complex.224 The 
carboxyl-terminal region of TFPI, including at least a portion of the third Kunitz 
domain, is required for its binding to heparin and for optimal inhibition of factor 
Xa. " The third Kunitz-type domain and the basic carboxyl-terminus was shown to 
be involved in the binding of TFPI to the cell surface and may thus contain the 
structural requirements important for interaction with LRP.227 

The ß-amyloid precursor protein also contains a Kunitz-type domain that is likely to be 
involved in LRP binding. It has been shown that an APP isoform APPS695 that lacks 
the Kunitz-type domain, is a poor LRP ligand.80 

Aprotinin, another Kunitz-type proteinase inhibitor, used in acute pancreatitis and 
antifibrinolytic therapy, is known to bind to LRP2 via basic residues.79 Lys46 and Argl7 

contribute to the binding of aprotinin to LRP2 while Argi and Arg« are less important. 
Furthermore, substitution of Ile19 to Glu and Arg,2 to Glu causes a decreased affinity. 
Since two of the basic aprotinin residues (Lys46 and Arg,7) essential for receptor binding 
are located outside the Kunitz domain of aprotinin, it has been suggested that the mere 
presence of a Kunitz domain is not sufficient for binding to LRP. 

RAP 

During purification of LRP by affinity chromatography, a 39-kDa glycoprotein was 
identified that co-purified with the receptor and was therefore named receptor-
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associated protein (RAP).8'9 RAP is the homologue of a mouse protein termed heparin-
binding protein 44228 and, in the rat, RAP was identified as a major pathogenic domain 
of the Heymann nephritis antigen.229 

RAP binds with high affinity to LRP and antagonizes the binding of all known ligands 
to this receptor.111-113 While RAP exhibits high affinities for LRP, LRP2, and the VLDL 
receptor, it binds only weakly to the LDL receptor.230 The carboxyl-terminal end of the 
molecule contains a classical HNEL tetrapeptide ER-retention signal231'232 that is 
responsible for the predominant localization of RAP within early compartments of the 
secretory pathway, including the endoplasmic reticulum (ER) and cw-Golgi 
compartments.233 RAP has been proposed to function as an intracellular molecular 
chaperone for LRP and regulates its ligand binding activity along the secretory 
pathway.231 Association of RAP with LRP, early in the secretory pathway, would 
prevent the premature LRP binding of ligands which may travel by the same secretory 
pathway as LRP (e.g. t-PA, u-PA, apoE). With the lowering of the pH, late in the 
secretory pathway, RAP is thought to dissociate from the receptor and allow the 
expression of the active receptor on the cell surface. Next to preventing premature 
ligand binding RAP may also be involved in the proper folding of LRP during the 
biosynthesis. In RAP-deficient mice, a marked, 75% reduction in the LRP expression in 
liver and brain was observed while the LRP mRNA concentrations remained 
unaffected.234'235 LRP from the liver of these mice appeared to be in an uncleaved, 600-
kDa precursor form and LRP aggregates accumulated in the endoplasmic reticulum of 
the RAP-deficient hepatocytes. After restoration of RAP expression by the transfer of 
RAP cDNA in the liver of these mice, LRP expression was normalized.235 In a second 
study, designed to investigate the role of RAP as a folding chaperone, soluble 
minireceptors representing each of the four putative ligand-binding domains of LRP 
(SLRP1, -2, -3, and -4, corresponding to the clusters with 2, 8, 10, and 11 LDLRA 
domains, respectively) were expressed in human glioblastoma U87 cells. Little or no 
secretion from these cells was observed for SLRP2, -3, and -4, however, when RAP 
cDNA was cotransfected with SLRP2, -3, and -4 cDNAs, each of these' SLRPs was 
secreted. It was demonstrated that, in this system, coexpression of RAP could prevent 
the misfolding and the formation of intermolecular disulphide bonds that caused the 
retention of the RAP binding minireceptors in the ER.109 

The mature human RAP contains 323 amino acids228 and it was shown that the portion 
of the molecule that is homologous to the Heyman nephritis antigen resides within the 
amino-terminal residues 1-86, whereas a heparin binding domain is located between 
residues 261-323 at the carboxyl-terminus.236 RAP has been reported to bind two 
equivalent113 or five110 to seven237 sites on LRP, acting as a regulator of multiple ligand 
binding sites of the receptor by either, binding to all potential sites,113 or by inducing an 
inactive receptor conformation.108'238 

The efficient and functional expression of RAP in Escherichia colinl has facilitated a 
detailed analysis of the structural elements of both rat- and human RAP that are 
important for binding to members of the LDL receptor family and ligand 
inhibition. ' 110-23|S-239-242 ß a s e c j o n t ] l e s e s t u ( y e s and analysis of the primary structure it 
was revealed that RAP contains an internal triplication of structural and functionally 
autonomous domains comprising residues 1-100 (Dl), 101-200 (D2) and 201-323 
(D3). l3 When expressed individually, each of the single domains of human 
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RAP maintains its functional integrity and binds to LRP, although their affinity 
(D3>D1»D2) and inhibitory properties differ."0242 Expressed as GST/RAP(1-110), 
the Dl domain binds with moderate affinity to the amino-terminal LDLRA repeats (3-
6) of the cluster II domain of LRP.110 A Dl fragment, RAP (1-114), was shown to be an 
inhibitor of pro-u-PA.240 RAP(12-112) inhibits the binding of activated a2M to purified 
LRP and, as reported for rat-RAP,241 the carboxyl-terminal 15 residues of the Dl 
domain contains an important determinant for this inhibition. A sequence motif has 
been proposed that is shared among many non-homologous LRP ligands. This motif 
is present in the residues 85-112 and may thus be responsible for the observed binding 
and inhibition. Recently, the three-dimensional structure of domain 1 (residues 18-112) 
of human RAP was determined by NMR spectroscopy.243 The structure consists of three 
helices composed of residues 23-34, 39-65, and 73-88. The three helices are arranged in 
an up-down-up antiparallel topology. The carboxyl-terminal 20 residues were however 
shown not to be in a well defined conformation. 

The D2 domain GST/RAP(91-210) was shown to interact with the amino-terminal 
LDLRA (21-26) repeats of the cluster IV domain of LRP. In contrast to Dl and D3, that 
also share the highest degree of homology,110 domain D2 has little or no inhibitory 
properties. The observation that D2 contains a major phosphorylation site (Ser208) for 
cAMP-dependent protein kinase has raised the suggestion that D2 serves a distinct 
function compared to domains 1 and 3. 
Binding of the D3 domain GST/RAP(191-323) to LRP is similar to that of the full-
length protein.110 It binds to all three RAP binding cluster domains (II, III and IV) and 
inhibits t-PA binding to LRP. As described for the Dl domain the carboxyl-terminal 
portion of the D3 domain was shown to be important for LRP binding.242 Interestingly, 
the D3 domain is the only domain that was able to promote folding and secretion of 
soluble LRP minireceptors, showing that the roles of RAP in the folding and in the 
prevention of pre-mature ligand binding are independent. 

Finally, the multivalency of RAP for LRP supports a model for RAP inhibition of 
ligand binding by LRP in which a single RAP molecule could induce an allosteric 
change in the receptor by simultaneously interacting with multiple RAP binding sites. 

Thrombospondin-1 

Thrombospondin-1 (TSP-1) is a trimeric protein held together by interchain disulphide 
bonds at Cys252 and Cys256.

244 Proposed functions for TSP-1 include an involvement in 
platelet aggregation,91'92 cell adhesion,93"97 cell growth,98'100 angiogenesis,101 and 
regulation of protease activities.102103 The subunit of TSP-1 is composed of an amino-
terminal heparin binding domain (residues 1-258), a heptad-repeat region that mediates 
trimerization (residues 259-289), a procollagen module (residues 290-378), three 
properdin modules (residues 379-548), three epidermal growth factor-like modules 
(residues 549-691), Ca2+-bvnding (or type III) repeats (residues 692-950) and a 

245.246 — * i- i • i carboxyl-terminal globular domain (residues 951-1170).245'246 Thrombospondin binds 
via its amino-terminal heparin binding domain (residues 1-214 of mouse TSP-1) to 
L R p 247,248 Thrombospondin-2 was also shown to bind to LRP.°n 
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Other ligands 
It was shown that LRP is the long-sought receptor for the exotoxin A from 
Pseudomonas aeruginosa.104249 This toxin kills mammalian cells by a mechanism 
involving three major steps.250 First, the toxin binds to cells through LRP on the cell 
surface. Next, the toxin/receptor complex is internalized into the cell. Finally, the toxin 
is translocated to the cytosol where it enzymatically inhibits protein synthesis by 
inactivation of elongation factor 2, and kills the cell. The three-dimensional structure of 
the proenzyme form of exotoxin A comprises three domains. Domain III, the 
carboxyl-terminal domain (residues 405-613), carries the catalytic site which mediates 
ADP-ribosylation of elongation factor 2.252-254 Domain II (residues 253-364) is involved 
in translocation across membranes.25 ''255 Finally, domain I, the amino-terminal domain, 
which is subdivided into domains la (residues 1-252) and lb (residues 365-404), 
contains the receptor-binding site of the toxin.252'256,257 It was shown that structural 
domain la is required for cell recognition.252 Treatment of exotoxin A with reagents that 
react with lysine residues has been shown to lead to a reduction in cytotoxic activity 
apparently due to a modification of domain I.258 Furthermore, the modification of Lys57 

to Glu greatly decreases the affinity of the toxin for LRP.'04'256 Insertion of Glu-Phe 
between residues 60 and 61 and Glu-Leu between amino acids 75 and 76 of exotoxin A 
resulted in a reduction in cytotoxity to 1% and 10%, respectively.257 The location of 
these inserts and the Lys57 residue is within a major concavity on the surface of domain 
I of the exotoxin A molecule.251'257 The surface of this concavity is lined by three 
antiparallel ß-strands formed from amino acid residues 55-61, 63-69, and 72-80. It is 
suggested that these three antiparallel ß-sheets between residues 55 and 80 make an 
important contribution to the site on domain I at which receptor binding occurs. 
Recently it was reported that malaria sporozoites depend on LRP for host cell 
invasion.106 Recombinant P. falciparum circumsporozoite (CS) protein binds with high 
affinity and specificity to purified human LRP. The basic amino acid motifs in the 
conserved regions I and II-plus of the CS protein may represent the receptor binding 
domains of the CS protein since they have been implicated in host cell binding and 

-, • • 106.259.260 

sporozoite invasion. 
The inhibitory effect on remnant uptake of lactoferrin was attributed to an Arg/Lys 
sequence within human lactoferrin (residues 25-31) resembling a sequence (residues 
142-148) in the LDL receptor binding site of apoE (Arg-X-X-Arg-Lys-X-Arg).168'26' 
The effect was eliminated by selective modification of Arg residues by 1,2-
cyclohexadione. 

Concluding remarks and future aspects 

The central theme of this review has been the molecular mechanism by which LRP can 
interact with a multitude of different ligands. Both in the receptor and in the ligands, the 
key elements that mediate their interaction have been discussed. A simple explanation 
for the fact that LRP is able to interact with such a multitude of ligands would be that it 
contains such a large number of LDLRA domains in comparison to the more ligand-
restricted LDL receptor. At first glance this hypothesis may not be completely 
satisfactory. For instance, the VLDL receptor, which contains only eight LDLRA 
domains, also binds a multitude of ligands (shown in table 1). Moreover, both in LRP 
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and LRP2 the second cluster of LDLRA domains, which contains eight domains, has 
been shown to bind to several ligands.115'116119''20 It appears however, that there are 
multiple independent binding sites for different classes of ligands. This hypothesis is 
supported by the fact that several ligands that share some homology in their receptor 
binding domains (RAP, LpL, anoE and lactoferrin)47'261 are capable of competing for 
each other in receptor binding.108'240 A second example of a class of ligands would be 
represented by the proteinase-serpin complexes. The observation that several of these 
complexes compete for each other in receptor binding167 but do not compete with 
lactoferrin or apoE108'68 is in line with this model for ligand binding. As a consequence, 
the larger number of LDLRA domains in LRP1 and LRP2 could, in comparison to the 
VLDL- and LDL-receptor, accomodate ligand binding sites for additional classes of 
ligands. Future studies will have to be undertaken to make a complete inventory of these 
different classes of binding sites. 
Furthermore, it remains an intriguing question how RAP is capable of antagonizing all 
ligand binding to LRP. It was demonstrated that both LRP and RAP harbour multiple 
interaction sites for their mutual interaction.109'110'116 Based on these reported multiple 
binding sites on RAP and LRP, one could envision a model in which one molecule of 
RAP can induce an allosteric change in the receptor by interacting with multiple 
domains. This allosteric change would render the receptor incapable of ligand binding. 
Evidence for such an allosteric model was recently published but further research will 
have to give a definitive answer on how RAP interacts with LRP. 
It is fairly established that the LDLRA domains are critical for ligand binding. For 
example, it has been shown that subfragments of cluster II of LRP, containing only 3 
LDLRA domains, possess ligand binding properties identical to that of the intact 
receptor.119 Yet, it is still unclear whether only a single LDLRA domain, not in the 
context of the intact receptor, is capable of ligand binding, or that a combination of 
LDLRA domains is necessary. It is also still not clear how the LDLRA domains are 
oriented with respect to each other and whether a spacer region which connects some 
LDLRA domains is important for ligand binding. 
The hypothesis that binding between ligands and the LDLRA domains is based on ionic 
interactions was recently questioned.1*3 It was reported that most of the^negatively 
charged residues present in the LDLRA domain are coordinated with Ca"" and are, 
therefore, unavailable for ligand binding. Nonetheless, most of the data on structural 
determinants on ligands important for receptor binding, presented in this review, still 
suggests the involvement of charged residues. Detailed insight in the underlying 
mechanisms involved in ligand-receptor interactions awaits the elucidation of the first 
high-resolution structure of a ligand-receptor (fragment) complex. 
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Bindine of Coagulation Factor VIII to LRP 

Summary 
In the present study the interaction between the endocytic receptor low-density 
lipoprotein receptor-related protein (LRP) and coagulation factor VIII (FVIII) was 
investigated. Employing purified components, FVIII was found to bind to LRP in a 
reversible and dose-dependent manner (Kd « 60 nM). The interaction appeared to be 
specific, as the LRP-antagonist receptor-associated protein (RAP) readily inhibited 
binding of FVIII to LRP (IC50 » 1 nM). In addition, a 12-fold molar excess of the 
physiological carrier of FVIII, i.e. von Willebrand factor (vWF), reduced binding of 
FVIII to LRP by over 90 %. Cellular degradation of l25I-labeled FVIII by LRP-
expressing cells (= 8 fmole/105 cells after 4.5 h incubation), was reduced by 
approximately 70 % in the presence of RAP. LRP-directed antibodies inhibited 
degradation to a similar extent, indicating that LRP indeed contributes to binding and 
transport of FVIII to the intracellular degradation pathway. Degradation of FVIII was 
completely inhibited by vWF. As vWF binding by FVIII involves its light chain, LRP 
binding to this subunit was studied. In ligand blotting experiments, binding of FVIII 
light chain to LRP could be visualized. More detailed analysis revealed that FVIII light 
chain interacts with LRP with moderate affinity (kon ~ 5xl04 M'V'; koff~ 2.5x10" s" ; 
Kj ~ 50 nM). Furthermore, experiments using recombinant FVIII C2 domain showed 
that this domain contributes to the interaction with LRP. In contrast, no association of 
FVIII heavy chain to LRP could be detected under the same experimental conditions. 
Collectively, our data demonstrate that in vitro LRP is able to bind FVIII at the cell-
surface and to mediate its transport to the intracellular degradation pathway. FVIII-LRP 
interaction involves the FVIII light chain, and FVIII-vWF complex formation plays a 
regulatory role in LRP binding. Our findings may explain the beneficial effect of vWF 
on the in vivo survival of FVIII. 

Introduction 

Low-density lipoprotein receptor-related protein (LRP), also known as 0c2-
macroglobulin receptor, is a member of the low-density lipoprotein receptor family of 
endocytic receptors (for review see 1,2). It consists of a heavy and light chain, which are 
associated in a noncovalent manner. The 85-kDa light chain comprises the 
transmembrane and cytoplasmic domains, while the ligand binding regions are located 
within the 515-kDa heavy chain (3). LRP is abundantly present in various tissues like 
liver, placenta, lung and brain (4), and is expressed in an array of cell types: 
parenchymal cells, neurons, astrocytes, Leydig cells, smooth muscle cells, monocytes, 
and fibroblasts (4). Also commonly used cell lines like monkey kidney COS cells and 
chinese hamster ovary (CHO) cells express LRP (5,6). The function of LRP is to 
mediate the binding and transport of ligands from the cell-surface to the endosomal 
degradation pathway (1,2). Binding and internalisation of ligands is antagonized by a 
39-kDa chaperone protein, designated receptor-associated protein (RAP) (7,8). 
Currently, a wide spectrum of structurally and functionally unrelated ligands have been 
identified, which are involved in a variety of processes, like lipoprotein metabolism, cell 
growth and migration and neuronal regeneration (1,2). Further, LRP seems to be linked 
to the process of blood coagulation. This is apparent from the observations that LRP 
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recognizes thrombin/antithrombin and factor Xa/a2-macroglobulin complexes and the 
Kunitz-type inhibitor tissue factor pathway inhibitor (9-11). In addition, LRP 
contributes to downregulation of tissue factor expression at the surface of monocytes 
(12). 
Coagulation factor VIII (FVIII) is the precursor of its activated derivative, which 
stimulates factor IXa-mediated activation of factor X (for recent reviews see 13,14). The 
fact that deficiency or dysfunction of FVIII is associated with severe bleeding 
tendencies, demonstrates that this cofactor is indispensable for appropriate haemostasis. 
FVIII comprises a domain structure (A1-A2-B-A3-C1-C2) (15), and circulates in 
plasma predominantly as a heterodimeric protein consisting of a metal ion-linked light 
and heavy chain (16,17). The heavy chain (90 - 220 kDa) contains the A1-A2-B 
domains and is heterogenous as a result of limited proteolysis within the B domain. The 
light chain (80 kDa) consists of the A3-C1-C2 domains. The amino- and 
carboxyterminal ends of FVIII light chain together comprise the binding site for von 
Willebrand factor (vWF) (18,19), the physiological carrier protein of FVIII (20). The 
FVIII precursor is converted into its activated derivative upon limited proteolysis by 
thrombin (21,22). Activated FVIII (FVilla) consists of the A2 domain which is 
noncovalently associated with the metal-ion linked A1/A3-C1-C2 dimer, while the B 
domain and the aminoterminal part of the A3 domain have been removed (23). Due to 
the release of the aminoterminal part, high affinity binding to vWF is lost (18). VWF 
prevents the FVIII precursor from binding to components of the factor X activating 
complex (14,24,25). Furthermore, the half-life of FVIII is considerably reduced in the 
absence of vWF (26,27), indicating that vWF prevents FVIII from premature clearance. 
The mechanism by which FVIII is removed from the circulation, however, has remained 
unidentified. 
In the present study, we investigated the possibility that FVIII is recognized by the 
multifunctional receptor LRP. To this end, the interaction between LRP and FVIII or its 
constituent subunits has been addressed employing purified components. In addition, 
cellular degradation of FVIII has been studied. It is demonstrated that LRP recognizes 
FVIII as a ligand, and that binding involves the light chain of FVIII. Furthermore, both 
LRP-mediated binding and degradation of FVIII are downregulated by vWF. Our data 
are in support of a mechanism in which LRP contributes to binding and internalisation 
of FVIII. 

Experimental procedures 

Materials- Glutathion-sepharose 4B and Protein A-sepharose CL4B were from 
Amersham Pharmacia Biotech (Roosendaal, The Netherlands). Microtiter plates were 
from Dynatech (Plockingen, Germany). Cell-culture plates, foetal calf serum, penicillin 
and streptomycin were from Gibco BRL (Breda, The Netherlands). Dulbecco's 
Modified Eagle's Medium:F12 (DMEM:F12) medium was from BioWittaker (Verviers, 
Belgium). BIAcore™2000 biosensor system and reagents (amine-coupling kit and 
CM5-sensorchips) were from Biacore AB (Uppsala, Sweden). 
Proteins- FVIII light chain, thrombin-cleaved FVIII light chain and FVIII heavy chain 
were prepared as described previously (25,28). Integrity of the isolated subunits was 
assessed in reconstitution experiments as described previously (28). As expected, 
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isolated subunits could effectively be reassembled into biological active heterodimers 
(data not shown). Plasma-derived FVIII heterodimer was isolated as described 
previously (25). FVIII was labeled with Na'25I (Amersham Pharmacia Biotech) using 
IODO-GEN method (Pierce) as described previously (29), except that FVIII was stored 
in 150 mM NaCl, 2 mM CaCl2, 0.005 % (v/v) Tween-20, 20 mM Hepes (pH 7.4) at -
20°C. Specific radioactivity was 4.2 (± 0.7) x 103 cpm/fmole FVIII (mean ± range; 
n=2). Recombinant FVIII C2 domain (residues 2172-2332) was obtained employing the 
baculovirus-expression system as described previously (30), and purified by 
immunoaffinity chromatography as described for FVIII light chain (25). Purified 
recombinant wild-type vWF was kindly provided by prof. H.P. Schwarz (Baxter-
Immuno, Austria). Purified LRP (31) and serum containing polyclonal antibodies 
against LRP were a generous gift from dr. S.K. Moestrup (University of Aarhus, 
Denmark). Total IgG was purified from the serum employing Protein A-sepharose 
CL4B as recommended by the manufacturer. A plasmid encoding glutathion S-
transferase fused to RAP (GST-RAP) was kindly provided by dr. J. Kuiper (Leiden 
University, The Netherlands), and used for expression of GST-RAP in E. coli DH5a as 
described previously (7). GST-RAP was purified employing glutathion-sepharose 4B as 
recommended by the manufacturer. As the GST-tag does not interfere with binding 
properties of RAP (7), GST-RAP was used throughout the present study, and is referred 
to as RAP. Purified anti-FVIII antibodies CLB-CAg 69, CLB-CAg 117 and CLB-CAg 
A have been described previously (25). Anti-FVIII antibodies ESH4 (interferes with 
vWF binding) and ESH8 (promotes vWF binding to thrombin-cleaved FVIII) were 
obtained from American Diagnostica. Human albumin was from the division of 
products of CLB (Amsterdam, The Netherlands). Bovine albumin (fraction V) was from 
Merck. 
Protein concentrations- Protein was quantified by the method of Bradford (32), using 
human albumin as a standard. FVIII activity was assayed employing Coatest FVIII 
(Chromogenix AB, Mölndal, Sweden). As a standard, pooled plasma was used, which 
was calibrated against World Health Organization standard 91-666. The amount of 
FVIII present in 1 ml of human plasma (1 unit/ml) was assumed to correspond to 0.4 
nM (28). 
Surface Plasmon Resonance Analysis- Binding studies were performed employing a 
BIAcore™2000 biosensor system, based on surface plasmon resonance (SPR) 
technology. SPR analysis was performed essentially as described previously (33). LRP 
was immobilized onto a CM5-sensorchip, using the amine coupling kit as prescribed by 
the supplier, at indicated densities. Routinely, a control channel was activated and 
blocked in the absence of protein. Binding to coated channels was corrected for binding 
to noncoated channels (less than 5 % of binding to coated channels). SPR analysis was 
assessed in 150 mM NaCl, 2 mM CaCl2, 0.005 % (v/v) Tween-20, 20 mM Hepes (pH 
7.4) at 25°C with a flow of 5 ul/min or 20 ul/min, where appropriate. Regeneration of 
the sensorchip surface was performed by incubating with 100 mM H3P04 for 2 min at a 
flow of 5 ul/min. 
Data analysis- For analysis of the association and dissociation curves in the obtained 
sensorgrams, BIAevaluation software (Biacore AB, Uppsala, Sweden) was used. 
Interaction constants .were determined by performing nonlinear fitting of data corrected 
for bulk refractive index changes according to a two-site model, employing previously 
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described equations (33). Data fitting to a one-site model proved inappropriate, as 
judged from residual plots and statistical parameters (data not shown). 
Competition Experiments- Purified LRP (125 fmole/well) was adsorbed onto microtiter 
wells in 50 mM NaHC03 (pH 9.5) in a volume of 50 |j.l for 16 h at 4°C. LRP-coated and 
noncoated wells were blocked with 1 % (w/v) gelatin in 150 mM NaCl, 2 mM CaCl2, 
0.01 % (v/v) Tween-20, 20 mM Hepes (pH 7.4) in a volume of 100 u.1 for 2 h at 37°C. 
After washing, FVIII (40 nM) was added in the same buffer to LRP-coated and 
noncoated wells in the presence (0-1 U.M) of RAP in a volume of 50 u.1, and incubated 
for 3 h at 37°C. Bound FVIII was quantified by incubating for 15 min at 37°C with 
peroxidase-labelled antibody CLB-CAg 117. 
Cellular degradation experiments- Cellular degradation of FVIII was examined 
essentially as described elsewhere (34). CHO cells (ATCC CCL-61) were grown to 80-
95 % confluency in 24-well plates in DMEM:F12 medium supplemented with 10 % 
(v/v) foetal calf serum, 100 units/ml penicillin, 100 U-g/ml streptomycin. Prior to 
incubation, cells were extensively washed with DMEM:F12 medium. '2T-labeled FVIII 
(20 nM) was then added in a volume of 200 u.1 in DMEM:F12 medium containing 1 % 
(w/v) bovine albumin and 5 mM CaCl2. In some experiments, 125I-labeled FVIII was 
added in the presence of vWF (500 nM), RAP (1 U.M) or Protein A-sepharose purified 
polyclonal antibodies directed against LRP (0.9 mg/ml). After 35 minutes incubation at 
37°C, cells were washed three times with 500 ju.1 of DMEM:F12 to remove nonbound 
material. Subsequently, incubation was allowed to proceed for another 4.5 h at 37°C in a 
volume of 200 u.1 of DMEM:F12 medium containing 1 % (w/v) bovine albumin and 5 
mM CaCl2, in the presence of freshly added competitor where appropriate. Then, 100 u_l 
samples were drawn to determine the amount of degraded material. Degraded material 
is defined as radioactivity that is soluble in 10 % trichloroacetic acid (35). In all 
experiments a control was included in which the amount of degradation was assessed in 
the absence of cells. 

