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Abstract

Circulatory transport of neutral lipids (fat) in animals relies on members of the large 
lipid transfer protein (LLTP) superfamily, including mammalian apolipoprotein B 
(apoB) and insect apolipophorin II/I (apoLp-II/I). Latter proteins, which constitute 
the structural basis for the assembly of various lipoproteins, acquire lipids through 
microsomal triglyceride transfer protein (MTP) -another LLTP family member- and 
bind them by means of amphipathic structures. Comparative research reveals that 
LLTPs have evolved from the earliest animals and additionally highlights the struc-
tural and functional adaptations in these lipid carriers. For instance, in contrast to 
mammalian apoB, the insect apoB homologue, apoLp-II/I, is post-translationally 
cleaved by a furin, resulting in the appearance of two non-exchangeable apolipopro-
teins in the insect low-density lipoprotein (LDL) homologue, high-density lipophorin 
(HDLp).
An important difference between mammalian and insect lipoproteins relates to the 
mechanism of lipid delivery. Whereas in mammals, endocytic uptake of lipoprotein 
particles, mediated via members of the LDL receptor (LDLR) family, results in their 
degradation in lysosomes, the insect HDLp was shown to act as a reusable lipid 
shuttle which is capable of reloading lipid. Although the recent identification of a 
lipophorin receptor (LpR) -a homologue of LDLR- reveals that endocytic uptake of 
HDLp may constitute an additional mechanism of lipid delivery, the endocytosed 
lipoprotein appears to be recycled in a transferrin-like manner. The above structural 
similarities and functional adaptations of the lipid transport systems operative in 
mammals and insects are discussed from an evolutionary perspective. 
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Introduction

Lipid transport processes in the circulatory system of animals utilize highly special-
ized lipoprotein complexes, the apolipoproteins of which stabilize the lipid compo-
nents and mediate particle metabolism. In mammals, lipoprotein metabolism is a 
complicated process involving several broad classes of lipoproteins. Transport of 
bulk lipids (triacylglycerol, TAG) in the circulation is mediated by intestine-derived 
chylomicrons and very-low-density lipoproteins (VLDL) that are produced in the 
liver. Once in the blood, TAG content of these particles is progressively reduced by 
the action of lipoprotein lipase, eventually resulting in receptor-mediated endocytic 
uptake of the remnant particles (chylomicron remnants and low-density lipoproteins 
(LDL)/ intermediate-density lipoproteins (IDL), respectively) and degradation of their 
single copy of the non-exchangeable apolipoprotein, apolipoprotein B (apoB) in 
lysosomes (for reviews, see 1-12). By contrast, the multifunctional single lipoprotein in 
insects, high-density lipophorin (HDLp), has revealed another concept for lipid 
transport. The HDLp particle, which transports diacylglycerol (DAG) rather than 
TAG, circulates between tissues and alternately delivers and takes up lipids without 
being internalized or degraded, and thus functions as a reusable lipid shuttle without 
additional synthesis or increased degradation of its apolipoprotein matrix. The lipo-
protein is produced in the fat body (a tissue combining many of the properties and 
functions of mammalian liver and adipose tissue) and contains single copies of its 
two non-exchangeable apolipoprotein components, apolipophorin I and II (apoLp-I 
and -II), which result from cleavage of their precursor apolipophorin II/I (apoLp-II/I) 
during lipoprotein biosynthesis (for recent reviews, see 2,13-16).
Also during extensive lipid mobilization, such as during prolonged muscular exercise, 
circulatory lipid transport in mammals and insects use remarkably different concepts. 
In the circulation of mammals, the abundant serum protein, albumin, transports the 
free fatty acids (FFA) resulting from hydrolysis of TAG stores in adipose tissue to the 
working muscles. By contrast, in insect species that engage in long-term flights, the 
dramatic increase in lipid transport elicited by flight activity relies on circulatory  
lipoproteins. Indeed, the pre-existing HDLp particle functions once more as a lipid 
shuttle. Flight activity triggers the release of peptidergic adipokinetic hormones 
(AKHs) that act upon the fat body cells to stimulate the conversion of TAG stores to 
sn-1,2-DAG and its transfer to circulating HDLp (for recent reviews see 15,17,18). By the 
loading of DAG, catalyzed by a lipid transfer particle (LTP), HDLp is converted into 
a low-density lipophorin (LDLp) particle that has almost doubled its diameter. At the 
same time, the increase in lipid content induces several copies of a low molecular 
weight amphipathic exchangeable apolipoprotein, apolipophorin III (apoLp-III), to 
associate with the particle and to unfold to cover its increased surface area. However, 
when the DAG cargo is hydrolyzed by a lipophorin lipase residing on the flight 
muscle cell surface and provides the FFA used for oxidative energy generation, 
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apoLp-III dissociates, regenerating the original HDLp particle which cycles back to 
the fat body for another round of lipid uptake and transport (Figure 1) (for recent 
reviews, see 16,17,19). While apoLp-III, which is also available for an additional cycle of 
DAG transport, plays a crucial role in this unique insect lipoprotein shuttle 
mechanism, the apolipoprotein equally bears striking similarities with its human 
counterparts, particularly the 22 kDa N-terminal domain of human apolipoprotein E 
(apoE). The insect apolipoprotein has developed to a valuable model that has provided 
important insight into structure-function relationships of the class of exchangeable 
apolipoproteins, consisting of a relatively small bundle of amphipathic α-helices that 
reversibly associate with lipoprotein surfaces (for recent reviews, see 20-22). 

Figure 1. Molecular basis of the lipophorin lipid shuttle. AKH-controlled DAG mobilization from 

insect fat body during flight activity results in the reversible alternation of lipophorin from a relatively lipid-

poor (HDLp) in a lipid-rich (LDLp) state, and apoLp-III from a lipid-free in a lipid-bound state. The reversible 

conformational change in apoLp-III induced by DAG loading of lipophorin is schematically visualized. AKHs: 

adipokinetic hormones; R: AKH receptor; G: G protein; HDLp: high-density lipophorin; LDLp: low-density 

lipophorin; apoLp-I, -II, and -III: apolipophorin I, II and III; TAG: triacylglycerol; DAG: diacylglycerol;  

FFA: free fatty acids. From17, based on data from several insect species, particularly L. migratoria, reviewed 

in15,17,19. 
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Notwithstanding this important last dimension, with respect to structure and  
functioning, there are significant differences between lipoprotein systems of 
mammals and insects. However, from an evolutionary point of view, there are also 
remarkable similarities, since mammalian apoB and insect apoLp-II/I, which consti-
tute the structural basis for the assembly of their respective lipoproteins, were shown 
to be homologues23. Additionally, microsomal triglyceride transfer protein (MTP), a 
dedicated cofactor through which both apolipoproteins acquire lipids, is another 
member of the same family as apoB and apoLp-II/I23-25. Based on the sequence 
homology between apoLp-II/I and apoB, insect HDLp resembles mammalian LDL; 
the size and the spherical shape of the HDLp particle 26,27 are also similar to those of 
LDL28 and both lipoproteins are practically devoid of exchangeable apolipoproteins.
The resemblance of HDLp to LDL was recently extended by the identification of an 
insect LDL receptor (LDLR) family member that is capable of endocytic uptake of 
HDLp into fat body cells, indicating that receptor-mediated endocytosis constitutes 
an additional mechanism for lipid delivery29,30. At the same time this suggests that 
the difference in functioning of the insect lipoprotein system compared to that of 
mammals may be less pronounced than indicated above. However, in spite of the 
high structural similarity of the insect lipophorin receptor (LpR) to mammalian 
LDLR, endocytosed HDLp appears not to be degraded in lysosomes, as is the case for 
mammalian LDL, but is resecreted in a manner similar to transferrin30. Once more, 
this data highlights structural and functional adaptations that emerge also with 
respect to the cognate receptors for the lipoprotein lipid carriers in mammals and 
insects.   
The first part of this chapter will be centered on recent developments in the molecular 
and cellular aspects of lipoprotein-mediated circulatory lipid transport. These are 
discussed from an evolutionary perspective showing that several aspects of the 
overall structure and assembly of insect lipoproteins are similar to those of mammalian 
lipoproteins, even though detailed functioning of both systems have developed  
differently. Also the receptors for mammalian LDL and its insect homologue, HDLp, 
are very similar in overall structure, even though the function of the process of lipo-
protein uptake and delivery in both systems appears to have evolved differently. 
Therefore, in the second part, we will focus on the novel mechanism of ligand 
recycling by an LDLR family member that was uncovered in insects and discuss the 
current knowledge of this mechanism in comparison with LDLR functioning in 
mammals, leading to the scope of this thesis. 
From the view that insects constitute the largest -and very successful- animal group 
on earth, understanding of their solutions for circulatory lipid transport has a clear 
intrinsic value of profound biological significance that additionally may apply insight 
into corresponding processes in mammalian circulatory lipid transport or, in a more 
general context, processes that hitherto were not considered to occur in mammals. 
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Biosynthesis and secretion of insect lipoprotein

Insect apoLp-I and -II result from post-translational cleavage of their common 
precursor apolipoprotein, apolipophorin II/I (apoLp-II/I)31, which is arranged with 
apoLp-II at the N-terminal end and apoLp-I at the C-terminal end32. The apoLp-II/I 
cDNA of several insect species has been isolated and characterized32-36 or identified 
in genome analysis projects37,38. Based on sequence similarity and ancestral exon 
boundaries, these insect apolipoprotein precursors belong to the large lipid transfer 
(LLT) protein (LLTP) superfamily that emerged from an ancestral molecule and 
includes mammalian apoB, microsomal triglyceride transfer protein (MTP) and vitel-
logenin (Vtg)23. The LLT domain shared by these proteins comprises a large  
N-terminal domain of about 1000 amino acids containing a large lipid pocket, that  
is proposed to act as a lipid store and to transfer lipids to the apolipoprotein in a 
coordinated manner23,24,39-43 (for reviews see 44,45). A model of locust apoLp-II/I,  
constructed on homology with the lamprey lipovitellin crystal structure46 and a 
structural model for a nascent human apoB lipoprotein particle42, reveals a similar 
putative lipid pocket in the LLT domain43 (Figure 2). The cleavage of insect apoLp-
II/I into apoLp-II and apoLp-I occurs between two residues (720 and 721) of the LLT 
module, in an 80-residue long loop connecting two β-strands at the base of this 
putative lipid pocket.

Figure 2. Model of locust apoLp-II/I. 
Model of L. migratoria apoLp-II/I (amino 

acid residues 22 to 1030)43, constructed 

based on sequence homology with 

silver lamprey lipovitellin46 and human 

apoB42. The structures that are part of 

apoLp-I and apoLp-II following apoLp-

II/I cleavage are marked in shades of 

dark and light gray, respectively. The 

three β-sheets are indicated by βA, βB, 

and βC. The characters N and C mark 

the amino- and carboxy-terminal sides 

of the modeled region, respectively. 

The arrows indicate the β-strands at the 

base of the putative lipid pocket that 

are connected by a loop formed by the 

amino acid residues 669 to 748 (loop not 

indicated). ApoLp-II/I is cleaved within 

this region, between residues 720 and 

721.
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The co-translational lipidation of apoB-100 in the rough endoplasmic reticulum is 
completed post-translationally in the smooth endoplasmic reticulum and/or cis-Golgi 
network by acquiring the bulk of its neutral lipids (TAG), presumably by fusion with 
an intralumenal neutral lipid droplet47,48. The deposition of lipids in the lipid pocket 
of the apoB LLT module, which constitutes the first step in the lipidation process, 
requires interaction with MTP47-49. Based on the homology between apoB-100 and 
apoLp-II/I, as well as the discovery of an MTP homologue in the fruit fly, Drosophila 
melanogaster, that was able to promote the assembly and secretion of human apoB50, 
insect lipoprotein assembly may also be expected to occur early in the secretory 
pathway. 
Recent evidence showed the cleavage of apoLp-II/I to be mediated by an insect 
furin43. Since protein cleavage by furin homologues is performed late in the secretory 
pathway, mainly in the trans-Golgi network51, insect lipoprotein biosynthesis by the 
fat body was proposed to proceed by the lipidation of apoLp-II/I to a lipoprotein, 
whereas cleavage of apoLp-II/I into apoLp-I and -II occurs at a later stage43. The 
uncleaved LLT domain in apoLp-II/I, involving intimately linked regions of apoLp-I 
and apoLp-II, is likely to be essential to enable the first steps in lipidation, as in apoB. 
Moreover, the occurrence of cleavage prior to lipidation might result in the parting 
of apoLp-I and apoLp-II, and hence impairment of lipoprotein biosynthesis. In con-
formity with the above, if cleavage was impaired by a furin inhibitor or mutagenesis 
of the consensus substrate sequence for furin, uncleaved apoLp-II/I was lipidated 
and functioned as a single apolipoprotein in the formation a lipoprotein particle, 
similar to its mammalian homologue, apoB-100. Since a lipoprotein particle with  
a buoyant density and molecular mass identical to wild-type HDLp was produced, 
we concluded that cleavage of apoLp-II/I by insect furin is neither required for  
biosynthesis nor for secretion of the insect lipoprotein43. 
The apparent conservation of apoLp-II/I cleavage in all insects characterized to date 
reveals the importance of this processing step. Vtg, another LLTP homologous  
to apoB-100 and apoLp-II/I, is also cleaved at a furin consensus substrate sequence 
in the LLT domain during biosynthesis in most insect species, however not in  
vertebrates52. The rationale for apoLp-II/I cleavage still awaits disclosure, but  
has been suggested to constitute a molecular adaptation that relates to the specific 
functioning of the insect lipoprotein. In this respect, the remarkable functioning of 
HDLp as a reusable lipid shuttle has been proposed, while the increased flexibility 
of apoLp-I and –II resulting from cleavage of apoLp-II/I may additionally allow for 
the loading of the particle with an increased lipid cargo and conversion of HDLp to 
LDLp during conditions that require enhanced lipid transport, such as insect flight 
activity. Alternatively, cleavage of apoLp-II/I may be necessary for other post-trans-
lational processes such as enabling receptor binding or hemolymph coagulation43. 
In addition to the LLT module, the structural resemblance between apoLp-II/I and 
apoB extends also to the rest of the polypeptide chains. Prediction of amphipathic 
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Figure 3. Insect MTP stimulates secretion of recombinant apoLp-II/I proteins. Co-expression of  

Drosophila MTP (dMTP) and recombinant full-length locust apoLp-II/I (100%) cDNA in an insect Sf9 cell 

system results in a significant increase in secretion of apoLp-I and –II, and also of uncleaved apoLp-II/I, 

compared to control cells lacking the MTP gene (mock), as analyzed by immunodetection of the different 

proteins in duplicate. Based on data from55.

Figure 4. Insect MTP increases lipidation of recombinant apoLp-II/I proteins. Density-gradient  

ultracentrifugation and subsequent analysis of the buoyant density (g/ml) of the secreted proteins resulting 

from expression of recombinant full-length apoLp-II/I cDNA in Sf9 cells by immuno-detection shows that 

co-expression of dMTP results in the recovery of apoLp-I and -II (I and II, respectively), and also uncleaved 

apoLp-II/I (II/I), at a lower density (g/ml), indicating increased lipidation. Based on data from55. 
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clusters in apoB suggested the presence of amphipathic α-helical domains (α) and 
amphipathic β-strand domains (β) organized along the apoB polypeptide as N-α1-β1-
α2-β2-α3-C53,54. The α1-cluster and the N-terminal part of the β1-cluster constitute 
the LLT module. The C-terminal β1-α2-β2-α3-clusters stabilize expansion of the 
initial lipid core in the LLT module and actually possess most of the lipid-binding 
capacity40. Recent data propose that apoLp-II/I contains a similar, however smaller, 
lipid-associating segment, comprising one C-terminal amphipathic β-sheet and one 
α-helical domain (α2), organized along the protein as N-α1-β-α2-C, reminiscent of a 
truncated form of apoB55. The α1-cluster and a small N-terminal part of the β-cluster 
of this tripartite organization constitute the LLT module. Based on the homology 
between the LLT modules of apoB and apoLp-II/I, the C-terminal sequences of both 
apolipoproteins may also share a common evolutionary origin. In this respect, it  
has been speculated that the β2 and α3-clusters in apoB would have arisen from 
duplication of the β1 and α2-clusters55. At its C-terminal end, apoLp-II/I contains a 
von Willebrand factor module D32. Although the function of this domain remains 
unclear, it does not appear to be involved in lipid binding55.
The pathway for lipoprotein biogenesis in mammals has disclosed that the lipids 
bound to the amphipathic lipid-associating segment of apoB are acquired through 
the assistance of MTP47-49. In view of the similar structural organization of apoB and 
apoLp-II/I and the recovery of MTP homologues in all available insect genomes, we 
considered whether this mechanism for lipoprotein biosynthesis is also operative in 
insect lipoprotein biogenesis. Insect MTP clearly stimulated insect lipoprotein  
biogenesis, since co-expression of the Drosophila MTP homologue (dMTP) and  
recombinant full-length locust (Locusta migratoria) apoLp-II/I cDNA in an insect cell 
(Sf9) expression system resulted in a several-fold increase in the secretion of apoLp-I 
and -II, as well as uncleaved apoLp-II/I (Figure 3)55. Concomitant with their secretion, 
dMTP significantly stimulated the lipidation of the apoLp-II/I proteins, since the 
secreted lipoprotein particles were recovered at a decreased buoyant density 
compared to control cells lacking the dMTP gene (Figure 4). To determine the  
amphiphatic region(s) of the apoLp-II/I proteins involved in lipid association, dMTP 
and a series of C-terminal truncation variants of apoLp-II/I were recombinantly  
co-expressed in Sf9 cells, revealing that formation of a buoyant high-density lipo-
protein particularly requires the amphipathic β-cluster (Figure 5)55. These data led  
to the convergence that, regardless of specific modifications, the assembly of lipopro-
teins both in mammals and insects requires amphipathic structures in the apolipopro-
tein carriers as well as MTP. Consequently, it has been proposed that lipoprotein 
biogenesis in animals relies on structural elements that are of early metazoan origin55.
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Figure 5. Insect lipoprotein biosynthesis requires the apoLp-II/I amphipathic β-cluster. To 

determine which amphipathic regions (β-sheet or α-helical) of the apoLp-II/I products are involved in lipid 

binding, truncated apoLp-II/I cDNA constructs were generated (38, 59, and 84%) in addition to the full-length 

(100%). Recombinant co-expression of these constructs with dMTP cDNA in Sf9 cells, followed by density 

gradient ultracentrifugation and subsequent analysis of the buoyant density (g/ml) of the secreted proteins 

(uncleaved apoLp-II/I (II/I), apoLp-I (I), and apoLp-II (II)) by immunodetection, demonstrates that particularly the  

β-cluster is required for lipid binding, as indicated by the shift in density (g/ml) when a major portion of the 

β-sheet region (indicated by β) is present in the apolipoprotein (i.e. apoLp-II/I-59%). The dashed vertical line 

in the LLT domain indicates location of the site of apoLp-II/I cleavage into apoLp-II and -I. Based on data 

from55. LLT domain: large lipid transfer domain; vWF-D: von Willebrand Factor D-module. 

Molecular diversity and evolution of the LLTP superfamily

The above recent discoveries that highlight the common elements in LLTP structure 
and lipid binding have evoked a comparison of the structural uniformity as well as 
diversity in this major family of lipid-binding proteins. Analysis of the modular and 
structural features of the LLTPs known from cloning studies as well as genome 
sequences was used to reexamine the evolutionary relationships among LLTPs and 
the nature of their common ancestor, and classify the LLTP superfamily into distinct 
families25. The latter could not be established previously due to a lack of sequence 
information23. Our phylogenetic analyses on the aligned conserved segments in the 
LLT module yielded a phylogenetic tree that reveals three major families within the 
superfamily of LLTPs (Figure 6): (1) apoB-like LLTPs, which include vertebrate apoB, 
insect apoLp-II/I and Vtg from decapod crustaceans; (2) MTPs of vertebrates and 
invertebrates that range from a nematode and an insect (fruit fly) to zebrafish, human 
and chicken; and (3) Vtg-like LLTPs (excluding decapodan Vtg), ranging from mollusks 
and nematodes via insects to chicken and fish like lamprey and zebrafish.
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The grouping of a.o. vertebrate apoB, insect apoLp-II/I and decapodan Vtg in the first 
family (apoB-like LLTPs) is supported by the recognition of a homologous region in 
these sequences only, the pfam06448 motif 56, that is located just C-terminal to the 
LLT module. Moreover, at the N-terminal side, members of this family are predicted 
to contain an amphipathic clustering corresponding to N-α-β-α-C, with a relatively 
long b-cluster and additional α-cluster. Of the second family (MTPs), the MTP of the 
fruit fly and particularly of the nematode appear to have diverged strongly, as 
indicated by their relatively long branch lengths in the phylogenetic tree (Figure 6). 
Nevertheless, in nematodes, insects and vertebrates, MTP has been reported to 
stimulate the biosynthesis of other LLTPs25,55,57,58. The third family (Vtg-like LLTPs)  
is highly diverse. The present phylogenetic analysis suggests a closer relation  
between the Vtgs from nematodes and insects as compared to Vtgs from vertebrates. 
In addition to multiple (related) Vtgs, insects also have another Vtg-like LLTP, 
melanin-engaging protein (MEP). In decapodan crustaceans, however, clotting 
protein (CP) is the only Vtg-like LLTP identified at present. From an evolutionary 
point of view, the protein that is named Vtg in this taxon actually is an apoB-like 
LLTP (Figure 6)25,59.
The emergence of the LLT module appears to be the hallmark event in the origin of 
the complete superfamily of LLTPs, as it provides the basal structure for the binding 
of multiple lipid molecules42,46,60. The evolution of the LLT module may coincide with 
the evolution of animal multicellularity, a condition that provoked the need for inter-
cellular lipid transport. 
The nature of the earliest LLTP has recently come up for discussion58. Previously,  
the evolutionary progenitor to the present LLTPs has been suggested to function  
in vitellogenesis, as this ancient process is essential to reproduction even in the 
oldest animal phyla. More recently, however, an ancient MTP has been proposed to 
be the predecessor to other LLTPs, in view of the currently recognized importance  
of MTP-mediated lipid transfer in the biosynthesis of both Vtg-like and apoB-like 
LLTPs25,55,57,58,61. The recent study by Rava et al.61 illustrates the utility of comparative 
studies in understanding and targeting the role of LLTPs in human disease. The  
comparison of lipid transfer activity of MTP from fruit fly and man revealed that the 
transfer of phospholipids and neutral lipids can selectively be inhibited in human 
MTP. This opens a new perspective on inhibiting MTP activity to specifically control 
the production of atherogenic apoB lipoproteins, an approach that was severely 
hampered by aspecific effects.

