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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. 
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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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