Ligand Blotting- Ligand blotting experiments were performed essentially as described 
elsewhere (35). Briefly, 1 u.g of purified LRP was subjected to SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) on a 5 % gel under nonreducing conditions, and blotted 
onto nitrocellulose filters. Blots were blocked with 1 % (w/v) nonfat milk in 100 mM 
NaCl, 0.01 % (v/v) Tween-20, 20 mM Hepes (pH 7.4). Subsequently, blots were 
incubated with FVIII light chain (50 nM) in the absence or presence of RAP (125 nM) 
in the same buffer containing 5 mM CaCl2 for 16 h at room temperature. After washing 
of the blots, bound FVIII light chain was detected employing the peroxidase-labelled 
anti-FVIII light chain directed antibody CLB-CAg 69. Binding was visualized using 
3,3-diaminobenzidine tablets (Ken-En-Tec, Copenhagen, Denmark). 
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Results 
FVIII binding to immobilized LRP 
The interaction between LRP and FVIII was first investigated by SPR analysis using 
purified components. As shown in Fig. 1, an increase in response was observed as FVIII 
(80 nM) was passed over immobilized LRP (8 fmole/mm2 and 25 fmole/mm ), 
demonstrating that FVIII associates with LRP. Binding appeared to be dose-dependent 
in that the highest response was detected in case of the highest density of LRP (Fig. 1). 
Upon replacement of FVIII solution by buffer, response started to decline gradually, 
indicating that FVIII dissociates from immobilized LRP. The interaction between LRP 
and FVIII was studied in more detail by assessment of the association and dissociation 
rate constants k„„ and koff. The results are summarized in Table I. Binding of FVIII 
heterodimer to LRP could be described employing a two-site model. The affinity 
constants (Kd) derived from kon and k, off /alues are 59 nM and 65 nM, respectively. 
These data indicate that FVIII is able to bind to LRP with moderate affinity in a 
reversible and dose-dependent manner. 

0 100 200 

Time (seconds) 

FIG. 1: Binding of FVIII to immobilized LRP. LRP, immobilized at a CM5-sensorchip at 8 
fmole/mm2 (I) and 25 fmole/mm2 (II), was incubated with FVIII (80 nM) in 150 mM NaCl, 2 mM 
CaCl2, 0.005 % (v/v) Tween-20, 20 mM HEPES (pH 7.4) at a flow of 5 ul/min for 2 min at 25°C. 
Subsequently, ligand solution was replaced with buffer to initiate dissociation. Response is 
indicated in Resonance Units (RU), and is corrected for nonspecific binding, which was less than 
5 % relative to binding to LRP-coated channels. 

53 



Chapter 2  

Table 1: Kinetic parameters for the binding of FVITI or its derivatives to LRP 
Association and dissociation of various concentrations of FVIII, FVIII light chain or thrombin-
cleaved light chain to LRP (16 fmole/mm2) was assessed as described in the legend of Fig. 1, 
except that a flow rate of 20 ul/min was used. The concentrations tested were 60-120 nM for 
FVIII, 150-250 nM for intact FVIII light chain and 50-150 nM for thrombin-cleaved light chain. 
The data obtained for all concentrations tested were analysed to calculate association rate 
constants (kon) and dissociation rate constants {k0g) as described previously using a two site 
binding model (33). Each class of binding sites is referred to as 1 and 2, respectively. Affinity 
constants (Kd) were inferred from the ratio k0g I koll. Data are based on 2-6 measurements using 
five different concentrations for each measurement. Data represent avarage (± S.D.). 

koff 

(s"') 
Kon Kj koff 

(s"') (M"1 s"1) (nM) 

FVIII heterodimer (1) 7.1 (± 1.1) x If/2 1.2 (+0.1) x 106 59 ±10 
(2) 9.8 (± 0.2) x 10"3 1.5 (± 0.4) x 105 65 ±17 

Light chain (1) 2.5 (± 0.2) x 10"3 4.8 (± 1.5) x 104 52+ 17 
(2) 4.3 (± 0.2) x 10"2 3.3 (± 0.3) x 105 130 + 13 

Thrombin-cleaved (1) 3.3 (±0.1) x 10"3 7.6 (± 2.2) x 104 43 ± 13 
light chain (2) 5.3 (± 0.4) x 10~2 2.8 (± 0.5) x 105 189 ± 15 

Effect of RAP and vWF on the FVIII-LRP interaction 
The interaction between FVIII and LRP was further analyzed in competition 
experiments using the FVIII carrier protein vWF and the LRP-antagonist RAP. With 
regard to RAP, its effect was tested in an immunosorbent assay by incubating 
immobilized LRP (125 fmole/well) with mixtures of FVIII (40 nM) and various 
concentrations of RAP (0-1 uJM). Residual FVIII binding was subsequently determined 
employing an anti-FVIII directed antibody. The amount of FVIII bound decreased when 
concentrations of RAP were increased (Fig. 2A). Half maximum binding was found at a 
concentration of approximately 1 nM of RAP, showing that RAP efficiently inhibits 
binding of FVIII to LRP. The effect of vWF on the interaction between LRP and FVIII 
was studied by SPR analysis. Whereas FVIII (40 nM) bound efficiently to LRP (16 
fmole/mm2) in the absence of vWF, association with LRP was inhibited dose-
dependently in the presence of vWF (10-500 nM) (Fig. 2B). The presence of a 12-fold 
excess of vWF resulted in over 90 % inhibition, indicating that vWF interferes with 
complex formation between FVIII and LRP. These data demonstrate that the interaction 
between FVIII and LRP may be inhibited at the level of LRP using RAP, or at the level 
of FVIII using vWF. 
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100 200 

Time (seconds) 

FIG. 2: Effect of RAP and vWF on FVIII binding to immobilized LRP. (A) FV1II (40 nM) 
was incubated with immobilized LRP (125 fmole/well) in a volume of 50 ul in 150 mM NaCl, 2 
mM CaCl2, 0.01 % (v/v) Tween-20, 1 % (w/v) gelatin, 20 mM Hepes (pH 7.4) in the presence of 
various concentrations of RAP (0-1 uM) for 3 h at 37°C. After washing with the same buffer, 
bound FVIII was quantified by incubating with peroxidase-labelled anti-FVIII antibody CLB-
CAg 117 for 15 min at room temperature. Binding is expressed as percentage of binding in the 
absence of RAP, and is corrected for nonspecific binding (5-10 % relative to binding to LRP-
coated wells). Data represent the mean (+ S.D). of three experiments. (B) Binding of FVIII (40 
nM) to immobilized LRP (16 fmole/mm2) was examined as described in the legend of Fig. 1. 
Binding was assessed in the absence of vWF (I) or in the presence of 10 nM (II), 50 nM (III), or 
500 nM (IV) vWF. Line V represents the sensorgram obtained for vWF (500 nM) in the absence 
of FVIII. The concentration of vWF refers to the concentration of vWF monomers. Complexes 
were allowed to form for 30 min prior to SPR analysis. 

Cellular degradation of FVIII 
To address the contribution of LRP to the transport of FVIII to the endosomal 
degradation pathway, cellular degradation of FVIII was examined in experiments 
employing CHO cells, which express LRP constitutively (6). It appeared that l25I-
labeled FVIII was rapidly degraded by CHO cells (= 8 fmole/105 cells after 4.5 h), and 
degradation did not occur in the presence of vWF (Fig. 3). The addition of RAP (1 uM) 
inhibited degradation of 125I-labeled FVIII by approximately 65 % (Fig. 3). Moreover, a 
similar extent of inhibiton was observed employing polyclonal antibodies directed 
against LRP (Fig. 3). This demonstrates that LRP contributes to the cellular uptake and 
subsequent degradation of FVIII. 

FIG. 3: Cellular degradation of FVIII. CHO-cells 
were incubated with 125I-labeled FVIII (20 nM) in the 
absence or presence of RAP (1 uM), anti-LRP 
antibodies (0.9 mg/ml) or vWF (500 nM) for 35 min 
at 37°C. After washing, bound material was incubated 
for an additional 4.5 h period, and degradation of 
FVIII was determined as described under 
'Experimental Procedures'. Degradation of FVIII in 
the absence of inhibitors is referred to as 100 %, and 
corresponds to 8.2 fmole/105 cells after 4.5 h. Data 
represent the mean (± S.E.M.) of three experiments. 

1001 

D) 

Q 25 1 

o l II 
Will fVIII+ MI I+ WIII + 

RAP anti- WVF 
LRP 

55 



Chapter 2  

Binding of FVIII subunits to LRP 
To identify FVIII regions involved in binding of LRP, we first examined the interaction 
of LRP with the isolated heavy and light chain of FVIII. Employing 100 nM of FVIII 
heavy chain, no association of this subunit to LRP (25 fmole/mm2) could be detected 
(Fig. 4A). In contrast, in the presence of FVIII light chain (100 nM) a clear increase in 
response was found (Fig. 4A), indicating that FVIII light chain displays binding to LRP. 
Binding of FVIII light chain to LRP was further investigated in ligand blotting 
experiments. When nitrocellulose-filters containing purified LRP (1 u.g) were incubated 
with FVIII light chain (50 nM) a clear band could be visualized (Fig. 4B, lane I), 
whereas only a faint band was observed when incubated in the presence of FVIII light 
chain (50 nM) and RAP (125 nM) (Fig. 4B, lane II). Thus, these data strongly suggest 
that FVIII light chain comprises a site that is recognized by LRP. 

300 

3 

8 200 

K 100 

100 200 

Time (seconds) 

300 

B I II 

200 kDa -

97.4 kDa-

FIG. 4: Binding of FVIII subunits to LRP. (A) Binding of FVIII heavy (I) or light chain (II) to 
immobilized LRP (25 fmole/mm ) was examined as described in the legend of Fig. 1. Shown are 
sensorgrams obtained using 100 nM of each subunit. (B) Purified LRP (1 u.g) was subjected to a 5 
% SDS-PAGE gel under non-reducing conditions, and transferred to nitrocellulose. Filters were 
then preincubated with 1 % (w/v) non-fat milkpowder in 100 mM NaCl, 0.01 % (v/v) Tween-20, 
20 mM Hepes (pH 7.4), prior to incubation with FVIII light chain (50 nM) in the absence {lane I) 
or presence {lane II) of RAP (125 nM) in the same buffer containing 5 mM CaCl2 for 16 h at 
room temperature. Bound FVIII light chain was detected employing the peroxidase-labelled anti-
FVIII light chain directed antibody CLB-CAg 69 and 3,3-diaminobenzidine. Mobility of 
molecular mass markers is indicated at the left. 

Effect of thrombin cleavage on FVIII light chain binding to LRP 
Because both vWF and LRP bind to FVIII light chain (18, Fig. 4), we tested the 
possibility that LRP and vWF share similar sites within this part of the FVIII molecule. 
FVIII comprises two sites that are involved in vWF binding, one of which is located 
between residues 1649-1689 at the aminoterminal part of the light chain (18,36). 
Thrombin-cleaved FVIII light chain, which lacks this particular sequence, was therefore 
compared to intact light chain for binding to LRP by SPR analysis to reveal the kinetic 
parameters kon and kojj. As for FVIII heterodimer, binding of both intact and thrombin-
cleaved light chain to LRP could appropriately be described employing a two-site 
model. Similar k„„ and kotf values were obtained for both intact and thrombin-cleaved 
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FVIII light chain, indicating that these proteins are similar in their interaction with LRP. 
Apparently, binding to LRP is independent of the aminoterminal part of FVIII light 
chain. 

Interaction between LRP and the FVIII C2 domain 
Apart from its aminoterminal part, also the carboxyterminal C2 domain of FVIII light 
chain comprises a vWF binding site (19). As vWF binding is inhibited by the C2-
domain directed antibody ESH4, the effect of this antibody on LRP binding was tested. 
As shown in Fig. 5A, ESH4 interfered with FVIII light chain binding to LRP. Inhibition 
appeared to be specific, since ESH4 was unable to affect binding of tPA/PAI-1 
complexes to LRP (not shown). Moreover, other FVIII light chain directed antibodies 
(CLB-CAg A, CLB-CAg 69) were unable to interfere with LRP binding (not shown). 
Thus, these data suggest that FVIII C2 domain contributes to the interaction with LRP. 
This was further investigated employing recombinant C2 domain. However, even at 
high concentrations of this 17.5 kDa fragment (500 nM), only a modest association to 
LRP was observed (Fig. 5B, line I). The conformation of the C2 domain may be 
affected by residues elsewhere in FVIII light chain, or by the C2 domain-directed 
antibody ESH8 (37). Binding of C2 domain to LRP was therefore addressed in the 
presence of this antibody. When complexes of C2 domain and antibody ESH8 were 
applied to LRP, a pronounced, dose-dependent increase in response could be observed 
(Fig. 6, lines II-IV), indicating that ESH8 promotes binding of the isolated C2 domain 
to LRP. Binding was dependent on exposure of the LRP binding site in C2 domain, as 
C2 domain/ESH8 complexes or C2 domain alone did not associate to LRP in the 
presence of antibody ESH4 (Fig. 5B, lines V and VI). Collectively, these data strongly 
suggest that an LRP binding site is present within the C2 domain of FVIII light chain. 

100 150 

Antibody ESH4 (nM) Time(seconds) 

Fig. 5: Binding of FVIII or its C2 domain to LRP in the presence of anti-FVIII C2 domain 
antibodies. (A) Immobilized LRP (16 fmole/mm2) was incubated with FVIII light chain (150 
nM) in the presence or absence of antibody ESH4 as described in the legend of Fig. 1. Shown is 
the maximal response (RU), corrected for nonspecific binding (less than 5 %), at the indicated 
antibody concentration. (B) LRP, immobilized at a CM5-sensorchip at 16 fmole/mm , was 
incubated with C2 domain (500 nM, line I), or complexes of C2 domain with antibody ESH8. 
Complexes consisted of 100 nM C2 domain (line II), 200 nM C2 domain (line III), or 400 nM C2 
domain (line IV) with 500 nM ESH8. Similarly, complexes of C2 domain (400 nM) with ESH4 
(500 nM) and complexes of C2 domain (400 nM) with both antibodies (500 nM each) were 
incubated with LRP (lines V and VI, respectively). Complexes were allowed to form for 45 
minutes prior to SPR analysis. 
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Discussion 

The surface of cells comprises numerous receptors that contribute to the binding and 
internalisation of plasma proteins. Among these receptors is LRP, a multifunctional, 
endocytic receptor that is involved in the transport of a wide spectrum of ligands from 
the cell surface to the endosomal degradation pathway. In the present study, evidence is 
provided that LRP recognizes coagulation procofactor FVIII as a ligand. First, in a 
system employing purified components, FVIII proved to bind to LRP in a manner 
which is reversible and dose-dependent (Fig. 1). Furthermore, binding could efficiently 
be inhibited in the presence of the FVIII carrier-protein vWF or the LRP-antagonist 
RAP (Fig. 2). Finally, both RAP and anti-LRP directed antibodies interfered with 
cellular degradation of l2T-labeled FVIII (Fig. 3). It is of interest to note, that inhibition 
of LRP does not fully prevent FVIII from degradation. Whether residual degradation 
involves a receptor-mediated process is currently under investigation. Irrespective 
thereof, our data indicate that the transport of FVIII from the cellular surface to the 
intracellular degradation pathway involves LRP. As FVIII is structurally and 
functionally unrelated to the ligands of LRP which have been described so far, it 
therefore provides a novel member of the already extensive range of established ligands 
for LRP. 
The affinity by which FVIII heterodimer binds to LRP was found to be approximately 
60 nM (Table I). This is in the same range as reported for some of the other LRP-
ligands, like hepatic lipase (52 nM) (38), ß-amyloid precursor protein (80 nM) (39), 
two-chain urokinase (60 nM) (40), and plasminogen activator inhibitor-1 (35 nM) (33). 
The data obtained for FVIII binding to LRP are in agreement with a two-site binding 
model (Table I), indicating that multiple regions contribute to the interaction with LRP. 
FVIII light chain proved similar to the FVIII heterodimer in that LRP binding involves 
two classes of binding sites (In Table I referred to as 1 and 2). Furthermore, both 
proteins display similar affinity with regard to the class 1 binding site (Table I). It seems 
conceivable therefore that FVIII light chain serves an important role in the interaction 
between FVIII and LRP. Noteworthy, the class 1 association and dissociation rate 
constants for FVIII heterodimer differ from that for FVIII light chain 25-fold (Table I), 
suggesting that exposure of the LRP binding site in FVIII light chain is distinct from 
that in the FVIII heterodimer. The same may be true for the class 2 binding site, as its 
affinity for LRP is 2-3 fold lower in FVIII light chain than in FVIII heterodimer. One 
explanation for this observation may be that the exposure of LRP binding sites within 
FVIII light chain depends on the presence of FVIII heavy chain. A similar mechanism 
has previously been reported for the interaction between FVIII light chain and vWF. 
The affinity for vWF increases 10-fold when FVIII light chain is associated with FVIII 
heavy chain (19). 
It has been reported that the A2 domain isolated from thrombin-activated FVIII has the 
potential of associating with LRP (41). Our observation that FVIII heavy chain does not 
associate to LRP, may result from a different experimental approach. Alternatively, it 
cannot be excluded that the LRP binding site within FVIII A2 domain is exposed in a 
suboptimal manner when this domain is linked to the A1 and B domains. This opens the 
possibility that the binding site for LRP within the A2 domain requires proteolysis of 
FVIII heavy chain by thrombin for its exposure. 
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A positive identification of the LRP binding site on the FVIII light chain was achieved 
employing the monoclonal antibody ESH4 (Fig. 5), which has previously been 
described to be directed against the FVIII C2 domain (42). This suggests that C2 
domain contributes to the interaction with LRP. Indeed, purified recombinant C2 
domain displayed modest binding to LRP (Fig. 5B). Surprisingly, binding of C2 domain 
to LRP was markedly increased in the presence of antibody ESH8 (Fig. 5B), in a 
manner which was more pronounced as observed for other antibodies (not shown). It 
has been well established that antibody ESH8 is able to change the conformation of the 
C2 domain in thrombin-cleaved FVIII light chain, resulting in altered affinities for vWF 
and phospholipids (37,43). It seems conceivable therefore that this antibody provokes a 
similar event in the isolated C2 domain, which then results in a more optimal exposure 
of the LRP binding site. The presence of a binding site for LRP within the C2 domain 
may explain the inhibitory effect of vWF (Fig. 2B), which is known to bind to the C2 
domain of FVIII (19). Whether vWF and LRP share a common binding site within C2 
domain, or that vWF interferes with binding by sterical hindrance, however, remains to 
be determined. 
In plasma, FVIII is in a dynamic equilibrium with vWF, in which approximately 95 % 
of the FVIII molecules have been calculated to be in complex with vWF (44). In 
complex with vWF, cellular uptake and degradation of FVIII is almost fully suppressed 
(Fig. 3), indicating that the contribution of LRP to the cellular uptake of FVIII:vWF 
complexes in vivo is limited. In the absence of vWF, however, FVIII is efficiently 
degraded in a process that involves LRP (Fig. 3). In this view, our findings may provide 
an explanation for the beneficial effect of vWF that has been reported with regard to the 
expression of recombinant FVIII in CHO cells (17,45). VWF may well contribute to the 
accumulation of FVIII in medium by interfering with LRP-mediated uptake of FVIII. 
Our findings may also be of relevance to the in vivo survival of FVIII in the absence of 
vWF. The physiological significance of complex formation between FVIII and vWF is 
particularly apparent in patients having von Willebrand disease type 3, who have no 
detectable vWF protein. Not only do these patients have a secondary deficiency of 
FVIII, but they also have a considerably reduced half-life of intravenously administered 
FVIII (26,27). It is tempting to speculate that the decreased levels of FVIII in these 
patients are associated with increased binding and internalisation of FVIII by LRP due 
to the absence of vWF. 
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Summary 
The low density lipoprotein receptor-related protein (LRP) is a multifunctional 
endocytic cell-surface receptor that binds and internalizes a diverse array of ligands. 
The receptor contains four putative ligand-binding domains, generally referred to as 
clusters I, II, III, and IV. In this study, soluble recombinant receptor fragments, 
representing each of the four individual clusters, were used to map the binding sites of a 
set of structurally and functionally distinct ligands. Using surface plasmon resonance 
(SPR), we studied the binding of these fragments to methylamine-activated a2-
macroglobulin (oc2M), pro-urokinase-type plasminogen activator (pro-u-PA), tissue-type 
plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1), t-PAPAI-1 
complexes, lipoprotein lipase (LpL), apolipoprotein E (apoE), tissue factor pathway 
inhibitor (TFPI), lactoferrin, the light chain of blood coagulation factor VIII (fVIII) and 
the intracellular chaperone receptor-associated protein (RAP). No binding of the cluster 
I fragment to any of the tested ligands was observed. The cluster III fragment only 
bound to the anti-LRP monoclonal antibody a2MRa3 and weakly to RAP. Except for t-
PA, we found that each of the ligands tested binds both to cluster II and to cluster IV. 
The affinity rate constants of ligand binding to clusters II and IV and to LRP were 
measured, showing that clusters II and IV display only minor differences in ligand-
binding kinetics. Furthermore, we demonstrate that the subdomains C3-C7 of cluster II 
are essential for binding of ligands and that this segment partially overlaps with a RAP 
binding site on cluster II. Finally, we show that one RAP molecule can bind to different 
clusters simultaneously, supporting a model in which RAP binding to LRP induces a 
conformational change in the receptor that is incompatible with ligand binding. 

Introduction 

The low density lipoprotein receptor-related protein (LRP) is a 600-kDa membrane 
glycoprotein that is a member of the low density lipoprotein (LDL) receptor family of 
endocytic receptors (reviewed in (1,2)). LRP can bind and internalize a diverse 
spectrum of structurally unrelated ligands in a calcium-dependent manner including 
apolipoproteins, lipases, proteinases, proteinase-inhibitor complexes, Kunitz-type 
inhibitors, matrix proteins, and other proteins such as lactoferrin, Pseudomonas 
exotoxin A and malaria circumsporozoite protein (1,2). In addition, the blood 
coagulation factor VIII was recently identified as a ligand of LRP (3). The broad range 
of ligands suggests a role for the receptor in distinct physiological and patho
physiological processes, ranging from lipoprotein metabolism, cell growth and cell 
migration, fibrinolysis and thrombosis to atherosclerosis and Alzheimer's disease. 
LRP is synthesized as a single polypeptide chain and is cleaved in the /rans-Golgi 
network by the endopeptidase furin into two subunits, resulting in a 515-kDa fragment 
that contains the ligand binding domains and an 85-kDa fragment comprising the 
transmembrane and cytoplasmic domains. The subunits remain associated in a 
noncovalent fashion as they are routed to the cell surface (4,5). LRP contains 31 class A 
cysteine-rich repeats which are also present in the LDL receptor and are therefore called 
LDL receptor class A (LDLRA) domains. LRP has four clusters (denoted clusters I, II, 
III and IV) with 2, 8, 10 and 11 LDLRA domains, respectively. Evidence is 
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accumulating that the clusters of LDLRA domains constitute the ligand binding 
domains of the receptor (6-10). Except for receptor-associated protein (RAP) binding to 
clusters III and IV (1,7,8), only cluster II was shown to be involved in ligand binding 
(6-10). Specifically, it has been demonstrated that a2-macroglobulin-light chain, 
complexes between urokinase-type plasminogen activator (u-PA) and its inhibitor 
plasminogen activator inhibitor 1 (PAI-1), lactoferrin, an anti-LRP Fab fragment 
(denoted Fab A8) and RAP bind to cluster II. In addition, complexes between tissue-
type plasminogen activator (t-PA) and PAI-1 were shown to bind to cluster II while no 
binding of t-PAPAI-1 complex to cluster IV could be detected (7,9). The present study 
was performed to systematically examine the binding of a large number of structurally 
and functionally distinct ligands to each of the clusters I to IV to obtain more insight 
into the molecular elements that contribute to the remarkable ligand binding capacity of 
LRP. We demonstrate that, although there are small differences concerning the kinetics 
of the interactions, cluster II and IV are highly similar in their ligand binding properties, 
revealing a major functional duplication in the receptor. 
Several studies have shown that RAP facilitates the proper folding and subsequent 
trafficking of LRP within the early secretory pathway (8,11-14). RAP inhibits the 
binding of all ligands to the receptor and is thought to prevent premature binding of 
ligands to the receptor during the trafficking to the cell surface (15-17). Some ligands 
for LRP occupy distinct binding sites (9,18) while other ligands compete with each 
other for binding to LRP (19-22). Although RAP competes with all known ligands, 
most ligands are not able to compete for RAP binding to LRP. Examples of RAP 
competitors include lactoferrin and lipoprotein lipase (23,24). Other ligands, such as t-
PA, a2-macroglobulin (oc2M) and very low-density lipoprotein (VLDL), do not block 
the binding of RAP to LRP (23). It is as yet unclear how RAP is capable of 
antagonizing all ligand binding to LRP. In a previous study we have shown that, even 
though the affinity of RAP for cluster II and LRP are similar, RAP is a poor inhibitor of 
ligand-binding to the isolated cluster II compared to its inhibition of ligand-binding to 
the intact LRP (9). This suggests that RAP does not inhibit ligand binding solely in a 
competitive or sterical manner. The current study provides further evidence for a model 
of inhibition of ligand binding by RAP, involving a RAP-induced conformational 
change in the LRP molecule. 