Insect lipoprotein is endocytosed by the insect LDLR homo-
logue, LpR

Although many structural elements of the lipid transport system of insects are similar 
to those of mammals, as indicated above, lipoprotein-mediated lipid transport in 
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insects was thought to deviate significantly from that in mammals in view of the 
selective mechanism by which the insect lipoprotein transfers its hydrophobic cargo. 
Circulating HDLp particles may serve as a lipid donor or acceptor, dependent on the 
physiological situation, and function as a reusable lipid shuttle without additional 
synthesis or increased degradation of their apolipoprotein matrix, as discussed above. 
However, in apparent contrast to this concept of functioning as a shuttle system, 
receptor-mediated endocytic uptake of HDLp was demonstrated in fat body tissue of 
larval and young adult locusts62. The first lipophorin receptor (LpR) was cloned and 
sequenced from locust fat body cDNA and identified as a novel member of the LDLR 
family29, while presently the LpR sequences of several other species have been  
elucidated63-68. The cDNA and genomic structure of LpR from the silkworm, Bombyx 

mori, indicated the presence of four isoforms that originate from a single gene by 
alternative splicing and are differentially expressed in a tissue- and stage-specific 
manner67. Remarkably, one of these isoforms was expressed specifically in the brain 
and central nervous system. In addition to the fat body, locust LpR is expressed in 
brain, midgut and oocyte29. In locust fat body, LpR is expressed only in specific  
developmental stages of the insect (during a few days after ecdysis, both to the next 
larval stage as to the adult), indicating additional uptake of HDLp by LpR in this 

Figure 6. Phylogenetic tree of the LLTP superfamily. Based on all known LLTPs, an unrooted  

phylogenetic tree was constructed using the aligned segments of the LLT module25. The members of the 

three recognized LLTP families, i.e. the MTPs, the Vtg-like LLTPs and the apoB-like LLTPs, are denoted by 

separate grey backgrounds.
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developmental period. Down-regulation of LpR was postponed by experimental  
starvation of adult locusts immediately after ecdysis. Moreover, by starving adult 
locusts after down-regulation of LpR, expression of the receptor was re-induced. 
These data suggest that LpR expression is regulated by the demand of fat body tissue 
for lipid components69. Receptor-mediated endocytosis of HDLp may therefore 
provide a mechanism for the uptake -or release- of specific lipid components, separate 
from the mechanism of selective unloading of HDLp lipid cargo at the cell surface.
Domain organization of LpR shows a high similarity to mammalian LDLR29, 30,70  
(Figure 7), and three-dimensional models of the elements representing the ligand- 
binding domain and the epidermal growth factor (EGF) precursor homology domain 
of locust LpR bear a striking resemblance to those of mammalian LDLR16. Despite 
their pronounced structural similarity, however, the specificity of LpR and LDLR for 
their ligands (HDLp and LDL, respectively) is mutually exclusive30. Additionally, the 
functioning of both receptors in lipid transport in insects and mammals appears to 
be intriguingly different (ligand recycling versus ligand degradation), as is discussed 
in more detail below. Possibly, these specific properties may be attributable to  
relatively small structural differences governing different properties of ligand  
binding and/or release. 
The ligand-binding domain of LpR contains one additional cysteine-rich LDLR class 
A (LA) repeat compared to the cluster of seven repeats in LDLR (see Figure 7) and 
therefore counts the same number of LA-repeats as the human VLDL receptor 
(VLDLR)29,30. Another eight LA-repeat-containing LpR was identified in mosquito 
oocytes and shown to bind HDLp63. However, eight LA-repeat clusters in vertebrate 
and insect lipoprotein receptors do not indicate that they are directly homologous 
with one another71 and based on the additional similarity in structure and composi-
tion of HDLp and LDL (see above), LpR is considered as an LDLR homologue rather 
than a homologue of VLDLR30. In addition to the extended ligand-binding domain, 
the amino acid sequence of the intracellular domain of LpR is longer, and unique for 
insect HDLp receptors: the twelve C-terminal amino acid residues of LDLR are com-
pletely different from those of LpR, whereas the C-terminal tail of LpR contains an 
additional 10 amino acid residues30,72. Since LpRs constitute newly discovered LDLR 
family members, we used the LDLR family members across the entire animal 
kingdom to reexamine their classification by performing a sequence comparison 
analysis in combination with a phylogenetic tree analysis72. In contrast to the two 
N-terminal domains of LDLR family members (involved in ligand binding and  
dissociation, respectively) that are composed of a mosaic of multiple repeats, the 
three C-terminal domains (i.e. O-linked glycosylation domain, transmembrane 
domain and intracellular domain, see Figure 7) are of a non-repetitive sequence.  
Intracellular trafficking and cellular signal transmission often involve the transmem-
brane domain and/or intracellular domain of membrane proteins, and for LDLR 
family members also the O-linked glycosylation domain has been implicated in a 
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Figure 7. Domain organization of 
insect LpR and mammalian LDLR. 
Schematic representation of the insect lipo-

phorin receptor (LpR) and the mamma-

lian LDL receptor (LDLR), indicating 

an identical domain organization. Each 

receptor contains a ligand-binding domain 

composed of LA-repeats (squares), an EGF 

precursor homology domain composed 

of two EGF-repeats (diamonds) that are 

separated from a third one by a β-propeller 

containing YWTD-repeats (circle), an O-

linked glycosylation domain (oval), a trans-

membrane domain (trapezium), and an 

intracellular C-terminal domain (stick). The 

ligand-binding domain of the LpR has one 

repeat more, and the intracellular domain 

of LpR is longer, as indicted by the ar-

rowheads in LpR. EGF: epidermal growth 

factor. Based on data reviewed in17,45. 

Figure 8. Schematic models 
of the hybrid receptors. 
LDLR domains are depicted in 

grey and LpR domains in black. 

For more details see Figure 7. The 

names of the hybrid receptors are 

indicated below the representa-

tions and denoted in an N- to C-

terminal fashion. The numbers 

in the hybrid names refer to the 

amino acid residues of the mature 

proteins. 
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sequence of intracellular events73,74. Therefore, as a novel approach, we used the 
amino acid sequences of these three C-terminal domains of the LDLR family 
members for our analysis and classification. LpRs appeared to segregate into a 
specific group distinct from the groups encompassing the other family members, and 
each of the three C-terminal domains of the insect receptors is composed of a unique 
set of sequence motifs. Based on conservation of sequence motifs and organization 
of these motifs in the domains, LpR resembles most the groups of the LDLR, VLDLR, 
and Vtg receptors. In sequence aspects in which LpR deviates from these three 
receptor groups, the insect receptors resemble the LDLR-related protein 2 (LRP2) 
group, the most striking similarity being the presence of a C-terminal PDZ domain 
interacting motif72. PDZ domains are known to be involved in the intracellular traf-
ficking of proteins and their receptors75. Therefore, these features might explain the 
functional differences disclosed between insect and mammalian lipoprotein receptors. 
However, studies involving hybrid lipoprotein receptors to determine the fate of  
lipoprotein ligands after endocytosis demonstrated that generation of a hybrid LpR 
of which the intracellular tail was replaced with that of LDLR (LpR1-790LDLR791-839, 
Figure 8) did not significantly affect the ligand recycling properties of the receptor70. 
The relatively unique sequence motifs in the intracellular domain of LpR72 will 
therefore most likely be involved in other hitherto unidentified facets of receptor 
function.

LpR-mediated recycling of insect lipoprotein 

While endocytosis of HDLp mediated by the insect LDLR homologue seems to 
conflict with the selective process of lipid transport between HDLp and fat body 
cells without degradation of the lipophorin matrix, the pathway followed by the  
internalized HDLp appeared to be different from the classical receptor-mediated 
lysosomal pathway typical of LDLR-internalized ligands. In mammalian cells, LDL 
and di-ferric transferrin have been used extensively to study intracellular transport 
of ligands that are internalized by receptor-mediated endocytosis. Whereas LDL dis-
sociates from its receptor and is completely degraded in lysosomes3, transferrin 
remains attached to its receptor and is eventually resecreted from the cells76,77. When 
the endocytic uptake of locust HDLp was studied simultaneously with human LDL 
in an LDLR-expressing Chinese hamster ovary (CHO) cell line transfected with LpR 
cDNA, fluorescently-labeled HDLp and LDL (labeled with different dyes) appeared 
to colocalize to the same early endocytic vesicle structures, as determined by using 
confocal laser scanning microscopy (CLSM)30. However, when the lipoproteins were 
allowed to proceed their intracellular routing in pulse-chase experiments, the insect 
and mammalian lipoproteins followed different routes in the cell. In contrast to LDL, 
which is degraded in lysosomes after dissociating from its receptor, HDLp remained 
colocalized with LpR and was transported to the endocytic recycling compartment 
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(ERC)30. From the latter compartment, which was identified by the colocalization of 
HDLp with transferrin, the insect lipoprotein was eventually resecreted (t½~13 min) 
in a manner that is similar to the transferrin recycling pathway, and thus escaped 
from lysosomal degradation30. This data indicates that, in mammalian cells, endocy-
tosed insect HDLp, in contrast to human LDL, follows a recycling pathway mediated 
by LpR. 
Although this behavior of LpR in mammalian cells proposes new aspects of LDLR 
family functions, recycling of endocytosed HDLp in insect fat body cells remained to 
be shown. Since a locust fat body cell line is not available, fat body tissue from young 
adults (endogenously expressing LpR) was used to probe ligand recycling78. The first 
step in this process, the endocytosis of HDLp, has been characterized in considerable 
detail69,79,80. Following incubation with fluorescently labeled HDLp, tracking the in-
tracellular pathway of the ligand in the fat body cells indicated that the lipoprotein 
was not transported to a recognizable ERC-like compartment, but remained in 
vesicles in the periphery of the cell. During a 2 h chase, the cells became almost 
completely depleted of their internalized labeled HDLp78. Since earlier data from our 
laboratory had shown the absence of substantial HDLp degradation by fat body cells 
of young adult animals62, this depletion of internalized HDLp from fat body cells is 
indicative of resecretion of the ligand and supports the concept of ligand recycling 
that was demonstrated for LpR-transfected CHO cells30. The above concept, implying 
that insect lipoprotein endocytosed by an LDLR family member is eventually 
recycled, conflicts with the generally accepted concept of the fate of ligands endocy-
tosed by all other LDLR family members, which are targeted to lysosomal degrada-
tion. Therefore, an intriguing question addresses the mechanism underlying  
the ability of LpR to recycle HDLp30. To obtain more experimental evidence on  
the contribution of the individual domains in LpR-mediated ligand recycling, we 
constructed hybrid receptor molecules composed of domains of LpR and LDLR 
(Figure 8)70. As mentioned before, a hybrid receptor in which the intracellular domain 
of LpR was replaced with that of LDLR (LpR1–790LDLR791–839) showed a ligand recycling 
property identical to that of LpR, indicating that this property is not dictated by  
the intracellular domain. Changing the complete ligand-binding domain of LDLR  
for that of LpR (LpR1-342LDLR293-839) resulted in a hybrid receptor that bound and  
endocytosed HDLp, but did not recycle the lipoprotein. The reciprocal receptor, 
containing the ligand-binding domain of LDLR and the complementary domains of 
LpR (LDLR1–292LpR343–850) did not recycle its ligand (LDL) either. Instead, these hybrid 
receptors and their respective ligands were targeted to lysosomes, leading to the 
degradation of ligand and receptor, indicating that ligand recycling by LpR is mediated 
by the cooperation of the ligand-binding domain and EGF domain70. 
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Scope of this thesis

During cellular trafficking, both endocytosed HDLp and LpR are sorted to the ERC 
and recycled to the plasma membrane in a manner similar to that operative in the 
transferrin recycling pathway. This mechanism of HDLp recycling by LpR implies 
that during its intracellular itinerary, the LpR-HDLp complex is not dissociated. 
Notably, it entails that the integrity of the complex between HDLp and LpR is 
retained at endosomal conditions. Therefore, a novel, flow cytometric binding assay 
was developed to analyze the stability of the LpR-HDLp complex. The results indicate 
the complex to be resistant to pertinent conditions prevailing in the endosome, such 
as low pH and a decrease in Ca2+ concentration as mimicked by EDTA treatment of 
the complex (Chapter 2). Together, these data indicate that LpR and HDLp travel in 
complex to the ERC, which constitutes a key determinant in the mechanism of ligand 
recycling by LpR. However, the rationale for LpR expression limited to specific  
developmental periods, as well as the function of ligand recycling occurring during 
these periods, remained unclear. Since previous studies suggested that LpR expres-
sion is regulated by the demand of fat body tissue for lipid components69, it was  
investigated whether the lipid content of HDLp affects binding and subsequent  
endocytosis by LpR. To this end, HDLp (buoyant density 1.11 g/ml) was partially 
delipidated in vitro by incubation with α-cyclodextrin, yielding a particle of which 
the buoyant density had increased to 1.17 g/ml (HDLp-1.17) (Chapter 3). Contrary 
to our expectations, however, LpR appeared to bind HDLp-1.17 with a substantially 
higher affinity than HDLp, suggesting that, in the physiological system, LpR may 
function to endocytose low lipid-loaded particles from the circulation and resecrete 
them after reloading. In concurrence with a higher affinity for LpR, delipidation of 
HDLp led to the exposure of the cleavage site of apoLp-II/I. Since the cleavage site 
and its flanking amino acid sequence are rich in lysine and arginine residues, which 
were shown to mediate the binding of ligands to LDLR family members, the involve-
ment of the cleavage site in high-affinity binding of delipidated HDLp to LpR was 
examined (Chapter 4). One of the findings described in Chapter 2 is that the LpR-
HDLp complex is EDTA-resistant, in contrast to that of LDLR and LDL. However, 
ligand binding to LDLR family members is known to depend on Ca2+, and sequence 
comparison of the LA-repeats of LpR with those of other LDLR family members 
suggests that the structure of the Ca2+ cage is conserved in the LA-repeats of LpR. 
Therefore, the Ca2+ dependence of LpR for folding and ligand binding was investi-
gated further (Chapter 5). Finally, in Chapter 6 the findings are summarized and 
discussed from a broader view on lipid metabolism in mammals and insects.
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Abstract

The insect low-density lipoprotein (LDL) receptor (LDLR) homologue, LpR, mediates 
endocytic uptake of the single insect lipoprotein, lipophorin (HDLp), which is  
structurally related to LDL. However, contrary to the fate of LDL endocytosed by 
LDLR, we previously demonstrated that after endocytosis, HDLp is sorted to the 
endocytic recycling compartment (ERC) and recycled for resecretion in a transferrin-
like manner. This entails that the integrity of the complex between HDLp and LpR 
is retained at endosomal conditions. Therefore, in this study the ligand binding and 
dissociation capacities of LpR were investigated by employing a new flow cytometric 
assay, using LDLR as a control. At pH 5.4, the LpR-HDLp complex remained stable, 
whereas that of LDLR and LDL dissociated. Hybrid HDLp-binding receptors, con-
taining either the β-propeller or both the β-propeller and the hinge region of LDLR, 
appeared unable to release ligand at endosomal pH, revealing that the stability of the 
complex is imparted by the ligand-binding domain of LpR. The LpR-HDLp complex 
additionally appeared EDTA-resistant, excluding low Ca2+ concentration appearing 
in the endosome as an alternative trigger for complex dissociation. From binding of 
HDLp to the above hybrid receptors was inferred that the stability upon EDTA 
treatment is confined to ligand-binding (LA-) repeats 1-7. Additional (competition) 
binding experiments indicated that the binding site of LpR for HDLp most likely 
involves LA-2-7. It is therefore proposed that the remarkable stability of the LpR-
HDLp complex is attributable to this binding site. Together, these data indicate that 
LpR and HDLp travel in complex to the ERC, which constitutes a key determinant 
for ligand recycling by LpR. 
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Introduction

Lipoproteins are used to transport lipids in the circulation of vertebrates as well as 
invertebrates. Whereas mammals employ an array of different lipoproteins, insects 
rely on one single multifunctional lipoprotein, high-density lipophorin (HDLp), 
which is synthesized in the fat body and released into the blood (hemolymph). In 
addition to lipid, the particle harbors two non-exchangeable apolipoproteins, apoli-
pophorin I and apolipophorin II (apoLp-I and apoLp-II), that are derived from the 
post-translational cleavage of their common precursor, apoLp-II/I1,2. ApoLp-II/I was 
demonstrated to be a homologue of apoB-1003,4, the non-exchangeable apolipopro-
tein of mammalian lipoproteins such as very-low-density lipoprotein (VLDL) and 
low-density lipoprotein (LDL)5,6. Despite this homology, HDLp appears to function 
differentially from these mammalian lipoproteins, since upon conversion of VLDL to 
LDL, the latter is being endocytosed by the LDL receptor (LDLR) and subsequently 
lysosomally degraded7, whereas the insect lipoprotein iteratively loads and unloads 
lipid at various target tissues without being internalized or degraded, and thus acts 
as a reusable shuttle8-11. However, in apparent contrast to this concept of HDLp as a 
reusable shuttle, receptor-mediated endocytic uptake of HDLp was uncovered in fat 
body tissue of larval and young adult locusts12, which was shown to be mediated by 
an LDLR homologue13. This first lipophorin receptor (LpR) was molecularly and 
functionally characterized13-18 while afterwards the LpR sequences of several other 
insect species have been reported19-24. Sequence analysis showed that LpR is a classic 
LDLR family member, encompassing all the typical domains in an LDLR-like  
sequential manner13: (i) ligand-binding domain consisting of LDLR type A (LA-) 
repeats; (ii) epidermal growth factor (EGF) precursor homology domain composed of 
two EGF-repeats (EGF-A and EGF-B), a β-propeller containing YWTD-repeats, and a 
third EGF-repeat (EGF-C); (iii) O-linked glycosylation domain; (iv) transmembrane 
domain; and (v) intracellular C-terminal domain25. Three-dimensional models of the 
elements representing the ligand-binding domain and EGF precursor homology 
domain of locust LpR bear a striking resemblance to those of mammalian LDLR10. 
On the other hand, the ligand-binding domain of LpR contains one additional  
LA-repeat compared to the cluster of seven repeats in LDLR13,14 while despite their 
pronounced structural similarity, the specificity of LpR and LDLR for their ligands 
(HDLp and LDL, respectively) is mutually exclusive14. 
Remarkably, however, when the functioning of LpR was compared directly with  
that of LDLR in a mammalian cell line (CHO cells transfected with LpR), the insect 
lipoprotein, in contrast to LDL, was shown to remain colocalized with its receptor 
and was targeted to the endocytic recycling compartment (ERC). From the latter 
compartment HDLp is resecreted, following a recycling pathway similar to that of 
transferrin14. In the insect system, LpR appeared to function similarly. Although an 
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insect fat body cell line is not available, HDLp internalized by fat body tissue from 
young adult locusts endogenously expressing LpR is also resecreted, consistent with 
the above concept of ligand recycling in LpR-transfected CHO cells12,18. Trafficking of 
ligand to the ERC constitutes a highly unusual property among LDLR family members 
while in addition, LDLR mutants that remain in complex with LDL are targeted to 
lysosomes17,26.
During LDLR-mediated endocytosis of LDL, the receptor-ligand complex ends up in 
early endosomes that have a lumenal pH of 6-6.527. At this acidic pH, the ectodomain 
of LDLR, composed of the ligand-binding domain, EGF precursor homology domain 
and glycosylation domain, is proposed to undergo a conformational change, resulting 
in the release of bound LDL. In this model, the ligand-binding domain is hypo-
thesized to fold onto the β-propeller after protonation of histidine residues located at 
the interface of LA-4, LA-5 and the  β-propeller28, while other residues at this interface, 
i.e. Gln-540, Glu-581 and Lys-582, are important for docking of the ligand-binding 
domain onto the β-propeller29. In addition, the linker between LA-7 and EGF-A was 
demonstrated to constitute a rigid structure stabilized by a cluster of hydrophobic 
residues that includes Phe-261, Val-274 and Ile-31329. Because of the rigidity of this 
linker as well as that between EGF-A and EGF-B, the three repeats serve as a  
rigid scaffold, setting a favorable overall topology that permits the ligand-binding 
domain to fold over the β-propeller29,30. As a result of this conformational change,  
the β-propeller displaces bound LDL28,31. In addition to the low pH, a drop in Ca2+ 
concentration in the endosome is appearing32, which is predicted to destabilize  
the Ca2+-binding properties of the LA-repeats and of EGF-A and EGF-B, and thus 
might additionally contribute to the pH-dependent ligand release25,33-35. In the  
LA-repeats that consist of approximately 40 amino acids and are organized in a  
two-loop conformation stabilized by three disulfide bonds, a Ca2+ ion is chelated by 
a conserved stretch of acidic amino acids (DCxDxSDE) and essential to stabilize the 
C-terminal fold of the repeat34,36-39. Consequently, removal of Ca2+ abolishes ligand 
binding by LDLR40. Whereas the released LDL is targeted to lysosomes for degrada-
tion31, LDLR is directed to the ERC, and from there efficiently recycled to the plasma 
membrane for another round of endocytosis7,41.
Since contrary to the different fate of LDLR and LDL, LpR and HDLp are both 
directed to the ERC, functional studies with LpR-LDLR hybrid receptors were 
performed to disclose the molecular mechanism of LpR-mediated ligand sorting and 
subsequent recycling. The data obtained indicate that the property of LpR to deliver 
HDLp to the ERC is not attributable to the C-terminal intracellular domain, both the 
length and sequence of which are very different from that of LDLR, but appeared to 
be a function of the ectodomain16. The mechanism of HDLp recycling by LpR implies 
that during its intracellular itinerary, the LpR-HDLp complex is not dissociated. 
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Therefore, in this study, a novel binding assay using flow cytometry was used to 
demonstrate that, in contrast to control experiments involving LDLR and LDL, LpR 
and HDLp remain in complex at endosomal pH. This remarkable stability of the 
receptor-ligand complex appeared to be accounted for by the ligand-binding domain. 
In addition, treatment of the LpR-HDLp complex with an EDTA-containing buffer to 
mimic the effect of the low Ca2+ concentration in the endosome did not induce 
complex dissociation either, once again in contrast to the LDLR-LDL complex. 
Together, our new findings provide ample evidence that endosomal conditions fail to 
result in dissociation of the complex, signifying that HDLp and LpR travel in complex 
to the ERC. Experiments using an LpR-LDLR hybrid receptor containing LA-1-7 of 
LpR and the complementary part of LDLR suggest that the stability of the complex 
is imparted by LA-1-7, which were shown to comprise the binding site for HDLp. 
The data accumulated implies that the stability of the complex is engendered by the 
specific interaction between LpR and HDLp.

