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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 

13 



Chapter 1 

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. 

NH i n m iv 
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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 
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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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