Experimental procedures 

Materials- Oligonucleotides were from Pharmacia Biotech Inc. (Roosendaal, The 
Netherlands). Restriction enzymes and DNA-modifying enzymes were from Life 
Technologies, Inc. (Breda, The Netherlands). All other chemicals used were reagent 
grade from Sigma (St. Louis, MO) or Merck (Darmstadt, Germany). 
Proteins- Purified human LRP and the anti-LRP monoclonal antibody a2MRa3 were 
kindly provided by dr. S. K. Moestrup (Institute of Medical Biochemistry, University of 
Aarhus, Denmark). Two-chain t-PA was from Biopool (Umeä, Sweden). Procedures to 
purify active PAI-1 were essentially as described (25,26). t-PAPAI-1 complexes were 
prepared as described (9). Human TFPI was a generous gift from dr. L. Aarden (Central 
Laboratory of Blood Transfusion, Amsterdam, The Netherlands). Human apoE, human 
lactoferrin and recombinant glutathione S-transferase-fused RAP (GST-RAP) were 

66 



Lisand Binding to LRP 

kindly provided by dr. J. Kuiper (Sylvius Laboratory, University of Leiden, The 
Netherlands). Since the GST-tag does not interfere with binding properties of RAP (27), 
GST-RAP was used throughout the present study and is referred to as RAP. Isolation of 
the monoclonal Fab fragment Fab A8 as well as the isolation of the monoclonal 
antibody CLB-CAg 69, directed against a peptide derived from the human coagulation 
factor VIII (fVIII), were essentially as described (28,29). Mouse pro-u-PA was a gift 
from dr. J. Henkin (Abbot Laboratories, Abbot Park, 111.). Bovine LpL was purified 
from milk and biotinylated as described (30,31). FVIII light chain was kindly provided 
by dr. P. Lenting (Central Laboratory of Blood Transfusion, Amsterdam, The 
Netherlands). Native human a2-macroglobulin was a kind gift from dr. W. Boers 
(Academic Medical Center, Amsterdam, The Netherlands) and was activated by 
incubating with 200 mM methylamine in 50 mM Tris-HCl (pH 7.8), 220 raM NaCl for 
4 h at room temperature. Unreacted methylamine was removed by dialysis at 4°C 
against 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween 80. 
SPR Reagents and Instrumentation- The BIACORE®2000 biosensor system and 
reagents, including an amine-coupling kit, containing N-hydroxysuccinimide, N-ethyl-
N'-(3-diethylamino-propyl)carbodiimide, ethanolamine hydrochloride, CM5 and SA5 
sensor chips (research grade), were from Biacore AB (Uppsala, Sweden). 
Construction of Expression Plasmids for Recombinant Receptor Fragments- The 
construction of plasmids, encoding recombinant LRP cluster II fragments, was 
described previously (9). One of these plasmids, pZEM229R-II, was modified to 
facilitate the construction of plasmids, encoding recombinant LRP cluster I, III and IV 
fragments. The pZEM229R-II vector encodes the signal and pro-peptide sequence of t-
PA (amino acids -35 to 1) (32), followed by a 16 amino-acid "tag" (KKEDFDIYDED 
ENQSP) that contains the antigenic determinant of an anti-fVIII monoclonal antibody 
CLB-CAg 69 (33), which is followed by the cluster II coding sequence. pZEM229R-II 
DNA was partially digested with Xhol, blunt ended using T4 DNA polymerase and 
ligated to remove the original Xhol site of pZEM229R (34). The resulting vector, 
containing only one Xhol site between the tag and cluster II coding sequence, was 
digested with Xhol and BamHI to remove the cluster II sequence. Subsequently, the 
(partially overlapping) phosphorylated oligonucleotides adZEMl (5'-TCGAGACGTA 
CGACTAGTTAGTGAG-3') and adZEM2 (5'-GATCCTCACTAACTAGTCGTACG 
TC-3') were annealed and ligated into the XhoI/BamHI digested pZEM229R-II vector 
to introduce a Spel site and translation termination codons. The resulting plasmid is 
referred to as pZEN. DNA fragments, encoding cluster I (amino acids 6-91 (numbering 
according to Herz et al (35))), cluster III (amino acids 2503-2922) and cluster IV (amino 
acids 3313-3759), were obtained by polymerase chain reaction (PCR) using a plasmid 
DNA, containing the full-length human LRP cDNA (a gift from dr. J. Herz, University 
of Texas Southwestern Medical Center, Dallas) as a template and primers LRPIF (5'-
GGACTCGAGAAGACTTGCAGCCCCAAGC-3') and LRPIR (5'-AACTAGTCTCTC 
GGCAGTGGGGCCCCT-3'); LRPIIIF (5'-GGACTCGAGTCCTCTTGCCGAGCACA 
A-3') and LRP3RB (5'-AACTAGTGATGTGGCAGCCACGCTCG-3'); and LRPIVF 
(5'-GGACTGGAGTCCAACTGCACGGCTAGC-3') and LRPIVR (5'-AACTAGTGA 
TGCTGCAGTCCTCCTC-3'), respectively. PCR products were digested with Xhol and 
Spel and, subsequently, ligated into the XhoI/Spel-digested plasmid pZEN. All 
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constructs were verified by DNA-sequence analysis, using an ALF DNA sequencer 
(Pharmacia). 
Expression and Purification of Recombinant Receptor Fragments- The expression and 
purification of recombinant LRP cluster II fragments was performed essentially as 
described (9). Purification of clusters I and III from conditioned media was done by 
affinity chromatography, using Sepharose-coupled monoclonal antibody CLB-CAg 69. 
After binding, columns were washed with HEPES-buffered saline (HBS, 20 rnM 
HEPES (pH 7.4), 150 mM NaCI) and eluted with HBS, containing IM NaCl. To further 
purify the clusters I and III fragments, an FPLC Superose 12 gelfiltration column was 
used. The cluster IV fragment was purified by a single affinity-purification step, using a 
RAP-Sepharose column. This column was washed with HBS and eluted with HBS, 
containing 10 mM EDTA. All purified cluster preparations were concentrated in 
HEPES-buffered 1 M NaCl in Centricon 10 or 30 concentrators (Amicon, Beverley, 
MA) by successive rounds of centrifugation in a Sorvall high-speed centrifuge for lh at 
4°C at a speed of 7000 rpm. Finally, the preparations were dialyzed against filtered and 
degassed, modified HBST buffer (containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 
mM CaCl2, 0.005% (v/v) Tween 80). All cluster fragment preparations were analyzed 
by non-reducing (12.5% (w/v)) SDS-polyacrylamide gelelectrophoresis and, 
subsequent, silver-staining. Typical yields ranged from 100 ug to 800 \ig per liter of 
conditioned media, depending on the particular fragment and purification method. 
Concentration Determination of'Proteins-All protein concentrations were determined, 
using a micro BCA Protein Assay Reagent Kit with bovine serum albumin (BSA) as a 
standard (Pierce, Rockford, IL). In addition, the concentrations of cluster II and IV 
fragments were determined, using surface plasmon resonance (SPR) as described 
previously (9). 
Mapping ofLigand Binding to Soluble Recombinant Receptor Fragments using SPR-lo 
determine the ligand-binding characteristics of the different recombinant receptor 
fragments, all ligands were immobilized at high density on CM5 sensor chips. Whereas 
LpL was biotinylated and bound to a streptavidin-coated SA5 sensorchip, the anti-LRP 
monoclonal Fab fragment A8 and the anti-LRP monoclonal oc2MRoc3 were bound to 
biotinylated rat anti-mouse kappa light chain mAb (CLB products, Amsterdam, The 
Netherlands), which was bound to a SA5 sensorchip. Measurements were performed at 
25°C at a flow rate of 5 ul/min. Concentrations of the different recombinant receptor 
fragments, that were passed over the immobilized ligands, varied from nanomolar to 
micromolar range. 
Kinetic Determinations using SPR- Purified human LRP was immobilized on a CM5 
sensor chip by amine coupling at a low density of approximately 16 fmol/mm2 to 
determine kinetics of ligand binding to LRP. Interactions between recombinant receptor 
fragments and ligands were measured as follows: pro-u-PA (18 fmol/mm2), fVIII light 
chain (155 fmol/mm2), t-PAPAI-1 (37 fmol/mm2), LpL (23 fmol/mm2) and RAP (8 
fmol/mm2) were immobilized to the sensor chip and different concentrations of receptor 
fragments were passed over the sensorchip. The different ligands or receptor fragments 
were passed over three separate channels with immobilized LRP or ligand, respectively, 
and one control (non-immobilized) channel at 25°C at a flow rate of 20 uJ/min, using 
modified HBST as running buffer. Each determination was performed at least in 
duplicate at different concentrations (n=5) in the appropriate concentration range 
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(around KD values). The BIAevaluation software (Biacore AB, Uppsala, Sweden) was 
used for analysis of the association and dissociation profiles of the sensorgrams.. 
Interaction constants were determined by performing non-linear fitting of data, 
corrected for bulk refractive index changes, according to a one- or a two-site model 
employing previously described equations (9). Data were fitted to a two-site model if a 
one-site model proved inadequate as judged from residual plots and statistical 
parameters (data not shown). The data were validated by subjecting them to tests of 
self-consistency (36). 
Analysis of Cluster II or IV Binding to RAP which is Bound to LRP, Cluster II or IV -
First, 100 ng of either LRP, cluster II or IV was immobilized for 16 h at 4°C in 
microtiter wells in 50 mM NaHC03 (pH 8.6) in a volume of 50 ul Second, wells were 
blocked for 1 h at 37°C with 3% (w/v) BSA in modified HBST buffer in a volume of 
300 ul, washed with modified HBST buffer and incubated with 100 nM RAP in 
modified HBST buffer. Next, wells were washed and incubated for lh at 37°C in 
modified HBST buffer with a range of biotinylated cluster II or IV concentrations. 
Proteins were biotinylated using an EZ-Link™ sulfo-NHS-LC-biotinylation kit, 
following the instructions of the supplier (Pierce, Rockford, IL). Bound proteins were 
detected using streptavidin-horseradish peroxidase (Amersham, 's Hertogenbosch, The 
Netherlands) as described (28). Experiments were performed in duplicate. As controls, 
cluster II or IV binding to RAP bound to BSA and direct cluster II or IV binding to 
immobilized BSA, LRP, cluster II or IV was measured. 

Results 

Expression, and Purification of Soluble Recombinant Receptor Fragments 
To investigate the ligand binding properties of all four putative ligand binding domains 
of LRP, we expressed soluble recombinant receptor fragments, comprising clusters I, II, 
III and IV (Fig. 1), in transfected Baby Hamster Kidney cells. Based on the findings that 
clusters II and IV fragments strongly bind to RAP (6-8), these fragments were purified 
by one-step affinity chromatography with RAP coupled to Sepharose. Affinity 
chromatography with Sepharose coupled to the monoclonal antibody CLB-CAg 69, 
directed against a 'tag' was used to purify the clusters I and III fragments, containing 
this particular tag. Most of the latter fragments consists of aggregated, SDS-resistent, 
high molecular weight material. To remove high molecular weight protein from the 
monomeric receptor fragments, gelfiltration was performed using an FPLC Superose 12 
column. The purified, monomeric preparations of clusters I, II, III and IV were analyzed 
by non-reducing SDS gelelectrophoresis (Fig. 2). Heterogeneity of these monomeric 
preparations is due to a different degree of N-linked glycosylation, as we have reported 
before (9). Furthermore, the mobility of the fragments is somewhat slower than would 
be expected on the basis of the calculated molecular masses (approximately 12.1-kDa, 
44.2-kDa, 48.7-kDa, and 52.6-kDa for clusters I, II, III, and IV, respectively), consistent 
with variable N-linked glycosylation. 
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Fig. 1: Recombinant 
receptor fragments used 
in the ligand mapping 
studies. 
Schematic overview of the 
domain structure of LRP, 
containing clusters I, II, III 
and IV. Enlargements of 
the four clusters have been 
drawn separately. The 
symbols for the various 
subdomains are indicated 
in a separate insert (top 
right) as are the previously 
described (9) cluster II 

subfragments (top left). The presence of the tag sequence that facilitates detection and purification 
is indicated as well as the EGF repeat (E) and the LDLRA repeats (C) within certain fragments 
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Fig. 2: Analysis of purified recombinant 
receptor fragments. Silverstaining of a 
nonreducing 12.5% (w/v) SDS-polyacrylamide 
gel. Lane 1: cluster I, lane 2: cluster II, lane 3: 
cluster III, lane 4: cluster IV. The size of 
molecular-mass markers are indicated on the left 
side. 
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Mapping of Ligand Binding to Soluble Recombinant Receptor Fragments using 
SPR 

To examine the ligand-binding characteristics of the four receptor fragments, we tested 
the binding of the following ligands: t-PA, PAI-1, t-PAPAI-1 complexes, pro-u-PA, 
a 2M, RAP, TFPI, apoE, lactoferrin, LpL and factor VIII (fVIII) light chain. In addition, 
we assayed the binding of an anti-LRP Fab fragment and an anti-LRP monoclonal 
antibody, denoted A8 and a 2 MRa3, respectively. Each ligand was immobilized at high 
density on a sensorchip and receptor fragments were passed over the sensorchip surface 
at concentrations varying from nanomolar to micromolar range (Table I). Clearly, we 
did not observe binding of cluster I to any of the tested ligands. However, when' the 
monoclonal antibody CLB-CAg 69 was immobilized on a sensorchip, which is directed 
against the tag present in the recombinant cluster I fragment, binding of cluster I was 
observed when the fragment was passed over the antibody (not shown). This indicates 
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that, although the cluster I fragment is recognized by the tag-binding antibody, it does 
not contain ligand-binding properties. Cluster III binds to the anti-LRP monoclonal 
antibody a2MRa3 and to RAP, provided the latter was immobilized in very high 
density, conditions that are indicative for a weak interaction. Surprisingly, cluster IV 
binds to an identical repertoire of ligands as cluster II, except for the Fab fragment A8 
that is apparently specifically raised against cluster II. Collectively, these observations 
strongly indicate that LRP consists of duplicated domains, of which cluster II and IV 
have fully retained their functional properties. 

Table I: Ligand binding to cluster fragments of LRP 
Ligands were immobilized at high density on a sensorchip and concentrations 
varying from nanomolar to micromolar range of each receptor fragment were 
passed over the sensorchip surface to check for binding. + indicates specific 
binding. - indicates no binding of fragment could be detected. The abbreviation 
I.e. stands for light chain. The anti-LRP Fab fragment and the anti-LRP mAb 
tested represent Fab A8 and mAb a2MRa3, respectively. 

ligand cluster I cluster II cluster III cluster IV 
TPAPAI-I - + - + 

t-PA -
PAI-1 + - + 
RAP + + + 

pro-u-PA + - + 
a2M + - + 
TFPI + - + 
apoE + - + 

lactoferrin + - + 
LpL - + - + 

FVIIIl.c. + - + 
anti-LRP Fab + 
anti-LRP mAb + 

Kinetics of Ligand Binding to LRP, Cluster II, and Cluster IV 
To further characterize the ligand-binding properties of clusters II and IV, we 
determined the rate constants for the binding of pro-u-PA, t-PAPAI-1 complexes, LpL, 
RAP and fVIII light chain to LRP, clusters II and IV (Table II). LRP was immobilized 
at low density on a sensorchip to determine the kinetics of ligand binding to the native 
LRP molecule. The resulting binding curves were fitted according to a two-site model if 
a single-site model did not appropriately describe the interaction (Table II). The 
kinetics of LpL binding to LRP could not be accurately determined due to a high degree 
of non-specific binding of LpL to the sensorchip. Pro-u-PA binds to LRP according to a 
two-site model with similar mediate affinities of 63.8 nM and 54.3 nM, respectively. 
The interaction of t-PAPAI-1 complexes could be accurately described by a single-site 
model, yielding a KD value of 9.2 nM. RAP binds to high and mediate affinity sites on 
LRP with KD values of 2.2 nM and 34.9 nM, respectively, and fVIII light chain binds to 
LRP with mediate and low affinities of 52.1 nM and 130.3 nM, respectively. To 
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determine the kinetics of ligand binding to clusters II and IV, ligands were immobilized 
at low density on sensorchips. As shown in Table II, pro-u-PA displays a slightly higher 
affinity for cluster II (33.3 nM) than for cluster IV (83.3 nM). This is also concluded for 
t-PAPAI-1 complexes that bind to clusters II and IV with KD values of 16.7 nM and 
48.8 nM, respectively. LpL binds with comparable affinities to both clusters (cluster II; 
32.6 nM, cluster IV; 21.9 nM). A similar conclusion can be drawn for RAP (cluster II; 
12.7 nM, cluster IV; 18.0 nM). The light chain of fVIII binds to clusters II and IV with 
KD values of 121.4 nM and 87.8 nM, respectively. From the quantitative data presented 
in Table II, it can be concluded that clusters II and IV are highly similar with respect to 
their ligand binding properties, further substantiating the concept of a major functional 
duplication in LRP. 

Table II: Kinetics ofligand binding to LRP, cluster II and cluster IV 
Ligands were immobilized at low densities on sensorchips to determine the rate constants of 
cluster II and IV binding. LRP was immobilized at low density on a sensorchip to determine the 
rate constants of ligand binding. The kon values are in M"'s"' and ko[f values are in s"'. Data 
represents the means ± S.E. of six experiments. The term n.d. means that no accurate rate 
constants could be determined due to a high degree of non-specific binding of LpL to the 
sensorchip. ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ _ ^ ^ ^ 

l.itiand LRP Cluster II Cluster IV 

koll = (2.4±0.3)x 10"3 kofl = (2.0±0.2)xlO"J 

kon = (2.6±0.1)x 10" k„n = (1.2±0.1)x 10-
KD = 9.2± 1.2 nM KD= 16.7 ± 2.2 nM 

pro-u-PA kom = (4.4 ± 0.2) x 10-- k„ff = (1.9 ± 0.1) x 10" k<,fr=(2.5 ± 0.2) x 10"" 
k„nI = (6.9 ± 0.2) x 105 k0„ = (5.7± 1.8) x 10s k„, = (3.0 ± 0.3) x 105 

KDI= 63.8 ± 3.4 nM KD = 33.3 ± 10.7 nM KD = 83.3 ± 10.7 nM 

kol12 = (2.5±0.1)x 10-' 
kon2 = (4.6 ± 0.3) x 104 

KD2 = 54.3 ± 4.2 nM 

t-PAPAI-1 k0„ = (2.4 ± 0.3) x 10:' koff= (2.0 ± 0.2) x 10"5 kcr = (3.8 ± 0.3) x 10"3 

k„n = (7.8 ± 0.6) x 104 

KD = 48.8 ± 5.9 nM 

LpL n.d. k„,T= (7.5 ± 1.1) x 10"5 koff= (3.5 ± 0.5) x 10:' 
kor, = (2.3±0.1)x 105 kon = (1.6±0.2)xl05 

KD = 32.6 ± 5.0 nM KD = 21.9 ±4.2 nM 

RAP k0lT, = (1.5 ±0.1) x 10"2 kof f=(3.3±0.2)xl0-3 koff= (2.7 ± 0.3) x 10"3 

kon, = (4.3±0.1)x 105 kon = (2.6±0.1)x 105 k0„ = (1.5 ± 0.2) x 105 

KD, = 34.9 ± 2.5 nM KD= 12.7 ± 0.9 nM KD= 18.0 ± 3.1 nM 

kofl2 = (l.l ±0.0)x 10'4 

kon2 = (5.0 ± 0.2) x 104 

KD2 = 2.2±0.1 nM 

fVIII light chain k0lTI = (4.3 ± 0.2) x 10"3 kol1 = (1.7 ± 0.1) x 10"2 kolr= (7.2 ± 0.6) x 10~3 

k„„,=(3.3±0.3)xl05 kOI, = (1.4±0.2)xl05 kon = (8.2 ± 1.1) x 10" 
KD, = 130.3 ± 13.3 nM KD= 121.4 ± 18.8 nM KD = 87.8 ± 13.9 nM 

k„,r_ = (2.5 ± 0.2) x 103 

k„„2 = (4.8± 1.5) x 104 

KD2 = 52.1 ±16.8nM 
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Mapping of Ligand Binding to Subfragments of Cluster II 
To investigate whether the ligands occupy distinct binding sites or whether they bind to 
the same segment of cluster II, we determined the binding of a2M, pro-u-PA, LpL, and 
factor VIII light chain to recombinant sub-fragments of cluster II (see Fig. 1) by SPR. 
The data in Table III shows that only binding of fragment CL-II-1/2 to the tested ligands 
could be detected, indicating that these ligands bind to a fragment of cluster II spanning 
the amino-terminal flanking EGF repeat (E4) and LDLRA domains C3-C7. The same 
fragment has been reported to bind PAI-1 and t-PAPAI-1 complexes and contains a 
RAP binding site on C5-C7 (9). Only the anti-LRP monoclonal Fab A8 was shown to 
bind to a part of cluster II (C8-C10) which is distinct from the RAP binding site (9). In 
conclusion, each of the tested ligands bind to a region on cluster II that partially 
overlaps with a RAP binding site, except for monoclonal A8. 

Table HI: Mapping of ligand binding to subfragments of cluster II 
Ligands were immobilized at high density on a sensorchip and concentrations varying 
from nanomolar to micromolar range of each cluster II fragment were passed over the 
sensorchip surface. + indicates specific binding. - indicates no binding of fragment 
could be detected. aThese data were published previously (9). 

Ligand Cl-II-1 Cl-II-2 
RAPa - + 

t-PAPAI-1a 

PAI-1a 

Fab A8a 

oc2M 
pro-u-PA 

LpL 
fVIII light chain 

RAP can Bind to Two Receptor Fragments Simultaneously 
The findings presented in the previous paragraph suggest that RAP inhibits ligand 
binding by direct competition or steric hindrance of each of the LRP ligands. However, 
previous results (9) show that it is unlikely that RAP regulates ligand-binding solely by 
a mechanism involving mutually exclusive binding to overlapping binding-sites. Instead 
those results favor a model in which one molecule of RAP would induce a 
conformational change in the receptor by interacting with multiple receptor domains 
simultaneously. This conformational change would render the receptor incapable of 
ligand binding. This model would imply that one RAP molecule should be capable of 
binding multiple clusters simultaneously. To test this hypothesis, we used an ELISA to 
measure the binding of increasing concentrations of either cluster II or cluster IV to 
RAP which, on its turn, was bound to either LRP, cluster II, or cluster IV (Fig. 3). 
From the data, we can conclude that RAP is able to bind simultaneously to clusters II 
and IV. Furthermore, RAP is also able to bind to two clusters II or two clusters IV and 
both clusters II and IV can bind to RAP bound to LRP, suggesting that RAP is capable 
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of forming an intermolecular bridge between LRP molecules. In addition, half-maximal 
saturation of cluster II binding to RAP, which is bound either to LRP, cluster II or to IV, 
is obtained at virtually identical concentrations, namely at 1.4, 1.7 or 1.4 nM, 
respectively. Finally, it can be deduced that also nearly identical values are found for 
cluster IV binding to RAP, bound to either LRP, cluster II or IV, namely 1.8, 2.5 or 4.3 
nM, respectively. Apparently, one RAP molecule can bind two clusters simultaneously 
with comparable affinities and might even be able to bind to multiple LRP molecules. 

0.01 0.1 1 10 

Concentration CL-II (nM) 

100 

100 - B 
* 

œ 

80 

60 

40 - • 
20 

A 
D 

0.01 0.1 1 10 100 

Concentration CL-IV (nM) 

Fig. 3: Cluster binding to RAP 
bound to LRP, cluster II, or 
cluster IV. A) increasing 
concentrations of cluster II were 
bound to RAP which, on its turn, 
was bound to LRP (•) or to cluster 
II (o) or to cluster IV (+). Controls 
of cluster II binding to RAP bound 
to BSA (•) and direct cluster II 
binding to BSA (D), LRP (A), 
cluster II (A), or cluster IV ( • ) , in 
the absence of RAP, are also shown. 
B) same as in A but instead of 
increasing cluster II concentrations, 
increasing cluster IV concentrations 
were used. Experiments were 
performed in duplicate. 

Discussion 

We have generated a set of recombinant LRP fragments, comprising the four putative 
ligand-binding domains, generally referred to as clusters I, II, III and IV, to study the 
structure and function of this universal clearance receptor. Until now, a systematic 
investigation on the properties of the individual clusters is lacking, since predominantly 
reports on ligand binding to cluster II have been published (6-10). We demonstrate that 
each of the ligands tested binds with similar affinity to both cluster II and cluster IV. 
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Furthermore, in both cases binding of these ligands is calcium-dependent (data not 
shown). These observations suggest that LRP contains two duplicated domains that 
have fully retained their functional properties. In a study by Willnow et al. (7), using 
clusters II and IV LRP-minireceptors, binding of t-PAPAI-1 and u-PAPAI-1 
complexes to cluster II could be detected, but not to cluster IV. Moreover, in contrast to 
our findings, no binding of a2M to either one of the minireceptors could be detected. 
These discrepancies might be due to a different composition of the constructs employed 
or to a different experimental design to measure ligand binding. Furthermore, it is 
relevant to mention that we do not observe binding of t-PA to any of the LRP cluster 
fragments, in spite of the fact that t-PA binds with a relatively low affinity to intact 
LRP. Since the separate cluster fragments were designed to maintain the integrity of the 
LDLRA repeats, and not that of other subdomains, we tentatively conclude that the 
LDLRA repeats do not contribute to the t-PA binding site of LRP. 
Although we observe in this study that t-PAPAI-1 complexes can bind both to the 
separate cluster II and IV, the interactions of these complexes with LRP could be most 
accurately described by a single-site model. Consequently, a KD value for LRP is 
derived which corresponds to a higher affinity than those of the separate clusters II and 
IV. In the case of RAP, the KD values for the ligand interactions with the fragments are 
not in accordance with those for the intact LRP molecule. This may be explained by the 
fact that the data for RAP binding to LRP were fitted according to a two-site model, 
whereas we observed that RAP binds, next to cluster II and IV, also weakly to cluster 
III, suggesting a three-site model. Furthermore, according to the RAP inhibition model 
in Fig. 4, the kinetics of RAP binding to LRP is even more complex than a three-site 
model. Nevertheless, the interactions can be faithfully fitted by a two-site model, 
apparently since the algorithm employed contains sufficient parameters to describe 
these interactions. 

FabA8S 

FabA8 

Cluster II LRP 

Fig. 4: Proposed model for inhibition of 
Fab A8 binding to LRP by RAP. A) Fab A8 
and RAP can bind to the cluster II fragment of 
LRP without competing for each other. B) in 
the context of the intact LRP molecule, Fab 
A8 binding to LRP is inhibited by RAP due to 
a conformational change in LRP induced by 
RAP. This model may not only apply to the 
inhibition of Fab A8 binding to LRP by RAP, 
but may also explain the apparent non
competitive antagonistic effects of RAP on 
ligand binding to LRP in general. 