Materials and Methods

Proteins and antibodies

Insect HDLp was isolated from locust hemolymph by density gradient ultracentrifu-
gation as described earlier14. Human LDL was isolated from blood plasma (Bloedbank 
Midden Nederland, The Netherlands) as described by Redgrave42 with minor adap-
tations to the original protocol. The salt solutions of different densities used in the 
procedure contained 86.89 g/ml KBr (density 1.063 g/ml), 18.36 g/ml KBr (density 
1.019 g/ml) and 8.69 g/ml KBr (density 1.006 g/ml). Polyclonal rabbit-anti-LpR 
2189/90 antibody was raised against a synthetic peptide representing the unique 
very N-terminal 20 amino acids (34-53) of LA-1 of LpR15. Mouse-anti-LDLR antibody 
C7 was a generous gift from Dr. Ineke Braakman (Utrecht University, Utrecht, The 
Netherlands). Human his-tagged RAP (RAP-his) was a generous gift from Dr. Michael 
Etzerodt (IMSB, Aarhus University, Århus, Denmark).

Construction of expression vectors encoding lipoprotein receptor 
cDNA

The cloning of the expression vectors was performed according to standard labora-
tory procedures and performed according to the protocols supplied with enzymes 
and kits. Site specific mutations were generated with QuickChange site directed 
mutagenesis using PfuTurbo DNA polymerase (Stratagene, Amsterdam, The Nether-
lands) according to the manufacturer’s protocol. PCR fragments were generated 
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using PfuTurbo DNA polymerase and synthetic oligonucleotide primers (Biolegio, 
Nijmegen, The Netherlands). Endonucleases were from New England BioLabs 
(Westburg B.V., Leusden, The Netherlands) and Fermentas (St. Leon-Rot, Germany). 
Plasmid pcDNA3-LpR1-297LDLR248-839 was made as follows. First, by mutagenesis a 
unique AgeI site was introduced in pcDNA3-LpR (piLR-e13) causing a silent mutation 
in the Pro-301 codon (CCA→ CCG; the first amino acid is that of the mature protein) 
using the oligonucleotide 5’ gagaattgcacatcaccggtgccaaagtgtgaccc 3’ (forward primer), 
and 5’ gggtcacactttggcaccggtgatgtgcaattctc 3’ (reverse primer), yielding the construct 
pcDNA3-LpR(AgeI). Subsequently, to replace the sequence encoding LA-8 of LpR 
with that of LA-7 of human LDLR, a 1668 bp fragment containing the 5’ flanking 
AgeI and 3’ flanking AccIII sites was generated by PCR from pGEM-T-LDLR1-292 

LpR343-850
16 using the oligonucleotides 5’ggccgcaccggtgacactctgcgagggaccc 3’ (forward 

primer), and 5’gcggccgcttatacataatcatttgtccc3’ (reverse primer). The AgeI-AccIII 
fragment encoding at the 5’ end LA-7 of LDLR obtained by PCR was cloned  
in pcDNA3-LpR(AgeI) using the enzymes AgeI and AccIII, thereby replacing  
the sequence encoding LA-8 of LpR to yield the mosaic receptor construct  
pcDNA3-LpR1-301LDLR252-292LpR343-850. Subsequently, the 1267 bp EcoRI-KpnI frag-
ment16 from the mosaic receptor construct was isolated and cloned into pGEM- 
T-LpR1-342LDLR293-839 digested with the same two endonucleases to replace the 
sequence encoding LA-1 through LA-8 of LpR, with that of the LA-1 through LA-7  
of LpR combined with LA-7 of human LDLR, thereby generating pGEM-T- 
LpR1-301LDLR252-839. Finally, the EcoRI-NotI fragment encoding the LpR1-301LDLR252-839 
sequence was cloned in pcDNA3 digested with the same enzymes to yield  
pcDNA3-LpR1-301LDLR252-839.
Plasmid pcDNA3-LDLR1-251LpR302-850 was constructed similarly. First, a unique HpaI 
site was introduced in pcDNA3-LDLR16 causing a silent mutation in the Asn-251codon 
(AAT→AAC) using the oligonucleotide 5’ggctgcgttaacgtgacactctgcgag 3’ (forward 
primer), and 5’ctcgcatgtcaggttaacgcagcc 3’ (reverse primer), yielding the construct 
pBS-LDLR(HpaI). Subsequently, to replace the sequence encoding LA-7 of human 
LDLR with that of LA-8 of LpR, a 1790 bp fragment, containing the unique HpaI and 
Bsu361 sites, was generated from pcDNA3-LpR1-342LDLR293-839 by PCR using the  
oligonucleotide primers 5’cccggggttaacgtgccaaagtgtgacccc 3’ (forward primer), and 
5’atttaaattcacgccagctcatcctcc 3’ (reverse primer). The 473 bp HpaI-Bsu361 fragment, 
at the 5’ end encoding LA-8, obtained by PCR, was then cloned in pBS-LDLR(HpaI) 
using the enzymes HpaI and Bsu361 replacing the sequence encoding LA-7 of  
LDLR with that of LA-8 of LpR, to yield the mosaic receptor pBS-LDLR1-251LpR301-

342LDLR293-839. To obtain the construct pcDNA3-LDLR1-251LpR301-342LDLR293-839 the 
sequence encoding the mosaic receptor was cloned in pcDNA3using the XbaI  
restriction enzyme. Subsequently, the 225 bp EcoRI-KpnI fragment from the mosaic 
receptor construct was isolated and cloned into pGEM-T-LDLR1-292LpR343-850 digested 
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with the same two endonucleases to replace the sequence encoding the seven  
LA-repeats of LDLR with that of the LA-1-6 of LDLR followed by LA-8 of LpR, 
thereby generating pGEM-T-LDLR1-251LpR301-850. Finally, the HindI-NotI fragment 
encoding the LDLR1-251LpR301-850 sequence was cloned in pcDNA3 digested with the 
same enzymes to yield pcDNA3-LDLR1-251LpR301-850. All PCR and mutagenesis 
generated LpR fragments were sequenced and their sequence, apart from the 
intended mutations, confirmed to be identical to that of LpR as indicated in the 
EMBL sequence database (accession number AJ000010).

Cell culture

Chinese hamster ovary (CHO) cells were cultured in 25 cm2 polystyrene culture 
flasks in growth medium (Ham F-10 nutrient mixture (GibcoBRL, Invitrogen, Breda, 
The Netherlands) supplemented medium, containing 5% heat inactivated fetal 
bovine serum (FBS, GibcoBRL) and 100 U/ml penicillin G sodium and 100 μg/ml 
streptomycin sulfate in 85% saline (GibcoBRL)). The cells were maintained at 37°C 
and 5% CO2.

Transfections

LDLR-deficient CHO(ldlA) cells43 were grown up to 40% confluency in 12-well multi-
dishes (Costar). After washing the cells once, the growth medium was replaced with 
500 μl of fresh growth medium. Subsequently, 2 μg DNA and 4 μg polyethylenimine 
(PEI, Polysciences, Eppelheim, Germany) in 50 μl serum-free medium (Ham F-10 
nutrient mixture supplemented medium with 100 U/ml penicillin G sodium and 100 
μg/ml streptomycin sulfate in 85% saline) was administered to the cells. After 4 h, 500 
μl growth medium was added and cells were cultured overnight. The next day, cells 
were detached from dishes and cultured in 25 cm2 culture flasks in growth medium 
supplemented with 400 μg/ml geneticin (GibcoBRL) or 400 μg/ml zeocin (Cayla, 
Toulouse, France). Ten days after transfection, cells were used for experiments. 

Fluorescence labeling of LDL and HDLp

LDL and HDLp were covalently labeled with Oregon green (OG) 488 carboxylic acid 
(Molecular Probes, Leiden, The Netherlands) as described previously14.

Binding experiments using flow cytometry

The cells were grown until a confluency of 70%. 16 h before the experiment, the 
growth medium was replaced by serum-free medium. At the start of the experiment 
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the cells were placed on ice. Subsequently, the cells were washed with ice-cold 
binding buffer (50 mM Tris-HCl, 2 mM CaCl2, 150 mM NaCl, pH 7.4, 4oC) and 
incubated with OG-labeled LDL (35 μg/ml) or HDLp (25 μg/ml) in binding buffer for 
30 min. After binding, the cells were washed once with either ice-cold binding buffer, 
or low-pH buffer (25 mM Tris, 25 mM sodium succinate, 2 mM CaCl2, 150 mM NaCl, 
pH 5.4 or pH 4.0, 4oC) or EDTA-containing buffer (50 mM Tris-HCl, 150 mM NaCl, 
5 mM EDTA, pH 7.4, 4oC). Then the cells were incubated with the buffer for 30 min. 
After washing of the cells, the cells were incubated for 5 min at 37oC in serum-free 
medium, to allow the cells to endocytose bound ligand. After endocytosis, the  
cells were detached using trypsin-EDTA (Invitrogen) according to manufacturer’s 
conditions and resuspended in growth medium. Resuspended cells were fixed in 
0.5% paraformaldehyde (PFA) in PBS at 4oC for at least 30 min to overnight.
The receptor on the plasma membrane was detected using the same protocol as for 
ligand binding. However, the cells were incubated with an antibody against the first 
LA-repeat (C744 for LDLR and 2189/9015 for LpR), for 30 min in binding buffer. After 
washing with binding buffer, the cells were incubated for 30 min with a fluorescein 
isothiocyanate (FITC)-labeled secondary anti-IgG antibody (Jackson Immuno-
Research Laboratories Inc, Brunschwig, Amsterdam, The Netherlands). Then, the 
complex was endocytosed, and cells were detached and fixed as described above. 

Competition binding experiments

Competition experiments were performed similarly to the binding experiments. 
However, the cells were first incubated for 30 min with primary antibody 2189/90, 
followed by 30 min incubation with OG-HDLp, or vice versa. The degree of binding 
was compared to the degree of binding without the antibody incubation. For compe-
tition experiments with RAP, RAP-his (3.6 μg/ml) was added simultaneously with 
(OG)-HDLp or primary antibody 2189/90. Then bound OG-HDLp or 2189/90 was 
detected as described previously. RAP-his was detected by subsequent washing and 
incubation of mouse-anti-his antibody (Amersham Biosciences, Roosendaal, The 
Netherlands) in binding buffer, followed by washing and incubation with a FITC-
labeled secondary anti-IgG antibody (Jackson ImmunoResearch Laboratories Inc).

Flow cytometry data analysis

Samples were measured using a fluorescence-activated cell sorter (FACS, Becton 
Dickinson FACS Calibur). Flow cytometry data were collected using Cell Quest 
(Becton Dickinson) and downloaded into the program WinMDI (TSRI FACS Core 
Facility, La Jolla, CA) for analysis. For each sample (~ 100.000 cells) the fluorescence 
was plotted against the forward scatter (FSC). Based on samples of untransfected 
cells, for each series of experiments region R1 was defined to exclude cells of which 
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the fluorescence did not exceed that of untransfected cells from the analysis. Then 
the number of cells and the mean fluorescence (y-mean) in R1 were determined.  
If the number of cells in R1 decreases by the different treatments of the cells, the 
y-mean in R1 is overestimated. Therefore, for each cell line, the number of cells in 
R1 after different treatments was compared by a t-test for paired samples performed 
on the logarithms of the number of cells. In case of a significant (p ≤ 0.05) difference 
in sample size due to the different treatments, the y-mean was corrected by using 
random values of the missing number of cells from the population of lower intensity 
(outside R1). After correction, for each sample the relative amount of fluorescence as 
compared to control samples was determined. Data presented as means ± s.e.m. 
were obtained from at least three independent experiments. To test whether samples 
were significantly different from control samples, a t-test for paired samples was 
performed on the logarithms of the y-means.   

Results

Measurement of ligand binding and subsequent endocytosis 
by flow cytometry

To asses the binding of HDLp to LpR, a flow cytometric assay was developed in 
which living, attached LDLR-deficient CHO cells43 transfected with LpR were 
incubated with Oregon green-labeled HDLp (OG-HDLp). The analysis of bound 
ligand was performed using flow cytometry, which requires cells in suspension. 
Therefore, a three-step procedure was used. The first step involved the binding of 
ligand at 4oC to prevent endocytosis, allowing the binding to reach equilibrium. 
Second, the cells were incubated at 37oC for 5 min in serum-free medium to mediate 
endocytosis of bound ligand by LpR14, protecting bound ligand from the trypsin 
treatment applied in the next step. The third step involved resuspension of the cells 
by trypsinization and measurement of the fluorescence by flow cytometry. Latter 
measurement resulted in a dotplot displaying two populations of cells with different 
fluorescence intensities (Figure 1A): first, a small population with a relatively high 
fluorescence intensity (Figure 1A, population 1), representing LpR-transfected cells 
that bound and subsequently endocytosed HDLp, and second, a population of  
LpR-transfected cells of a lower fluorescence intensity (Figure 1A, population 2).  
The second population is located at the same position as the negative control cells 
(Figure 1B), indicating that these cells did not bind HDLp. Detection of the receptor 
on the plasma membrane, enabled by the use of antibody 2189/90, yielded a similar 
distribution of the two populations (Figure 1C, cf. Figure 1A). Quantification of the 
number of cells in population 1 revealed that the number of cells that bound ligand 
was 91.5 ± 6.3% of the number that bound antibody, indicating that binding of 
HDLp was proportional to the amount of receptor on the plasma membrane. 

2



40

Figure 1. FACS analysis of HDLp binding 
by LpR. After binding and subsequent endo-

cytosis of OG-HDLp, the cells were trypsinized 

and analyzed by flow cytometry (A). The 

amount of fluorescence is plotted on the y-axis 

(relative values), and the forward scatter (FSC, 

relative values) on the x-axis. Cells in the popula-

tion indicated by 1 (population 1) are transfected 

cells with a higher fluorescence intensity than 

the cells in the population indicated by 2 (popu-

lation 2). In plot B a similar experiment using 

untransfected cells is shown. Plot C represents 

measurements of cells that were incubated at 

4oC with antibody 2189/90, followed by incu-

bation with a FITC-labeled secondary antibody 

at 4oC, and then incubated at 37oC for 5 min 

before trypsinization and analysis. The data 

shown in the plots are representative of four 

independent experiments. 

Figure 2. LpR and HDLp remain in 
complex at endosomal pH. CHO(LpR) cells 

were incubated with OG-HDLp and washed 

with buffer of pH 7.4 (A) or pH 5.4 (B). Plot C 

and D show a similar experiment for binding of 

OG-LDL to cells transfected with LDLR, and 

washed with pH 7.4 (C) or pH 5.4 (D). Plots are 

representative of at least eight independent ex-

periments performed on cell lines created by 

four different transfections. E: Amount of 

bound ligand after washing with buffer of pH 

5.4. The mean fluorescence (y-mean) in R1 

(Figs. 2A, B, C, D) was determined for each 

sample. The relative y-mean (Rel. y-mean) after 

washing at pH 5.4 was calculated by the 

formula: y-meanpH5.4/y-meanpH7.4, and is plotted 

on the y-axis. Data represented are the means 

of at least eight independent experiments. Error 

bars indicate the s.e.m. See the legend to Figure 

1 for more details.
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HDLp and LpR remain in complex at endosomal pH

To investigate whether the LpR-HDLp complex dissociates upon exposure to 
endosomal pH, OG-HDLp was bound at neutral pH (7.4) to LpR-transfected cells, 
after which the cells were washed at 4oC with a buffer of low pH (5.4). After endo-
cytosis of bound ligand, the fluorescence of the cells appeared to be not affected 
when compared to cells that had been washed with pH 7.4 (Figures 2A, B). By 
contrast, similar experiments performed with cells transfected with LDLR cDNA, 
that were incubated with OG-LDL and subsequently washed at pH 5.4, resulted in a 
decrease in fluorescence in comparison to cells that had been washed at pH 7.4 
(Figures 2C, D). After washing at pH 5.4 the population of low fluorescence intensity 
was located at the same position as after washing at pH 7.4, indicating that the 
different pH of the buffers used in the incubations did not affect the size or the  
morphology of the cells, and thereby the amount of fluorescence. The population of 
low intensity was excluded from the analysis by setting region R1 (Figures 2A-D). To 
quantify the amount of bound ligand, the mean fluorescence in R1  was determined 
and compared to the mean fluorescence in R1 after washing with pH 5.4 (Figure 2). 
In the case of LpR, the fluorescence of cells washed at pH 5.4 was 94.3 ± 7.6% of 
the fluorescence of cells washed at pH 7.4, indicating that OG-HDLp remained 
bound to LpR upon exposure to pH 5.4. As expected, in the case of LDLR, the fluo-
rescence of cells washed at pH 5.4 had decreased significantly and amounted to only 
51.4 ± 2.2% of the fluorescence of cells washed at pH 7.4 (Figure 2E). A longer  
incubation at pH 5.4 (one hour instead of 30 min, data not shown) did not result in 
further dissociation of both the LDLR-LDL and LpR-HDLp complexes, suggesting 
that an incubation time of 30 min was sufficient to achieve maximum dissociation. 
Furthermore, the expression level of receptor, which varied between different cell 
lines and thus between different experiments, did not influence the relative amount 
of dissociation (data not shown). 
Exposure of the LpR-HDLp complex to pH values between 4.0 and 5.0 resulted in a 
substantial decrease in fluorescence of the cells (data not shown). However, at this 
pH, HDLp appeared to be precipitated (data not shown). Moreover, since in LpR-
transfected CHO cells HDLp is transported from the early endosome to the ERC and 
from there is returned to the plasma membrane14, it is unlikely that the LpR-HDLp 
complex encounters a pH lower than 5.4. Additionally, it should be noted that the pH 
of endosomes in the insect fat body is similar to that of mammalian cells45, indicating 
that also after LpR-mediated uptake of HDLp in insect fat body tissue the LpR-HDLp 
complex does not encounter a pH lower than 5.4.
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The lack of LpR-HDLp complex dissociation is caused by the 
ligand-binding domain

Sequence alignment of the amino acid sequence of LDLR with that of LpR revealed 
that several of the residues crucial for LDL release by LDLR are not conserved in 
LpR (Table 1). To investigate whether the deficiency of these crucial residues in LpR 
may be responsible for the lack of dissociation of the LpR-HDLp complex, the 
binding and dissociation capacities of different hybrid receptors (Figure 3A16) were 
assessed. LDLR1-292LpR343-850 was able to bind LDL, but unable to release this ligand 
at endosomal pH (Figure 3B), suggesting that the absence of Gln-540, His-562,  
Glu-581 and Lys-582 in the β-propeller of LpR causes the lack of HDLp release by 
LpR. However, the reciprocal hybrid, LpR1-342LDLR293-839 (Figure 3A) appeared to be 
equally incapable of releasing its ligand, HDLp (Figure 3B). The presence of Gln-540, 
His-562, Glu-581 and Lys-582 in this hybrid suggests that the β-propeller of this 
hybrid may be able to interact with the ligand-binding domain. However, although 
LpR1-342LDLR293-839 contains Ile-313, it does not contain the complete hinge region of 
LDLR. The presence of two glycine residues in LpR on the corresponding positions 
of His-264 and Ser-265 of LDLR (Table 1) might decrease the rigidity of the hinge 
region of LpR1-342LDLR293-839, thereby abolishing ligand release. To investigate whether 
the complete hinge region and β-propeller of LDLR were able to induce HDLp release 
by LpR, the hybrid receptor LpR1-301LDLR252-839 (Figure 3A) was created. This hybrid 
receptor was able to bind HDLp, but similar to wild type LpR, unable to release it 
(Figure 3B). Since these functional LDLR domains failed to evoke HDLp release, the 
lack of dissociation of the complex is proposed to result from the specific binding 
interaction of the ligand-binding domain of LpR with HDLp.