B 

To further delineate the ligand binding sites on cluster II, we mapped the binding of 
ligands to subdomains of cluster II. Clearly, each of the ligands tested binds to the same 
region of cluster II, spanning EGF repeat E4 and LDLRA domains C3-C7. RAP binds 
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to a fragment comprising the LDLRA domains C5-C7 and the anti-LRP monoclonal 
Fab fragment A8 to the domains C8-C10 (9). Recently, Vash et al. reported on the 
binding of RAP, lactoferrin and PAI-1 to soluble LRP subfragments of cluster II (10). 
These investigators showed binding of these ligands to LDLRA repeats C5-C7 and 
concluded that the lactoferrin binding site extends beyond C5-C7. With respect to RAP, 
our results agree well with those of Vash et ai, since in both studies C5-C7 has been 
identified as the binding site. However, we did not observe PAI-1 binding to C5-C7 
alone, but concluded that the PAI-1 binding site only partially overlaps the RAP binding 
site on cluster II and extends towards the N-terminus. Possible reasons for this 
discrepancy might be due to differences in immobilization, tag position and the degree 
of glycosylation. It is of note to mention that Orlando et al. (37) showed that the multi-
ligand endocytic receptor megalin (gp330), which is closely related to LRP, also 
contains a binding site for apoE-ßVLDL, LpL, aprotinin, lactoferrin, and RAP spanning 
the fourth and fifth LDLRA repeats of cluster II of megalin. These repeats are 
homologous to the C6 and C7 subdomains within LRP. In addition, and similar to LRP, 
megalin appears to have more than one RAP binding site. From the current and above 
mentioned studies, it can be deduced that a limited number of LDLRA repeats is 
apparently sufficient to provide specific binding of a divers array of ligands to LRP and 
to other members of the LDL receptor family. 
Two models have been proposed for the inhibition of ligand binding to LRP by RAP. 
The first model assumes a close spatial association of a RAP binding site to each of the 
independent LRP ligand-binding sites (38). Consequently, RAP would inhibit ligand 
binding by direct competition or steric hindrance of each of the LRP ligands. This 
concept is supported by findings reported here, notably that the RAP binding site on 
cluster II is adjacent to and partially overlaps with an important ligand binding domain. 
On the other hand, we have shown that RAP and the anti-LRP Fab A8 each have their 
own distinct binding site on cluster II, consistent with the observation that cross 
competition on the isolated cluster II domain could not be shown for these molecules 
(9). However, RAP efficiently competes for binding of Fab A8 to intact LRP, whereas 
the reverse could not be demonstrated (9), in spite of the fact that the affinity of RAP 
and A8 for LRP is similar. Collectively, these observations render the option unlikely 
that RAP regulates ligand-binding solely by a mechanism that involves mutually 
exclusive binding to overlapping binding-sites. Instead, these findings would favor a 
RAP inhibition-model that requires LRP moieties that are located outside the cluster II 
of the receptor. Indeed, an alternative model for the regulation of ligand binding by 
RAP proposes a RAP-induced conformational change in the LRP molecule (9,18,39). It 
was demonstrated that both LRP and RAP harbor multiple interaction sites for their 
mutual interaction (7,8,13). Based on analysis of the primary structure, it was revealed 
that RAP contains an internal triplication of structural autonomous domains comprising 
residues 1-100 (Dl), 101-200 (D2) and 201-323 (D3) (13,40). When expressed 
individually, each of the single domains of human RAP maintains its functional 
integrity and binds to LRP (13,40). Dl binds to cluster II, D2 to cluster IV and D3 binds 
to all three RAP binding cluster domains (II, III and IV) (13). Based on these reported 
multiple binding sites on RAP and LRP, one may envision a model in which one 
molecule of RAP can induce a conformational change in the receptor by interacting 
simultaneously with multiple receptor domains (Fig. 4B). This conformational change 
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would render the receptor incapable of ligand binding. We show in this study that a 
single RAP protein can simultaneously bind to clusters II and IV with comparable 
affinities, an observation that is in accordance with the latter model. It should be noted, 
however, that these experiments were performed with separate cluster fragments and do 
not strictly prove that these events occur within an intact LRP molecule. Superficially, 
the adaptation of a different shape of LRP has been suggested by electron microscopic 
experiments, indicating that LRP may display considerable structural variability (41). In 
aggregate, our data support aspects of both models and therefore it cannot be excluded 
that RAP inhibition of ligand binding involves both competition or sterical hindrance 
and a conformational change. 
In conclusion, we have shown that LRP contains ligand binding sites on cluster II and 
IV which are very similar with regard to ligand binding properties, suggesting a 
functional duplication within the receptor. Finally, we have provided data on the 
mechanism of the complex interactions between ligands and the intracellular chaperone 
RAP and their receptor LRP. 
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Binding of Coagulation Factor IXa to LRP 

Summary 
The interaction between the endocytic receptor low density lipoprotein receptor-related 
protein (LRP) and either coagulation Factor IX or its active derivative Factor IXa was 
studied. Purified Factor IX was unable to associate with LRP when analyzed by surface 
plasmon resonance (SPR). By contrast, Factor XIa-mediated conversion of Factor IX 
into Factor IXa resulted in reversible, dose- and calcium-dependent binding to LRP. 
Active-site blocking of Factor IXa did not affect binding to LRP, whereas LRP binding 
was efficiently inhibited in the presence of heparin or antibodies against Factor IX or 
LRP. The Factor IXa-LRP interaction could be described by a two-site binding model 
with kd values of 27 nM and 69 nM. Consistent with this model, it was observed that 
Factor IXa binds to two different recombinant receptor fragments of LRP (denoted 
cluster II and cluster IV) with equilibrium dissociation constants of 227 nM and 53 nM, 
respectively. The amount of Factor IXa degraded by LRP-deficient cells was 35 % 
lower than by LRP-expressing cells, demonstrating that LRP contributes to the transport 
of Factor IXa to the intracellular degradation pathway. Since ligand binding to LRP is 
often preceded by binding to proteoglycans, also the contribution of proteoglycans to 
the catabolism of Factor IXa was addressed by employing proteoglycan-deficient cells. 
Degradation of Factor IXa by proteoglycan-deficient cells proceeded at a 83 % lower 
rate compared to wild-type cells. In conclusion, our data indicate that both LRP and 
proteoglycans have the potential to contribute to the catabolism of Factor IXa. 

Introduction 

Factor IX is a vitamin K-dependent serine protease precursor protein that, upon 
activation, participates in the blood coagulation process '. The physiological importance 
of Factor IX is apparent from the notion that a deficiency or dysfunction is associated 
with the severe bleeding disorder haemophilia B 2. In plasma, Factor IX circulates as an 
inactive, single-chain polypeptide (Mr 56,000)3. Activation of Factor IX is achieved by 
limited proteolysis, mediated by Factor XIa or Factor Vila, resulting in the active 
enzyme Factor IXa 4'5. Factor IXa (Mr 46,000) consists of a heavy and a light chain that 
are covalently linked. Factor IXa catalyzes the activation of Factor X in a complex that 
comprises Ca2+-ions, the activated protein cofactor Factor Villa and a membrane 
surface 6, all of which are essential for optimal Factor X activation. When assembled 
into the membrane-bound complex, Factor IXa may also associate with other molecules 
present at the cellular surface. In this respect, in vitro binding studies, employing arterial 
endothelial cells, demonstrated the presence of a Factor IXa binding site ' . Recently, 
the matrix protein collagen type IV has been proposed to serve as an endothelial-cell 
receptor for Factor IXa 9. Factor IXa shares this binding site with its precursor, the 
Factor IX zymogen 7"9. In vivo clearance studies have confirmed the presence of a 
combined binding site for both Factor IX and IXa l0. Interestingly, the same studies 
revealed the presence of an alternative site that recognizes Factor IXa, but not its 
precursor. Removal of Factor IXa from the circulation, but not of Factor IX, is markedly 
delayed by preinfusion of thrombin/antithrombin or trypsin/al-protease inhibitor 
complexes 10. More recent studies revealed that both enzyme/inhibitor complexes are 
ligands for the low density lipoprotein receptor-related protein (LRP) . 
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LRP (Mr 600,000), also known as the a2-macroglobulin receptor, is a membrane 
glycoprotein that is a member of the low density lipoprotein (LDL) receptor family of 
endocytic receptors 1213. LRP is abundantly present in various tissues like liver, 
placenta, lung and brain '4 and is expressed in an array of cell types, including 
parenchymal cells, Kupffer cells, neurons, astrocytes, smooth muscle cells, monocytes, 
adipocytes, and fibroblasts '415. Also, commonly used cell lines like monkey kidney 
COS cells and Chinese hamster ovary (CHO) cells express LRP l617. LRP is involved in 
the transport of ligands from the cell-surface to the endosomal degradation pathway in a 
Ca +-dependent manner. At present, a remarkable spectrum of structurally, unrelated 
ligands has been identified. These include apolipoproteins, lipases, proteinases, 
proteinase-inhibitor complexes, Kunitz-type inhibitors, matrix proteins, and several 
others "' J. In addition, we recently identified the coagulation cofactor Factor VIII as a 
ligand of LRP ' . The broad range of ligands suggests a role for the receptor in diverse 
physiological and patho-physiological processes ranging from lipoprotein metabolism, 
fibrinolysis, haemostasis, cell growth and migration to thrombosis, atherosclerosis and 
Alzheimer's disease 13. The receptor contains four putative ligand-binding domains 
consisting of clusters of LDL receptor class A repeats, generally referred to as clusters I, 
II, III, and IV. Recently, we showed that cluster II and IV play a prominent role in 
ligand binding to the receptor '9. 

Various mechanisms have been proposed that describe the interaction between LRP and 
its ligands. First, ligands may directly bind from the circulation to cell-surface exposed 
LRP, as exemplified by a2-macroglobulin (a2M) 2021. Second, ligand binding to LRP 
may be promoted by an accessory protein. Examples of accessory proteins are the 
urokinase-type plasminogen activator receptor which mediates degradation of urokinase 
complexed with plasminogen activator inhibitor-1 by LRP 22"24. In addition, it has been 
proposed that binding to proteoglycans preceeds LRP-mediated degradation of e.g. ß-
amyloid precursor protein, lipoprotein lipase, tissue factor pathway inhibitor and 
thrombospondin 25"28. 
In the present study, we assessed the binding of Factor IX and Factor IXa to LRP. This 
was examined by surface plasmon resonance (SPR), employing purified components. 
Our data reveal that activation of Factor IX into Factor IXa results in exposure of a 
binding site for LRP, which is located outside of the exposed active-site. Furthermore, 
we observe binding of Factor IXa to the separate cluster II and cluster IV fragments of 
LRP, providing support for a two-site binding model. In addition, degradation of Factor 
IXa was studied using LRP-expressing, LRP-deficient and proteoglycan-deficient cells. 
These experiments indicate that catabolism of Factor IXa involves both LRP and cell-
surface proteoglycans. 

84 



Binding of Coagulation Factor IXa to LRP 

Experimental procedures 

Materials- The BIACORE®2000 biosensor system and reagents, including an amine-
coupling kit and CM5 sensor chips (research grade), were from Biacore AB (Uppsala, 
Sweden). Cell culture plates, foetal calf serum, penicillin and streptomycin were from 
Gibco BRL (Breda, The Netherlands). Dulbecco's modified Eagle's medium/F12 
(DMEM/F12) was from BioWittaker (Verviers, Belgium). Unfractionated heparin 
(grade 1-a), chondroitin sulfate and benzamidine were purchased from Sigma 
(Zwijndrecht, The Netherlands). Na,25I was from Amersham ('s Hertogenbosch, The 
Netherlands). Glu-Gly-Arg (EGR)-chloromethyl ketone was from CalBiochem 
(Bierges, France). Low molecular weight (LMW) heparin, product name Fragmin, was 
from Pharmacia & Upjohn (Woerden, The Netherlands). 
Proteins- Placenta derived, purified full length human LRP, consisting of both the oc-
and the ß- chain, was kindly provided by Dr. S. K. Moestrup (Institute of Medical 
Biochemistry, University of Aarhus, Aarhus, Denmark). Factor IX, Factor IXa, EGR-
Factor IXa and recombinant LRP fragments were prepared as described ' ' . Purified 
Factor XIa was obtained from Enzyme Research Laboratories (South Bend, IN). 
Urokinase was a gift from Dr. J. Henkin (Abbot Laboratories, Abbot Park. IL). Purified 
antibody CLB-FIX 14 has been described previously 30. Purified anti-Factor IX 
polyclonal antibodies were prepared as described29. Purified anti-LRP polyclonal 
antibody was kindly provided by Dr D.A. Owensby (Center for Thrombosis and 
Vascular Research, University of New South Wales, Sydney, Australia). All proteins 
were homogenous as determined by SDS-polyacrylamide gel electrophoresis. Factor 
IXa was iodinated by using IODO-GEN (Pierce). Non-incorporated radiolabeled 
material was removed by dialysis against 20 mM HEPES (pH 7.4), 150 mM NaCl, 5 
mM CaCl2 at 4°C. After radio-iodination, Factor IXa had a specific radioactivity of 
approximately 103 cpm/fmol. Non-radiolabeled Factor IXa and l25I-labeled Factor IXa 
displayed similar activity. In addition, both were similar in binding to purified LRP as 
assessed by a solid-phase assay (data not shown). Human albumin was from the CLB 
division of products, Sanquin Blood Supply Foundation (Amsterdam, The Netherlands). 
Bovine serum albumin (BSA) was from Merck (Darmstadt, Germany). 
Protein Concentrations- Protein was quantified by the method of Bradford , using 
human albumin as a standard. Factor IXa and Factor IX concentrations were based on 
activity measurements as described . 
SPR Analysis- Binding studies were performed employing a BIACORECD2000 
biosensor system and SPR analysis was done essentially as described 32. LRP or Factor 
IXa was immobilized on a CM5 sensorchip at the indicated densities, using the amine-
coupling kit as instructed by the supplier. Routinely, a control channel was activated 
and blocked, using the amine-coupling reagents in the absence of protein. Binding to 
coated channels was corrected for binding to non-coated channels (less than 5% of 
binding to coated channels). For qualitative measurements, SPR analysis was performed 
in 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween-20 at 25 
°C with a flow rate of 5 (il/min. For quantitative measurements of Factor IXa binding to 
immobilized LRP, experiments were performed in duplicate at five different 
concentrations (n=5) of Factor IXa or EGR-Factor IXa. The concentrations were chosen 
at an appropriate range (around kd values) and the proteins were passed at 25 °C with a 
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flow rate of 20 u,l/min over three separate channels with immobilized LRP and over one 
control (non-coated) channel. Quantitative measurements of cluster II and IV binding to 
immobilized Factor IXa were performed in a similar manner as for intact LRP. 
Regeneration of the surface of the LRP-sensorchip and of the Factor IXa-sensorchip 
was performed with 100 niM H3P04and 10 mM EDTA, respectively. 
Analysis of Quantitative SPR Data- For analysis of the association and dissociation 
curves of the sensorgrams, BIAevaluation software was used (Biacore AB, Uppsala, 
Sweden). Interaction constants were determined by performing non-linear global fitting 
of data, corrected for bulk refractive index changes. Data were fitted according to 
various models available within the BIAevaluation software. A model describing a 1:1 
interaction was found to provide the best fit for data regarding the binding of LRP-
cluster II or IV to immobilized Factor IXa. For the binding of Factor IXa to 
immobilized LRP a model describing the interaction between Factor IXa and two 
independent binding sites (heterologous ligand, parallel reactions) was found to provide 
the best fit of the experimental data. Goodness of the fits was judged from residual plots 
and statistical parameters, employing previously described equations . The data were 
further validated by subjecting them to tests of self-consistency " . 
Factor XIa-mediated Factor IXactivation- Factor IX (3.2 \\M) and Factor XIa (16 nM) 
were incubated at 37 °C in 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM CaCl2, 0.005 
% (v/v) Tween-20. At indicated timepoints, aliquots (5 (il) were taken and diluted 10-
fold in the same buffer containing 10 mM benzamidine to prevent further activation. 
Samples were analyzed by SPR using immobilized LRP (13 fmol/mnr at a flow of 5 
|il/min. Simultaneously with SPR-samples, aliquots (25 u.1) were taken and added to 8 
|il 0.25 M Tris (pH 6.8), 8 % (w/v) sodium dodecyl sulfate (SDS), 40 % (v/v) glycerol, 
0.04 % (w/v) bromophenol blue and subjected to electrophoresis on a 7.5 % (w/v) SDS-
polyacrylamide gel. Proteins were visualized by staining with Coomassie brilliant blue. 
Solid-phase Binding Assays- LRP (75 ng/well) was immobilized onto microtiter wells in 
a volume of 50 |il. Remaining binding sites were blocked with 3 % (w/v) BSA in 20 
mM HEPES (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 0.05 % (v/v) Tween-20 (HBST) in 
a volume of 300 JJ.1. Factor IXa (70 nM) was then added for 1 h at 37°C in 1 % (w/v) 
BSA in HBST in the absence or presence of various components as indicated. After 
washing the wells 3 times with HBST, wells were incubated for 1 h at 37°C in 1 % 
(w/v) BSA in HBST with the monoclonal anti-Factor IX antibody CLB-FIX 14. Bound 
CLB-FIX 14 was quantified using biotinylated rat antibodies against mouse IgGK 
chains (CLB products, Amsterdam, The Netherlands). Bound complexes were then 
detected using horseradish-peroxidase labeled streptavidine (Amersham Pharmacia 
Biotech, 's Hertogenbosch, The Netherlands). 

Cellular Degradation Assays- Three derivatives of Chinese Hamster Ovary (CHO) cells 
were used in the present study. CHO-K1 (ATCC CCL-61) is a wild-type cell line that 
constitutively expresses LRP as do CHO-745 cells (ATCC CRL-2242). The latter cell 
line, however, is deficient in xylosyltransferase 34. The cell line CHO 13-5-1 (kindly 
provided by Dr. D. J. FitzGerald) is deficient in LRP and has been prepared by toxin-
mediated selection of mutagenized CHO-K1 cells . Cells were seeded into 24-well 
plates in DMEM/F12 medium supplemented with 10% (v/v) foetal calf serum, 100 
units/ml penicillin, 100 jig/ml streptomycin. The cells were grown to 90-100% 
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confluence, which was accomplished in two days. Prior to incubation, cultured cells 
were extensively washed with DMEM/F12 medium. Degradation assays were initiated 
by adding 200 \l\ of 125I-labeled Factor IXa (40 nM) in DMEM/F12, containing 1% 
(w/v) BSA and 5 mM CaCl2 (assay medium). Cells were washed three times with 1 ml 
of DMEM/F12 medium after a 30 min incubation at 37°C to remove non-bound ligand. 
Subsequently, the incubation was allowed to proceed for 5 h at 37°C in 200 JLLI assay 
medium. Then, 100 ul aliquots of the conditioned medium were taken to determine the 
amount of 10% (w/v) trichloroacetic acid-soluble Factor IXa-degradation products. 
Radioactivity was measured in a Packard y counter. Total ligand degradation was 
corrected for the amount of degradation that occurred in control wells lacking cells. 

Results 
Binding of Factor IXa and Factor IX to Immobilized LRP 
Binding of Factor IXa and its precursor, Factor IX zymogen, to LRP was investigated 
by SPR analysis, using purified components. When 100 nM Factor IX zymogen was 
passed over LRP, immobilized at two different densities, virtually no increase of the 
resonance signal was observed (Fig. 1A). Even in the presence of very high 
concentrations of Factor IX (up to 2 uM) no binding could be detected (not shown), 
demonstrating that Factor IX is unable to bind to LRP. In contrast, efficient binding was 
observed using 100 nM of Factor IXa. Upon replacement of Factor IXa solution by 
buffer, the resonance signal gradually declines, indicating that Factor IXa dissociates 
from immobilized LRP and that binding is reversible (Fig. 1A). Since the highest 
resonance signal is detected with the highest density of immobilized LRP (Fig. 1A) and 
the level of the signal is a function of the concentration of the injected Factor IXa (Fig. 
IB), the binding appears to be dose-dependent. These data indicate that Factor IXa, but 
not its inactive precursor, binds to LRP in a reversible and dose-dependent manner. 

Effect of Factor XIa-mediated Factor IX Activation on LRP Binding 
To investigate whether a LRP-binding site is exposed during Factor IX activation, 
Factor IX was incubated in the presence or absence of its activator Factor XIa. As 
expected, incubation of Factor IX in the presence of Factor XIa resulted in a time-
dependent appearance of Factor IXa when determined by SDS-polyacrylamide gel 
electrophoresis (inset of Fig. 2). Samples simultaneously taken were also tested by SPR 
analysis for the ability to associate with immobilized LRP. As shown in Fig. 2, no 
association could be observed when Factor IX was incubated in the absence of Factor 
XIa (referred to as t=0). In constrast, in the presence of Factor XIa, a time-dependent 
increase in association to LRP appeared. Control experiments did not show binding to 
LRP of the catalyst Factor XIa (data not shown). Apparently, a LRP-binding site within 
Factor IX is exposed upon conversion to Factor IXa. 
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Fig. 1: SPR analysis of Factor IXa and Factor FX binding to immobilized LRP. A) LRP, 
immobilized onto a CM5-sensorchip at a density of 9 fmol/mm2 (II) and of 26 fmol/mm2 (/, III), 
was incubated with 100 nM Factor IX (I) or 100 nM Factor IXa (II, III) in 20 mM HEPES (pH 
7.4), 150 mM NaCl, 0.005 % (v/v) Tween-20 at 25°C at a flow rate of 5 ul/min for 2 mm. To 
initiate dissociation, the buffer was replaced by buffer devoid of ligand. B) Six different 
concentrations (10, 20, 49, 60, 98, and 142 nM) of Factor IXa were passed at 25 °C with a flow 
rate of 20 ul/min over immobilized LRP (16 fmole/mm2). The subsequent association and 
dissociation are represented by the six data curves shown. The signal is indicated in resonance 
units (RU) and is corrected for aspecific binding, which was less than 5% of the binding to LRP-
coated channels. 
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Fig. 2: Exposure of a binding 
site for LRP upon Factor Xla-
mediated activation of Factor 
IX. Factor XIa (final 
concentration of 16 nM) was 
added to 3.2 uM Factor IX in 20 
mM HEPES (pH 7.4), 150 mM 
NaCl, 0.005 % (v/v) Tween-20 at 
37 °C. Aliquots (5 ul) were 
drawn at indicated intervals and 
diluted 10 fold in the same buffer 
containing 10 mM benzamidine. 
These diluted samples were 
subjected to SPR analysis using 

immobilized LRP (13 fmole/mm2) equilibrated in 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM 
CaCL, 0.005% (v/v) Tween-20 and 10 mM benzamidine at a flowrate of 5 |il/min. Maximal 
response (RU), corrected for bulk refractive index changes and nonspecific binding, is shown for 
the samples obtained at different time intervals. Data represent the mean ± S.D. of three 
experiments. Inset, aliquots (25 ul) were drawn simultaneously with those used for SPR analysis, 
and added to 8 pi 0.25 M Tris (pH 6.8), 8 % (w/v) SDS, 40 % (v/v) glycerol, 0.04 % (w/v) 
bromophenol blue. Nonreduced samples (12 ul, corresponding to 1.6 ug Factor IX) were 
subjected to electrophoresis on a 7.5 % (w/v) SDS-polyacrylamide gel. Proteins were visualized 
by staining with Coomassie brilliant blue. The positions of Factor IX and Factor IXa are 
indicated. The sample at t=0 for both SPR and gel electrophoresis analysis refers to 90 min 
incubation at 37 °C without addition of Factor XIa. 
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Role of the Factor IXa Catalytic Center in LRP Interaction 
Conversion of the zymogen Factor IX into its active derivative Factor IXa is associated 
with the exposure of its active-site residues. To examine to what extent the Factor IXa 
active-site residues contribute to LRP binding, the catalytic triad was irreversibly 
blocked with the inhibitor EGR-chloromethyl ketone, yielding EGR-Factor IXa. 
Subsequently, the binding of EGR-Factor IXa to LRP was compared with that of active 
Factor IXa by measuring the association and the dissociation rate constants k0„ and koff, 
respectively (Table 1). Binding of either Factor IXa or EGR-Factor IXa to LRP could be 
adequately described by employing a two-site binding model and similar kon and koff 

values were obtained for Factor IXa and EGR-Factor IXa. The resulting kd values are 
27 nM and 26 nM, and 69 nM and 71 nM for Factor IXa and EGR-Factor IXa, 
respectively. Thus, both Factor IXa and EGR-Factor IXa display similar affinity for 
LRP, suggesting that the binding site for LRP is located outside the catalytic center of 
Factor IXa. These data further indicate the presence of two independent binding sites for 
Factor IXa within the LRP molecule. Alternatively, the possibility exists that LRP is 
heterogenous as a result of the immobilization procedure. 

Table 1: Kinetics of Factor IXa and EGR-Factor IXa binding to LRP and recombinant 
cluster II and IV fragments 
Association and dissociation between either Factor IXa or EGR-Factor IXa and LRP was 
determined by passing six different concentrations (5-150 nM) over three separate channels with 
immobilized LRP (16 fmol/mm2) and one control channel (no immobilized LRP) as described in 
the legend of Fig. IB. Association and dissociation between cluster II or cluster IV of LRP and 
Factor IXa was assessed in a similar manner except that five different concentrations of cluster II 
or cluster IV (50-150 nM) were passed over immobilized Factor IXa. To this end, 122 fmole/mm2 

or 32 fmole/mm2 of Factor IXa was immobilized to determine cluster II or cluster IV binding 
constants, respectively. The data, obtained from duplicate experiments, were analyzed by 
performing non-linear global fitting of data corrected for bulk refractive index changes to 
calculate association rate constants (kon) and dissociation rate constants (ko!!)

 32. Data represent 
average values ± SD. 

Injected 
Protein 

Immobilized 
Protein 

Äoff 

(s'1) 
«on 

(s'M"1) 
kd 

(nM) 

Factor IXa LRP (1) 4.6(+0.6)xl0"3 

(2) 8.3 (± 1.4) x 10 : 
(1) 1.7(±0.2)xl05 

(2) 1.2 (± 0.2) x 10" 
(1) 
(2) 

27.1 + 4.8 
69.2 ±16.4 

EGR-Factor 
IXa 

LRP (1) 3.7 (±0.3) x 10' 
(2) 9.9 (± 1.0) x 10 : 

(1) 1.4(+0.2)X10S 

(2) 1.4(±0.2)x 106 
(1) 
(2) 

26.4 ± 4.3 
70.7 ±12.4 

Cluster II Factor IXa 5.7(±1.2)xl0"3 2.5(±0.3)xl0' t 227.4 ±55.1 

Cluster IV Factor IXa 9.6 (± 0.5) x 10"5 1.8 (± 0.2) x 105 53.3 ± 6.5 
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Binding of Factor IXa to Separate, Recombinant Receptor Fragments 
Previously, we have demonstrated that two different domains of LRJP, designated cluster 
II and cluster IV, encompass the predominant sites for ligand binding19. Therefore, we 
used purified, recombinant receptor fragments (cluster I, II, III, and IV) to investigate 
whether these fragments bind to immobilized Factor IXa when tested by SPR analysis. 
Whereas no binding could be detected to cluster I and cluster III even at very high 
concentrations (up to 1 pM) of the injected fragments (data not shown), both cluster II 
and IV bound to Factor IXa. The kinetic constants that describe the interactions between 
Factor IXa and either cluster II or IV were determined and are summarized in Table 1. 
The calculated kd values were 53 nM and 227 nM for cluster IV and cluster II, 
respectively. These data are compatible with the view that clusters II and IV represent 
two independent binding sites for Factor IXa within LRP. 

Effect of Anti-Factor IXa or Anti-LRP Polyclonal Antibodies on the Factor IXa-
LRP Interaction 
The interaction between Factor IXa and LRP was further investigated to address 
specificity. LRP immobilized onto microtiter wells was incubated with various 
concentrations Factor IXa, and bound Factor IXa was detected using the monoclonal 
anti-Factor IX antibody CLB-FIX 14. Using this approach, a saturable and dose-
dependent binding was observed (not shown). Subsequently, binding of Factor IXa to 
LRP was tested in the presence of polyclonal antibodies directed against Factor IXa or 
LRP. As presented in Fig. 3, both antibody preparations inhibited binding of Factor IXa 
to LRP. Binding was also found to be impaired in the presence of EDTA (Fig. 3). As 
similar data were obtained when binding was assessed in the presence of EDTA using 
SPR analysis (not shown), these data demonstrate that the interaction between Factor 
IXa and LRP is calcium-dependent. Binding of Factor IXa to LRP was also studied in 
the presence of another LRP ligand, urokinase. However, urokinase proved unable to 
interfere in the interaction between LRP and Factor IXa (Fig. 3). Apparently, Factor IXa 
and urokinase have different binding sites within LRP. 