Table 1. LDLR amino acid residues that are essential for LDL release and the corresponding 
amino acid of LpR.

Residue	 Corresponding	 Location	 Function	 Reference
LDLR 	 residue LpR

His-190	 His-270	 LA-5	 Interaction with β-propeller	 29, 46
Phe-261	 Phe-344	 LA-7 	 Required for rigidity of the hinge region	 29
His-264	 Gly-346	 LA-7	 Unknown	 http://www.ucl.ac.uk/fh/

Ser-265	 Gly-347	 LA-7	 Unknown	 http://www.ucl.ac.uk/fh/

Val-274	 Val-357	 LA-7	 Required for rigidity of the hinge region	 29
Ile-313	 Ala-395	 EGF-A	 Anchorage of EGF-A and -B with LA-7	 29, 51
Gln-540	 Lys-621	 β-propeller	 Interaction with ligand-binding domain 	 29, 51
His-562	 Asn-643	 β-propeller	 Inducement conformational change	 29
Glu-581	 Pro-662	 β-propeller	 Interaction with ligand-binding domain	 29, 51
Lys-582	 Glu-663	 β-propeller	 Interaction with ligand-binding domain	 29
His-586	 His-667	 β-propeller	 Interaction with ligand-binding domain	 29, 46
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Figure 3. Hybrid receptors and relative amount of pH-dependent ligand dissociation. A: Schematic models 

of the hybrid receptors. LDLR domains are depicted in grey and LpR domains in black. Each receptor contains  

a ligand-binding domain composed of LA-repeats (squares), an EGF-precursor homology domain composed of  

two EGF-repeats (diamonds) that are separated from a third by a β-propeller containing YWTD-repeats (circle),  

an O-linked glycosylation domain (oval), a transmembrane domain (trapezoid) and an intracellular C-terminal 

domain (long rectangle). The wide and open rectangle represents the plasma membrane. The numbers indicate 

the amino acid residues of the mature proteins. Amino acids that are important for LDL release and not conserved 

in LpR are indicated by white dots. B: Amount of bound ligand to different hybrid receptors after incubation at 

pH 5.4. CHO cells transfected with the different hybrid receptors were incubated with OG-LDL (LDLR and 

LDLR1-292LpR343-850) or OG-HDLp (LpR, LpR1-342LDLR293-839, LpR1-301LDLR252-839) and washed with buffer of pH 7.4 

or pH 5.4. The fluorescence was measured by flow cytometry. The mean fluorescence (y-mean) in R1 was deter-

mined for each sample. The relative y-mean (Rel. y-mean) after a wash at pH 5.4 was calculated by the formula:  

y-meanpH5.4/y-meanpH7.4, and is plotted on the y-axis. The values represented are the averages of at least three  

independent experiments. Error bars indicate the s.e.m. See the legend to Figure1 for more details.
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Figure 4. HDLp remains 
in complex with LA-1-7 of 
LpR after EDTA treatment. 
CHO(LpR) cells were incubated 

with OG-HDLp and washed 

with buffer of pH 7.4 without 

(A) or with (B) EDTA. Plot C and 

D show a similar experiment for 

binding of OG-LDL to cells trans-

fected with LDLR, washed in the 

absence (C) and presence (D) of 

EDTA. E: Amount of bound OG-

HDLp to LpR, LpR1-342LDLR293-839 

or LpR1-301LDLR252-839 or of bound 

OG-LDL to LDLR (control) and 

LDLR1-251LpR302-850 after wash with 

EDTA. The mean fluorescence 

(y-mean) in R1 was determined 

for each sample. The relative  

y-mean (Rel. y-mean) after a wash 

with an EDTA-containing buffer 

was calculated by the formula:  

y-meanEDTA/y-meanpH7.4, and is 

plotted on the y-axis. Data repre-

sented are the mean of at least six 

independent experiments. Error 

bars indicate the s.e.m. See for 

more details the legend to Figure 

1. F: Schematic model of LDLR 

1-251LpR302-850. LDLR domains are 

depicted in grey and LpR domains 

in black. See for more details the 

legend to Figure 3.

HDLp binding to LpR is not sensitive to EDTA

Ligand binding by LDLR family members is known to be dependent on Ca2+ 33,46, and 
the removal of Ca2+ from LDLR, e.g. by EDTA, prevents ligand binding40. To investi-
gate whether the drop in Ca2+-level that occurs in the early endosome could result in 
a disruption of the interaction between LpR and HDLp, LpR-transfected cells that had 
bound OG-HDLp were exposed to an EDTA-containing buffer (Figures 4A, B). After 
washing and subsequent endocytosis of bound ligand, the fluorescence of the cells was 
measured by flow cytometry. The mean fluorescence of cells that bound OG-HDLp 
did not change upon EDTA treatment, as 96.6 ± 7.5% of OG-HDLp remained bound 
to the receptor (Figure 4E), demonstrating that the complex was not disrupted. By 
contrast, when the same experimental approach was employed using the LDLR-LDL 
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complex as a control this resulted, as expected, in a significant decrease of receptor-
bound LDL fluorescence (Figures 4C, D). Only 37.8 ± 4.1% of OG-LDL remained 
bound to the receptor (Figure 4E). This indicates that the low Ca2+ concentration in the 
early endosome is not able to induce dissociation of the LpR-HDLp complex.  
To determine whether the stability of the complex upon EDTA treatment is caused by 
the LA-repeats or by the two N-terminal EGF-repeats (EGF-A and EGF-B), that also 
contain a Ca2+ ion, similar experiments were executed with the hybrid receptors (Figure 
3A). The interaction between HDLp and LpR1-342LDLR293-839 was not abrogated by EDTA 
treatment (Figure 4E). Since this receptor contains EGF-A and EGF-B of LDLR, this 
suggests that the stability results from the ligand-binding domain of LpR. In addition, the 
binding of HDLp to LpR1-301LDLR252-839 was shown to be EDTA-resistant, indicating that 
the resistance resides in the first seven LA-repeats of LpR. By contrast, the binding of 
LDL to the reciprocal hybrid receptor LDLR1-251LpR302-850 (Figure 4F), the ligand-binding 
domain of which is composed of the six most N-terminal LA-repeats of LDLR and LA-8 
of LpR, was not EDTA-resistant (Figure 4E). Collectively, these results indicate that the 
EDTA resistance of the binding of HDLp to LpR is imparted by LA-1-7. 

HDLp binding by LpR is similar to ligand binding by other 
LDLR family members

Since neither treatment with EDTA nor endosomal pH was able to disrupt the 
complex, the issue was addressed whether LpR binds HDLp in a different manner 
than other LDLR family members bind their ligands. Therefore, the ability of RAP,  

Figure 5. RAP competes 
with OG-HDLp for binding. 
CHO(LpR) cells were incubated 

with OG-HDLp (A) or OG-HDLp 

in the presence of RAP (B). Plots C 

and D were obtained by a similar 

experiment using untransfected 

cells incubated with OG-HDLp in 

the absence (C) or presence (D) of 

RAP. Plots are representative of 

three independent experiments. 

See for more details the legend of 

Figure 1.
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Table 2. Binding efficiency of expressed receptors. CHO cells transfected with the different 
(hybrid) receptors were incubated with OG-LDL (LDLR, LDLR1-251LpR302-850) or with OG-HDLp (LpR, 
LpR1-301LDLR252-839, LpRsplice) or a primary antibody detected by a FITC-labeled secondary antibody. 
The percentage of cells that bound ligand relative to the percentage of cells that bound antibody 
was determined. The percentages shown are the means ± s.e.m. of at least five independent experi-
ments. 

Receptor	 Binding efficiency

LDLR	 96.1 ± 7.0%
LDLR1-251LpR302-850	 58.7 ± 4.2%
LpR	 91.5 ± 6.3% 
LpR1-301LDLR252-839	 84.4 ± 7.5%
LpRsplice	 57.3 ± 5.9%

Figure 6. Sequence of LA-3 of a putative splice variant in LpR. Alignment of the sequences of 

LA-3 of wt LpR and LpRsplice. Amino acids are indicated by the single letter code, identical residues are boxed 

in black, conserved residues are shaded in grey. The arrow indicates the position of the central Trp (W) in 

the sequence of wt LpR. 

a general ligand for LDLR family members47-49, to compete with HDLp binding to 
LpR was assayed. LpR-transfected cells incubated with OG-HDLp in the presence of 
an equimolar concentration of RAP displayed a fluorescence similar to that of  
untransfected cells incubated with OG-HDLp and RAP (Figure 5), indicating that 
RAP completely blocked the binding of OG-HDLp to LpR. Thus, RAP and HDLp 
apparently use the same binding site. Therefore, LpR probably binds HDLp using 
the general concept for binding of ligands by LDLR family members50,51. 

LA-8 and EGF-A of LpR are not involved in the binding site of 
LpR for HDLp

To characterize the binding site for HDLp in LpR, the binding of OG-ligand by wt 
LpR was compared with the binding of OG-HDLp by LpR1-301LDLR252-839. To exclude 
that differences in ligand binding were caused by differences in receptor expression, 
binding of antibody to the receptor was used as a measure for the amount of receptor 
on the plasma membrane. After binding, cells were allowed to endocytose bound 
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ligand or antibody, by incubation of the cells at 37oC. Following endocytosis, the cells 
were trypsinized and the fluorescence analyzed by flow cytometry. As a control, the 
binding of OG-LDL to LDLR was compared to the binding of OG-LDL to LDLR1-251 

LpR302-850. For wt LDLR, both ligand binding and antibody binding yielded similar 
numbers of fluorescent cells in R1 (Table 2), indicating that the amount of LDL 
binding was proportional to the amount of LDLR on the plasma membrane. However, 
in the case of the hybrid receptor LDLR1-251LpR302-850 (Figure 4F) of which the ligand-
binding domain is composed of the six most N-terminal LA-repeats of LDLR and 
LA-8 of LpR, the number of cells that bound ligand was only 58.7 ± 4.2% of the 
number of cells that bound antibody. This suggests a reduction in affinity of the 
hybrid receptor for LDL, which may be expected since the binding site of LDLR for 
LDL encompasses LA-3-7 and EGF-A52,53. Despite the presence of LA-8 of LpR in this 
receptor, LDLR1-251LpR302-850 was not able to bind HDLp. Moreover, as was previously 
found for ligand binding to LpR and LDLR14, also for binding to the other hybrid 
receptors the ligands are not interchangeable (data not shown16). Applied to the 
binding of HDLp to LpR, the number of cells that bound ligand was 91.5 ± 6.3% of 
the number of cells that bound antibody, showing that also for LpR the binding of 
HDLp is proportional to LpR expression. As for the hybrid receptor LpR1-301LDLR252-839, 
that contains LA-1-7 of LpR, followed by LA-7 of LDLR, the binding of HDLp yielded 
84.4 ± 7.5% of fluorescent cells compared to the number of cells that bound antibody 
(Table 2). Since 84.4 ± 7.5% is not significantly lower than 91.5 ± 6.3% measured 
for LpR, this suggests that LpR1-301LDLR252-839 binds HDLp with a similar affinity as 
wt LpR. These results indicate that LA-7 and EGF-A of LDLR were able to replace 
the corresponding region of LpR (LA-8 and EGF-A) without disrupting the binding 
site for HDLp. This suggests that these repeats of LpR are not involved in the ligand-
binding site of LpR, in contrast to the same structure (LA-7 and EGF-A) in LDLR.

LA-3 is involved in the binding site of LpR for HDLp

Recently a putative splice variant of LpR, LpRsplice, has been identified in ovaries of 
young animals (Kerver J. and Rodenburg K. W., unpublished results), in which the 
sequence of LA-3 is altered. Although sequence alignment revealed a high similarity 
between LA-3 of the two variants, the central tryptophan (Trp) present in LA-3 of wt 
LpR is absent in LA-3 of LpRsplice (Figure 6). Since the central Trp plays an important 
role in the interaction between LDLR family members and its ligands51, it was inves-
tigated whether the binding of OG-HDLp to LpRsplice deviates from that to wt LpR. 
The binding of OG-HDLp to LpRsplice yielded only 57.3 ±6.9% of fluorescent cells 
compared to the number of cells that bound antibody (Table 2), implying that LpRsplice 

binds HDLp with a lower affinity than wt LpR. This indicates that LA-3 is involved 
in the binding of HDLp to wt LpR, suggesting that the Trp in wt LpR may be involved 
in the interface between HDLp and LpR. 
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LA-1 is not essential for binding of ligand to LpR 

To further investigate which LA-repeats are involved in HDLp binding, it was tested 
whether the antibody 2189/90, directed against the first LA-repeat of LpR, was able 
to compete with HDLp for binding by LpR. After a pre-incubation with OG-HDLp at 
4oC, followed by incubation with 2189/90 at 4oC, the fluorescence after uptake of  
the bound OG-HDLp appeared to be 73.2 ± 6.3% of the fluorescence of the cells in 
such an experiment without incubation with 2189/90. In a similar experiment in 
which the order of the incubations with OG-HDLp and 2189/90 was reversed, the 
fluorescence of the cells was 78.9 ± 7.0% of the fluorescence of cells incubated with 
OG-HDLp alone. Although the presence of antibody resulted in a significant decrease 
in fluorescence of the cells compared to cells that were incubated with OG-HDLp 
only, these results indicate that LpR is still able to efficiently bind a major amount of 
OG-HDLp in the presence of the antibody. Moreover, the amount of competition is 
similar to that in the corresponding control experiment using LDLR and C7, an 
antibody against the first repeat of LDLR (data not shown54,55). Since LA-1 of LDLR is 
not involved in LDL binding53, the inhibition of binding measured is probably 
resulting from sterical hindrance due to the size of the antibody and not from com-
petition for the same binding site. No competition was observed between RAP and 
the antibody (data not shown), suggesting that LA-1 is not involved in the binding of 
LpR to RAP or HDLp.  

Discussion

Previous studies have demonstrated that in a mammalian model (CHO) cell line trans-
fected with insect LpR, the receptor recycles its ligand, HDLp, in a transferrin-like 
manner, in contrast to endogenously expressed LDLR, the ligand of which (LDL) is 
released and undergoes intracellular degradation14. Also during insect development LpR 
appeared to function similarly, since HDLp internalized by fat body tissue from young 
adult locusts endogenously expressing LpR appeared to be resecreted, supporting the 
concept of LpR-mediated ligand recycling12,18. To investigate the mechanism underlaying 
the highly unusual behavior of this insect LDLR family member, we examined the 
stability of the binding of HDLp to LpR in direct comparison to that of LDL to LDLR and 
additionally explored the subset of structural features in LpR that may allow for the  
occurrence of the difference in ligand delivery compared to that in mammals.
Our present studies provide the new findings that the complex of LpR and HDLp is 
stable at endosomal pH and EDTA-resistant, both in contrast to the complex of LDLR 
and LDL. This stability of the LpR-HDLp complex is proposed to be caused by the 
specific interaction between HDLp and LA-repeats 2-7. Together, our data indicate 
that the complex of LpR and HDLp remains intact during its intracellular itinerary, 
which is in complete agreement with the occurrence of ligand recycling14,16-18 and 
may provide a vital determinant to the ligand recycling capacity of LpR. 
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In several studies, flow cytometry has been used to quantify lipoprotein binding and 
uptake29,55-61. In most cases the experiments were performed on blood cells. Since 
these cells are already in suspension, they can be easily measured by flow cytometry. 
In the case of attached cells, resuspending the cells may destroy the interaction 
between receptor and ligand or antibody. For this reason the actual binding experi-
ment was performed at 4oC to prevent endocytosis, so that equilibrium binding was 
achieved. After binding, the cells were allowed to endocytose bound ligand to protect 
it from the subsequent trypsin treatment. Fluorescence images of the cells after 
binding at 4oC and after endocytosis at 37oC showed that the bound ligand or  
antibodies were efficiently endocytosed, indicating that the amount of intracellular 
fluorescence was proportional to the amount of bound ligand at equilibrium (data 
not shown). For these experiments, stably transfected polyclonal cell lines were used 
to provide heterogeneous samples of cells that express the receptor. This resulted in 
flow cytometry plots containing at least two populations, one of which comprised 
cells of which the fluorescence did not exceed that of untransfected cells (Figure 1). 
In order to analyze only the cells that expressed the receptor, region 1 (R1) was 
defined to exclude the population of lower fluorescence intensity from the analysis 
(Figures 2 and 4). However, for LDLR, the decrease in fluorescence after treatment 
with pH 5.4 or EDTA resulted in a decrease of the number of cells in R1. Since this 
reduction in sample size introduced a bias in the analysis, the number of cells in the 
analysis was restored by using random measurements from the population of low 
intensity. After correction of the mean fluorescence, similar values for LDL release 
by LDLR were obtained as measured by Blacklow and colleagues for monoclonal cell 
lines29. The relative amount of dissociation was not affected by differences in receptor 
expression; we therefore conclude that the results obtained with the flow cytometric 
assay represent physiologically relevant receptor properties.
Our data indicate that, unlike the complex of LDLR and LDL, the complex of LpR 
and HDLp remains stable at a pH as low as 5.4 that is significantly lower than that 
encountered in endosomal pH (pH 6-6.5)27. This indicates that despite the substantial 
sequence similarity between LpR and LDLR, LpR is unable to release HDLp in the 
early endosome. LDLR is hypothesized to release LDL at endosomal pH by under-
going a conformational change in which the β-propeller displaces LDL31. Blacklow 
and colleagues elegantly identified domains and residues that are important for LDL 
release by LDLR29,61 (Table 1). In agreement with these results, the β-propeller of 
LpR, lacking the important residues Gln-540, His-562, Glu-581 and Lys-582, was 
incapable of inducing LDL release. Similar results were obtained for the swap of the 
β-propeller of LDLR with β-propeller 4 of LDLR related protein 6 (LRP6), in which 
two Lys residues and one His residue are not conserved. However, when β-propeller 
2 of LRP6 was introduced, containing these residues, the receptor was able to release 
LDL, indicating that a different β-propeller is able to substitute for the wt propeller 
of LDLR29. However, introducing the β-propeller of LDLR into LpR did not lead to 
HDLp release by the hybrid receptor LpR1-342LDLR293-839, implying that other domains 
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produce the remarkable stability of the complex. In LDLR, also the interface between 
LA-7 and EGF-A, the hinge region, plays an important role in LDL release, since this 
region functions as a rigid scaffold allowing the β-propeller to fold over the ligand-
binding domain. To investigate the importance of this hinge region for the lack of 
HDLp release by LpR, both the hinge region and β-propeller of LDLR were intro-
duced into LpR. The resulting hybrid receptor, LpR1-301LDLR252-839, did not release 
HDLp, despite the fact that this hybrid contains all the essential domains of LDLR 
for LDL release. This suggests that the β-propeller of LDLR is not able to compete 
with HDLp for binding to the ligand-binding domain of LpR, implying that the lack 
of HDLp release is mainly caused by the interaction between HDLp and the ligand-
binding domain of LpR, and suggests that LpR may use a different mechanism to 
release HDLp, in contrast to the mechanism of LDL release by LDLR in which the 
β-propeller is of vital importance28,29,62. Interestingly, our earlier localization studies 
of the hybrid receptors revealed that the intracellular fate of the complex is deter-
mined by the extracellular domain as a whole16. In view of the mechanism of ligand 
recycling by LpR this implies that for the stability of the complex the ligand-binding 
domain is sufficient, however, for proper targeting of LpR to the ERC the combina-
tion of the ligand-binding domain and β-propeller of LpR is essential16.  
Ligand binding to LDLR family members is known to depend on Ca2+, due to the 
stabilization of the LA-repeats by a central Ca2+ ion33,34,36-39. Sequence comparison of 
the LA-repeats of LpR with that of other LDLR family members, as well as modeling 
and molecular dynamics studies of LA-4-6 of LpR indicate that this also applies for 
the LA-repeats of LpR (Roosendaal S.D., Cuesta-López S., Sancho J. and Rodenburg 
K.W., unpublished results). In addition to a decrease in pH, the Ca2+ concentration 
in the early endosome drops within minutes to the low micromolar range32, possibly 
contributing to ligand release by LDLR33. Therefore, the LpR-HDLp complex was 
exposed to a Ca2+-chelating agent (viz. EDTA) to mimic the effect of low Ca2+ in the 
early endosome. In contrast to the binding of LDL to LDLR, the binding of HDLp to 
LpR appeared resistant to EDTA treatment. A possible explanation for this pheno-
menon might be that LpR binds HDLp by using a different binding mode than other 
LDLR family members use for binding of their ligands. For example, a different, 
Ca2+-independent binding mode is used in the interaction between the single  
LA-repeat of Tva, the cellular receptor for subgroup A Rous sarcoma virus63 and  
its ligand. However, since the ligand bound Tva with an aberrant binding mode,  
RAP appeared unable to compete with the ligand for binding to Tva64. Our studies 
show that RAP efficiently competes with HDLp for binding to LpR, indicating that 
HDLp binds LpR using the same binding mode as other ligands for LDLR family 
members, which again implies the presence of Ca2+ in LA-repeats of LpR. Therefore, 
the resistance of the LpR-HDLp complex may be caused by a higher affinity of the 
LA-repeats of LpR for Ca2+, or by the ability of HDLp to shield the Ca2+ ions from 
EDTA. Although it is unclear what precisely causes this remarkable stability, our 
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data emerging from the use of hybrid receptors indicate that the stability of the 
complex at low pH and upon EDTA-treatment is caused by the interaction between 
HDLp and LA-1-7 of LpR. The general binding mode of LDLR family members and 
their ligands consists of an acidic binding pocket present in the LA-repeats that 
entraps a Lys residue from the ligand. The binding is augmented by an essential 
aromatic residue, preferentially Trp, of the LA-repeat, positioned next to the binding 
pocket47,49,51,65. To obtain more information about the recognition interface between 
LpR and HDLp, the LA-repeats of LpR were aligned with those of LDLR. This 
revealed that only LA-1-6 of LpR contain a central aromatic residue, in all cases Trp 
(data not shown). Since LA-1 appeared not to be involved in the binding site for 
HDLp, this suggests that only LA-2-6 are involved in the interface. LA-3 of wt LpR 
contains the central Trp, but importantly, in addition to other amino acid changes, 
LA-3 of LpRsplice lacks this Trp (Figure 6). Since LpRsplice binds HDLp with a lower 
affinity, indicating that LA-3 is involved in the interaction with HDLp, it may very 
well be that the absence of the Trp weakens the interaction between HDLp and LpR. 
In this respect it is interesting to note that the binding of HDLp to the splice variant 
is also resistant to low pH and EDTA treatment (data not shown). This suggests that 
the Trp and the other residues that are different between LA-3 of wt LpR and LpRsplice 
do not importantly determine the stability of the interaction at endosomal condi-
tions. Additionally, from these results, it may be apparent that the stability of the 
complex at endosomal pH and upon EDTA treatment is not merely the result of the 
affinity of the interaction, but may require additional contacts or a slightly alterna-
tive binding mode of HDLp to LpR. An alternative mechanism for a stable complex 
at endosomal pH may be provided by the binding of proprotein convertase subtilisin 
type 9 (PCSK9) to LDLR. PCSK9 has been shown to be involved in the regulation of 
cell surface LDLR levels. After endocytosis, the LDLR-PCSK9 is not dissociated at 
endosomal pH. Instead, the affinity of PCSK9 for LDLR is enhanced by the low 
pH66,67, possibly by protonation of the abundant His residues on the surface of 
PCSK967,68. Even though HDLp binds to the LA-repeats of the receptor and PCSK9 to 
EGF-A of LDLR, similar effects may play a role in the stability of the complex of 
HDLp and LpR. An important difference is, however, that binding of PCSK9 seems 
to target LDLR to lysosomes for degradation69,70, while the complex of HDLp and 
LpR is transported to the ERC for recycling. 
The acidic residues involved in Ca2+-ion binding of specific LA-repeats are proposed 
to interact with the basic residues of the ligand, in particular one protruding Lys51.  
A consensus sequence containing the protruding Lys was proposed, in which the  
Lys is surrounded by basic and hydrophobic residues71,72. Such sequences are  
numerously found in both apolipoproteins of HDLp, apoLp-I and apoLp-II. Interest-
ingly, the three-dimensional model of their protein precursor apoLp-II/I reveals that 
at least one of these motifs is situated at the end of an α-helix73, as is the case for the 
binding site of RAP and apoE for LDLR-related protein (LRP)51. Furthermore, this 

2



52

helix is probably exposed on the surface of the HDLp particle, thus being available 
for interaction with LpR73. Because of the multitude of putative binding sites in 
apoLp-I and -II, it can not excluded that one HDLp particle binds several receptors 
concomitantly, as is the case for apoE containing lipoproteins74,75. In this respect it is 
important to note that also apoB-100, which is a homologue of apoLp-II/I3,4 contains 
multiple of these consensus sequences (data not shown). However, LDL binds to 
LDLR with a stoichiometry of 1:1. Moreover, RAP is able to efficiently compete at 
equimolar concentrations with the binding of HDLp. Although several RAP molecules 
may be able to bind LpR, since RAP binds to two LA-repeats51,76, competition binding 
studies indicated that RAP and antibody 2189/90 against LA-1 of LpR do not compete 
(data not shown), suggesting that RAP does not bind LA-1. Based on the presence of 
an important acidic residue76, sequence analysis of the LA-repeats of LpR suggest 
that RAP may bind either LA-4-5 or LA-5-6, suggesting that the stoichiometry is one 
RAP molecule per LpR molecule. Therefore, it seems unlikely that LpR binds more 
than one HDLp molecule.
Conclusively, our results indicate that the interaction between HDLp and LA-2-7 of 
LpR is stable upon exposure to endosomal pH as well as EDTA treatment, implying 
that the integrity of the complex is maintained during intracellular trafficking of LpR 
and HDLp in LpR-transfected CHO cells and most likely also in insect cells. Similar to 
transferrin recycling, the intracellular transfer of lipid or other hydrophobic compounds 
from or to the HDLp particle may change its affinity for LpR, thus allowing HDLp 
resecretion. Indeed, binding studies using a partially delipidated HDLp particle 
revealed that the affinity of LpR for HDLp is modulated by the amount of lipids  
(Roosendaal S. D., Van Doorn J. M., Valentijn K. M., Van der Horst D. J., Rodenburg 
K. W, unpublished), suggesting that changes in lipid content may trigger HDLp  
resecretion. The stability of the complex and the modulation thereof may be deter-
mined by secondary contacts between HDLp and non-conserved residues of LpR. 
While the function of recycling of endocytosed lipoprotein ligand during insect  
development remains to be defined, our study uncovers the molecular mechanism 
underlying the stability of the LpR-HDLp complex that is likely to provide a crucial 
key to the process of ligand recycling, and might additionally help to explain the ability 
of LDLR family members to bind a wide range of structurally unrelated ligands. 
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Abstract

The insect LDL receptor (LDLR) homologue, LpR, is able to bind and endocytose  
the insect lipoprotein, high-density lipophorin (HDLp). However, the ligand is not 
lysosomally degraded, but recycled in a transferrin-like manner, leaving the function 
of HDLp endocytosis to be uncovered. Since a hallmark of HDLp is its ability to 
function as a reusable shuttle that selectively loads and unloads lipids at target 
tissues, circulatory HDLp exists in several forms with respect to lipid loading. To 
investigate whether lipid content affects binding and subsequent endocytosis by 
LpR, HDLp was partially delipidated in vitro by incubation with α-cyclodextrin, 
yielding a particle of a buoyant density of 1.17 g/ml (HDLp-1.17). Binding experi-
ments demonstrated that LpR bound HDLp-1.17 with a substantially higher affinity 
than HDLp both in LpR-transfected Chinese hamster ovary (CHO) cells and isolated 
insect fat body tissue endogenously expressing LpR. Similar to HDLp, HDLp-1.17 
was targeted to the endocytic recycling compartment (ERC) after endocytosis in 
CHO(LpR) cells. The complex of HDLp-1.17 and LpR appeared to be resistant to 
endosomal pH, as was recently demonstrated for the LpR-HDLp complex, corrobo-
rating that HDLp-1.17 is recycled similar to HDLp, a conclusion that was further 
supported by the observation of a significant decrease with time of HDLp-1.17- 
containing vesicles after endocytosis of HDLp-1.17 in LpR-expressing insect fat body 
tissue. Collectively, our results indicate that LpR favors the binding and subsequent 
endocytosis of HDLp-1.17, suggesting a physiological role for LpR in the selective 
endocytosis and recycling of relatively lipid-unloaded HDLp particles, while lipid 
reloading during their intracellular itinerary might result in decreased affinity for 
LpR.
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Introduction

Lipoproteins transport lipids and other hydrophobic compounds in the aqueous  
circulation of vertebrates as well as invertebrates. Whereas mammals rely on an 
array of lipoproteins, insect blood (hemolymph) generally contains relatively large 
quantities of a single multifunctional lipoprotein particle, lipophorin. The lipid com-
ponents of lipophorin typically comprise diacylglycerols (DAG) in addition to phos-
pholipids (PL), sterols, carotenoids and hydrocarbons1,2. The structural apolipoprotein 
components of the lipophorin particle consist of single copies of apolipophorin I and 
apolipophorin II (apoLp-I and apoLp-II), which are derived from the post-trans-
lational cleavage of their common precursor, apoLp-II/I3-5. ApoLp-II/I was demon-
strated to be a homologue of apolipoprotein B-100 (apoB-100)6,7, the structural protein 
component of mammalian lipoproteins such as low-density lipoprotein (LDL) and 
very-low-density lipoprotein (VLDL)8,9. Lipophorin is synthesized in the insect fat 
body, an organ combining the functions of mammalian liver and adipose tissue10 
which, similar to mammalian adipose tissue, retains large intracellular depots of 
triacylglycerols (TAG) that provide fuel for energy-demanding tissues including the 
flight muscles. In the resting situation, most particles fall within the density limits 
1.21 and 1.07 g/ml and are defined as high-density lipophorin (HDLp)2. Circulatory 
HDLp is able to selectively load and unload lipids at different target tissues without 
being endocytosed or degraded2,11. This concept of lipophorin as a reusable lipid 
shuttle implies that, depending on physiological or developmental needs for lipid 
distribution, lipophorin in the hemolymph may exist in several forms with respect to 
relative lipid content, leading to differences in size and density of the particle. 
In the face of this mechanism of lipid transport accomplished by HDLp as a reusable 
lipid shuttle, the identification of an HDLp receptor (LpR) in the fat body of young 
locusts that is able to endocytose HDLp12 suggested that receptor-mediated uptake of 
HDLp may provide an additional mechanism implicated in lipid delivery during 
developmental periods. Sequence analysis demonstrated LpR to be a homologue of 
the LDL receptor (LDLR) and to consist of all the typical domains of a classical LDLR 
family member12. Generally, after internalization of an LDLR family member-ligand 
complex, receptor and ligand dissociate upon exposure to the slightly acidic pH of 
the endosomal environment, finally leading to recycling of the receptor back to the 
cell surface, while the ligand is degraded in lysosomes13,14. However, earlier studies 
from our group showed that HDLp follows a different pathway since the complex of 
LpR and HDLp is targeted to the endocytic recycling compartment (ERC)15,16 from 
which the lipophorin is resecreted17,18 in a manner similar to that of transferrin15,17. 
The function of this recycling of HDLp is however unknown. Since LpR is only 
expressed during developmental stages of larval and young adult locusts or  
re-induced after starvation, it was hypothesized that endocytosis of HDLp by LpR 
might be important to rapidly replenish the depleted fat body reserves once lipids 
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from dietary intake are available18,19. These findings are suggestive of a mechanism 
in which endocytosed HDLp unloads (part of) its lipid cargo in fat body cells prior to 
being recycled into the circulation, highlighting once more the function of HDLp as 
a reusable particle that is iteratively present in a relatively lipid-loaded and a lipid-
unloaded form. To obtain more insight into the rationale of LpR-mediated HDLp 
endocytosis, partially delipidated HDLp of a buoyant density of 1.17 g/ml (HDLp-
1.17) was produced in vitro by incubation of (native) HDLp (buoyant density 1.11 g/
ml) with α-cyclodextrin, whereafter the binding characteristics of the interaction 
between HDLp and LpR or partially delipidated HDLp and LpR were compared. The 
results provide the unexpected new finding that after partial lipid extraction, HDLp 
bound to LpR with a higher affinity. However, neither the stability of the complex of 
HDLp-1.17 and LpR at endosomal pH, nor the localization and the fate of the lipo-
protein in insect tissue as well as in LpR-transfected Chinese hamster ovary (CHO) 
cells appeared to be affected in comparison to the LpR-HDLp complex, suggesting 
that lipid-depleted HDLp is equally recycled. These findings propose that LpR favors 
the endocytosis of HDLp particles of relatively low lipid content. This specificity of 
LpR sheds new light upon the function of LpR and the mechanism of HDLp 
recycling.

Materials and Methods 

Reagents and proteins

α-Cyclodextrin (Sigma) and SIGMAFAST™ OPD (o-Phenylenediamine dihydro-
chloride) (Sigma) were commercially obtained. Locust (Locusta migratoria) HDLp was 
isolated as described previously15. In brief, HDLp was isolated by subjecting collected 
hemolymph of adult animals (12 to 15 days after imaginal ecdysis) to density gradient 
ultracentrifugation. Tetra-methyl rhodamine-labeled transferrin (TMR-Tf) was 
purchased from Molecular Probes. Antibodies were raised against synthetic peptides 
representing the very N- and C-terminal 20 amino acids of apoLp-I and the C-
terminus of apoLp-II, i.e. anti-IIC against a.a. 702-720, anti-IN against a.a. 721-739 
and anti-IC against a.a. 3362-3380 of apoLp-II/I (GenBank accession CAB51918.1). 
Antibodies were purified from rabbit sera using CNBr-activated Sepharose 4 Fast 
Flow (Amersham Pharmacia Biotech) according to manufacturer’s instructions.

Partial delipidation of HDLp 

Incubation of HDLp with α-cyclodextrin was performed as described by Jouni et 

al.20. Shortly, HDLp was incubated in 40 mM of α-cyclodextrin in PBS for 15 min on 
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a head over head rotator (80 rpm) at room temperature. Subsequently, the turbid 
solution was centrifuged at 10,000 rpm for 10 min. The supernatant was subjected 
to density gradient ultracentrifugation on a KBr gradient (1.25 to 1.05 g/ml). The 
fractions containing protein were pooled, concentrated and used for analysis. The 
partially delipidated HDLp fraction was recovered at a density of 1.17 g/ml and  
designated HDLp-1.17.

Estimation of HDLp-1.17 molecular weight by HPLC analysis

Samples of HDLp or HDLp-1.17 (200-400 μg) were applied to a Superose-12 column 
in buffer containing 130 mM NaCl, 5 mM KCl, 1.7 mM K2HPO4, 1.9 mM NaH2PO4 
and 5 mM EDTA, pH 7.4. Samples were eluted in the same buffer and the protein 
content (280 nm) of the fractions was measured using an ÄKTA Explorer chromato-
graphy system (Pharmacia). Based on the difference in elution time between HDLp-
1.17 and HDLp, the molecular weight (MW) of HDLp-1.17 was estimated to be 
approximately 400 kDa. 

Determination of lipid classes

The lipids of 4 mg HDLp or HDLp-1.17 were extracted with chloroform-methanol 
according to the method of Bligh and Dyer21. Lipid classes were separated by thin 
layer chromatography (TLC) on silica gel plates using the method of Freeman and 
West22. Individual lipid classes were visualized by spraying the plates with 3% cupric(II) 
acetate in 8% H3PO4 and heating at 180oC for 15 min, according to the method of 
Fewster and co-workers23. DAG and PL were quantified by densitometric analysis of 
images of TLC plates from at least three independent experiments using Quantity One 
4.6.3 Basic software (BioRad; available on the Internet at www.bio-rad.com).

Electron microscopy

HDLp-1.17 was diluted to a concentration of 20 μg/ml in buffer (130 mM NaCl,  
5 mM KCl, 1.7 mM K2HPO4, 1.9 mM NaH2PO4, 5 mM EDTA, pH 7.4) and imme-
diately adsorbed to glow-discharged carbon-coated copper grids. Grids were stained 
with a drop of freshly prepared 2% phospho-tungsten acid. The specimen was 
inspected with a FEI Tecnai 12 electron microscope operated at 120 kV. Images were 
recorded at a magnification of 68,000 x on a FEI Eagle CCD 4K x 4K camera, with a 
specimen pixel size of 1.65 Å at specimen level. Using these images, the length and 
width of the particles (pixels) was determined and converted to Å using Adobe 
Photoshop professional.  
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Cell culture

LDLR-deficient CHO(ldlA) cells24 were cultured in 25 cm2 polystyrene culture flasks 
in growth medium (Ham F-10 nutrient mixture (GibcoBRL) supplemented medium, 
containing 5% heat-inactivated fetal bovine serum (FBS, GibcoBRL) and 100 U/ml 
penicillin G sodium and 100 μg/ml streptomycin sulfate in 85% saline (GibcoBRL)). 
The cells were maintained at 37°C and 5% CO2. 

Transfections

LDLR-deficient CHO(ldlA) cells24 were grown until 40% confluency in 12-well multi-
dishes (Costar). After washing the cells once, the growth medium was replaced with 
500 μl of fresh growth medium. Subsequently, 4 μg DNA and 4 μg polyethylenimine 
in 50 μl serum-free medium (Ham F-10 nutrient mixture supplemented medium 
with 100 U/ml penicillin G sodium and 100 µg/ml streptomycin sulfate in 85% saline) 
was administered to the cells. After 4 h, 500 μl growth medium was added and cells 
were cultured overnight. The next day, cells were detached from dishes and cultured 
in 25 cm2 culture flasks in growth medium supplemented with 400 μg/ml geneticin 
(GibcoBRL). Ten days after transfection cells were used for experiments. 

Fluorescence labeling

HDLp and HDLp-1.17 were covalently labeled with Oregon green (OG) 488 carboxylic 
acid (Molecular Probes) as described previously15.

Binding experiments using flow cytometry

Binding experiments were performed as described earlier16. In short, LpR-trans-
fected CHO(ldlA) cells (CHO(LpR) cells) were washed with ice-cold binding buffer  
(50 mM Tris-HCl, 2 mM CaCl2, 150 mM NaCl, pH 7.4) and subsequently incubated 
on ice with OG-HDLp or OG-HDLp-1.17 (25 μg/ml) in binding buffer for 30 min. 
After binding, cells were washed and incubated with binding buffer or low-pH buffer 
(25 mM Tris, 25 mM sodium succinate, 2 mM CaCl2, 150 mM NaCl, pH 5.4, 4oC) for 
30 min on ice. Subsequently, the cells were incubated with serum-free medium for  
5 min at 37oC, to allow the bound ligand to be endocytosed. After endocytosis, the 
cells were detached from dishes by trypsin treatment and resuspended in growth 
medium. Resuspended cells were fixed in 0.5% paraformaldehyde (PFA) in PBS at 
4oC for at least 30 min to overnight. Samples were measured using a fluorescence-
activated cell sorter (FACS, Becton Dickinson FACS Calibur). Flow cytometry data 
were collected using Cell Quest (Becton Dickinson) and downloaded into the program 
WinMDI (TSRI FACS Core Facility, La Jolla, CA) for analysis.
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Competition binding experiments

Competition binding experiments were performed similarly to the binding experi-
ments. However, during binding of OG-HDLp or OG-HDLp-1.17 equimolar concen-
trations or a five-fold excess of unlabeled HDLp or HDLp-1.17 were added. The 
degree of binding was compared to the degree of binding without addition of 
unlabeled HDLp or HDLp-1.17.

Flow cytometry data analysis

Flow cytometry data were quantified as descried earlier16. In brief, for each sample 
(~ 100,000 cells) the fluorescence was plotted against the forward scatter (FSC). For 
each series of experiments, the region containing cells that bound and endocytosed 
OG-ligand (Region 1, R1) was defined in the plot based on a similar experiment 
performed using untransfected cells. Then the number of cells and the mean fluores-
cence (y-mean) in R1 were determined. For each cell line, the number of cells in R1 
after different treatments was compared by a t-test for paired samples performed on 
the logarithms of the number of cells. In case of a significant (p ≤ 0.05) difference in 
sample size due to the different treatments, the y-mean was corrected by using 
random values of the missing number of cells from the population of which the  
fluorescence did not exceed that of untransfected cells (outside R1). To test whether 
samples were significantly different from control samples, a t-test for paired samples 
was performed on the logarithms of the y-means. As negative control, for each 
sample the y-mean outside R1, i.e. of cells of which the fluorescence intensity did not 
exceed that of untransfected cells, was determined and compared between different 
treatments. For each sample the relative amount of fluorescence as compared to control 
samples was determined. Data presented as means of these relative values ± s.e.m. 
were obtained from at least three independent experiments.

Pulse-chase of OG-HDLp-1.17 in CHO(LpR) cells

Pulse-chase experiments were performed as described15,17. In short, CHO(LpR) cells 
were incubated with OG-HDLp-1.17 (25 μg/ml) and TMR-Tf (25 μg/ml) in hepes 
buffer (10 mM HEPES, 50 mM NaCl, 10 mM KCl, 5mM CaCl2, 2 mM MgSO4, pH 7.4) 
for 15 min at 37oC. Subsequently, cells were chased in serum-free medium for 
indicated time periods. After rinsing, cells were fixed in 4% PFA and examined by 
confocal fluorescence microscopy.
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In vitro incubation of fat body tissue with fluorescently labeled 
ligands

Fat body tissue was excised from adult locusts two days after ecdysis. After rinsing 
the fat body tissue in hepes buffer (10 mM HEPES, 50 mM NaCl, 10 mM KCl, 5 mM 
CaCl2, 2 mM MgSO4, pH 7.4), tissue was incubated with OG-HDLp or OG-HDLp-
1.17 (25 μg/ml) in hepes buffer for 30 min at 27oC. During competition binding  
experiments equimolar concentrations or a ten-fold excess of unlabeled HDLp  
or HDLp-1.17 was added. After incubation, the tissue was rinsed in PBS and imme-
diately fixed in 4% PFA in PBS for 30 min at room temperature. Alternatively, after 
incubation in the presence of OG-ligand, the tissue was rinsed and incubated in 
insect-Xpress medium (Cambrex) for indicated time periods. After fixation the tissue 
was mounted in mowiol and examined on a fluorescence Axioscope microscope 
(Zeiss). 