Fig. 3: Binding of Factor IXa to LRP in a 
solid-phase binding assay in the absence 
or presence of various components. Factor 
IXa (70 nM) was incubated with 
immobilized LRP (75 ng/well) in a volume 
of 50 |ll in 1 % (w/v) BSA in HBST in the 
absence or presence of 1 pM anti-Factor IX 
polyclonal antibodies, 1 uM anti-LRP 
polyclonal antibodies, 10 mM EDTA or 0.5 
uM urokinase for 1 h at 37 °C. After 
washing with HBST, wells were incubated 
with 2 ug/ml monoclonal anti-Factor IX 
antibody CLB-FIX 14. Bound CLB-FIX 14 

^° was quantified using biotinylated rat 
antibodies against mouse IgGK chains. Bound complexes were then detected using horseradish-
peroxidase labeled streptavidine. Binding is expressed as the percentage of binding in the absence 
of competitor and is corrected for nonspecific binding (5-10 % relative to binding to LRP coated 
wells). Data represent the mean and range of two independent experiments. 
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Effect of Heparin on the Factor IXa-LRP Interaction 
From other studies, it has been established that most LRP ligands bind to heparin, a 
property that is usually mediated by a series of positively-charged, amino-acid residues 
13. Furthermore, binding of these ligands to the receptor is inhibited by heparin, 
indicating that amino-acid residues that constitute the heparin-binding site may be 
involved in LRP binding as well2335. Since Factor IXa is also a heparin-binding protein, 
we investigated whether heparin inhibits the binding of Factor IXa to LRP by SPR. As 
expected, efficient Factor IXa binding was observed in the absence of heparin (Fig. 4). 
In the presence of increasing concentrations of heparin (both LMW and unfractionated), 
however, a decrease of the resonance signal was observed. The binding of Factor IXa to 
LRP was fully suppressed in the presence of 100 IE/ml of both LMW and 
unfractionated heparin (Fig. 4). In contrast, little, if any inhibition was observed in the 
presence of 100 |xg/ml chondroitin sulfate (Fig. 4). Similar data were obtained when 
binding of Factor IXa to LRP was tested in the presence of these heparins or chondroitin 
sulphate in the above described solid-phase assay (data not shown). These data indicate 
that the heparin-binding domain of Factor IXa may contribute to the interaction with 
LRP. 

20 40 60 80 100 

competitor (IE(anti-Xa)/ml or ng/ml) 

Fig. 4: Inhibition of Factor IXa 
binding to LRP by heparins. 
Binding of 100 nM of Factor IXa 
to immobilized LRP (26 
fmol/mm2) was analyzed by SPR 
in the absence or presence of 
heparin (•) or fragmin (D) (0-100 
IE(anti-Xa)/ml) or 100 ug/ml 
chondroitin sulfate (A). Binding is 
expressed as the percentage of 
binding in the absence of 
competitor and is corrected for 
nonspecific binding (less than 5 
%). Data represent the mean ± 
S.D. of three experiments. 

Role of LRP and Cell-surface Proteoglycans in Factor IXa Degradation by CHO 
Cells 
To assess whether LRP is involved in mediating transport of Factor IXa to the 
intracellular degradation pathway, cellular degradation of 125I-labeled Factor IXa both in 
LRP-deficient CHO cells '7 and in wild-type CHO cells that constitutively express LRP 
was addressed. As shown in Fig. 5, the amount of Factor IXa that was degraded by 
LRP-deficient cells was reduced by approximately 35 % compared to wild-type CHO 
cells. This observation demonstrates that LRP indeed contributes to the transport of 
Factor IXa to the intracellular degradation pathway. It has previously been shown that 
various LRP ligands may bind to cell-surface proteoglycans prior to transfer and 
binding to LRP 25~28. Therefore, the role of proteoglycans in cellular degradation of L 5I-
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labeled Factor IXa was also analyzed, employing xylosyltransferase-deficient CHO 
cells. This mutant cell line is well suited to establish the role of proteoglycans, since 
xylosyltransferase-deficiency results in inability to generate proteoglycans 
Significantly, the amount of Factor IXa that was degraded by proteoglycan-deficient 
CHO cells was reduced by over 80 % compared to wild-type cells (Fig. 5). Taken 
together, these data stronly suggest that both LRP and cell-surface proteoglycans have 
the potential to contribute to the catabolism of Factor IXa. 

Fig. 5 Role of LRP and proteoglycans in 
Factor IXa degradation by CHO cells. 
Degradation was assessed by incubating 
wild-type (WT, black bar), LRP-deficient 
(LRP-def, white bar), and proteoglycan-
deficient (PG-def, grey bar) CHO cells with 
125I-radiolabeled Factor IXa (40 nM) for 30 
min at 37 °C. After washing, bound material 
was incubated for an additional period of 5 h 
and degradation was determined as described 
in the section Materials and Methods. 
Degradation of Factor IXa by wild-type 
CHO cells is referred to as 100 % and 
corresponds to 0.12 pmole/2.5xl0 cells after 
5 h of incubation. The data represent the 
mean ± S.E.M of three experiments. 

T 

I I 
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Discussion 
An essential step of the coagulation cascade consists of the activation of Factor X by 
Factor IXa in conjunction with the cofactor Factor Villa. Consequently the extent of 
Factor X activation, and ultimately the amount of thrombin, depends on the regulation 
of Factor IXa activity. It has been recognized that Factor IXa activity may be controlled 
by the serine protease inhibitors (serpins) antithrombin and protease nexin-2 that may 
form inactive complexes 36'37. Alternatively, the concentration of Factor IXa may be 
determined by a catabolic pathway that selectively removes Factor IXa from the 
circulation. In the present study, the contribution of cell surface-associated molecules to 
the catabolism of Factor IXa was investigated. By using purified components, it is 
demonstrated that Factor IXa binds to LRP in a reversible, dose- and calcium-dependent 
manner (Fig. 1 and 3). In contrast, the Factor IX zymogen is unable to associate to LRP, 
demonstrating that LRP discriminates between the inactive and active species of Factor 
IX. This is consistent with the previous observation that administration of competitive 
LRP ligands to mice (i.e. thrombin/antithrombin or trypsin/ocl-protease inhibitor 
complexes) delays the clearance of subsequently infused Factor IXa, but not that of 
Factor IX 10. 
At present, little is known about the in vivo efficiency of Factor IXa inhibition by 
antithrombin or protease nexin-2, but it seems likely that part of the Factor IXa 
molecules that are generated during coagulation are subject to inhibition by these 
serpins. It would be of relevance therefore, that such complexes, like other enzyme-
serpin complexes (e.g. thrombin/antithrombin) are removed from the circulation by 
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LRP. Indeed, it has previously been reported by Kounnas and coworkers that LRP is 
involved in the cellular uptake of Factor IXa/protease nexin-2 complexes 25. 
The interaction between LRP and Factor IXa differs in a number of aspects from LRP 
interactions with other serine protease-comprising ligands. First, Factor IXa binds to 
LRP as a free enzyme, whereas most serine proteases interact with LRP exclusively 
upon formation of a complex with a serpin or with a2-macroglobulin "'38. For instance, 
both thrombin and Factor Xa bind to LRP only if complexes have been formed with 
antithrombin or a2-macroglobulin, respectively. Factor IXa shares the ability to bind to 
LRP as a free enzyme with the serine proteases tissue-type-plasminogen activator and 
urokinase22'39. However, both the single- and two-chain variants of tissue-type 
plasminogen activator and urokinase bind to LRP. In contrast, only the two-chain form 
of Factor IX (i.e. Factor IXa) selectively interacts with LRP, whereas the single-chain 
form does not bind to LRP (Figs. 1 and 2). Another aspect in which Factor IXa differs 
from other LRP ligands relates to its interaction with the ligand-binding domains of 
LRP. We have recently shown, that from a number of LRP ligands tested, all showed 
similar affinity for both cluster II and cluster IV 19. With regard to Factor IXa, however, 
the binding parameters for the interaction with cluster II and IV were dissimilar in that 
Factor IXa displayed a 4-fold higher affinity for cluster IV compared to cluster II (Table 
I). The difference in affinity was mainly due to a marked difference in the association 
rate constant. These data indicate that Factor IXa preferentially binds to cluster IV over 
cluster II. 
The transition of Factor IX into its activated derivative Factor IXa is associated with the 
exposure of a binding site for LRP (Fig. 2). This site is located apart from the catalytic 
center, since active-site blocked Factor IXa (i.e. EGR-Factor IXa) and active Factor 
IXa bind equally efficient to LRP (Table 1). Binding of Factor IXa to LRP is efficiently 
inhibited in the presence of heparin (Fig. 4). Several mechanisms may explain this 
observation. First, heparin may interfere with binding of Factor IXa to LRP by sterical 
hindrance. This seems less likely, however, as both unfractionated heparin and LMW 
heparin appeared to be equally effective in the inhibition of the Factor IXa/LRP 
interaction. Alternatively, a heparin-binding region within Factor IXa may be involved 
in LRP binding. Such heparin-binding regions in other LRP-ligands have indeed been 
reported to be involved in the interaction with LRP (for summary see ref. 13). It should 
be mentioned in this respect that Factor IX and Factor IXa appear to bind heparin in a 
similar manner40, yet only Factor IXa is able to bind LRP (Fig. 1). It seems conceivable 
therefore that the heparin-binding region within Factor IXa contributes to LRP binding 
in an indirect manner. 
Efficient activation of Factor X requires the assembly of Factor IXa and its cofactor 
Factor VIII into a membrane-bound complex. Interestingly, we and others have recently 
identified Factor VIII as a ligand for LRP as well 18'41. Thus, both enzyme and cofactor 
of the same complex may be catabolized by the same receptor. Whether this indicates 
that LRP is able to bind both ligands simultaneously or promotes dissociation of the 
complex remains to be investigated. It seems likely, however, that Factor VIIIa/Factor 
IXa-mediated Factor X activation is modulated when proceeding at membranes 
enriched in LRP. It is of interest to note, that the amount of Factor Xa generated by the 
Factor VIIIa/Factor IXa complex at the surface of endothelial cells is markedly 
increased compared to the amount generated at the surface of monocytes or fibroblast . 
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This may be explained by the notion that monocytes and fibroblasts constitutively 
express LRP at their surface and, consequently, have the ability to remove Factor VIII 
and Factor IXa, whereas human umbilical vein endothelial cells lack this receptor ' '4~. 
A common pathway for many LRP-internalized ligands seems to be emerging that 
involves cell-surface proteoglycans and possibly other accessory proteins. It has been 
proposed that several ligands bind to cell-surface proteoglycans prior to internalization 
by LRP 2" 8-44"46. The rationale of this event will be sequestering of ligands to locally 
increase the concentration on the cell surface beyond kd values and to accelerate the 
interaction with LRP. Our current data reveal a similar process for the catabolism of 
Factor IXa, since degradation of Factor IXa proceeds inefficiently by proteoglycan-
deficient CHO cells (Fig. 5). Furthermore, it should be noted that in CHO cells 
degradation of Factor IXa is only partially (35%) mediated by LRP. This may be 
explained by the observation that Factor IXa binds efficiently to cluster IV but less 
efficiently to cluster II, resulting in a reduced rate of degradation of Factor IXa 
compared to ligands that bind to both clusters with similar affinity. This slow rate of 
degradation via LRP would then ultimately lead to a small contribution of LRP in the 
total Factor IXa degradation. Alternatively, another proteoglycan-dependent mechanism 
may contribute to Factor IXa degradation as well. It is possible that ligand transfer may 
involve other receptors, including the other members of the LDL-receptor family which 
are known to share ligands with LRP '3. Alternatively, proteoglycans may directly 
mediate internalization of ligands without the participation of a surface-bound receptor. 
This has been reported previously for the syndecan family of proteoglycans, that are 
able to mediate internalization of atherogenic lipoproteins 47. 
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Modulatory Role for LRP in Coagulation 

Summary 

Recent reports suggest that the multifunctional receptor Low density lipoprotein 
receptor-Related Protein (LRP) may contribute to the regulation of blood coagulation by 
mechanisms that differ from the simple removal of protease/inhibitor complexes from 
the circulation. This possibility became apparent from the observation that LRP is 
involved in down-regulation of Tissue Factor expression at the surface of monocytes 
and fibroblasts. Furthermore, coagulation Factor VIII and activated Factor IX (Factor 
IXa) have been identified as proteins that are able to bind to LRP. In the present review, 
the potential contribution of LRP to the regulation of the coagulation cascade through' 
these novel pathways will be discussed, with particular reference to the interaction 
between LRP and coagulation Factor VIII. 

Blood Coagulation Factor VIII 

Bleeding tendencies associated with the functional absence of coagulation Factor VIII 
are known as hemophilia A (Sadler and Davie 1987). This disease, which has been 
recognized for several centuries, is an X-linked disorder affecting 1-2 in 10,000 males. 
The activated derivative of Factor VIII serves as a cofactor for the serine protease 
Factor IXa in the Factor X-activating complex of the intrinsic coagulation pathway (for 
recent reviews on Factor VIII see Kaufman et al. 1997; Lenting et al. 1998). 
The gene of Factor VIII is located at the tip of the long arm of the X chromosome and 
spans over 180 kb, comprising 26 exons that encode a polypeptide chain of 2351 amino 
acids. The polypeptide includes a signal peptide of 19 and a mature protein of 2332 
amino acids. Analysis of the amino acid sequence revealed the presence of a discrete 
domain structure within Factor VIII. Based on internal homology, these domains are 
arranged in the sequence Al-a/-A2-a2-B-a5-A3-Cl-C2 (Figure 1). The A domains 
display approximately 30 % homology to each other, and to homologous A domains 
found in the copper-binding protein ceruloplasmin and coagulation Factor V. The A 
domains are bordered by short segments {al, a2 and a3) that are enriched in glutamate 
and aspartate residues, the so-called acidic regions. Factor VIII C domains are 
structurally related to those present in Factor V, and various other proteins like the lipid-
binding lectin discoidin I. The B domain is unique in that it exhibits no significant 
homology with any other known protein. 

Due to endoproteolytic processing, Factor VIII circulates in plasma predominantly as a 
heterodimeric protein consisting of a metal ion-linked heavy and light chain (Figure 1 ). 
The heavy chain (90-220 kDa) contains the A\-al-A2-a2-B domains and is 
heterogeneous as a result of limited proteolysis within the B domain. The light chain (80 
kDa) comprises the domains ai-A3-Cl-C2. In plasma, Factor VIII is present as an 
inactive precursor that is tightly associated with its carrier protein von Willebrand 
Factor (vWF) through the amino- and carboxyterminal ends of Factor VIII light chain. 
Factor VIII is converted into its active form by thrombin-mediated proteolysis in both 
Factor VIII heavy chain and light chain. The light chain is cleaved between a3 and A3 
domain, while the heavy chain is cleaved between al and A2 domain and between a2 
and B domain. The final activated product, Factor Villa, thus consists of the metal ion-
linked heterodimer Al-o7/A3-Cl-C2 that is associated with the heavy chain derived 
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Al-a2 portion, whereas the B domain and the a3 segment have been removed (Figure 
1). Release of this ai segment is associated with the loss of high affinity binding to 
vWF. Binding of Factor VIII to vWF serves an important role in Factor VIII 
physiology. Not only is the Factor VIII heterodimeric structure stabilized upon 
association, but vWF also prevents Factor VIII from binding to other proteins. It has 
previously been established that Factor VIII may interact with a variety of proteins, 
including activated protein C, Factor Xa and Factor IXa. Recently, Factor VIII was 
shown to interact with the multifunctional receptor LRP as well (Lenting et al. 1999; 
Saenkoetal . 1999). 
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Fig. 1: Domain structure of Factor VIII. Factor VIII circulates in plasma predominantly as a 
heterodimeric protein consisting of a heavy and light chain that are linked in a divalent metal ion-
dependent interaction between Al and A3 domain. The heavy chain contains the A\-al-A2-a2-B 
domains and the light chain comprises the domains ai-A3-Cl-C2. Factor VIII is tightly 
associated with vWF through the amino- and carboxyl-terminal ends of Factor VIII light chain. 
Upon thrombin activation the Factor VIII heterodimer is cleaved in both heavy and light chain 
(positions indicated by arrows) resulting in releases of the B domain and the a3 segment. 
Removal of this a3 segment is associated with the loss of high affinity binding to vWF. Within 
Factor Villa trimer binding sites for Factor IXa, activated Protein C (aPC), phospholipids, and 
LRP are indicated. 

Low Density Lipoprotein Receptor-Related Protein 

LRP, also known as the a2-macroglobulin receptor, is a 600-kDa membrane 
glycoprotein that is a member of the low density lipoprotein (LDL) receptor family of 
endocytic receptors (for recent reviews on LRP see Gliemann 1998; Neels et al. 1998). 
This growing receptor family includes the low density lipoprotein receptor, LRP2 (also 
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known as gp330 or megalin), very low density lipoprotein receptor, and apolipoprotein 
E receptor 2. Common structural features of these receptors include: 1) clusters of class 
A cysteine-rich ligand binding repeats called LDL receptor class A (LDLRA) domains, 
2) epidermal growth factor-like domains, 3) spacer regions that include Tyr-Trp-Thr-
Asp repeats, 4) a single transmembrane domain, and 5) a carboxyl-terminal cytoplasmic 
tail with 1-3 copies of the Asn-Pro-Xxx-Tyr motif, which serve as potential endocytosis 
signals. The gene coding for LRP covers about 92 kb and includes 89 exons. The 15-kb 
LRP cDNA encodes a protein that consists of 4525 amino acids. LRP is characterized 
by the presence of 31 LDLRA repeats, which are arranged in four distinct clusters 
(denoted clusters I, II, III, and IV) with 2, 8, 10, and 11 LDLRA domains, respectively. 
Clusters II and IV have been shown to constitute the ligand binding domains (Willnow 
et al. 1994; Neels et al. 1999). LRP is synthesized as a single polypeptide chain and is 
cleaved in the trans-Go\g\ network by the endopeptidase furin. Furin-mediated 
proteolysis results in a 515-kDa fragment that contains the ligand binding domains and 
an 85-kDa fragment comprising the transmembrane and cytoplasmic domains. The 
subunits remain associated in a noncovalent fashion as they are routed to the cell 
surface. Routing of LRP to the cellular surface is mediated by its chaperone protein, the 
39 kDa Receptor-Associated Protein (RAP). RAP is essential for optimal folding of 
LRP, and blocks premature, intracellular binding of LRP to its ligands (Bu and 
Schwartz 1998). RAP has proved to serve as a valuable tool in studies directed to 
interactions between LRP and its ligands. 

LRP is abundantly present in various tissues like liver, placenta, lung, and brain and is 
expressed in an array of cell types, including parenchymal cells, Kupffer cells, neurons, 
astrocytes, smooth muscle cells, monocytes, adipocytes, and fibroblasts. Also 
commonly used cell lines like Chinese hamster ovary (CHO) cells express LRP 
(FitzGerald et al. 1995). LRP is involved in the transport of ligands from the cell-
surface to the endosomal degradation pathway, a process which requires the presence of 
calcium ions (Moestrup et al. 1990). Furthermore, LRP has recently been proposed to 
contribute to the transcytosis of lactoferrin through the blood-brain barrier (Fillebeen et 
al. 1999), and appears to be important in various cellular signaling processes (Willnow 
et al. 1999). The multifunctional nature of LRP is underscored by the observation that 
targeted disruption of the gene coding for LRP in the mouse arrested the development of 
LRP" " embryos around the implantation stage (day 13 of development) (Herz et al. 
1992). At present, a remarkable spectrum of structurally-unrelated ligands has been 
identified. These include apolipoproteins, lipases, proteases, protease/inhibitor 
complexes, Kunitz-type inhibitors, matrix proteins, and several others (Gliemann 1998; 
Neels et al. 1998; Willnow et al. 1999). This broad range of ligands and properties 
suggests a role for the receptor in diverse physiological and patho-physiological 
processes ranging from lipoprotein metabolism, fibrinolysis, cell growth and migration 
to atherosclerosis, tumor metastasis, and Alzheimer's disease. In addition, LRP might 
play a role in hemostasis as will be discussed below. 

Interaction Between Factor VIII and LRP 

The mechanism by which Factor VIII is removed from the circulation is poorly 
understood. The possibility that LRP may serve as a clearance receptor for Factor VIII 
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is recently reported by two different research groups (Lenting et al. 1999; Saenko et al. 
1999). By using purified proteins, we found that the interaction between Factor VIII and 
LRP is reversible and both dose- and calcium-dependent. In addition, the interaction is 
efficiently inhibited in the presence of the LRP-antagonist RAP. The kinetic parameters, 
describing complex assembly between Factor VIII and LRP, indicate that Factor VIII 
binds to LRP with moderate affinity (affinity constant = 60 nM). This value is close to 
that reported by Saenko and coworkers (affinity constant = 1 1 6 nM), and in the same 
range as described for most of the other ligands for LRP, like hepatic lipase (52 nM) 
(Kounnas et al. 1995a), ß- amyloid precursor protein (80 nM) (Kounnas et al. 1995b), 
two-chain urokinase (60 nM) (Kounnas et al. 1993) and plasminogen activator 
inhibitor-1 (35 nM) (Horn et al. 1995). It is important to note, however, that the 
physiological concentration of Factor VIII (approximately 0.5 nM) is 100-fold below 
the affinity constant of the interaction between Factor VIII and LRP. It seems 
conceivable therefore that in vivo complex formation between Factor VIII and LRP is 
fully driven by local concentrations of the receptor. Alternatively, a mechanism may 
exist that concentrates Factor VIII at cellular surfaces enriched in LRP. 
The interaction between LRP and Factor VIII was also tested using CHO cells, which 
constitutively express LRP. CHO-cells efficiently degrade l25I-labeled Factor VIII, a 
process which is reduced approximately 70 % in the presence of RAP. A similar 
inhibition was found using an anti-LRP polyclonal antibody preparation (Lenting et al. 
1999a). These findings indicate that LRP contributes to the cellular uptake of Factor 
VIII. This is further supported by experiments using cell lines which lack LRP. These 
LRP-deficient cell lines, both mouse embryonic fibroblasts and CHO cells, degrade 
Factor VIII 2-3 fold less efficiently as compared to their LRP-expressing counterparts 
(Figure 2) (Saenko et al. 1999). In summary, these data are compatible with a 
mechanism in which LRP contributes to the binding and transport of Factor VIII to the 
intracellular degradation pathway. 
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Fig. 2: Cellular degradation of Factor VIII and its light chain in the presence and absence of 
LRP. Degradation of either ,25I-Factor VIII or 125I-Factor VIII light chain was measured in time 
on both LRP expressing and LRP deficient CHO cells. Wells containing 2 x 105 LRP expressing 
CHO cells (•) or LRP deficient CHO cells (O) were incubated with either 20 nM l25I-Factor VIII 
(left panel) or 20 nM l25I-Factor VIII light chain (right panel) for selected time intervals at 37 ° C, 
and the amount of degraded material was determined. Degraded material is defined as 
radioactivity present in the overlaying medium that is soluble in 10 % trichloroacetic acid. 

104 



Modulatory Role for LRP in Coagulation 

Regions Involved in LRP/Factor VIII Complex Assembly: Factor 
VIII Light Chain 

Following the identification of Factor VIII as an LRP ligand, research was directed to 
the identification of those regions which contribute to assembly of the LRP/Factor VIII 
complex. By using ligand blotting, we found that the isolated light chain of Factor VIII 
is able to bind to LRP. Further evidence that Factor VIII light chain binds to LRP was 
obtained by surface plasmon resonance analysis. This analysis revealed that isolated 
Factor VIII light chain and the intact Factor VIII heterodimer have a similar affinity for 
LRP. In addition, l25I-labeled Factor VIII heterodimer and Factor VIII light chain are 
degraded at a similar rate by LRP-expressing CHO-cells (Figure 2). These findings are 
in favor of the view that the Factor VIII light chain contributes to the interaction with 
LRP to a major extent. 
Further support that the major binding site for LRP is located on the Factor VIII light 
chain is provided by the properties of the anti-Factor VIII monoclonal antibody ESH4. 
This antibody dose-dependently interferes with the binding of Factor VIII light chain to 
LRP (Lenting et al. 1999a). Antibody ESH4 has previously been identified to bind to 
the C2 domain region of Factor VIII light chain, which would be compatible with a 
LRP-interactive site within this part of the light chain. Indeed, a recombinant fragment 
encompassing the Factor VIII C2 domain displayed dose-dependent binding to LRP, the 
association of which was inhibited in the presence of ESH4. 
With regard to LRP, the location of the Factor VIII light chain interaction sites was 
elucidated by using recombinant LRP fragments (Neels et al. 1999). These fragments 
contain the LRP LDLRA domains and are referred to as LRP-Clusters I to IV. Each of 
the LRP-Clusters was tested for binding to Factor VIII light chain. LRP-Clusters II and 
IV display efficient association to Factor VIII light chain, whereas no binding was 
observed employing LRP-Clusters I and III. From more extended analysis using 
overlapping fragments of LRP-Cluster II, we demonstrated that the Factor VIII light 
chain-interaction site comprises LDLRA domains 3 to 7 (Neels et al. 1999). 
In conclusion, these findings are consistent with a model in which the carboxyterminal 
C2 domain of Factor VIII light chain comprises a site that may be recognized by two 
distinct regions within LRP. 

Regions Involved in LRP/Factor VIII Complex Assembly: Factor 
VIII Heavy Chain 

In initial studies, in which binding of Factor VIII heavy chain to immobilized LRP was 
assessed, no association could be observed (Lenting et al. 1999a). However, more recent 
studies in which a soluble ligand binding fragment of LRP, i.e. LRP-Cluster II, was 
incubated with immobilized Factor VIII heavy chain, demonstrated that Factor VIII 
heavy chain has the ability to bind this recombinant LRP fragment (unpublished). This 
indicates that Factor VIII heavy chain may also comprise a binding site for LRP. The 
notion that Factor VIII heavy chain may interact with LRP agrees with observations 
made by Saenko and coworkers, who reported that binding of purified intact Factor VIII 
to immobilized LRP is inhibited in the presence of Factor VIII heavy chain or a 
fragment thereof, Factor VIII A2 domain (Saenko et al. 1999). Furthermore, 125I-labeled 
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A2 domain is degraded approximately 5-fold less efficient by LRP-deficient mouse 
fibroblasts compared to LRP-expressing mouse fibroblasts. The exact location of the 
LRP binding site within the A2 domain was revealed using synthetic peptides. One of 
these peptides, encompassing the A2 domain residues 484-508, interferes with the 
binding of the A2 domain or Factor VIII to LRP, strongly suggesting that this particular 
Factor VIII region is involved in LRP binding (Saenko et al. 1999). 
Collectively, these data indicate that multiple sites within Factor VIII contribute to the 
interaction with LRP: one region encompasses the Factor VIII A2 domain residues 484-
508, while a second region involves the carboxyterminal C2 domain of Factor VIII light 
chain (Figure 1). It is of interest to note that both these regions are major targets for 
inhibitory antibodies, which develop in approximately 20 % of the hemophilia A 
patients who are treated by replacement therapy with purified Factor VIII concentrates 
(Lollar 1999). Whether or not the development of such inhibitors involves a LRP-
dependent mechanism remains speculative, and needs further studies. Another aspect of 
both the A2 and C2 domain regions is that they are known to serve an important role in 
Factor VIII function. The Factor VIII C2 domain comprises binding sites for vWF and 
negatively-charged phospholipids (Foster et al. 1990; Saenko et al. 1994), whereas the 
Factor VIII A2 domain region 484-508 has recently been shown to encompass a Factor 
IXa-interactive site (Fay and Scandella 1999) (Figure 1). Therefore, it seems likely that 
binding to LRP is incompatible with Factor VIII cofactor function. 

LRP/Factor VIII Complex Assembly: Effect of von Willebrand 
Factor 

In plasma, Factor VIII is tightly associated with von Willebrand Factor (vWF), its 
physiological carrier-protein (Sadler 1998). The importance of complex formation 
between Factor VIII and vWF is exemplified by patients having severe von Willebrand 
disease (type 3) who are lacking detectable vWF protein. Apart from exhibiting a defect 
in primary hemostasis due to the absence of vWF, these patients also have a secondary 
deficiency of Factor VIII. In addition, the half-life of intravenously administered Factor 
VIII in these patients is severely reduced (Sadler 1998). A similar phenotype is 
observed in patients having mutations in Factor VIII (tyrosine 1680) (Kemball-Cook 
and Tuddenham 1997) or vWF (von Willebrand disease Normandy, i.e. type 2N) 
(Nishino et al. 1989), which affect Factor VIII/vWF complex assembly. Despite normal 
levels of circulating vWF, Factor VIII levels in these patients are severely reduced. 
Apparently, association of Factor VIII to vWF is required to maintain appropriate levels 
of Factor VIII in the circulation, suggesting that vWF prevents Factor VIII from 
premature clearance. This effect of vWF is also observed in in vitro experiments using 
CHO-cell lines that express recombinant Factor VIII (Kaufman et al. 1988; Wise et al. 
1991). Levels of Factor VIII that accumulate in medium are markedly increased in the 
presence of vWF, which may indicate that vWF prevents cellular internalization of 
Factor VIII. 
In our studies, the effect of vWF on the association of Factor VIII to LRP was 
investigated. It appeared that vWF interfered efficiently with Factor VIII/LRP complex 
assembly in a dose-dependent manner. Binding of Factor VIII to LRP was inhibited by 
more than 90 % in the presence of a 10-fold molar excess of vWF over Factor VIII 
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(Lenting et al. 1999a). Furthermore, cellular degradation of Factor VIII was fully 
suppressed in the presence of vWF. It seems conceivable therefore, that vWF prevents 
Factor VIII binding to LRP. In this respect, it should be mentioned however that our 
results are dissimilar to those reported by Saenko and coworkers. In their studies, vWF 
was unable to interfere with binding of 125I-labeled Factor VIII to immobilized LRP, 
while cellular degradation of Factor VIII in the presence of vWF was reduced by 
approximately 50 % (Saenko et al. 1999). The reason for this discrepancy between these 
studies is unclear, but may be related to the different experimental approaches and cell 
lines that have been used. 
The involvement of LRP in the clearance of Factor VIII in vivo has recently been 
studied by employing mice genetically deficient for vWF, which have a secondary 
deficiency of Factor VIII (20-30 % of normal) (Schwarz et al. In Press). As expected, 
endogenous Factor VIII levels were increased 2-3 fold upon the administration of vWF. 
Intriguingly, a similar increase of endogenous Factor VIII levels was observed upon the 
infusion of the LRP-antagonist RAP. Furthermore, pre-administration of RAP resulted 
in a delayed clearance of Factor VIII after its infusion. Apparently, the presence of RAP 
affects both endogenous and exogenous Factor VIII levels in the absence of vWF. These 
data are consistent with a mechanism in which inhibition of a RAP-sensitive pathway, 
most likely involving LRP, prevents the accelerated clearance of Factor VIII in the 
absence of vWF. Both the in vitro and in vivo studies may explain the beneficial effect 
of vWF on the in vivo survival of Factor VIII, in that vWF seems to interfere with LRP-
mediated internalization of Factor VIII. 

Activated Factors VIII and IX as Ligands for LRP 

The observation that cellular degradation of Factor VIII is fully suppressed in the 
presence of vWF, leaves the role of LRP to those conditions in which Factor VIII is not 
associated to vWF. First, this may be under pathological conditions such as severe von 
Willebrand disease. Second, Factor VIII dissociates from vWF upon thrombin-mediated 
activation (reviewed by Lenting et al. 1998). Within activated Factor VIII (Factor 
Villa), the aminoterminal a3 segment of Factor VIII light chain has been removed. This 
results in loss of high affinity binding to vWF (Lollar et al. 1988), whereas the affinity 
for LRP remains unchanged (Lenting et al. 1999a). Dissociation of the Factor VIII/vWF 
complex allows Factor Villa to assemble into a membrane-bound active complex with 
its enzyme Factor IXa. The interaction between Factor IXa and Factor Villa is mediated 
by multiple interactive sites, located in both the heavy and light chain of Factor Villa 
(Fig. l;(Mertensetal. 1999)). 
A striking observation in this respect relates to our studies concerning the interaction 
between LRP and Factor IXa (Lenting et al. 1999b). Factor IXa efficiently binds to 
LRP, in contrast to its inactive precursor the Factor IX zymogen, in a reversible and 
dose- and calcium-dependent manner. In addition, the amount of Factor IXa degraded 
by LRP-deficient cells is approximately 35 % lower as compared to LRP-expressing 
cells, showing that LRP contributes to the binding and transport of Factor IXa to the 
intracellular degradation pathway. Thus, LRP is not only able to bind and internalize the 
cofactor Factor Villa, but also its enzyme Factor IXa. Whether LRP is able to bind both 
Factor Villa and Factor IXa simultaneously or to promote dissociation of the complex 
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remains to be investigated. It is noteworthy that Factor VIII light chain has similar 
affinity for both LRP-Cluster II and IV (Kd = 120 and 90 nM, respectively), whereas 
Factor IXa displays 4-fold higher affinity for LRP-Cluster IV as compared to Cluster II 
(Kd = 230 and 50 nM, respectively). This may allow a mechanism in which LRP 
interacts with both Factor VIII light chain and Factor IXa simultaneously with its 
Cluster II and IV, respectively. 
The Factor Villa/Factor IXa complex is responsible for the conversion of Factor X into 
its activated form, Factor Xa (reviewed by Lenting et al. 1998). It would be of interest 
to investigate to what extent Factor Xa generation by the Factor VIIIa/Factor IXa 
complex is affected by LRP. From previous studies it is known that LRP is abundantly 
expressed at the surface of cells which are present at sites of vascular injury, like 
monocytes, fibroblast and smooth muscle cells (Moestrup et al. 1992). The amount of 
Factor Xa generated by the Factor VIIIa/Factor IXa complex at the surface of 
endothelial cells is markedly higher as compared to the amount generated at the surface 
of monocytes or fibroblasts (Brinkman et al. 1994). This agrees with the fact that human 
umbilical vein endothelial cells lack LRP (Grobmyer et al. 1993), whereas monocytes 
and fibroblasts constitutively express this receptor at their surface (Moestrup et al. 
1992). Therefore, it seems conceivable that LRP interferes with the activity of the 
Factor VIIIa/Factor IXa complex, resulting in down-regulation of Factor Xa generation. 

Initiating and Propagating Steps of the Coagulation Process: 
Modulation by LRP? 

Upon vascular injury, various hemostatic pathways react in a concerted action in order 
to arrest bleeding. One of these pathways, the coagulation cascade, is a sequence of 
amplifying, often cell-surface dependent reactions in which zymogens are converted 
into their enzymatic conformations. This cascade ultimately results in the generation of 
thrombin, which is responsible for the formation of an insoluble fibrin-network which 
stabilizes the primary hemostatic plug. Traditionally, two distinct coagulation pathways 
have been distinguished: the extrinsic and intrinsic pathway (Figure 3). However, 
extensive research in the area of coagulation revealed the presence of several' 
biochemical connections between both pathways (Mann 1999). The extrinsic pathway 
rather represents an initial phase mediated by the Tissue Factor/Factor Vila complex, 
while the intrinsic pathway represent an amplifying loop involving the Factor 
VIIIa/Factor IXa complex. 

The coagulation cascade is tightly regulated by a complex system of feed-back reactions 
and specific inhibitors, including those of the serine protease inhibitor (serpin) and 
Kunitz-type inhibitor family. These inhibitors form irreversible complexes with their 
target-enzymes, and such complexes (e.g. thrombin/antithrombin and Factor Xa/a2-
macroglobulin complexes) may subsequently be removed from the circulation by a 
mechanism that involves LRP (Strickland and Kounnas 1997; Narita et al. 1998), 
illustrating that LRP and the coagulation system are linked in a functional manner' 
However, removal of inactive complexes is unlikely to provide a significant 
contribution to the regulation of coagulation. In contrast, the notion that LRP is able to 
remove the active proteins Factor Villa and Factor IXa and not the inactive vWF-bound 
Factor VIII and the zymogen Factor IX underscores a possible regulatory role for LRP 
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in blood coagulation (Figure 3). This view becomes even more intriguing considering 
an elegant study on the interaction between LRP and the Tissue Factor/Factor Vila 
complex, recently reported by Hamik and coworkers (Hamik et al. 1999). This complex 
acts as a trigger of the coagulation cascade when formed at the surface of various cells, 
including endothelial cells and monocytes. The activity of this complex is inhibited in a 
reversible manner by the Kunitz-type inhibitor Tissue Factor Pathway Inhibitor (TFPI) 
(Broze, Jr. 1992), which has previously been established to be a ligand for LRP 
(Warshawsky et al. 1994). Hamik and coworkers showed that in the presence of TFPI 
the amount of Tissue Factor/Factor Vila complex present at the surface of monocytes 
was decreased. This down-regulation, however, was efficiently abrogated when 
performed in the presence of the LRP-antagonist RAP. This indicates that the trimeric 
Tissue Factor/Factor Vila/Tissue Factor Pathway Inhibitor complex is internalized via a 
LRP-mediated pathway. Indeed, recombinant Tissue Factor Pathway Inhibitor variants 
lacking the LRP-binding region were unable to down-regulate Tissue Factor/Factor Vila 
complexes at the monocyte cell surface. More recently, it has been reported that a 
similar mechanism exists at the surface of fibroblasts (Iakhiaev et al. 1999). It is 
relevant to note that down-regulation at the surface of fibroblasts requires the presence 
of the serine protease Factor Xa, whereas at the surface of monocytes down-regulation 
proceeds efficiently in the absence of Factor Xa. Thus, subtle differences in mechanisms 
may exist between various cell types. 

LRP 

Z\ Factor IX Factor XIa 

I* ' 
Tissue Factor/Factor 
Vila/ 

Factor IXa + 
Factor Villa 

• Factor XI 

Vascular 
Damage 

_^. Tissue Factor -
Factor Vila 

extrinsic 
pathway t t 

intrinsic 
pathway 

Factor X-

Prothrombin 

Factor Xa + . 
Factor Va • Factor V 

Fig. 3: 
Schematic repre
sentation of the 
coagulation cas
cade. Depicted is a 
simplified scheme of 
the activation reac
tions within the 
coagulation cascade. 
Vascular damage 
allows formation of 
the Tissue Factor/ 
Factor Vila complex 
at cellular surfaces. 
This complex ini
tiates the activation 
of small amounts of 
Factor IX and Factor 
X, as the complex is 
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V, allowing formation of Factor IXa/Factor Villa and Factor Xa/Factor Va complexes. These 
complexes are responsible for a further boost of thrombin formation ("propagation step"). Within 
this propagation step, Factor Villa and Factor IXa are identified as targets for LRP, and LRP may 
therefore contribute to down-regulation of this pathway. LRP is also involved in down-regulation 
of the initiation step by removal of the trimeric Tissue Factor/Factor VIIa/TFPI complex from the 
cellular surface. 
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Concluding remarks 

In conclusion, compelling evidence has emerged that shows that LRP is able to bind and 
internalize a number of components that are critical for appropriate coagulation. As 
these components are related to both initiating (Tissue Factor/Factor Vila/Tissue Factor 
Pathway Inhibitor complex) and propagating (Factor Villa/Factor IXa complex) stages 
of the coagulation process, it is tempting to speculate that LRP serves a sofar 
unrecognized role in modulation of the coagulation cascade. In addition, both the in 
vitro and in vivo studies (Lenting et al. 1999; Saenko et al. 1999; Schwarz et al. In 
Press) may provide an explanation for the longstanding observation that the circulatory 
lifetime of Factor VIII in patients with severe von Willebrand disease is decreased. 
Thus, LRP may contribute to the circulating levels of proteins involved in coagulation. 
Finally, the observation that LRP is involved in cellular signalling indicates that the 
coagulation-related proteins have the potential to use LRP to induce cellular signalling 
processes. In our view, this possibility is challenging and deserves further study. 
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Summary 

Gaucher disease is one of the most frequently encountered inherited lysosomal storage 
disorders in man. The disease is due to a primary deficiency in lysosomal 
glucocerebrosidase activity and is characterized by an excessive accumulation of 
macrophages throughout the body. In the present study, we measured the level of a 
soluble form of the low density lipoprotein receptor-related protein (LRP) in sera of a 
total of 61 Gaucher patients. The mean soluble LRP (sLRP) level was increased by 2.7-
fold in sera of these patients as compared to the mean sLRP serum-level measured in 50 
normal individuals. When 38 patients were treated with enzyme supplementation 
therapy the sLRP serum-levels rapidly decreased to normal levels. Preliminary analysis 
of patients receiving the novel oral substrate reduction therapy, OGT 918, also resulted 
in normalization of sLRP serum-levels. 
This is the first study reporting increased serum-levels of sLRP in an inborn error of 
metabolism and our findings suggest that sLRP can be used to monitor efficacy of 
treatment of Gaucher patients. 

Introduction 

The low density lipoprotein receptor-related protein (LRP) is a member of the low 
density lipoprotein (LDL) receptor family of endocytic receptors (reviewed in Refs. 1 
and 2). LRP can bind a diverse spectrum of structurally unrelated ligands in a calcium-
dependent manner including apolipoproteins, lipases, proteinases, proteinase-inhibitor 
complexes, Kunitz-type inhibitors, matrix proteins and several others (1,2). The 
receptor-associated protein (RAP) inhibits the binding of all ligands to LRP and 
functions intracellularly as a chaperone for LRP (3). LRP mediates the binding and 
transport of ligands from the cell surface to the endosomal/lysosomal degradation 
pathway. Recently, LRP was shown to interact with cytosolic signaling proteins like 
Disabled-1 and FE65 and can therefore also act as a transducer of extracellular signals 
(4). The broad range of ligands together with the endocytic and signal transducing 
properties of LRP suggest a role for the receptor in distinct physiological and 
pathophysiological processes, ranging from lipoprotein metabolism, cell growth and cell 
migration, fibrinolysis and thrombosis to atherosclerosis and Alzheimer's disease. LRP 
is abundantly present in various tissues like liver, placenta, lung and brain, and is 
expressed in an array of cell types, including parenchymal cells, Kupffer cells, neurons, 
astrocytes, smooth muscle cells, monocytes, adipocytes and fibroblasts (1,2). In the 
mature form, LRP consists of an a- and ß-chain that are tightly associated in a non-
covalent fashion (5). The ß-chain contains a transmembrane domain and a short 
cytoplasmic tail that is essential for endocytosis and signal transduction (6,7). The cc-
chain functions as a large ectodomain that interacts with the ligands of the receptor 
(5,8). 
Recently, a soluble form of LRP (sLRP) was identified in plasma (9,10). This sLRP 
consists of a truncated extracellular portion of the ß-chain associated with an intact a-
chain (11). The mechanism by which sLRP is released from the cell-surface seems to 
involve the endoproteolytic action of a so far unidentified metalloproteinase (11). 
However, the precise origin of sLRP in plasma is still unclear. After shedding from the 
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cell-surface, sLRP retains its ligand binding properties. Previously, it was reported that 
the concentration of plasma sLRP appears to alter in some patients with impaired liver 
function and there is preliminary evidence suggesting the presence of elevated levels in 
patients with atherosclerosis in whom coronary and/or peripheral vascular disease had 
been evaluated (9,10). 
The monocyte is the only cell-type in the circulation that expresses LRP (12) and LRP 
has been defined as a monocyte differentiation antigen (CD91) (13). During the 
differentiation of monocytes to macrophages there is a major increase in the expression 
of the receptor (14). This is also true for the expression of metalloproteinases; 
expression of multiple metalloproteinases increases during monocyte to macrophage 
differentiation (15). This led to our hypothesis that an accumulation of macrophages in 
the body may lead to a higher sLRP level in serum. To test our hypothesis we decided 
to measure the sLRP levels in sera from Gaucher patients. 
Gaucher disease, also known as glucosylceramidosis, is one of the most frequently 
encountered inherited lysosomal storage disorders in man and is characterized by an 
excessive accumulation of macrophages throughout the body. The disease is due to an 
autosomal recessively inherited deficiency in lysosomal glucocerebrosidase activity (EC 
3.2.1.45), resulting in accumulation of its substrate glucocerebroside, also known as 
glucosylceramide, in macrophages (16). The characteristic lipid-laden macrophages, 
Gaucher cells, may be present in all organs, but usually there is a preferential 
accumulation in spleen, liver and bone marrow. The presence of Gaucher cells underlies 
the common symptoms in Gaucher patients, such as hepatomegaly, splenomegaly, 
pancytopenia and skeletal deterioration (16,17). The clinical manifestations of Gaucher 
disease are highly variable with respect to age of onset, progression, severity and 
neurological involvement. Three phenotypes are distinguished on the basis of onset of 
neurological symptoms: type 1, the 'adult' or non-neuronopathic form; type 2, the 
'infantile' or acute neuronopathic form, and type 3, the 'juvenile' or sub-acute 
neuronopathic form (16,17). Type 1 Gaucher disease is the most prevalent phenotype. 
Presently, Gaucher patients are treated successfully by chronic intravenous 
administration of recombinant glucocerebrosidase (18). Recently, the outcome of a 
clinical trial with type 1 Gaucher patients based on inhibition of glucocerebroside 
biosynthesis has been reported (19). The iminosugar, JV-butyldeoxynojirimycin (OGT 
918, Vevesca™) is a reversible inhibitor of the ceramide-specific glucosyltransferase 
that catalyzes the formation of glucocerebroside - a treatment approach which is termed 
substrate reduction therapy. Since enzyme supplementation therapy is extremely costly 
and the monitoring of the clinical response of Gaucher patients to both types of therapy 
may be quite difficult, secondary biochemical abnormalities as possible early indicators 
of response to treatment are very useful. 

In this study we show that the serum sLRP level is increased in Gaucher patients and 
rapidly decreases during both enzyme supplementation and substrate reduction therapy. 
Therefore, serum soluble LRP might be useful as a sensitive harbinger of efficacy of 
treatment in Gaucher patients. 
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Experimental procedures 

Patient materials- A total of 61 Gaucher patients, diagnosed on the basis of clinical 
signs, demonstration of deficient glucocerebrosidase activity and genotyping, were 
examined. They included 57 patients with type 1 and 4 patients with type 3 Gaucher 
disease as classified according to the criteria described (17) and classification was 
confirmed by determining the glucocerebrosidase genotype (20). The patients were 
known to us by referral to the Academic Medical Center. The clinical manifestations of 
the type 1 patients were classified using the modified severity scoring index (SSI), 
which is based on an assessment of the extent of liver, spleen and bone involvement and 
the severity of pancytopenia (21). Disease state was considered mild when SSI was 
between 1 to 6, moderate when between 7 to 14, and severe when between 15 to 19. 
Using the SSI, mild disease was present in 25 patients, moderate disease in 25 patients 
and severe disease in 7 patients. The control population consisted of 50 healthy 
volunteers, all of whom were found to have normal glucocerebrosidase activity. Thirty-
six of the type 1 Gaucher patients (14 mild, 15 moderate and 7 severe) and 2 of the type 
3 patients were studied during therapy with intravenous enzyme supplementation 
therapy. Most type 1 patients started with placenta-derived glucocerebrosidase 
(Ceredase, alglucerase injection, Genzyme, MA) at a dose of 1.15 U/kg three times a 
week (15 U/kg per month) and type 3 patients with 25 U/kg twice a week. The dose was 
adjusted in time according to the individual responses based on previous described 
criteria (22). During therapy, all patients have switched over to recombinant 
glucocerebrosidase (Cerezyme, imiglucerase injection, Genzyme, MA). Six type 1 
Gaucher patients were studied before and after one year of substrate reduction therapy 
with oral administration of OGT 918 (/V-butyldeoxynojirimycin, Oxford GlycoSciences, 
Oxon, UK) at a starting dose of 100 mg three times daily. The dose was adjusted during 
the study as described (19). 
Serum samples were usually prepared immediately after collection of blood and were 
stored at -20 °C. We noted that the sLRP measurements in serum, citrate- or heparin-
plasma gave similar results using the assay described below. However, EDTA plasma 
was not suitable for this calcium-dependent assay. 
Proteins and reagents- Recombinant RAP was synthesized as a glutathione S-
transferase fusion protein (GST-RAP) in Escherichia coli and purified as described 
previously (23). The RAP-GST/pGex plasmid was a generous gift from Dr. J. Kuiper 
(Sylvius Laboratory, University of Leiden, Leiden, The Netherlands). Purified human 
placental LRP was kindly provided by Dr. S.K. Moestrup (Institute of Medical 
Biochemistry, University of Aarhus, Aarhus, Denmark) and was confirmed to be free of 
contaminating RAP by SDS-PAGE analysis and silver staining. Isolation of the 
monoclonal Fab fragment Fab A2 was performed as described (24). Proteins were 
biotinylated using an EZ-Link™ sulfo-NHS-LC-biotinylation kit, following the 
instructions of the supplier (Pierce, Rockford, IL). Protein concentrations were 
determined using a microBCA protein assay reagent kit (Pierce, Rockford, IL)). All 
other chemicals used were reagent grade from Sigma (St.Louis, MO) or Merck 
(Darmstadt, Germany). 
Soluble LRP assay- The sLRP assay was conducted essentially as described by Quinn et 
al (9). Briefly, this assay detects (s)LRP, captured on a RAP-coated plate, using the 
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anti-LRP a-chain monoclonal Fab fragment, Fab A2. This Fab fragment was previously 
selected for LRP binding from a phage display library (24). Microtiter plates (Maxisorp, 
Nunc, Denmark) were coated with 1 ug/well GST-RAP (50 ul) diluted in sodium 
carbonate buffer, pH 8.6 (16 hr, 4 °C). After blocking with 3% BSA in PBS for 30 mm 
at 37 °C, 60 ul of a 6 times diluted serum sample in assay buffer (20 mM HEPES, 0.15 
M NaCl, 5 mM CaCl2, 0.05% Tween 20, 1% BSA, pH 7.4) was added to the well and 
incubated 2 h at 37 °C. A standard curve was prepared by incubating 50 ul/well of 
affinity-purified placental LRP dilutions in the concentration range 0.1-0.5 ug/ml. After 
washing, the plates were incubated with 50 ul/well of a biotinylated anti-LRP Fab 
fragment (Fab A2, 250 ng/ml) in assay buffer, 1 h at 37 °C. After washing, 50 ul of 
1:5000 dilution streptavidin-horseradish peroxidase (Amersham Pharmacia Biotech, 
Roosendaal, The Netherlands) was added (30 min, 37 °C), and bound proteins were 
quantified with 200 ul/well chromogenic substrate (0.1 mg/ml tetra-methyl-benzidin 
(Merck, Darmstadt, Germany), 0.03% (v/v) H202 diluted in citrate buffer, pH 5.5). 
Color development was stopped by addition of 50 ul/well IM H2S04, and the optical 
density at 450 nm (AA5Q) was determined. Soluble LRP concentrations were calculated 
from the standard curve and was corrected for mass difference between full-length LRP 
(600 kD) and sLRP (570 kD). Experiments were performed in duplicate. As a control 
binding to immobilized BSA was measured. 
Enzyme assays- Chitotriosidase activity was measured as described before (25). The 
assay mixture contained 0.027 mM 4-methylumbelliferyl-tri-N-acetylglucosaminide 
(Sigma, St. Louis, MO), 0.1% BSA and 0.1/0.2 M citrate/phosphate buffer (pH 5.2). ß-
Hexosaminidase activity was measured with 1.6 mM 4-methylumbelliferyl-ß-N-
acetylglucosaminide (Sigma, St. Louis, MO) as substrate in 0.05/0.1 M 
citrate/phosphate buffer (pH 4.0). Tartrate-resistant acid phosphatase activity was 
measured using 4-methyl-umbelliferyl phosphate as substrate in the presence of 3 M 
mercaptoethanol as described by Chambers et al (26). Angiotensin-Converting enzyme 
activity was measured using hippuryl-L-histidyl-L-leucine as substrate. 
Statistics- Data are expressed either as median with range or means plus or minus SD. 
All statistic analyses were performed using the SPSS version 10.0.5 software. 
Significance of differences between the experimental groups was evaluated using non-
parametric tests. The sLRP data from the control group were compared with the sLRP 
data from Gaucher patients that had not received therapy using the Mann-Whitney test. 
The Wilcoxon signed ranks test was used to determine the significance of the difference 
in sLRP level in Gaucher patients before and during enzyme supplementation therapy. P 
< 0.05 was considered to represent a significant difference. Non-parametric Spearman's 
(rho) test was performed to determine the correlation between sLRP and other 
parameters. 