Immunoreactivity of HDLp 

The immunoreactivity of HDLp and HDLp-1.17 with different antibodies was tested 
using an adapted protocol of the assay described by Chauhan et al.25. High-binding 
microplates (Costar) were coated with 200 μl of HDLp solution (30 μg/ml, PBS, pH 
7.4) overnight at 4oC and subsequently the coating was saturated by incubations with 
1% bovine serum albumin (BSA) in PBS for two hours at room temperature. Serial 
dilutions of HDLp or HDLp-1.17 were prepared and mixed with antibody appro-
priately diluted in PBS containing 1% BSA. The mixtures were incubated overnight 
at 4oC. Aliquots of the lipophorin-antibody mixture were transferred to the micro-
plates and incubated for 1h at room temperature. Subsequently, the plates were 
washed with PBS containing 0.1% Tween-20 and incubated with a peroxidase-labeled 
secondary goat-anti-rabbit antibody for 30 min in PBS containing 0.1% BSA and 
0.1% Tween-20. After washing with PBS containing 0.1% Tween-20 the bound 
secondary antibody was detected using SIGMAFAST™ OPD according to manu- 
facturer’s protocol. The amount of antibody binding in the absence of lipophorin  
in solution was set to 1. Relative values were calculated for each experiment.  
A (dose-response) model was fitted to the relative values and the statistical analysis 
was performed using the PROAST software running in S-Plus26. Statistically signifi-
cant differences between HDLp and HDLp-1.17 were determined according to the 
likelihood ratio test (p ≤ 0.05). 
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Results

Incubation of HDLp with α-cyclodextrin 

To obtain lipophorin particles of which the lipid content was experimentally 
decreased, isolated HDLp was incubated with α-cyclodextrin20. α-Cyclodextrin-
treated HDLp was subsequently isolated by re-subjection to density gradient  
ultracentrifugation. Both untreated HDLp and α-cyclodextrin-treated HDLp were 
recovered as sharp, yellow colored bands (Figure 1). Density measurements revealed 
a buoyant density of 1.172 ± 0.004 g/ml for the peak fraction of α-cyclodextrin-
treated HDLp, whereas untreated HDLp was recovered at its normal density of  
approximately 1.11 g/ml27-29. Based on its buoyant density, α-cyclodextrin-treated 
HDLp was designated HDLp-1.17. Protein analysis by SDS-PAGE revealed an 
identical apolipoprotein profile (i.e. ~ 220 kDa apoLp-I and ~ 75 kDa apoLp-II) for 
HDLp-1.17 and HDLp (data not shown). Comparison of the lipid composition of 
HDLp-1.17 with that of HDLp revealed that particularly DAG and PL were extracted 
from HDLp by α-cyclodextrin, while the amount of other lipids did not significantly 
change (Figure 2), which is in line with other studies using α-cyclodextrin for lipid 
extraction30. Based on densitometric analysis, HDLp-1.17 comprised 53.1 ± 9.6% 
less DAG and 79.9 ± 2.9% less PL per μg protein than untreated HDLp, which 
would result in a 53.6% decrease in total lipid content, according to the lipid compo-
sition of HDLp31. Using gel filtration analysis, HDLp-1.17 appeared to elute as a 
single peak with an approximate MW of 400 kDa (data not shown), implying a 
decrease of ~ 20 % in MW compared to that of HDLp (MW ~ 500 kDa). Measure-
ments of electron microscopy images of HDLp-1.17 (Figure 3) indicated a particle size 
of 13 ± 2 nm by 9 ± 2 nm (n = 100), which is smaller than untreated HDLp, that has 
been reported as an oval-shaped particle of ca. 19 ± 2 nm by 15 ± 2 nm32 while in 
earlier studies by our laboratory, HDLp had emerged as a spherical particle with a 
diameter of approximately 17 nm33. In addition to its size, the morphology of HDLp-
1.17 appears to differ from that of HDLp, since the oval shape of HDLp-1.17 particles 
is more irregular and sometimes bended, resulting in a crescent-shape (Figure 3). 

Binding of OG-HDLp-1.17 to LpR

To characterize binding and endocytosis of HDLp-1.17 by LpR quantitatively, HDLp 
and HDLp-1.17 were labeled with Oregon green (OG). Since the decreased lipid 
content of HDLp-1.17 might lead to additional exposure of protein and OG is known 
to covalently modify mainly lysine residues15, per lipophorin particle more lysine 
residues might be labeled in HDLp-1.17 than in HDLp. However, quantitative  
fluorescence measurements of OG-HDLp and OG-HDLp-1.17 performed using a 
fluorescence microplate reader indicated that OG-HDLp and OG-HDLp-1.17 
contained equal amounts of fluorescence per μg protein, suggesting that both  
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Figure 1. Incubation of HDLp with 
α-cyclodextrin. Banding pattern after 

buoyant density gradient ultracentrifugation 

of α-cyclodextrin treated (+) and untreated 

(-) HDLp. On the left the buoyant densities 

are indicated.

Figure 2. Lipid composition of HDLp 
and HDLp-1.17. Separation of total lipids 

extracted from equal amounts of lipopro-

tein samples (based on protein content) on 

silica gel TLC, showing the lipid classes 

of HDLp (left) and HDLp-1.17 (right). The 

different lipid classes are indicated on the 

left, abbreviations used are: TAG, triacyl- 

glycerol; DAG, diacylglycerol; FFA, free fatty 

acids; PL, phospholipids. FFA are recovered 

on the silica gel at the front (visible as a thin 

band) of the acidic acid present in the first 

solvent system. 
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lipophorin particles were labeled to the same degree (data not shown). The results  
of experiments determining the binding and subsequent endocytosis of OG-HDLp 
and OG-HDLp-1.17 by LpR could therefore be directly compared quantitatively. To 
this end, LpR(CHO) cells were incubated with equimolar amounts of either of the 
labeled lipophorins. After binding of ligand at 4oC, the LpR-lipophorin complex was 
endocytosed by incubation of the cells at 37oC and the fluorescence of the cells was 
analyzed by flow cytometry. Since polyclonal cell lines were used, this resulted in a 
dotplot displaying at least two populations of cells with different fluorescence  
intensities (Figure 4A): the population in R1 consists of LpR-transfected cells that 
bound and endocytosed OG-ligand, while the population below R1 contains LpR-
transfected cells of which the fluorescence does not exceed that of untransfected 
cells and therefore was used as an internal negative control16. The mean fluorescence 
of the cells in R1 appeared lower for endocytosed OG-HDLp (Figure 4A) than for 
OG-HDLp-1.17 (Figure 4B). Quantification of the mean fluorescence (y-mean) in R1 
(Figures 4A, B) showed that the y-mean of cells that bound OG-HDLp-1.17 was 
three-fold higher than that of cells that had bound HDLp. However, also the mean 
fluorescence of the population of cells of which the fluorescence did not exceed that 
of untransfected cells appeared slightly higher in the plot after binding of OG-HDLp-
1.17 as compared to that of OG-HDLp (Figures 4A, B). As similar experiments using 
untransfected cells also resulted in a higher fluorescence after incubation with  
OG-HDLp-1.17 than after incubation of OG-HDLp (data not shown), this latter effect 
indicates a higher nonspecific binding of OG-HDLp-1.17 to the cells. After correction 
for the difference in nonspecific binding of OG-HDLp-1.17 and OG-HDLp, the  
y-mean of cells that bound OG-HDLp-1.17 was 2.4-fold higher than the y-mean  
of cells that bound OG-HDLp. Congruent experiments using unlabeled HDLp or 
HDLp-1.17 that were immunodetected by a polyclonal antibody against HDLp and a 
fluorescently-labeled secondary antibody, confirmed the increased affinity of LpR for 
HDLp-1.17 (data not shown). 
To corroborate that LpR had a higher affinity for HDLp-1.17 than for HDLp, we 
performed competition binding experiments using a similar experimental approach. 
CHO(LpR) cells were incubated with OG-HDLp or OG-HDLp-1.17 in the presence 
of either equimolar amounts or an excess of unlabeled HDLp or HDLp-1.17. The 
presence of an equimolar amount of unlabeled HDLp-1.17 during the binding of  
OG-HDLp prevented completely the binding of OG-HDLp, as indicated by the low 
number of cells in R1 (Figure 4C). In contrast, the fluorescence of cells that bound 
OG-HDLp-1.17 did not significantly decrease in the presence of an equimolar amount 
of unlabeled HDLp (Figure 4D). A five-fold excess of unlabeled HDLp was able to 
partially compete with OG-HDLp-1.17 (data not shown). Together, these results 
indicate that LpR binds HDLp-1.17 with a higher affinity than HDLp and suggest 
that the two lipophorin species most likely bind LpR using the same site of the 
receptor. 
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Figure 3. Negative staining 
electronmicrograph of HDLp-
1.17. Representative HDLp-1.17 

particles stained with 2% phospho-

tungsten acid. White bar represents 

100 nm.

Figure 4. Binding and endocy-
tosis of OG-HDLp and OG-
HDLp-1.17 by CHO(LpR) cells. 
CHO(LpR) cells were incubated 

with either OG-HDLp (A), or OG-

HDLp in the presence of an 

equimolar amount of HDLp-1.17 

(C). Plots B and D were obtained 

from the reciprocal experiment; 

cells were incubated with either 

OG-HDLp-1.17 alone (B), or OG-

HDLp-1.17 in the presence of an 

equimolar amount of HDLp (D). 

The amount of fluorescence is 

plotted on the y-axis (OG, relative 

values), and the forward scatter 

(FSC, relative values) on the x-axis. 

Cells in R1 are LpR-expressing cells 

that display a higher fluorescence 

intensity than the cells in the popu-

lation below R1 used as negative 

control. The plots are representative 

of three independent experiments, 

performed on different cell lines. R1 

indicates the region used for quanti-

fication.

C
h

ap
te

r 
3
  
|  

L
ip

id
 u

n
lo

ad
in

g 
of

 l
ip

op
h

or
in

 a
ff

ec
ts

 i
ts

 b
in

d
in

g 
to

 t
h

e 
in

se
ct

 L
D

L
 r

ec
ep

to
r 

h
om

ol
og

u
e,

 L
p

R
: 

im
p

li
ca

ti
on

s 
fo

r 
th

e 
ro

le
 o

f 
L

p
R

-m
ed

ia
te

d
 e

n
d

oc
yt

os
is



71

Endocytosis of OG-HDLp-1.17 by insect fat body tissue

The LpR-mediated endocytic properties of HDLp-1.17 were analyzed in vivo by in-
cubating fat body tissue of young adult locusts that endogenously expressed LpR19 
with OG-HDLp-1.17. After endocytic uptake of OG-HDLp-1.17, a similar punctate 
staining pattern as for OG-HDLp was apparent (Figures 5A, D). When fat body tissue 
of older adult animals (i.e. 12 days after imaginal ecdysis), that does not express 
LpR19, was incubated with OG-HDLp-1.17, such a punctate staining pattern was 
absent (data not shown). These results are indicative of LpR-mediated endocytosis of 
HDLp-1.17, as was described for HDLp19. In accordance with the results for 
CHO(LpR) cells, an equimolar amount of unlabeled HDLp failed to substantially 
inhibit the endocytosis of OG-HDLp-1.17 (Figure 5B). Moreover, the punctate 
staining pattern was also observed in the presence of a ten-fold excess of unlabeled 
HDLp, indicating that endocytosis of OG-HDLp-1.17 by fat body cells was not 
inhibited completely (Figure 5C). By contrast, in the presence of an equimolar 
amount or a ten-fold excess of unlabeled HDLp-1.17, endocytosis of OG-HDLp  
was completely abolished (Figures 5E, F). Collectively, these results indicate that, 
consistent with the data for CHO(LpR) cells established in this investigation,  
endogenously expressed LpR displays a higher affinity for delipidated HDLp, 
proposing that in the insect fat body, LpR favors the endocytosis of lipid-unloaded 
forms of HDLp.

Stability of the HDLp-1.17-LpR complex at endosomal pH 

The complex of OG-HDLp and LpR was shown to be stable at low pH, which may 
provide a key determinant for ligand recycling16. To analyze whether delipidation of 
HDLp affects the stability of the LpR-HDLp-1.17 complex at endosomal pH, 
CHO(LpR) cells were incubated with OG-HDLp-1.17, washed with buffer of pH  
5.4 and subsequently analyzed by flow cytometry. Quantification of the mean  
fluorescence (y-mean) of the cells after washing with a buffer of pH 5.4 revealed  
no significant change as compared to that washed with a buffer of pH 7.4 (Figure 6), 
indicating that the complex of OG-HDLp-1.17 and LpR is stable at endosomal pH.

Endocytic recycling of HDLp-1.17

To investigate whether HDLp-1.17 is also recycled by LpR, the intracellular localiza-
tion of HDLp-1.17 was examined in both CHO(LpR) cells and insect fat body tissue. 
To this end, CHO(LpR) cells were pre-incubated with OG-HDLp-1.17 and sub-
sequently chased in serum-free medium for different periods of time. After a 10-min 
chase, OG-HDLp-1.17 appeared to localize predominantly in the juxtanuclear area 
(Figure 7A) that, by colocalization with TMR-Tf, was identified as the ERC (Figures 
7B, C)15. After a 30-min chase, OG-HDLp-1.17 had disappeared from the cells  
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Figure 6. Stability of the complex of 
HDLp-1.17 and LpR at endosomal pH. 
Bar representation of the results of binding  

experiments (n = 4) in which CHO(LpR) cells 

were incubated with OG-HDLp (dark grey 

bars) or OG-HDLp-1.17 (light grey bars), 

followed by extensive washing of the cells 

with a buffer of pH 7.4 or pH 5.4 as indicated 

below the bars. The fluorescence of the cells 

was measured by flow cytometry. The y-

mean in region 1 (R1) was determined for 

each sample. Bars depict the relative y-mean 

compared to the y-mean for pH 7.4, which 

was set at 1. Error bars indicate the s.e.m.

(data not shown), suggesting that in CHO(LpR) cells, HDLp-1.17 is recycled by LpR 
as was described previously for the complex of HDLp and LpR15,16. 
To determine whether HDLp-1.17 is also recycled by LpR in vivo, young adult fat body 
tissue was preincubated with OG-HDLp-1.17 and subjected to a chase in insect growth 
medium. After a chase time of 1 h, some endocytic vesicle structures were still visible in 
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Figure 5. Endocytosis of HDLp-1.17 by LpR endogenously expressed by locust fat body 
tissue. Fluorescence microscopy images of fat body tissue incubated with OG-HDLp-1.17 (A-C) or OG-

HDLp (D-F). Tissue from young adult animals (two days after ecdysis) was incubated with OG-HDLp-1.17 

(A), OG-HDLp-1.17 in the presence of an equimolar amount of HDLp (B), or in the presence of a 10-fold 

excess of HDLp (C). Panels D-F show the reciprocal experiment, in which tissue was incubated with OG-

HDLp (D), OG-HDLp in the presence of an equimolar amount of HDLp-1.17 (E) or OG-HDLp in the presence 

of a 10-fold excess of HDLp-1.17 (F). For a colored version of this figure see page 165.
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Figure 7. LpR-mediated recycling of HDLp-1.17 in CHO(LpR) cells and locust fat body tissue. 
Fluorescence microscopy images of CHO(LpR) cells used in a pulse-chase experiment with OG-HDLp-1.17 

(A) and TMR-Tf (B). Endocytosis (the pulse) was followed by a 10-min chase in serum-free medium. Colo-

calization was visualized by merging the two images (C). Insect fat body of young adult animals (2 days after 

ecdysis) endogenously expressing LpR was either only pulsed with OG-HDLp-1.17 (D), or subsequently 

chased in insect growth medium for 1 h (E) or 2 h (F). For a colored version of this figure see page 165.

the fat body cells; however, after a 2 h chase the fat body tissue appeared depleted of 
OG-HDLp-1.17 (Figures 7D, E, F), as was shown to occur similarly for OG-HDLp (data 
not shown), and consistent with earlier studies from our laboratory17. This indicates that 
OG-HDLp-1.17 is recycled by LpR in the insect fat body to a similar extent as HDLp.

Immunoreactivity of antibodies with HDLp-1.17

Since the above binding experiments using flow cytometry indicated an increased 
affinity for the binding of HDLp-1.17 to LpR, it was considered whether an explana-
tion for this phenomenon could be that the conformation of the protein moiety of 
HDLp-1.17 is affected by the decreased lipid content of the particle. To provide  
indications for potential differences in the conformation of apoLp-I and -II, the  
immunoreactivity of several antibodies for HDLp-1.17 and HDLp was assayed using 
a competitive solid-phase binding assay25 in which the amount of binding of antibody 
to coated, reference HDLp in the presence of a range of excess HDLp or HDLp-1.17 
was measured. Relative values compared to the binding of the anti-HDLp antibodies 
in the absence of excess HDLp were determined and a (dose-response) model was 
fitted to these values26. The experiments were performed using antibodies raised 
against peptides representing the N- and C-termini of apoLp-I (respectively anti-IN 
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Figure 8. Immunoreactivity of HDLp and HDLp-1.17. Determination of the amount of excess 

HDLp or HDLp-1.17 required for competing with the binding of different antibodies to coated HDLp.  

A: antibody anti-IC raised against the C-terminus of apoLp-I; B: antibody anti-IN raised against the  

N-terminus of apoLp-I; C: antibody anti-IIC raised against the C-terminus of apoLp-II and D: antibody  

anti-HDLp raised against HDLp. On the y-axis the relative amount of binding of antibody to coated HDLp is 

indicated. On the x-axis the molar excess of lipophorin (Lp), either HDLp (filled circles) or HDLp-1.17 (filled 

triangles), is indicated. Large symbols represent the average values, small symbols are the calculated, relative 

values of separate experiments (n = 3). For anti-HDLp (D), the molar excess could not be determined due 

to the unknown concentration of antibodies in the serum. However, the same concentrations of HDLp and 

HDLp-1.17 were used as for the other experiments. A (dose-response) model was fitted to the relative values 

(curves). Dotted lines indicate the molar excess of HDLp and HDLp-1.17 that resulted in 50% inhibition of 

the binding of antibody to reference HDLp. Note that in B and C the IC50 could not be determined for the 

binding of anti-IN and anti-IIC to HDLp because 50% inhibition of the signal was not reached using these 

concentrations of HDLp as indicated by the dotted line. 
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and anti-IC) and the C-terminus of apoLp-II (anti-IIC). Only the binding of anti-IC to 
coated HDLp appeared to be effectively blocked by HDLp in solution (Figures 8A, B, 
C), suggesting that only the IC epitope, the C-terminus of apoLp-I, is exposed on the 
surface of native HDLp for antibody recognition. Approximately a nine-fold molar 
excess (calculated value 8.60) of HDLp was able to inhibit 50% of the antibody 
binding to coated HDLp. For anti-IN and anti-IIC 50% inhibition was not reached, 
even in the presence of a 70-fold molar excess of HDLp (Figures 8B, C). In contrast, 
HDLp-1.17 efficiently competed with the binding of anti-IN and anti-IIC to coated 
HDLp (Figures 8B, C). Additionally, the concentration of HDLp-1.17 to inhibit 50% 
of the binding of anti-IC to coated HDLp was three-fold lower (Figure 8A). These 
results are suggestive of a conformational change of apoLp-I and -II. However, there 
was no statistically significant different response between binding of a polyclonal 
anti-HDLp antibody34 to coated HDLp in the presence of an excess of HDLp or 
HDLp-1.17 (Figure 8D), suggesting that the conformation of the epitopes recognized 
by this antibody is not altered upon delipidation. Together these data imply that the 
global conformation of apoLp-I and -II was not altered by delipidation of the particle; 
however, the decrease in lipid content leads to additional protein exposure, as illu-
strated by the higher affinity of antibodies for the N-terminus of apoLp-I and the  
C-terminus of apoLp-I and -II for HDLp-1.17 as compared to that for HDLp. 

Discussion

In larval and adult insects, circulatory HDLp functions as a reusable shuttle. Conse-
quently, lipid transport and delivery are efficiently mediated without endocytosis 
and lysosomal degradation of the lipoprotein particle11,35. Nevertheless, as was  
discovered in the locust, the endocytic HDLp receptor LpR is expressed during a few 
days after the energy-demanding process of ecdysis, as well as after experimental 
starvation18,19; the ligand, however, is not intracellularly degraded but recycled15,17,35,36. 
This led to the hypothesis that LpR-mediated endocytosis and subsequent recycling 
of HDLp might function to rapidly replenish the depleted fat body reserves once 
lipids from dietary intake are available19. As this would imply a mechanism in which 
endocytosed HDLp unloads (part of) its lipid cargo intracellularly, LpR was expected 
to display a preference for a relatively lipid-loaded form of HDLp. To this end, the 
present investigation compares the interaction of LpR with HDLp that displays its 
normal density of 1.11 g/ml and with a partially delipidated HDLp particle with a 
density of 1.17 g/ml, HDLp-1.17, produced by incubation of HDLp with α-cyclo-
dextrin. Contrary to our expectations, however, the results indicate that LpR binds 
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HDLp-1.17 with a substantially higher affinity than HDLp. After endocytosis, HDLp-
1.17 appears to be recycled by LpR, both in CHO(LpR) cells and in insect fat body 
tissue endogenously expressing LpR, similar to the fate previously described for 
HDLp15,17. Apparently, LpR displays a binding preference for (partially) lipid-depleted 
HDLp forms that, upon endocytosis, are being recycled and resecreted into the 
medium. 
Using enzymatic methods, it has been shown before that the DAG and PL content of 
insect HDLp can be manipulated without disrupting the stability of the lipoprotein 
particle37-40. Incubation of HDLp with α-cyclodextrin was shown to efficiently 
modulate the DAG content of HDLp from Manduca sexta and Bombyx mori20. In this 
study, we show that additionally to DAG, also PL is extracted from L. migratoria 
HDLp, which is consistent with the observation that α-cyclodextrin, in addition to 
binding of DAG, is able to interact with PL30. Using gel filtration and electron micro-
scopy, HDLp-1.17 was shown to behave as a single particle. In agreement with the 
decrease in MW found by gel filtration, measurements of particle size using electron 
microscopy revealed that HDLp-1.17 is substantially smaller than HDLp (13 ± 2 nm 
by 9 ± 2 nm vs. 19 ± 2 nm by 15 ± 2 nm). In addition to the differences in density 
and size, the irregular, crescent-like shape of HDLp-1.17 differs from the oval shape 
of untreated HDLp. Such a shape was also found for HDLps of a similar density from 
other insect species38,41. It has been proposed earlier that delipidation of insect lipo-
protein might result in exposure of a cryptic receptor-binding site33,41,42. The explana-
tion of exposure of an additional binding site in the lipoprotein may be relevant with 
respect to the 2.4-fold higher affinity of HDLp-1.17 for LpR as compared to that of 
HDLp, which compares well to the differential affinity range (2.2-fold) of different 
physiological density forms of LDL for LDLR43. The difference in affinity of LDLR 
for the latter LDL forms was proposed to be related to the number of molecules of 
apoE associated with the lipoprotein, that potentially generate additional binding 
sites in the lipoprotein for the receptor43. Since our data indicate that experimental 
lipid decrease of HDLp leads to additional exposure of the N-terminus of apoLp-I 
and the C-terminus of apoLp-II, it may be possible that this concurs with the exposure 
of additional receptor-binding sites. The affinity of LDLR for enzymatically modified 
LDL was shown to be increased upon decreasing lipid content44-46, caused by confor-
mational changes in specific regions of apoB-10025,45,46 resulting in changes in the 
arrangement of lysine residues that mediate the binding to LDLR46. Whether such  
a mechanism also occurs during unloading of HDLp is not known. However, since 
immunoreactivity of a polyclonal antibody against HDLp did not change upon  
delipidation, this suggests that delipidation does not lead to a global conformational 
change of apoLp-I and -II since this would have resulted in a decrease in available 
epitopes for this antibody. Therefore, it seems more likely that the higher affinity is 
caused by local changes in the exposure of the apolipoproteins, which may coincide 
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with the exposure of one or more additional receptor-binding sites. Alternatively, we 
cannot exclude that the affinity of LpR for the particle is affected by the net change 
in charge of HDLp that likely occurred due to the selective α-cyclodextrin extraction 
of PL from the particle30,47. 
Consistent with the data on CHO(LpR) cells presented in this study, insect fat body 
tissue was also shown to endocytose experimentally delipidated HDLp. Competition 
binding studies revealed that endogenously expressed LpR also binds HDLp-1.17 
with a higher affinity than HDLp. This suggests that LpR favors the binding of lipid-
unloaded HDLp also in vivo. Since LpR expression in fat body tissue was shown to 
occur only after the energy-consuming process of ecdysis or a period of experimental 
starvation19, a function of LpR in a rapid replenishment of the fat body with lipids by 
the uptake of HDLp particles has been proposed. Alternatively, receptor-mediated 
endocytosis of the HDLp particle has been suggested to provide a mechanism to  
efficiently internalize specific hydrophobic components, e.g. hydrocarbons18,19, that 
are required after such a period of exhaustion, but are difficultly internalized by 
diffusion through the cell membrane. However, our new finding of increased binding 
of HDLp-1.17 to LpR, suggesting a preferential uptake of partially unloaded HDLp 
by LpR, renders both these hypotheses unlikely. Rather, the preference of LpR for 
delipidated HDLp combined with the expression pattern of the receptor is suggestive 
of a function for LpR to sense the lipid content of lipoprotein in the circulation, 
leading to down-regulation of LpR when circulating HDLp is fully lipidated. In this 
respect, it is important to note that the complex of HDLp-1.17 and LpR, similarly to 
the complex of HDLp and LpR15-17, is not dissociated at endosomal pH and is targeted 
to the ERC, after which it disappears from the cell, indicative of resecretion of the 
particle. Therefore, we propose the delipidated HDLp that is internalized by LpR to 
be reloaded during its intracellular route, resulting in a decreased affinity of the 
particle for LpR that ultimately leads to release of the particle upon exocytosis. In 
this manner, LpR-mediated endocytosis of lipid-poor HDLp could function as a 
mechanism that allows for the uptake of lipids from the strongly diminished reserves 
in the fat body and their release into the circulation. This additional mechanism 
might be necessary to provide other vital organs (such as the eyes and the nervous 
system) with sufficient lipids or other hydrophobic components during periods  
of scarcity. However, it remains to be demonstrated that, coherent with the physio-
logical periods in which the receptor is expressed, HDLp of a higher density is 
present in the circulation. For L. migratoria, analysis of hemolyph during early  
development of the insect failed to reveal the presence of HDLp of a higher density27. 
However, by experimental alternation of starvation for relative short periods (12-15 
hours) and feeding of young adult locusts (2-4 days after imaginal ecdysis), HDLp 
subspecies with slightly higher densities were identified (Van Doorn J. M., Gracanin, 
A.,Van der Horst, D. J., Roosendaal, S. D., and Rodenburg K. W., unpublished 
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results). Although the lipid content of these particles was higher than that obtained 
by incubation of HDLp with α-cyclodextrin, this implies that young adult locusts are 
able to produce distinct HDLps with different densities, which normally might be 
rapidly metabolized. Conclusively, our results show that changes in lipid composi-
tion of HDLp affect the binding of the particle to its receptor, and suggest that the 
function of LpR may specifically relate to the differential endocytic uptake and 
recycling of lipophorins of decreased lipid content that result from (developmental) 
periods of metabolic exhaustion.
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Abstract

The insect low-density lipoprotein receptor (LDLR) homologue, LpR, is able to bind 
and endocytose the major insect lipoprotein, high-density lipophorin (HDLp). HDLp 
is synthesized by co-translational lipidation of its apolipoprotein precursor protein, 
apolipophorin II/I, which is a homologue of mammalian apolipoprotein B-100 (apoB-
100). In contrast to apoB-100, however, apoLp-II/I is cleaved by the serine endopro-
tease furin at a later stage of lipoprotein assembly, resulting in the recovery of two 
integral apolipoproteins (apoLp-I and -II) in the secreted particle. The function of 
apoLp-II/I cleavage is as yet unclear. Recently we showed that the cleavage site of 
the protein is not exposed at the surface of HDLp. On the other hand, in an experi-
mentally produced stable form of HDLp that was partially delipidated (HDLp-1.17), 
this site appeared to be accessible. Additionally, the particle was shown to bind to 
LpR with a higher affinity than HDLp, suggesting a correlation between exposure of 
the cleavage site and high-affinity LpR binding. In this study, the putative correla-
tion was studied using HDLp-1.17 as a tool. Competition binding studies show that 
antibodies against the two oligopeptides flanking the cleavage site were unable to 
prevent the binding of HDLp-1.17 to LpR. Moreover, binding studies revealed that 
the cleavage site is accessible for antibody binding when HDLp that exposes the 
cleavage site is bound to LpR. Together, these results indicate that in the binding of 
partly delipidated HDLp or wild-type HDLp to LpR, the cleavage site is not involved. 
Rather, similar to exposure of the cleavage site, delipidation may lead to (increased) 
exposure of other parts of the protein that may comprise a cryptic LpR-binding site. 
Sequence analysis of apoLp-I and -II suggests that such a site is most likely located in 
the amphipathic β-cluster of the protein, as was demonstrated for the LDLR-binding 
site in apoB-100. 
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Introduction   

Circulatory transport of neutral lipids (fat) in animals relies on members of the 
large lipid transfer protein (LLTP) superfamily, including mammalian apolipoprotein  
B-100 (apoB-100) and insect apolipophorin II/I (apoLp-II/I)1. Comparative research 
has revealed the structural and functional adaptations in these lipid carriers1,2.  
For instance, in contrast to mammalian apoB-100, insect apoLp-II/I is post-translation-
ally cleaved by a furin-like protease3,4, resulting in the appearance of  two structural 
proteins, apoLp-I and -II, in the single multifunctional insect lipoprotein, high-density 
lipophorin (HDLp). Although the precise function of apoLp-II/I cleavage remains to 
be established, it was demonstrated that cleavage is not essential for lipoprotein  
biogenesis, as uncleaved apoLp-II/I was also lipidated to form a lipoprotein of buoyant 
density identical to wild-type HDLp4. After biosynthesis in the insect fat body, HDLp 
is released into the insect blood (hemolymph) where it functions in taking up lipids 
released from cells of the fat body and other tissues and selectively unloading its 
lipid cargo at target tissues without endocytosis and lysosomal degradation5,6. In 
addition to this mechanism of lipid transport accomplished by HDLp as a reusable 
lipid shuttle, endocytic uptake of HDLp involving an insect homologue of the LDL 
receptor (LDLR)  has been identified7. Sequence analysis indicated that this lipo-
phorin receptor (LpR) consists of all the typical domains of a classical LDLR family 
member7. However, in spite of the high structural similarity of LpR to mammalian 
LDLR, in LpR-expressing Chinese hamster ovary (CHO) cells, endocytosed HDLp 
appeared not to be degraded in lysosomes, as is the case for mammalian LDL, but is 
resecreted in a manner similar to transferrin8,9. Additionally, HDLp internalized by 
fat body tissue endogenously expressing LpR also appeared to be resecreted10,11. The 
function of this recycling pathway is not yet clear.
LpR is expressed only in specific developmental stages (during a few days after 
ecdysis, both to the next larval stage as to the adult), indicative of additional uptake 
of HDLp by LpR in this developmental period7. Down-regulation of LpR in adult 
locusts appeared to be postponed by experimental starvation immediately after 
ecdysis, while by starving adult locusts after down-regulation of LpR, expression 
of the receptor was re-induced. These data suggest that LpR expression is regulated  
by the demand of fat body tissue for lipid components12. However, contrary to this 
suggestion, by using partially delipidated HDLp particles resulting from in vitro  
incubation with α-cyclodextrin (HDLp-1.17; buoyant density 1.17 g/ml) we recently 
showed that LpR appeared to prefer the binding of lipid-depleted HDLp over wild-type 
HDLp (buoyant density 1.11 g/ml)13. Since, similar to HDLp, HDLp-1.17 was found 
to be recycled by LpR-expressing CHO cells and insect fat body tissue, these data 
suggest that the expression and functioning of LpR may be related to the endocytic 
uptake and recycling of lipophorin particles of decreased lipid content13. Additio-
nally to increased binding to LpR, experimental delipidation of HDLp was shown 
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to lead to exposure of the peptides flanking the cleavage site, that are not exposed 
at the surface of fully lipidated HDLp13, suggesting a correlation between exposure 
of the cleavage site and high-affinity LpR binding. The sequence that comprises the 
cleavage site is rich in arginine (Arg) and lysine (Lys) residues, which were evidenced 
to mediate the binding of ligands to LDLR family members14-18. 
In this paper, HDLp-1.17 was used as a tool to investigate whether the cleavage site 
of the apolipoprotein precursor is involved in the increased binding of the HDLp 
particle to LpR. Competition binding studies demonstrated that antibodies against 
the two oligopeptides flanking the cleavage site were unable to prevent the binding of 
HDLp-1.17 to LpR. Moreover, these antibodies were able to bind to receptor-bound 
HDLp exposing these epitopes, suggesting that the cleavage site is not involved in 
the interaction interface of HDLp and LpR. These results indicate that the exposed 
cleavage site in HDLp-1.17 does not mediate its increased binding to LpR. Similar to 
the additional exposure of the cleavage site, delipidation may result in exposure of 
other parts of the protein that contribute to the high-affinity binding of HDLp-1.17  
to LpR. Sequence analysis of apoLp-I and -II suggested possible receptor-binding 
sites to be most likely located in the amphipathic β-cluster of apoLp-I, which is  
comparable with that of the LDLR-binding site of apoB-100. 

Materials and Methods

Materials

SIGMAFAST™ OPD (o-Phenylenediamine dihydrochloride) tablets (Sigma) and CNBr-
activated Sepharose 4 Fast Flow (Amersham Pharmacia Biotech) were commercially 
obtained.

Proteins and antibodies

Locust (Locusta migratoria) HDLp was isolated as described previously19. Partly  
delipidated HDLp (HDLp-1.17) was prepared using α-cyclodextrin as described13. 
Antibodies were raised against synthetic peptides representing the very N- and 
C-terminal 20 amino acids of apoLp-I and apoLp-II, i.e. anti-IIN antibody against 
a.a. 28-47, anti-IIC antibody against a.a. 702-720, anti-IN antibody against a.a.  
721-739 and anti-IC antibody against a.a. 3362-3380 of apoLp-II/I (GenBank accession 
CAB51918.1). Antibodies were purified from rabbit sera using CNBr-activated 
Sepharose 4 Fast Flow (Amersham Pharmacia Biotech) according to manufacturer’s 
instructions.
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Competitive solid phase binding assay

A competitive solid binding assay was performed as described13. The amount 
of antibody binding in the absence of competing HDLp in solution was set to 1. 
Relative values were calculated for each experiment. A (dose-response) model was 
fitted to the relative values and the statistical analysis was performed using the 
PROAST software running in S-Plus20. Statistically significant differences were deter-
mined according to the likelihood ratio test (α = 0.05). Based on the fit, the IC50, the  
concentration of ligand that inhibits 50% of the antibody binding was determined. 
The 90% confidence interval of the IC50 was determined by bootstrapping 500 
times21. 

Solid phase binding assay

High-binding microplates (Costar) were coated with 200 μL of HDLp (30 μg/ml, PBS, 
pH 7.4) overnight at 4oC and subsequently saturated by incubations for 2 h with 
1% bovine serum albumin (BSA) in PBS at room temperature. The plates were then 
incubated for 1 h with serial dilutions of the different antibodies in PBS containing 
1% BSA. Subsequently, the plates were washed with PBS containing 0.1% Tween-
20, and incubated with a peroxidase-labeled secondary goat anti-rabbit antibody 
for 30 min in PBS containing 0.1% BSA and 0.1% Tween-20. After washing with 
PBS containing 0.1% Tween-20, the bound secondary antibody was detected using 
SIGMAFAST™ OPD according to manufacturer’s protocol. A (dose-response) model 
was fitted to the relative values and the statistical analysis was performed using the 
PROAST software running in S-Plus20. According to Michaelis-Menten kinetics, the 
Kd (½Bmax) was determined based on the fit of the curve. The 90% confidence interval 
of the Kd was determined by bootstrapping 500 times21.

Determination of the Ki

Using the IC50 and the Kd of the interaction of the antibodies with coated HDLp, the 
inhibition constant (Ki) was calculated according to the method of Cheng-Prusoff 
using the following formula:  Ki = IC50/(1 + [Ab]/Kd), in which the IC50 is the concen-
tration of excess HDLp necessary to block 50% of the antibody binding, [Ab] is the 
concentration of antibody used and the Kd is the dissociation constant of the binding 
of antibody to coated HDLp22. The variance in the IC50 and Kd (expressed by their 
confidence intervals) was propagated by Monte Carlo simulation. Here, values are 
randomly drawn from the IC50 and Kd distribution (by non-parametric sampling), 
and the Ki is calculated using these randomly drawn values. This action was 
repeated 500 times resulting in a Ki distribution. The (geometric) mean and the 90%  
confidence interval of this distribution are reported.
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Cell culture

LDLR-deficient CHO(ldlA) cells23 were cultured in 25 cm2 polystyrene culture flasks 
in growth medium (Ham F-10 nutrient mixture (GibcoBRL) supplemented medium, 
containing 5% heat-inactivated fetal bovine serum (FBS, GibcoBRL) and 100 U/ml 
penicillin G sodium and 100 μg/ml streptomycin sulfate in 85% saline (GibcoBRL)). 
The cells were cultured at 37°C and 5% CO2. 

Transfections

CHO(ldlA) cells23 were grown until 40% confluency in 12-well multidishes (Costar). 
After washing the cells once, the growth medium was replaced with 500 μl of fresh 
growth medium. Subsequently, 4 μg DNA and 4 μg polyethylenimine in 50 μl 
serum-free medium (Ham F-10 nutrient mixture supplemented medium with 100 
U/ml penicillin G sodium and 100 μg/ml streptomycin sulfate in 85% saline) was  
administered to the cells. After 4 h, 500 μl growth medium was added and cells were 
cultured overnight. The next day, cells were detached from dishes and cultured in 
25 cm2 culture flasks in growth medium supplemented with 400 μg/ml geneticin 
(GibcoBRL). Ten days after transfection, cells were used for experiments. 

Fluorescence labeling

HDLp and HDLp-1.17 were covalently labeled with Oregon green (OG) 488 carboxylic 
acid (Molecular Probes) as described previously8.

Binding experiments using flow cytometry

Binding experiments were performed as described earlier19. In competition binding 
experiments OG-HDLp-1.17 (25 μg/ml) was preincubated in the absence or in 
the presence of a ten times molar excess of anti-IIC or anti-IN in binding buffer  
(50 mM Tris-HCl, 2 mM CaCl2, 150 mM NaCl, pH 7.4) for 30 min at room tempera-
ture. LpR-transfected CHO cells were washed with binding buffer and incubated 
on ice with OG-HDLp-1.17-antibody mixtures. Subsequently, the cells were washed 
with binding buffer and incubated with serum-free medium for 5 min at 37oC, to 
allow the cells to endocytose bound ligand. After endocytosis, the cells were detached 
from dishes and resuspended in growth medium. Resuspended cells were fixed in 
0.5% paraformaldehyde in PBS at 4oC for at least 30 min to overnight. 
Binding experiments using unlabeled HDLp were largely performed as described 
above. The binding of HDLp and antibodies was performed on ice to prevent  
endocytosis. Briefly, LpR-transfected CHO cells were washed and incubated with 
unlabeled HDLp in binding buffer for 30 min. After binding, cells were washed 
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and incubated with the indicated primary antibodies in binding buffer for 30 min, 
followed by washing and incubation for 30 min with a fluorescein isothiocyanate 
(FITC)-labeled secondary anti-IgG antibody (Jackson ImmunoResearch Laboratories 
Inc). Then, the cells were allowed to endocytose the HDLp-antibody complex and 
cells were detached and fixed as described above. 
The fluorescence intensity of the cells was measured using a fluorescence-activated 
cell sorter (FACS, Becton Dickinson FACS Calibur). Flow cytometry data were 
collected using Cell Quest (Becton Dickinson) and downloaded into the program 
WinMDI (TSRI FACS Core Facility, La Jolla, CA) for analysis. 

Flow cytometry data analysis

Flow cytometry data were quantified as descried earlier19. In brief, for each sample 
(~ 100.000 cells) the fluorescence was plotted against the forward scatter (FSC). For 
each series of experiments, the region containing cells that bound and endocytosed 
OG-ligand (region 1; R1) was defined in the plot based on a similar experiment 
performed using untransfected cells to exclude the population of cells of which the 
fluorescence did not exceed that of untransfected cells from the analysis. Then the 
number of cells and the mean fluorescence (y-mean) in R1 were determined. For 
each cell line, the number of cells in R1 after different treatments was compared by a 
t-test for paired samples performed on the logarithms of the number of cells. In case 
of a significant (p ≤ 0.05) difference in sample size due to the different treatments, 
the y-mean was corrected by using random values of the missing number of cells 
from the negative population. After correction, for each sample the relative amount 
of fluorescence as compared to control samples was determined. To test whether 
samples were significantly different from control samples, a t-test for paired samples 
was performed on the logarithms of the y-means. Data presented as means ± s.e.m. 
were obtained from at least three independent experiments.