Results 

Soluble LRP serum-levels in Gaucher patients 
To measure the sLRP levels in serum we used an ELISA assay similar to the one Quinn 
et al used previously (9). This assay is relatively easy to perform and consists of coating 
the ligand RAP onto a microtiter plate, incubate with a serum dilution and, after 
washing, detect the sLRP bound to immobilized RAP using a LRP-specific antibody. It 
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is of interest to mention that we could confirm the observation of Quinn et al (11) that 
sLRP serum-levels are increased in cord blood, which validates our assay (data not 
shown). Furthermore, our analysis revealed a marked elevation of sLRP levels in the 
serum of a total of 61 Gaucher patients tested, compared to the levels detected in 50 
normal individuals (Figure 1) (P<0.0001). Of the 57 tested Gaucher disease type 1 
patients, the mean serum sLRP level was 1.12 ug/ml and ranged from 0.52 to 2.15 
ug/ml whereas the normal mean serum sLRP level was 0.43 ug/ml and ranged from 
0.07 to 1.01 ug/ml (Table 1). The 4 Gaucher disease type 3 patients (indicated with the 
open circles in Figure 1) had a higher serum sLRP level compared to type 1 patients. 
Their mean sLRP level was 1.96 ug/ml and ranged from 1.69 to 2.28 ug/ml. 
In general the Gaucher patients tested had, on average, a 2.7-fold higher serum sLRP 
level compared to normal individuals. 
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Fig. 1: Comparison of serum sLRP levels in controls (n= 50) versus type 1 (•) and type 3 (o) 
Gaucher patients before (•, «=57; o, n= 4) and upon (•, K=36; O, n— 2) 2 to 9 years of enzyme 
supplementation therapy. — indicates mean level. Data are means of duplicate experiments and 
are represented as percentages with 100 % = control mean. The non-parametric Mann-Whitney 
test was used to determine the significance of the difference in serum sLRP levels between the 
controls and untreated Gaucher patients. The significance of the difference in serum sLRP levels 
in Gaucher patients before and during enzyme supplementation therapy was analyzed using the 
non-parametric Wilcoxon signed ranks test. 

Soluble LRP serum-levels upon enzyme supplementation therapy 
Next, the serum sLRP levels in thirty-six type 1 and two type 3 patients that received 
between 2 to 9 years of enzyme supplementation therapy was measured. As is depicted 
in Figure 1 and Table 1, the treated Gaucher patients had serum sLRP levels similar to 
the control group. The mean sLRP level in the thirty-six type 1 sera was 0.42 ug/ml and 
ranged from 0.15 to 0.91 ug/ml during treatment. Similar, the sera of the two treated 
type 3 patients contained 0.13 and 0.46 ug/ml sLRP, respectively. 
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Table 1: Serum sLRP levels in Gaucher disease patients 

Patients sLRP level before therapy3 sLRP level during treatment0 

(X ± SD)b (X ± SD)b 

Gaucher disease type 1 1.12 ± 0.40 (n=57) 0.42 ±0.16 (n=36) 
(range: 0.52-2.15) (range: 0.15-0.91) 

Gaucher disease type 3 1.96 ± 0.25 (n=4) 0.13 and 0.46 (n=2) 
(range: 1.69-2.28) 

Normal individuals 0.43 ± 0.22 (n=50) ND 
(range: 0.07-1.01) 

a sLRP levels were measured in sera taken from patients before they underwent enzyme 
supplementation therapy. 
" Mg/ml. 
c Patients received between 2 to 9 years of enzyme supplementation therapy. 

In addition, the decrease in sLRP serum-levels, in time, in a set of 14 Gaucher patients 
treated with enzyme supplementation therapy was measured. Some typical results 
representative for the set of patients tested are shown in Figure 2 and Table 2. Patient 
nr. 1 and patient nr.2 (Figure 2A and 2B, respectively) are examples of Gaucher type 1 
patients of whom clinical manifestations were classified as being moderate by using the 
severity scoring index (SSI, see Table 2), which is based on an assessment of the extent 
of liver, spleen and bone involvement and the severity of pancytopenia. Based on 
clinical improvement with respect to hematological markers and reduction in 
organomegaly these patients were classified as good responders to enzyme 
supplementation therapy. The initial sLRP serum-levels in these patients before the start 
of therapy (1.48 and 1.82 ug/ml, respectively) were in the higher range of levels 
measured in this study and decreased during therapy to ultimately reach normal levels. 
In contrast, patient nr.3 is an example of a Gaucher type 1 patient with severe clinical 
manifestations and was less responsive to enzyme supplementation therapy. This patient 
also started therapy with a high serum-level of sLRP (1.25 ug/ml) but, although the 
level decreased in time, the level stayed in the upper part of the normal range. Finally, 
patient nr.4 is an example of a mild disease Gaucher patient on whom enzyme 
supplementation therapy was successfully applied. The low sLRP level at the initiation 
of therapy (0.66 ug/ml) seems to reflect the mild disease-state of the patient. During 
therapy the sLRP level nonetheless decreased and dropped even below normal mean 
levels. Overall, these results indicate that the sLRP serum-levels decrease to normal 
levels during enzyme supplementation therapy. 

Comparison of sLRP serum-levels with other Gaucher disease markers 
In Gaucher disease a number of plasma abnormalities can be found (27). The most 
important abnormalities that have been identified today are increased levels of 
chitotriosidase, ß-hexosaminidase, tartrate-resistant acid phosphatase (TRAP), and 
angiotensin-converting enzyme (ACE). Intra-individual comparisons between the 
different biochemical markers in time during therapy can prove useful for monitoring 
the effect of therapy. Therefore, next to serum sLRP levels we measured the activities of 
chitotriosidase, ß-hexosaminidase, TRAP and ACE in time during enzyme 
supplementation therapy (see Table 2). 
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Patient nr. 1 showed a gradual decrease in serum level of each parameter during seven 
years of enzyme therapy but, except for sLRP, most markers did not return to control 
range levels. A slight increase in the levels of ß-hexosaminidase, ACE and sLRP 
occurred during the seventh year that might indicate a progression in disease state 
during this last year of therapy. 
Except for TRAP, there was a significant decrease of all parameters in patient nr.2 
during therapy. However, most markers, except for sLRP and ß-hexosaminidase, did 
not reach control range levels. 
In patient nr.3, all markers, except for chitotriosidase, fluctuated throughout the entire 
period of therapy around the level measured before starting therapy. This is in 
agreement with a minor response to therapy. 
The mild disease patient nr.4 showed a fast decrease to a steady-state serum level of 
each parameter. Only sLRP and ß-hexosaminidase reached control range levels, but 
then again these levels were already within control range before start of therapy. 
In conclusion, in most cases of the subset of Gaucher patients analyzed («=14) a gradual 
decrease in serum level of each parameter was observed during enzyme 
supplementation therapy but, except for sLRP and ß-hexosaminidase, no complete 
correction in serum enzyme levels was reached. 
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Fig. 2: Decrease in serum sLRP level in time during enzyme supplementation therapy in four type 
1 Gaucher patients (A-D). Control mean (—) plus or minus SD (...) is indicated. Data are means 
of duplicate experiments and are represented as percentage reduction from initial value (=100%). 
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Table 2: Severity scoring index, genotype and serum levels of chitotriosidase, ß-hexos-
aniinidase. TRAP, ACE, and sLRP at different timepoints of enzyme supplementation 
therapy in Gaucher disease type 1 cases 

Patients Time SSI 
(yr) 

1 

3d 

Control 
mean 
Control 
range 

0 
1 
2 
4 
6 
7 

0 
1 
2 
4 
6 
7 

0 
1 
2 
4 
6 
7.5 

0 
1 
2 
4 
6 
7 

15 

genotype Chitotrio ß-hexos- TRAP" ACE" sLRP c 

sidase'' aminidase3 

N370S/RecNci 25446 4111 4316 n.d. 1.48 

21964 2562 3046 255 0.72 

14813 2244 2610 233 0.87 

9757 2318 2236 185 0.46 

7274 1961 1920 172 0.39 

6179 2076 1872 183 0.75 

N370S/L444P 29562 2224 617 183 1.82 

16091 1407 464 118 1.57 

10118 1216 706 80 0.99 

5083 1036 456 62 0.45 

2704 1132 363 52 0.81 

2550 1155 551 66 0.35 

N370S/N370S 14822 3276 2784 198 1.25 

12715 2966 808 183 0.97 

10795 2330 964 150 0.83 

8590 2866 1158 191 0.79 

8249 2838 1327 146 0.59 

7214 3400 1170 190 0.78 

N370S/?C 14563 1311 1291 156 0.66 

2554 612 347 72 0.45 

1876 820 415 76 0.41 

2015 1082 459 72 0.23 

1847 1045 603 85 0.37 

1482 954 607 68 0.34 

24 863 206 n.d. 0.43 

7-124 477-1845 94-342 <52 0.07-1.01 

nmol/ml per h 
'U/l 

c ug/ml e Second allele is unknown. 
d Carrier of an inherited defect in the chitotriosidase gene (28). 

Preliminary analysis of soluble LRP serum-levels upon substrate reduction 
therapy 
In addition to enzyme supplementation therapy promising results were recently reported 
for a clinical trial with substrate reduction therapy (19). Therefore, a preliminary 
analysis of serum sLRP levels was performed in a subset of six Gaucher type 1 patients 
before and after one year of oral treatment with OGT 918. Four out of these six patients 
showed a decrease of serum sLRP levels reaching normal levels after one year of 
therapy. Figure 3 shows the response of one of these four patients. The other two 
patients had serum sLRP levels that were already in the normal range before start of 
therapy and remained the same after one year of treatment. 
From this we conclude that a correction in sLRP serum-levels is observed during both 
enzyme supplementation and substrate reduction therapy. 
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Fig. 3: Comparison of serum sLRP level in a type 
1 Gaucher patient before and after one year of oral 
treatment with OGT 918. This is representative for 
a group of four out of six patients tested. Data are 
means of duplicate experiments and are 
represented as percentages with 100 % = control 
mean. 

Discussion 
This is the first study reporting increased serum-levels of sLRP in an inborn error of 
metabolism. Our results indicate an increase of, on average, 2.7-fold in sLRP level in 
sera of Gaucher patients compared to healthy individuals (Figure 1, Table 1). This raises 
the question whether serum sLRP measurement is of value for the clinical management 
of Gaucher disease, a disorder for which a costly therapeutic intervention exists. It is 
generally accepted that the diagnosis of Gaucher disease always has to be primarily 
established on the basis of the demonstration of deficient glucocerebrosidase activity. 
Nevertheless, abnormalities in serum levels of biochemical markers such as 
chitotriosidase, ß-hexosaminidase, TRAP and ACE in Gaucher disease are often 
employed to further confirm the diagnosis. Except for chitotriosidase, these 
abnormalities have in common that they are neither universal nor very pronounced (27). 
The latter holds true for the increase in sLRP level, as can be deduced from the overlap 
in sLRP levels measured in the control group with the levels measured in Gaucher 
patients (Figure 1, Table 1). In this respect, the abnormality in serum chitotriosidase is 
far more striking than that in the other parameters. However, about 6% of all Gaucher 
patients, as noted for control subjects, completely lack serum chitotriosidase activity as 
a result of a recessively inherited defect in the chitotriosidase gene (28). The 
abnormalities in ß-hexosaminidase, TRAP, ACE, and chitotriosidase are not unique for 
Gaucher disease. For example, modest elevations in plasma chitotriosidase activity are 
also encountered in some other pathologies, e.g. some distinct lysosomal lipid storage 
disorders, leishmaniasis, beta-thalassemia, sarcoidosis and chronic granulomatous 
disease (CGD) (25,29,30). We tested whether the sLRP level was increased in two sets 
of nine patients diagnosed for sarcoidosis or CGD, respectively, but did not detect 
increased sLRP levels (data not shown). This suggests that, as a marker, sLRP is more 
specific for Gaucher disease as compared to the other markers. 
Although it has to be concluded that serum sLRP measurement is not extremely 
valuable for further confirmation of diagnosis of Gaucher it might still be a very useful 

125 



Chapter 6  

tool for monitoring disease progression and the response to both enzyme 
supplementation therapy and substrate reduction approaches. It is evident from Figures 
1 to 3, and Table 2 that despite the inter-individual variation in the levels of all markers, 
a gradual decrease in serum level of each parameter was observed in most cases. Only 
for sLRP and ß-hexosaminidase complete correction in serum enzyme levels was 
reached during enzyme supplementation therapy (Table 2). From this we might 
conclude that serum enzymes like TRAP and ACE, and particularity chitotriosidase, 
may rather reflect the mature Gaucher cell mass that is present in the body. In contrast, 
sLPvP and ß-hexosaminidase might rather be markers for the newly developing Gaucher 
cells and may thus serve as more specific indicators of disease progression rather than 
of the total body number of mature Gaucher cells. In this respect it is interesting to note 
that we observed that in general both the excess serum sLRP level and ß-
hexosaminidase activity show a faster response to enzyme therapy compared to the 
other parameters. This is even more pronounced with substrate reduction, an approach 
that primarily aims to reduce the formation of novel lipid laden cells. Because Gaucher 
disease is intrinsically more progressive in type 3 patients, the high sLRP levels in sera 
of these patients are also in agreement with serum sLRP being a potential disease 
progression marker. In addition, these patients show relatively low chitotriosidase levels 
suggesting that compared to type 1 patients there are relatively more newly formed 
storage cells than mature Gaucher cells. A larger number of (the rare) type 3 patients 
will have to be analyzed to substantiate the significance of these observations. 
A sensitive marker for monitoring the rate of novel storage cells formation in Gaucher 
patients, as a measure for actual disease progression, is presently highly warranted for 
optimal clinical decision making. Monitoring of serum sLRP may prove to be of value 
in this respect both in connection with inititiation of therapy and optimalization of 
therapeutic intervention. 
The precise relationship of serum sLRP with the presence of Gaucher cells appears to be 
complex. We could not detect sLRP in conditioned media from in vitro cultures of 
primary macrophages, although LRP mRNA derived from these cultures increased in 
time based on analysis of Northern blots (data not shown). In this respect, it should be 
noted that Quinn et al could detect sLRP in conditioned media from primary 
hepatocytes but not from the human hepatoma cell line HepG2, nor from cultured 
normal human fibroblasts, suggesting that the release of sLRP is not a constitutive 
property of all cultured cells that express LRP (9). Therefore, we can not exclude that in 
vivo sLRP can be shed from (Gaucher) macrophages by either the action of a 
(metal lo)proteinase that is expressed by a different cell type or by a (metallo)proteinase 
that is only expressed by macrophages under certain in vivo conditions. The increase of 
sLRP could also simply reflect the general high degree of proteinase activity in Gaucher 
serum (31) and, in that respect, might still be a marker of disease progression. To 
enhance our insight into the relationship of sLRP with Gaucher cells, more specific 
research as to the source of this factor is needed. 
Due to marked inter-individual variation in the levels of the biochemical markers 
analyzed there are only weak, though significant, positive correlations between sLRP 
and the other markers (data not shown). Soluble LRP levels correlated best with ß-
hexosaminidase activity (rho=0.5, PO.0001) as compared to the other parameters, in 
agreement with both being potential indicators of disease progression. Severity scoring 
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indexes are mainly based on the extent of organ involvement in Gaucher disease and are 
not fully accurate in classifying the severity of the disease. As a result the positive 
correlation between a certain marker and SSI value is also significant but weak (data not 
shown). This is also true for sLRP and SSI. These observations are illustrated by the 
data presented in Table 2. We also analyzed whether there was a correlation between 
sLRP and parameters such as weight, hemoglobin levels, platelet count, and spleen and 
liver volume. No significant and/or strong correlations were observed (data not shown). 
LRP binds multiple classes of ligands and has been implicated in a broad range of 
normal and disease processes ranging from lipoprotein metabolism, cell growth and cell 
migration, fibrinolysis and thrombosis to atherosclerosis and Alzheimer's disease. The 
soluble form of this receptor might influence the activity of the membrane-bound 
counterpart by affecting its interaction with ligands. However, although we can not 
exclude that local concentrations of sLRP might be high, the low circulating soluble 
receptor concentration (nanomolar range) is probably insufficient to effectively compete 
ligand binding to the cell-bound molecule. In contrast, the large masses of macrophages 
in Gaucher patients that highly express LRP might have an impact on the catabolism of 
ligands and therefore on certain processes in which cell-bound LRP is involved. In this 
respect, LRP might be linked to Gaucher disease in several ways. For example, 
abnormalities in lipoprotein metabolism reported in Gaucher patients (32) may in part 
be explained by increased catabolism of VLDL and chylomicron remnants through 
endocytosis by LRP on macrophages. Secondly, we recently identified both coagulation 
factor IXa as well as its cofactor VIII as ligands of LRP and suggested a modulatory 
role of LRP in coagulation (33-35). This might be relevant in the context of reported 
deficiencies of certain coagulation factors and abnormalities in coagulation in Gaucher 
patients (36). Finally, it is of interest to note that LRP can mediate cellular uptake and 
lysosomal delivery of sphingolipid activator protein (SAP) precursor (37). Proteolytic 
processing of this precursor generates SAP-A, -B, -C and -D, the so-called saposins and 
these function as the obligatory activators of lysosomal enzymes involved in 
glycosphingolipid metabolism including glucocerebrosidase (38). 

In conclusion, we have identified sLRP as an additional marker in Gaucher disease that 
can be used for monitoring the efficacy of therapeutical intervention. Future studies 
should resolve the precise relationship of this marker with the presence of storage cells 
and the practical value of regular measurements of sLRP levels in Gaucher patients. 
Further research on the physiological consequences of chronically elevated serum sLRP 
levels as exist in Gaucher patients is also warranted. 
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General Discussion 

The central issues of the studies described in this thesis are the identification of 
coagulation factors VIII and IXa as ligands of LRP and the elucidation of the molecular 
mechanisms that enable LRP to interact specifically with a multitude of structurally 
unrelated ligands. In addition, the value of serum levels of a soluble form of LRP 
(sLRP) as a novel therapeutic marker for Gaucher disease was a subject of investigation. 
Chapter 5 already discusses the interactions of factor VIII and factor IXa with LRP and 
the potential contribution of LRP to the regulation of the coagulation cascade. 
Therefore, this general discussion will predominantly focus on the current knowledge 
on the structure and function relations of LRP and molecular elements that contribute to 
the remarkable ligand binding capacity of LRP. 

Structure and function relations of LRP 

As outlined in Chapter 1, all members of the LDL receptor family are mosaic proteins 
composed of the same building modules and with similar topological organizations. 
These modules are two classes of cyste'ine-rich domains (epidermal growth factor-like 
(EGF) domains and complement-like domains), clusters of six domains containing 
YWTD motifs, a transmembrane helix, and a cytoplasmic domain that contains one or 
two copies of the NP.XY motif. 
The EGF and YWTD domains act together in a pH-dependent conformational change of 
the receptor which results in the release of ligands within the endosomes allowing the 
unoccupied receptor to recycle to the cell surface (1). 
The cytoplasmic tail of LRP contains multiple potential endocytosis motifs including 
two NPAY motifs, one YXVT motif, and two di-leucine motifs. Until recently, it was 
generally believed that the NPAY sequences function as endocytosis signals for all the 
LDL receptor family members. However, using LRP minireceptors, which mimic the 
function and trafficking of full-length endogenous LRP, it was demonstrated that the 
YXXL motif, but not the two NPJTV motifs, serves as the dominant signal for LRP 
endocytosis (2). It was also found that the most carboxyl-terminal di-leucine motif 
within the LRP tail contributes to its endocytosis, and that its function is independent of 
the Y XXL motif. 

Function of NPXY motifs in signal transduction 
Traditionally, the members of the LDL receptor family had been regarded merely as 
cargo receptors that promote the endocytosis and lysosomal delivery of ligands. 
However, recent studies suggest a role for these receptors in the transmission of 
extracellular signals and the activation of intracellular tyrosine kinases (3). Signaling 
through these receptors requires the interaction of their cytoplasmic tails with 
intracellular proteins. Recently, it was demonstrated that multiple cytoplasmic proteins 
could interact with receptor tails, presumably through the NPAY motifs, and might 
participate in signal transmission by the LDL-receptor family (4). Examples of such 
proteins, that bind to the cytoplasmic tail of LRP, are JIP-1 and JIP-2, PSD-95, CAPON 
and SEMCAP-1. Most of these proteins are adaptor or scaffold proteins that contain 
PID or PDZ domains, which presumably mediate the binding of these proteins to the 
NP.YY motifs. These proteins function in the regulation of mitogen-activated protein 
kinases, cell adhesion, vesicle trafficking, or neurotransmission (4). 
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It was demonstrated that two cytoplasmic adaptor proteins, mammalian Disabled-1 and 
FE65, interact with NPJfY motifs in the cytoplasmic tails of LRP, LDLR, VLDLR, and 
ApoER2, and that VLDLR and ApoER2 function as obligate components in the 
Reelin/Disabled-mediated neuronal migration pathway (5-7). A signaling pathway 
comprising the extracellular protein Reelin and the intracellular adaptor protein 
Disabled-1 is involved in the control of cell position during mammalian brain 
development. Mice lacking the genes for both VLDLR and apoER2 demonstrate a 
neurological and neuroanatomical phenotype that is indistinguishable from animals 
deficient in either Reelin or Disabled-1. It was also shown that binding of Disabled-1 
interferes with receptor internalization, suggesting a molecular mechanism by which 
initiation of endocytosis may serve to turn of periodically cellular signals that are routed 
through these receptors (4). Potential signaling functions for members of the LDLR 
family have also been suggested by other observations. For example, Goretzki and 
Mueller have shown that the LRP tail interacts with a GTP-binding protein and induces 
cyclic-AMP-dependent protein kinase activity (8). A similar signal transduction event 
downstream from LRP was also implicated in hippocampal neurons (9). In addition, it 
was reported recently that LRP mediates neuron-specific calcium signaling via N-
methyl-D-aspartate receptor (NMDAR) channels (10). Furthermore, another member of 
the LDL receptor family, LRP6, was recently shown to be critical in Wnt signal 
transduction (11-13). The Wnt family of secreted signaling molecules functions in cell-
fate determination and morphogenesis during development in both vertebrates and 
invertebrates, suggesting an important role for LDL-receptor family members in 
development as well. 

Taken together, these data reveal critical functions for the cytoplasmic tails of LDL-
receptor family members in signal transduction and indicate that the YXXL motif and 
the distal di-leucine motif of the LRP tail serve as endocytosis signals, while the NPXY 
motifs serve as binding sites for cytosolic signaling proteins. 

The LDL receptor class A domains 
One of the central issues of this thesis is the ligand-binding capacity of the complement
like class A cysteine-rich domains, which are referred to as LDLRA domains 
throughout the thesis. It is conceivable that not all 31 LDLRA domains present in LRP, 
which occur in four clusters of 2, 8, 10, and 11 domains, are involved in ligand binding. 
The study described in Chapter 3 shows that these four clusters of LDLRA domains 
generally referred to as clusters I, II, III, and IV, respectively, differ in ligand binding 
capacities. Both cluster II and IV mediate ligand binding, whereas cluster I and III are 
probably not involved in ligand binding. This suggests that both cluster II and IV 
contain unique structural features necessary for ligand binding that are not present in 
cluster I or III. The fact that cluster I consists of only two LDLRA domains might be an 
explanation for the lack of ligand binding to this cluster. 
Currently, three-dimensional structures of five LDLRA domains are known. The 
structures of the first (LB1), second (LB2), and fifth (LB5) domain of the LDL receptor 
have been resolved (described m Chapter 1). In addition, the structures of the third 
(CR3) and eight (CR8) domain of LRP have recently been elucidated (14,15). All 
structures are very similar in overall fold and contain a short two-strand antiparallel ß-
sheet, a one-turn a-helix, and a high affinity calcium site with coordination from four 
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carboxyl- and two backbone carbonyl groups. Although the basic organization of these 
domains is the same, there is much variation in the primary structure, with the exception 
of the six conserved cysteines and a few other residues. As a result, the outer surfaces 
presented by different domains vary considerably in charge and hydrophobic residue 
distribution from one domain to another. This presumably underlies the differences 
between ligand binding to the different clusters of LDLRA domains of LRP and to the 
different members of the LDL receptor family in general. 

Recent developments concerning ligand binding to LRP 

Chapter 1 discusses in detail the structural elements involved in the ligand/receptor 
interactions of members of the LDL-receptor family. Therefore, we will only discuss the 
recent developments in research concerning ligand binding to LRP and relate these 
observations to the conclusions drawn in Chapters 1 and 3. 
Recently, Andersen et al. used an Escherichia coli expression system to produce single 
LDLRA domains and overlapping two-LDLRA domain modules of cluster II of LRP. 
These fragments were used to identify the binding sites for RAP and (X2-macroglobulin 
(<x2M) in cluster II (16,17). 
By ligand-affmity chromatography and surface plasmon resonance analysis (SPR), it 
was shown that RAP did not bind to any of the single LDLRA domains but did bind to 
all two-LDLRA domain modules except the module comprising LDLRA domains 9 and 
10(16). This is not in agreement with our own observations described in Chapter 3. We 
could only detect RAP binding to a cluster II fragment comprising LDLRA domains 5 
to 7. This discrepancy might be explained by the difference in experimental design. For 
the SPR experiments, Andersen et al. immobilized the cluster II fragments on biosensor 
chips whereas in our case RAP was immobilized. In retrospect, from our studies with 
a2M (Chapter 3) and the heavy chain of Factor VIII (Chapters 2 and 5) it has become 
apparent that both designs should be employed, when possible, to be able to draw valid 
conclusions whether a certain protein-protein interaction exists or not. The studies of 
Andersen et al. suggest that a two-LDLRA domain module defines the minimal unit of 
LRP required for the high affinity binding to RAP. Furthermore, simultaneous binding 
of RAP to two adjacent LDLRA domains is suggested, since impaired RAP binding is 
not located to only one domain but is dependent of residues in both domains in the two-
LDLRA domain modules. Specifically, by site-directed mutagenesis and ligand-
competition analysis the presence of a surface-exposed conserved acidic residue at a 
center position between the fourth and fifth cysteine within LDLRA domains was found 
to be of crucial importance for RAP binding. Remarkably, this acidic residue is also 
involved in calcium coordination through its backbone carbonyl group (14,15). It was 
demonstrated, however, that mutating this residue did not result in misfolding of the 
LDLRA domain and did not affect calcium binding, suggesting that the effect on RAP 
binding was not due to a drastic change in conformation of the LDLRA domain (16). In 
Chapter 1, we argued based on studies on the structure of LDLRA domains, that most of 
the negatively charged residues present in LDLRA domains are buried to participate in 
calcium coordination and are therefore unavailable for ligand binding. However, the 
recent results described above suggest that the fact that a negatively charged residue 
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participates in calcium coordination does not necessarily mean that it is not exposed to 
the surface and not involved in interaction with ligands. 
Notably, the only domain in the LRP cluster that lacks this specific negatively charged 
residue is LDLRA domain nr. 10, which was the only domain found not to be involved 
in binding to RAP. It is therefore tempting to speculate that the number of LDLRA 
domains, containing this conserved acidic residue, correlates with efficient binding of 
RAP. In fact, such a correlation seems apparent when comparing the RAP binding 
properties of various members of the LDL receptor family. We (Chapter 3) and others 
observed efficient RAP binding of the second and the fourth cluster and low affinity 
binding to the third cluster, whereas no binding was observed to the first cluster of 
LDLRA domains from LRP (18,19). This observation is in good correlation with the 
number of acidic residues present in the different clusters; 7 out of 8 domains in cluster 
II, and 8 out of 11 in cluster IV, contain an acidic residue at the center position between 
the fourth and fifth cysteine, whereas 1 of 2 in cluster I and only 4 out of 10 domains in 
cluster III contain this particular residue. Further detailed investigation showed that, 
whereas both the amino- and the carboxyl-terminal halves of cluster II and cluster IV 
were able to bind immobilized RAP, only the carboxyl-terminal part of cluster III 
showed affinity for RAP (18). This also supports the present hypothesis, since only one 
LDLRA domain in the amino-tertninal part contains an acidic residue at the correct 
position, in contrast to 3 out of 5 domains in the carboxyl-terminal end. Furthermore, 
only low affinity interaction between RAP and LDLR was reported, in agreement with 
only 3 out of 7 LDLRA domains harboring a negative charge at the center position 
between the fourth and fifth cysteine (20). 

Andersen et a], also identified a binding site for a2M in the amino-terminal part of 
cluster II comprising LDLRA domains 3 to 6, using ligand blotting and SPR analysis 
(17). The specific site involved in a2M recognition resides in the fourth LDLRA 
domain, whereas another site is identified in LDLRA domain nr. 5. Recently, LDLRA 
domain nr. 3 was also reported to interact weakly with a2M (14). These results are not 
fully in agreement with our observations described in Chapter 3. We reported binding of 
a2M to a cluster II fragment, spanning the amino-terminal EGF domain and LDLRA 
domains 3 to 7, but were unable to detect any binding to a fragment comprising the EGF 
domain and domains 3 and 4. This could be explained by the observation of Andersen et 
al. that the presence of this specific EGF domain has a negative effect on binding of 
a2M to the cluster II fragment comprising domains 3 and 4. They observed a decreased 
a2M affinity for a fragment comprising the EGF domain together with domains 3 and 4 
compared to the same fragment lacking the EGF domain (17). 

The effect of mutation of conserved acidic residues in the third, fourth, and fifth 
LDLRA domains, corresponding to the acidic residue described above, showed that 
these residues are also important for recognition of a2M (17). In addition, two other 
acidic residues present in the fourth LDLRA domain, not involved in calcium-
coordination, were also shown to play a substantial role in a2M binding. 
Together these results indicate that high affinity ligand binding involves surface-
exposed conserved acidic residues in multiple LDLRA domains with a crucial role for a 
calcium-coordinating acidic residue at the center position between the fourth and fifth 
cysteine in each LDLRA domain. 
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Effect of ligand binding to LRP on signal transduction 
Several studies have shown that ligand binding to LRP induces signal transduction. It 
was reported that binding of 0C2M, apoE, and t-PA to LRP on neurons induces calcium 
influx (9,10). Furthermore, treatment of LRP-expressing cell lines with the LRP ligands 
lactoferrin or u-PA caused a significant elevation of intracellular cAMP and stimulated 
cAMP-dependent protein kinase (PKA) activity (8). There are some discrepancies 
between these studies since lactoferrin did not evoke a calcium response on neurons 
(10), whereas it did induce an increase in PKA activity in M21 human melanoma cells 
and HepG2 human hepatocellular carcinoma cells (8). This difference in response to 
lactoferrin suggests that the processes involved are cell-type specific. This is supported 
by the finding that a2M-induced calcium influx is specific for neuronal cells and does 
not occur in non-neuronal LRP-containing cells (10). Several studies postulate that 
signal transduction via LRP depends on receptor dimerization (5,10,21). The finding 
that bivalent antibodies binding to the extracellular domain of LRP, but not Fab 
fragments of the same antibody caused calcium influx, supports this hypothesis (10). 
Furthermore, the tetrameric a2M and multivalent apoE-containing lipoprotein particles 
might induce receptor di- or oligomerization. However, the multivalent RAP molecule 
seems to form an exception since in all studies discussed above, RAP blocks ligand-
induced signal transduction. This suggest that, although RAP is probably capable of 
inducing receptor dimerization (Chapter 3), binding of RAP to LRP results in 
conformational changes that differ in respect to the changes that occur upon, for 
example, a2M binding. Possibly, the conformational changes in LRP upon RAP 
binding, that were proposed in Chapter 3, are not only incompatible with ligand binding 
but also with signal transduction. It remains to be investigated how ligand binding to the 
extracellular domain of LRP can result in conformational changes that enhance 
intracellular interactions. 

LRP and Alzheimer's disease 

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by memory loss 
and distinct neuropathological hallmarks, involving neurofibrillary tangles and 
extracellular ß-amyloid plaques. The tangles consist of paired helical filaments formed 
from the hyperphosphorylated microtubule-associated protein, tau, whereas the plaques 
consists of fibrillar assemblies of Aß peptides of 39-43 amino acids derived from the 
amyloid precursor protein (APP). To date, mutations in three genes, APP, presenilin 1 
and presenilin 2, were found to be causally related to AD (22). In addition, 
polymorphisms in four other genes (among others), apoE, oc2M, LpL, and LRP, are 
implicated to contribute to AD pathogenesis (22,23). Interestingly, the encoded gene 
products are all functionally related to LRP. For example, over-expression of presenilin 
1 results in decreased expression of LRP (24). Moreover, apoE, a2M, LpL, both 
secreted and transmembrane forms of APP, and Aß complexed to either apoE or a2M 
are ligands of LRP (22). Furthermore, these ligands have been shown to promote neurite 
outgrowth via LRP and this is again inhibited by RAP (25). This suggests that the new 
role of LRP as a signaling receptor described above may be of relevance to the role of 
LRP in Alzheimer's disease. In this context, it should be noted that APP can bind DABI 
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and FE65 adapter proteins, proteins that also interact with LRP and are involved in 
signal transduction (see above) (5). Moreover, it was suggested that disruption of the 
signaling pathway, involving these multiprotein complexes, leads to 
hyperphosphorylation of the microtubule-stabilizing protein tau, which is one of the 
hallmarks of Alzheimer's disease (7). 
In summary, it is possible that regulation of LRP expression and function in neurons can 
directly affect the catabolism and functions of its ligands, such that decreased uptake 
and signaling or increased extracellular accumulation of these ligands, or both, lead to 
the neuropathological changes associated with AD. 

Soluble LRP (sLRP) 

A wide variety of receptors and other plasma membrane proteins have been identified as 
having soluble counterparts in serum. Soluble forms of the LDL receptor family are also 
known. Megalin (LRP2) is encountered in a soluble form in urine and a soluble 
fragment of the LDL receptor is released in response to y-interferon (26,27). In addition, 
a soluble form of LRP was identified at nanomolar concentrations in serum (28). 
LRP is released from the cell surface by a mechanism that involves endoproteolysis of 
the membrane-spanning ß-chain by a metalloproteinase (29). The metalloproteinase 
responsible is not up-regulated by phorbol ester and is not dependent on serine 
proteases, such as plasmin. Cell-surface labeling experiments indicate that LRP is 
cleaved either at the cell surface or during transport and sorting through the early 
endosomes prior to return to the cell surface (29). 
We (Chapter 6) and others have shown that serum or plasma levels of sLRP in the 
general population are restricted to a narrow range and that altered levels may be 
associated with certain pathological conditions (28-30). In Chapter 6, we described the 
use of serum levels of sLRP as a novel therapeutic marker for Gaucher disease. 
Previously, it was reported that the concentration of plasma sLRP appears to alter in 
some patients with impaired liver function and there is preliminary evidence suggesting 
the presence of elevated levels in patients with atherosclerosis in whom coronary and/or 
peripheral vascular disease had been diagnosed (28,30). 
Although soluble LRP has been found in serum, it may also exist in other body fluids. 
Likely locations of soluble LRP are the fluids in contact with rich sources of its cellular 
counterpart. LRP is abundantly expressed in brain, designating cerebral spinal fluid 
(CSF) as a candidate body fluid for future investigation. The associations of 
Alzheimer's disease with LRP as discussed above suggest that, if present, a soluble 
form of the receptor might also be correlated with this disorder. 
Like the cell-bound receptors, the existence of soluble LRP-like molecules appears to be 
an evolutionary conserved feature in a range of species (31). Soluble LRP-like 
molecules were identified in the sera of mammals, chickens, reptiles, and even in the 
circulating hemolymph of a mollusk. Furthermore, sLRP in all these different sera 
retained the binding characteristics of cell-surface LRP (31). Together, these findings 
are consistent with evolutionary conservation in the generation, composition, and 
ligand-binding ability of soluble LRP-like receptors and suggest that their presence is a 
necessary aspect of the receptor's function. 

138 



General Discussion 

We discussed in Chapter 6 that the circulating nanomolar concentration of sLRP may be 
insufficient to effectively compete with ligand binding to the cell-bound molecule. 
However, we can not exclude that the local concentration of sLRP at sites from where it 
originates might be sufficient to influence the diverse biological processes in which 
LRP is involved, including lipid metabolism, coagulation (Chapter 5), cell growth and 
migration, and cellular signaling. In this respect, it is of interest to note that soluble 
LDL receptor inhibits viral infection (27). Especially under conditions where a 
moderate increase of the mean sLRP level in total sera is observed (see Chapter 6), there 
may be high local levels of sLRP that gave rise to this moderate increase in mean sLRP 
serum-level that might affect LRP function. Soluble LRP may serve to further regulate 
the biological activity of its ligands by acting as agonist or antagonist. For example, if 
protease ligands remain enzymatically active when bound to sLRP their plasma half-
lives may be prolonged and sLRP therefore acts as an agonist of ligand function. An 
example of an antagonistic function would be competition of ligand binding to cell-
bound LRP by sLRP, thereby inhibiting signal transduction. Elucidating the physiologic 
or pathophysiologic consequences of sLRP is, however, complicated by the complex 
nature of ligand binding to the receptor and the large number of processes in which it is 
potentially involved. 

Concluding remarks 

In the past few years, considerable progress has been made in unraveling the molecular 
mechanisms that underly the remarkable ligand binding capacity of LRP. The ability to 
isolate a ligand-receptor fragment complex offers a unique starting point for structural 
studies that may provide specific clues to explain how the ability of LRP to recognize 
its broad spectrum of dissimilar ligands is encoded in an array of similar ligand binding 
domains. 
The identification of coagulation factors as ligands of LRP forms the basis for further 
research concerning the potential regulatory role of LRP in coagulation. The functional 
importance of these interactions under pathophysiological conditions deserves special 
attention. 
The perception of LRP being merely a membrane receptor involved in endocytosis of a 
multitude of ligands has changed dramatically since an entirely unexpected new role as 
a transducer of extracellular signals was assigned to the receptor. This extension of the 
already impressing number of biological processes in which LRP is potentially involved 
makes this receptor system even more complex than originally anticipated. Possibly, 
future research will focus mainly on the intracellular processes that are initiated by this 
receptor. 
Another new aspect of research will be the soluble form of LRP. This research should 
further concentrate on the elucidation of the interplay between the two forms of the 
receptor and their ligands and the use of soluble LRP as a prognostic and/or diagnostic 
marker for different pathophysiological conditions. 
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Su mina IT 

The low density lipoprotein receptor-related protein (LRP) is a large multifunctional 
endocytic cell-surface receptor that binds and internalizes an impressive number of 
structurally-unrelated classes of ligands. This broad range of ligands suggests a role for 
the receptor in diverse physiological and pathophysiological processes ranging from 
lipoprotein metabolism, fibrinolysis, cell growth and cell migration, to thrombosis, 
atherosclerosis and Alzheimer's disease. 

In Chapter 1 of this thesis, an overview is presented of the biology of LRP. 
The gene structure, biosynthesis, as well as the tissue distribution and regulation of 
cellular expression of LRP, are described. The ligands and their relation to 
(patho)physiological functions of LRP are outlined, together with the structural 
determinants on both LRP and ligands responsible for ligand binding. Emphasis is given 
to the molecular mechanisms that enable LRP to interact specifically with such a 
multitude of different ligands. 

In Chapter 2, we demonstrate that coagulation factor VIII is a ligand of LRP. 
In a system, consisting of purified components, it was shown that factor VIII binds to 
LRP in a reversible and dose-dependent manner. Furthermore, in the presence of the 
factor VIII carrier protein vWF or the LRP antagonist RAP, this binding is efficiently 
inhibited, emphasizing the specificity of the interaction. Both anti-LRP antibodies and 
RAP interfered with cellular degradation of factor VIII. In addition, degradation of 
factor VIII was completely inhibited by vWF. Because vWF binding to factor VIII is 
mediated by the factor VIII light chain, we specifically studied LRP binding to this 
subunit. These experiments revealed that factor VIII light chain indeed binds to LRP. 
Furthermore, experiments using recombinant factor VIII C2 domain showed that this 
part of the factor VIII light chain contributes to the interaction with LRP. Collectively, 
this study demonstrates that LRP is able to bind factor VIII at the cell surface in vitro 
and to mediate its transport to the intracellular degradation pathway. The regulatory role 
of factor VIII-vWF complex formation in LRP binding may explain the beneficial effect 
of vWF on the in vivo survival of factor VIII. 

In Chapter 3, soluble recombinant receptor-fragments were used, representing 
the four putative ligand-binding domains of LRP, generally referred to as clusters I, II, 
III, and IV, to map the binding sites of a set of structurally and functionally distinct 
ligands. By this systematic examination, more insight into the molecular elements that 
contribute to the remarkable ligand binding capacity of LRP was obtained. Although 
there are small differences concerning the kinetics of the interactions, it was 
demonstrated that clusters II and IV are highly similar in their ligand-binding properties, 
revealing a major functional duplication in the receptor. In addition, it was shown in this 
study that a single RAP molecule can simultaneously bind to clusters II and IV with 
similar affinities. This observation is in accordance with a model for inhibition of ligand 
binding to LRP by RAP, in which one molecule of RAP can induce a conformational 
change in the receptor by interacting simultaneously with multiple receptor domains. 
This conformational change would then render the receptor incapable of ligand binding. 

In Chapter 4, the interaction between LRP and either coagulation factor IX or 
its active derivative factor IXa was studied. Although factor IX was unable to bind to 
LRP, factor XIa mediated conversion of factor IX into factor IXa resulted in reversible 
dose- and calcium-dependent binding to LRP. This observation suggests that activation 
of factor IX results in exposure of a binding site for LRP. Since active-site blocking of 
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factor IXa did not affect binding to LRP, this exposed binding site is thought to reside 
outside the exposed active site. LRP binding was efficiently inhibited in the presence of 
heparin or antibodies against factor IX or LRP. In addition, degradation of factor IXa 
was studied using LRP-expressing, LRP-deficient, and proteoglycan-deficient cells. 
These experiments indicate that catabolism of factor IXa involves both LRP and cell-
surface proteoglycans. 

In Chapter 5, the possible implications of the identification of coagulation 
factor VIII and factor IXa as novel ligands of LRP are reviewed. These findings, 
together with the observation of others that LRP is involved in down-regulation of 
Tissue Factor expression at the surface of monocytes and fibroblasts, suggest a potential 
contribution of LRP to the regulation of the coagulation cascade. Specifically, LRP 
might serve a so far unrecognized role in modulation of the coagulation cascade in both 
initiating (Tissue Factor) and propagating (factor VIII, factor IXa) stages of the 
coagulation process. 

In Chapter 6, a soluble form of LRP (sLRP) was subject of investigation. 
Using an ELISA, the serum levels of sLRP were measured in 50 normal individuals and 
61 Gaucher patients. The mean soluble LRP level was increased 2.7 fold in sera of these 
patients as compared to the mean sLRP serum-level measured in the normal individuals. 
This is the first study reporting increased serum-levels of sLRP in an inborn error of 
metabolism. When Gaucher patients were treated with either enzyme supplementation 
therapy or the novel oral substrate-reduction therapy, this resulted in normalization of 
sLRP serum-levels. Therefore, measurement of serum sLRP levels is of potential 
interest in connection with monitoring efficacy of therapeutic intervention. 

Finally, in Chapter 7, a general discussion is presented of the work reported in 
this thesis in the context of the most recent developments. The discussion 
predominantly concentrates on the current knowledge on the structure and function 
relations of LRP and molecular elements that contribute to the impressive ligand 
binding capacity of LRP. Special attention is paid to the novel function of LRP as a 
transducer of extracellular signals, the correlation of LRP with Alzheimer's disease, 
sLRP, and the most recent developments concerning ligand binding to LRP. 
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Het "low density lipoprotein receptor-gerelateerde eiwit" (LRP) is een grote 
multifunctionele endocytose receptor die een indrukwekkend aantal structureel-
ongerelateerde liganden bindt en internaliseert. De grote variatie aan liganden 
suggereert een rol voor de receptor in diverse fysiologische en pathofysiologische 
processen variërend van lipoprotéine metabolisme, fibrinolyse, celgroei en celmigratie, 
tot trombose, athérosclérose en de ziekte van Alzheimer. 

In Hoofdstuk 1 van dit proefschrift wordt een overzicht gepresenteerd 
aangaande de biologie van LRP. De genstructuur, biosynthese, als ook de weefsel 
distributie en regulatie van cellulaire expressie van LRP worden beschreven. De 
liganden en hun relatie tot (patho)fysiologische functies van LRP worden nader 
besproken, samen met de structurele determinanten, op zowel LRP als op liganden, die 
verantwoordelijk zijn voor binding. De nadruk ligt op de moleculaire mechanismen die 
LRP in staat stellen om een specifieke interactie aan te gaan met zulk een 
verscheidenheid aan liganden. 

In Hoofdstuk 2 tonen we aan dat de stollingsfactor VIII een ligand is voor 
LRP. In een systeem waarbij gezuiverde componenten gebruikt werden, bleek factor 
VIII op een reversibele en dosisafhankelijke manier aan LRP te binden. De specificiteit 
van deze binding werd nader ondersteund doordat wij konden aantonen dat de binding 
efficiënt werd geremd in aanwezigheid van het factor VIII dragereiwit vWF of de LRP 
antagonist RAP. Zowel anti-LRP antistoffen als RAP verstoorden de cellulaire 
degradatie van factor VIII. Daarbij werd de degradatie van factor VIII ook volledig 
geremd door vWF. Omdat de lichte keten van factor VIII betrokken is bij binding aan 
vWF werd de binding van LRP aan dit deel van factor VIII nader onderzocht. Hieruit 
bleek dat de lichte keten van factor VIII inderdaad een interactie aangaat met LRP. 
Verder lieten experimenten met het recombinant factor VIII C2 domein zien dat dit 
onderdeel van de lichte keten van factor VIII een bijdrage levert aan de interactie met 
LRP. 
Kort samengevat , LRP is in staat om in vitro factor VIII te binden op het celoppervlak 
en vervolgens te transporteren naar de intracellulaire degradatie route. Het regulerende 
effect van complexvorming tussen factor VIII en vWF op LRP binding verklaart 
misschien het voordelige effect van vWF op de in vivo overleving van factor VIII. 

In Hoofdstuk 3 werden oplosbare recombinant receptorfragmenten gebruikt 
die overeenkwamen met de vier potentiële ligand-bindende domeinen van LRP, ook 
bekend als clusters I, II, III, en IV, om de bindingsplaatsen in kaart te brengen van een 
set structureel en functioneel verschillende liganden. Door deze systematische analyse 
werd meer inzicht verkregen in de structurele elementen die bijdragen aan de 
opmerkelijke ligand bindingscapaciteit van LRP. Er werd aangetoond dat, hoewel er 
kleine verschillen zijn in kinetiek van de interacties, clusters II en IV sterk op elkaar 
lijken aangaande ligand bindingseigenschappen, wat duidt op een functionele duplicatie 
in de receptor. Verder bleek dat een enkel RAP molecuul tegelijkertijd aan zowel cluster 
II als IV kan binden met vrijwel identieke affiniteiten. Deze observatie ondersteunt een 
model voor remming van ligand binding aan LRP door RAP, waarin een RAP molecuul 
een verandering van conformatie in de receptor kan induceren door tegelijkertijd met 
meerdere domeinen van de receptor een interactie aan te gaan. Deze conformatie 
verandering zou de receptor niet meer in staat stellen om liganden te binden. 
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In Hoofdstuk 4 werd de interactie tussen LRP en ofwel stollingsfactor IX, of 

zijn actieve afgeleide, factor IXa, bestudeerd. Hoewel factor IX niet in staat was om aan 
LRP te binden, resulteerde factor Xla-gemediëerde conversie van factor IX in factor 
IXa in een reversibele, dosis- en calcium-afhankelijke binding aan LRP. Deze 
waarneming suggereert dat aktivatie van factor IX in expositie van een bindingsplaats 
voor LRP resulteert. Aangezien het blokkeren van het reactieve centrum van factor IXa 
geen effect had op LRP binding wordt verondersteld dat de LRP bindingsplaats zich 
buiten het reactieve centrum bevindt. Binding aan LRP werd efficiënt geremd in 
aanwezigheid van héparine en antistoffen gericht tegen factor IX of LRP. Verder 
werden factor IXa-degradatie studies uitgevoerd met LRP-bevattende, LRP-deficiënte, 
en proteoglycaan-deficiënte cellen. Deze experimenten tonen aan dat bij degradatie van 
factor IXa zowel LRP als proteoglycanen op het celoppervlak betrokken zijn. 

In Hoofdstuk 5 worden de mogelijke implicaties van de identificatie van 
stollingsfactoren VIII en IXa als nieuwe liganden van LRP besproken. Deze 
bevindingen, samen met de observatie van anderen dat LRP betrokken is bij de 
negatieve regulatie van Tissue Factor expressie op het oppervlak van monocyten en 
fibroblasten, suggereren een mogelijke bijdrage van LRP in de regulatie van de 
stollingscascade. Meer specifiek zou LRP een tot dusver onbekende rol in de modulatie 
van de stollingscascade in zowel de initiatie (Tissue Factor) als de propagerende fase 
(factor VIII, factor IXa) van het stollingsproces kunnen spelen. 

In Hoofdstuk 6 was een oplosbare variant van LRP (sLRP) het onderwerp van 
onderzoek. Gebruik makend van een ELISA werden de sLRP serum concentraties van 
50 normale individuen en 61 Gaucher patiënten gemeten. De gemiddelde sLRP 
concentratie was 2.7 voudig toegenomen in serum van deze patiënten vergeleken met 
de gemiddelde sLRP serum concentratie van de normale individuen. Dit is de eerste 
studie waarin een toename van sLRP serum concentraties in een aangeboren afwijking 
in metabolisme wordt beschreven. Wanneer Gaucher patiënten behandeld werden met 
ofwel enzym supplementatie therapie of de nieuwe substraat reductie therapie 
resulteerde dit in een normalisatie van sLRP serum niveaus. Daarom is het meten van 
serum sLRP niveaus potentieel van belang voor het monitoren van de effectiviteit van 
therapeutische interventies. 

Tenslotte wordt in Hoofdstuk 7 een algemene discussie gepresenteerd waarin 
het werk, dat beschreven is in dit proefschrift, wordt gerelateerd aan de meest recente 
ontwikkelingen. De discussie concentreert zich voornamelijk op de huidige kennis 
aangaande de relaties tussen structuur en functie van LRP en de moleculaire elementen 
die bijdragen aan de indrukwekkende ligand bindingcapaciteit van LRP. Speciale 
aandacht wordt besteed aan de nieuwe functie van LRP in het doorgeven van 
extracellulaire signalen, de relatie tussen LRP en de ziekte van Alzheimer, sLRP, en de 
meest recente ontwikkelingen betreffende ligand binding aan LRP. 
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Last but not least...Dit zijn de laatste loodjes en tegelijkertijd ook het eerste en vaak 
ook het enige deel van het proefschrift dat door de meeste mensen gelezen wordt. 
Tevens is dit voor mij en voor het "Pannekoek lab" ook het afscheid van het LRP 
onderzoek. 
Ik zou graag iedereen die een bijdrage heeft geleverd aan de totstandkoming van dit 
proefschrift willen bedanken en een aantal personen wil ik bij naam noemen. 
Allereerst Birgit. Het moge duidelijk zijn dat je een onmisbare rol vervuld hebt bij het 
tot stand komen van dit proefschrift. Zonder jouw inzet was dit proefschrift 
waarschijnlijk een stuk dunner geweest. Jouw bereidheid om mee te denken en te 
discussiëren over "ons" onderwerp heb ik altijd ontzettend op prijs gesteld. Ik heb onze 
samenwerking van de afgelopen jaren dan ook als zeer aangenaam ervaren en zou het zo 
weer overdoen. 
Daan, ook wel bekend als Anton-Jan. Jij hebt me vanaf het begin de kans gegeven om in 
alle vrijheid de wetenschap te bedrijven. Dit, en het feit datje mij de laatste twee jaar op 
afstand moest begeleiden, heeft ertoe geleid dat ik nu in staat ben om zelfstandig 
onderzoek te verrichten. Jouw onuitputtelijke stroom van ideeën is altijd een 
inspiratiebron voor mij geweest. 
Ook gaat mijn dank uit naar mijn promotor. Hans, ik heb het altijd zeer gewaardeerd dat 
ik op elk moment van de dag, zonder kloppen of afspraak, bij je binnen kon lopen voor 
adviezen, handtekeningen, typen van brieven, corrigeren van manuscripten en wat niet 
al. Je gaf mij na Daan zijn vertrek ook alle ruimte voor mijn onderzoek. Ik hoop dat ik 
door bazen zoals jij en Daan niet te veel verwend ben qua vrijheid. 
Vivian, wij hebben beide als studenten stage gelopen bij de groep Pannekoek en zijn er 
vervolgens aan ons promotieonderzoek begonnen. Al die jaren heb ik een leuke tijd met 
je beleefd en samen met Birgit was je een gezellige buurvrouw. Ook ontzettend bedankt 
datje samen met Birgit als paranimf wilt fungeren. Ik wens je veel sterkte met je eigen 
onderzoek en hoop datje zonder al te veel stress dit of volgend jaar ook je promotie kan 
afronden. 
De vruchtbare samenwerking met de afdeling stolling van het CLB heeft tot hoofdstuk 
2, 4 en 5 geleid. Ik wil met name Peter hiervoor bedanken. Ik wens jou en de AIO's 
Niels en Jacub veel succes met de nieuwe projecten die uit dit onderzoek voortvloeien. 
Ik zal het met belangstelling blijven volgen. 
Ook de samenwerking met de "Gaucher groep" binnen onze eigen afdeling (en 
daarbuiten) was vruchtbaar (hoofdstuk 6). Ik wil met name Sonja bedanken voor haar 
inspanning waardoor het mogelijk was om in korte tijd dit hoofdstuk te kunnen 
realiseren. 
Uiteraard wil ik ook graag de rest van de "(ex)pannekoekjes" bedanken voor hun 
behulpzaamheid en gezelligheid in de afgelopen jaren. Dit geldt natuurlijk ook voor de 
rest van de afdeling biochemie. De biochemie borrels en labuitjes waren altijd een leuke 
afwisseling in de afgelopen jaren. 
Mijn vrienden wil ik bedanken voor het verzorgen van de benodigde ontspanning. 
Tenslotte wil ik mijn familie bedanken voor de steun en de getoonde interesse in de 
afgelopen jaren. Met name mijn ouders wil ik bedanken voor al de zorg en verwennerij 
van de afgelopen 27 jaar. Ik ben jullie eeuwig dankbaar. 
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