Results

Immunoreactivity of the different antibodies with HDLp and 
HDLp-1.17

Antibodies were raised against peptides representing the N- and C-termini of apoLp-
II and I (Figure 1A). However, of these peptides, only the C-terminus of apoLp-I 
appeared to be exposed at the surface of native HDLp, since only the binding of 
anti-IC to coated HDLp was significantly inhibited by an excess of HDLp (Figure 
1B). By contrast, the binding of anti-IN and anti-IIC to coated HDLp was efficiently 
inhibited by HDLp-1.17 (Figures 1C, D). Thus, delipidation of the particle appears 
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Table 1. The inhibition constant (Ki) for the interactions between HDLp and antibodies.  
The Ki (nM) for the interaction between HDLp and the different antibodies is indicated, the  
confidence interval is indicated in brackets. Since the IC50 could not be determined for the binding of 
anti-IN and anti-IIC to HDLp (Figure 1), the Ki for these interactions could not be calculated. 

	 anti-IC	 anti-IN	 anti-IIC

HDLp	 70.0 	 -	 -
	 (41.5 - 112.5)

HDLp-1.17	 21.1	 81.3	 144.0
	 (10.1 -37.2) 	 (63.8 - 99.5)	 (115.5 -177.0)

	

Figure 1. The binding of antibodies to HDLp and HDLp-1.17. A: Schematic representation of the 

L. migratoria apoLp-II/I construct. The small arrow indicates the predicted signal peptide cleavage site; the 

larger arrow indicates the cleavage site by furin; LLT: large lipid transfer module; Lp, lipophorin; vWF, von 

Willebrand factor D module. Positions of the antibody epitopes are indicated with braces. B-D: Immunoreac-

tivity of HDLp and HDLp-1.17 with anti-IC (B), anti-IN (C) and anti-IIC (D). The relative amount of binding 

of the different antibodies is plotted against the molar excess of either HDLp (filled circles) or HDLp-1.17 

(filled triangles) in solution. Large symbols represent the average values, small symbols are the calculated, 

relative values of individual experiments. A (dose-response) model was fitted to the relative values (curves) 

using PROAST software20. Dotted lines indicate the IC50, the molar excess of HDLp and HDLp-1.17 that 

resulted in 50% inhibition of the binding of antibody to reference HDLp. Note that in B and C the IC50 could 

not be determined for the binding of anti-IN and anti-IIC to HDLp because 50% inhibition of the signal was 

not reached using these concentrations of HDLp as indicated by the dotted line. E: The IC50 for the different 

interactions. The confidence interval is indicated in brackets. n.d.: not determinable, since 50% inhibition 

was not reached. 
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to lead to exposure of the IN and IIC epitopes. Additionally, the concentration of  
HDLp-1.17 required for inhibition of 50% of the binding of anti-IC to coated HDLp was a  
significant three-fold lower than that of HDLp (Figures 1B, E), indicating that anti-IC 
displays a higher affinity for HDLp-1.17 than for HDLp. Anti-IIN did not bind HDLp 
or HDLp-1.17, either in solution or coated on a surface. However, analysis of HDLp 
by SDS-PAGE and subsequent immunoblotting using anti-IIN yielded a single band 
at ~ 75 kDa that migrated identically to the single band of apoLp-II identified by 
anti-IIC, indicating that the IIN epitope is present in the particle, but may be buried 
in the structure of (semi-) native HDLp (data not shown)4.

The amount of inhibition can be expressed by the inhibition constant (Ki) which is 
the dissociation constant of the antibody-inhibitor complex, and described by the 
Cheng-Prusoff equation22. Since the Ki is corrected for differences in the antibody 
concentration and in affinities of the various antibodies for coated HDLp, the use 
of the Ki enables the comparison of the affinities of the different antibodies for 
HDLp. To determine the affinity of anti-IC, anti-IN and anti-IIC for coated HDLp, a  
solid phase binding assay was used. Determination of the Kds of the interaction  
of the different antibodies with coated HDLp yielded similar results (Figure 2),  
indicating that the affinities of the antibodies for coated HDLp did not differ  
significantly. Since the Kds of the different antibodies for coated HDLp were similar 
and the same concentration of the different antibodies was used in the competi-
tive solid phase binding assay, the Kis are proportional to the IC50 of the interaction 
between the antibodies and HDLp in solution (Figure 1E and Table 1). The Ki of 
the interaction between HDLp-1.17 and anti-IC was the lowest (Table 1), suggesting 
that the IC epitope is most prominently exposed. The interaction between HDLp-
1.17 and anti-IIC was characterized by the highest Ki, implying that the affinity of 
anti-IIC for HDLp-1.17 is lower than that of the other antibodies for HDLp-1.17, 
suggesting that this epitope is less exposed than the other ones. Since the IIN epitope 
is not exposed at the surface of HDLp, these results suggest that in both HDLp and 
HDLp-1.17, apoLp-I is more exposed at the surface. Additionally, it can be concluded  
that delipidation of HDLp leads to an increase in protein exposure of both apoLp-I 
and -II. 

Involvement of the IN and IIC epitopes in binding to LpR

To investigate the involvement of the cleavage site in binding of HDLp-1.17 to LpR, 
it was tested whether the binding of HDLp-1.17 could be inhibited by anti-IN or 
anti-IIC. After preincubation of OG-HDLp-1.17 with anti-IN or anti-IIC, the binding 
of OG-HDLp-1.17 to LpR-transfected CHO cells was analyzed by flow cytometry19, 
using untreated HDLp, which does not expose these epitopes, as a control.  
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Figure 2. Affinities of anti-IC (A), anti-IN (B) and anti-IIC (C) for coated HDLp. HDLp was 

coated on a microtiterplate and incubated with different amounts of antibody, detected by a secondary 

peroxidase-labeled antibody. The relative amount of binding is plotted against the concentration of antibody 

used (nM). The measurements are indicated by filled circles, and were obtained in three independent experi-

ments. Data were fitted using PROAST software20. Dotted lines indicate the ½Bmax. The Kd (= ½Bmax) of the 

interaction is indicated in the plots (the confidence interval in brackets). 

Figure 3. Competition binding studies of HDLp-1.17 to LpR-transfected CHO cells. CHO(LpR) 

cells were incubated with OG-HDLp-1.17 alone (A) or OG-HDLp-1.17 in the presence of a ten times excess 

of anti-IN (B) or anti-IIC (C). The fluorescence intensity of the cells was measured by flow cytometry. The 

amount of fluorescence is plotted on the y-axis (OG, relative values), and the forward scatter (FSC, relative 

values) on the x-axis. Based on control experiments using untransfected cells, region 1 (R1) was determined 

that contains LpR-expressing cells that bound and endocytosed OG-ligand. Plots are representative of three 

independent experiments, performed on cell lines created by different transfections.

As expected, the binding of untreated HDLp was not affected by the presence of the 
antibodies during the binding (data not shown). Additionally, the fluorescence of 
cells that bound HDLp-1.17 was not significantly affected by the presence of anti-IN 
or anti-IIC (Figure 3). This suggests that anti-IN and anti-IIC are not able to inhibit 
the binding of HDLp-1.17 to LpR, indicating that high-affinity binding of HDLp-1.17 
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to LpR is not mediated by these two epitopes. To further investigate the involvement 
of the cleavage site in high-affinity binding of HDLp to LpR, it was tested whether 
the antibodies were able to detect HDLp while the particle was bound to LpR. To 
this end, cleavage site-expressing HDLp bound to LpR-transfected CHO cells was 
assayed with anti-IN or anti-IIC. Bound antibodies were detected using a fluores-
cein-labeled secondary antibody, the fluorescence of which was measured by flow 
cytometry. Detection of ligand using anti-IN and anti-IIC yielded a similar amount 
of cells in region 1 (R1) as the positive control, HDLp detected by a polyclonal anti-
HDLp antibody (Figure 4). The difference in intensity between cells in R1 incubated 
with HDLp and detected by anti-IN or anti-IIC (Figures 4A, B) and cells in R1 for 
which HDLp was detected using anti-HDLp (Figure 4C) is most likely caused by the 
difference in bound antibodies per particle. Since anti-HDLp is a polyclonal antibody 
raised against the entire particle, HDLp is expected to contain more binding epitopes 
for this antibody than for anti-IN and anti-IIC that are raised against a peptide of  
20 amino acid residues. The latter results indicate that the IN and IIC epitopes are 
not hidden in the interface between HDLp and LpR. Together, this implies that the 
IN and IIC epitopes that comprise the cleavage site do not mediate the binding of 
HDLp to LpR. 

Figure 4. Antibody detection of HDLp bound to LpR-transfected CHO cells. CHO(LpR) cells 

were incubated on ice with HDLp particles that displayed the cleavage site. After washing, the cells were 

incubated with anti-IN (A), anti-IIC (B) or anti-HDLp (C). Primary antibodies were detected using a flu-

orescein-labeled secondary antibody. The fluorescence intensity of the cells was then measured by flow 

cytometry. The amount of fluorescence is plotted on the y-axis (FITC, relative values), and the forward 

scatter (FSC, relative values) on the x-axis. Based on control experiments using untransfected cells, region 1 

(R1) was determined, containing cells that bound and endocytosed unlabeled HDLp, detected by the various 

antibodies. Plots are representative of three independent experiments, performed on cell lines created by 

different transfections.
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Discussion

Previously we have shown that partially delipidated HDLp, produced by incubation 
of isolated HDLp with α-cyclodextrin and recovered by density-gradient ultra- 
centri-fugation at a floating density of 1.17 g/ml (HDLp-1.17), binds to LpR with an 
approx. 2.5-fold higher affinity than native HDLp at its normal density in insect 
hemolymph of 1.11 g/ml13. Additionally, the decreased lipid content of the HDLp-
1.17 particle was accompanied by an increase in immunoreactivity with antibodies 
against peptides flanking the cleavage site of apoLp-II/I13. Although these data may 
be taken to suggest that the increase in binding of HDLp-1.17 to LpR is mediated by 
the exposed cleavage site of apoLp-II/I, the results of our (competition) binding 
studies demonstrate that the cleavage site is not implicated in the binding of HDLp 
by LpR. Based on the Kis of the interaction between the various antibodies and 

Figure 5. Model of L.  
migratoria apoLp-II/I. The 

model of locust apoLp-II/I 

includes amino acid residues  

22-1,030 and was constructed 

based on the sequence homology 

with silver lamprey lipovitellin 

and human apoB-1004. The Cα 

backbone structure of apoLp-II/I 

is indicated by the ribbon colored 

by secondary structure, α-helices 

in dark grey, β-sheets in light 

grey. The consensus sequences 

L598KPKKI603 and L789KKSKKF795 

are shown including their side 

chains as CPK model (white) and 

indicated by their first amino 

acid residue. The arrow indicates 

the cleavage site, which is flanked 

by the IIC and IN epitopes.
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HDLp or HDLp-1.17, it appears that in both forms of HDLp apoLp-I is more exposed 
at the surface of the particle compared to apoLp-II, as was also found for the struc-
tures of HDLps from other species24-28. Since the immunoreactivities of anti-IIC,  
anti-IN and anti-IC were increased whereas the immunoreactivity of a polyclonal 
antibody raised against HDLp remained unchanged13, it is apparent that partial  
delipidation of HDLp results in the additional exposure of apoLp-I and -II without 
affecting the conformation of already exposed protein. These results are in excellent 
agreement with studies of Ryan and colleagues who found an increase in protein 
exposure upon delipidation of HDLp from Manduca sexta24 and suggested insect lipo-
phorin to be composed of an apolipoprotein/phospholipid framework that encloses a 
central cavity to which lipid can be added or from which it can be removed.  
Additionally, delipidation might result in exposure of cryptic receptor-binding sites24. 
The shift in the affinity of LpR for HDLp-1.17 suggests that the high affinity of LpR 
for HDLp-1.17 may result from such an additional binding site. 
Although the differential exposure of the cleavage site, which contains several Arg 
and Lys residues that are known to mediate the binding of ligands to LDLR family 
members14,16,18, may suggest that the cleavage site comprises this binding site, our 
studies provide the new finding that antibodies against this region, e.g. anti-IN 
and anti-IIC, were not able to prevent the binding of HDLp or HDLp-1.17 to LpR.  
Additionally, both anti-IN and anti-IIC appeared to bind receptor-bound, cleavage 
site-expressing HDLp particles, indicating that the epitopes flanking the cleavage 
site are not buried in the LpR-HDLp interaction interface. Therefore, it seems more 
likely that the appearance of the IIC and IN epitopes at the surface of HDLp-1.17 
marks the occurrence of additional protein exposure in general that might lead to 
the exposure of a cryptic LpR-binding site. For the binding site of ligands for LDLR 
family members, a consensus sequence was proposed involving two (basic) Lys 
residues separated by two to five residues, while both basic residues are N-terminally 
flanked by hydrophobic residues, preferentially leucine (Leu) or valine (Val)16,18. This 
consensus sequence is not completely satisfactory for the binding sites of all ligands, 
since for example in the binding site of apoB-100 for LDLR and in that of several 
other ligands for LDLR family members the N-terminal Leu is separated from the 
basic residue by a threonine (Thr) residue16,29. Additionally, also other clusters of Arg 
residues may be involved in the binding of ligand to receptor15,30. However, based 
on this consensus sequence, candidate sequences may be found. Sequence analysis  
of the apolipoprotein precursor apoLp-II/I revealed that this consensus sequence is 
numerously found in apoLp-I and once in apoLp-II. The latter, L598KPKKI603, is an  
interesting candidate for both the binding site involved in low-affinity binding of 
HDLp to LpR and the binding site involved in high-affinity binding of HDLp to  
LpR, since the three-dimensional model of apoLp-II/I reveals this motif to be 
situated at the end of an α-helix (Figure 5)4, as is the case for the binding sites of the  
receptor-associated protein (RAP) and apoE for LDLR-related protein (LRP)15,17. 
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Although apoLp-II is less exposed at the surface of HDLp (our data and24-28), the three-
dimensional model suggests that the L598KPKKI603 sequence is located on the outside 
of the protein and therefore may be available to mediate the binding of HDLp to LpR. 
Additionally, L598KPKKI603 is located relatively close to the cleavage site; therefore, 
modulation of the exposure of this sequence may be possible. The consensus sequence 
is found seven times in the amphipathic β-cluster of apoLp-I, a region that was shown 
to be required for lipidation of the lipoprotein during biogenesis2,31,32. Interestingly, 
also the LDLR-binding site of apoB-100, the integral protein of LDL, is located in 
one of its amphipathic β-clusters29,31. Such a similar location of the receptor-binding 
sites in apoLp-I and apoB-100 may suggest that, in addition to the N-terminal LLT 
modules1,2, also the C-terminal sequences of both LLTP family members may share  
a common evolutionary origin. For LDL, the amphiphatic β-strands were proposed  
to represent a nonflexible lipid-associating backbone displaying a high lipid  
affinity2,32-34. By contrast, delipidation of HDLp isolated from M. sexta resulted in a 
decrease in β-structures, suggestive of a certain degree of flexibility in this region24. 
One of identified sequences in this region, L789KKSKKF795, is located on the inside of 
the lipid-binding pocket close to the cleavage site (Figure 5), and therefore seems to 
be inaccessible when the particle is lipidated. Delipidation of HDLp might result in 
the exposure of this sequence, rendering this an interesting candidate for the LpR-
binding site of partially delipidated HDLp. The consensus sequence is also present 
two times in the very C-terminal region of apoLp-I; however, since this region is also 
well exposed in wild-type HDLp, it seems unlikely that these sequences are involved 
in high-affinity binding of HDLp-1.17 to LpR. Additionally, since the antibody against 
this region (anti-IC) did not prevent binding of HDLp to LpR and the antibody was 
able to detect HDLp when bound to LpR (data not shown), this demonstrates that 
this region is equally not involved in the low-affinity binding of HDLp to LpR.
Conclusively, our results indicate that the cleavage site of apoLp-II/I is not involved 
in binding of HDLp to LpR. Our data additionally imply that the receptor-binding 
site of insect apoLp-II/I (and its resulting apoLp-I and –II in HDLp) may be in a 
similar position as that of apoB-100, i.e. located in the amphipathic β-cluster. 
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Abstract

The insect low-density lipoprotein receptor (LDLR) homologue, LpR, mediates endo-
cytosis of the insect lipoprotein, high-density lipophorin (HDLp). The ligand is, 
however, recycled and resecreted, whereas other LDLR family members target their 
ligands for lysosomal degradation. In line with the ligand-recycling capacity of LpR, 
we demonstrated the complex of LpR and HDLp to be resistant to endosomal pH and 
low Ca2+-concentration as induced by EDTA treatment. Since Ca2+ is involved in the 
folding and functioning of LDLR family members, the resistance of the LpR-HDLp 
complex to EDTA treatment is remarkable. Therefore, we investigated the Ca2+- 
dependence of LpR. Using an electrophoretic mobility assay in combination with 
metabolic labeling, we show that folding of LpR followed the same Ca2+-dependent 
mechanism as disclosed for LDLR. Using a flow cytometric approach, treatment of 
cells with 5 mM EDTA prior to binding of HDLp to LpR was shown to abolish ligand 
binding, as observed for LDL binding to LDLR. The ligand-binding capacities of both 
LpR and LDLR were rescued by the addition of 2 mM Ca2+, displaying the ability of 
their ligand-binding sites to reorganize to the native conformation in the presence of 
Ca2+. After binding of HDLp to LpR, the complex appeared EDTA-resistant, in 
contrast to the LpR-RAP complex, suggesting this stability to be caused by a unique 
aspect of the interaction of insect lipoprotein with LpR. Molecular dynamics simula-
tions of the ligand-binding (LA-) repeats involved in binding of lipoprotein predicted 
that although LA-repeats 4, 5 and 6 were stable in the presence of Ca2+, they signifi-
cantly unfolded on removal of Ca2+. However, LA-6 seemed to display a higher 
stability in the absence of Ca2+ than LA-4 and -5. Together, these results indicate that 
the remarkable stability of the LpR-HDLp complex originates from the stabilizing 
properties of the interaction interface of LpR and its lipoprotein ligand, to which 
particularly LA-repeat 6 is proposed to contribute.
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Introduction

Lipid transport in the circulatory system of animals is mediated by highly specialized 
lipoprotein complexes, the apolipoproteins of which stabilize the lipid components 
and mediate particle metabolism. The multifunctional insect lipoprotein, high-
density lipophorin (HDLp), is synthesized in the insect fat body and secreted into the 
blood (hemolymph). In addition to lipid, the particle harbors two non-exchangeable 
apolipoproteins, apolipophorin I and apolipophorin II (apoLp-I and apoLp-II), which 
are derived from the post-translational cleavage of their common precursor, apoLp-
II/I1,2. This precursor was demonstrated to be a homologue of apoB-1003,4, the non-
exchangeable apolipoprotein of mammalian lipoproteins such as very-low-density 
lipoprotein (VLDL) and low-density lipoprotein (LDL)5,6. Whereas in mammals, 
endocytic uptake of lipoprotein particles, mediated via members of the LDL receptor 
(LDLR) family, results in their degradation in lysosomes, insect HDLp was shown to 
act as a reusable shuttle which is capable of both lipid delivery and reloading. In 
apparent contrast to its functioning as a shuttle system, receptor-mediated endocytic 
uptake of HDLp was demonstrated in fat body tissue of larval and young adult 
locusts, which appeared to be mediated by an insect LDLR homologue, the lipo-
phorin receptor, LpR7-9. The domain organization of LpR shows a high similarity to 
mammalian LDLR and VLDLR8. Notwithstanding the homology between LpR and 
LDLR, the O-linked glycosylation domain of LpR is half the size of that of LDLR, 
resulting in a lower number of serine (Ser) and threonine (Thr) residues in this 
domain8,10, while the ligand-binding domain of LpR contains one additional cysteine-
rich LDLR class A (LA-) repeat compared to the cluster of seven repeats in LDLR8. 
Moreover, in spite of the high structural similarity of LpR to mammalian LDLR, in a 
direct comparison of the functioning of both receptors in LpR-transfected Chinese 
hamster ovary (CHO) cells, endocytosed HDLp appeared not to be degraded in 
lysosomes, as is the case for mammalian LDL, but resecreted in a manner similar  
to transferrin11-14. Also in insect fat body tissue, endocytosed HDLp is most likely 
resecreted15. Although the physiological role of this pathway is not yet clear, binding 
and endocytosis studies using partially delipidated HDLp with a buoyant density of 
1.17 g/ml (HDLp-1.17) indicate that LpR favors the binding of this partially delipi-
dated HDLp over HDLp, suggesting that LpR-mediated recycling may function in 
intracellular loading of HDLp with lipids to be delivered to other tissues16. Binding 
studies propose that a crucial step in this recycling mechanism of LpR, both in LpR-
transfected CHO cells and in the insect tissue, may result from the resistance of  
the LpR-HDLp complex to dissociation at endosomal conditions17, such as low pH 
(pH 5 - 6.5) and a relatively low Ca2+ concentration18,19. Similar experiments using 
hybrid receptors composed of the ligand-binding domain of LpR and the other 
domains of LDLR showed that the resistance of the LpR-HDLp complex against 
EDTA-treatment is mediated by the interaction of HDLp and LA-2-7 of LpR17.  
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LA-repeats of LDLR family members consist each of approximately 40 amino acid 
residues organized in a two-loop conformation stabilized by three disulfide bonds 
and a Ca2+ ion that is chelated by six amino acid residues, five of which are located 
in a conserved stretch of acidic residues (DCxDxSDE)20-24. During folding of LDLR 
family members, Ca2+ is essential for native disulfide bond formation in the LA-
repeats20,25,26. After folding, when the native structure of the receptor is achieved, 
removal of the Ca2+ ion was shown to abolish ligand binding by LDLR27. Folding of 
LDLR has long been assumed to occur in a vectorial manner, i.e. domain by domain, 
starting with the most N-terminal LA-repeat. However, studies using an electro-
phoretic mobility assay in combination with metabolic labeling showed the newly 
synthesized LDLR polypeptide chain to fold rapidly into compact structures contain-
ing non-native disulfide bonds linking distant regions of the protein28,29. With time 
these non-native disulfide bonds are isomerized into native disulfide bonds between 
cysteines within individual LA-repeats28,30,31. The remarkably efficient folding of the 
LDLR may be caused by assistance of general chaperones, for example BiP32. Addi-
tionally, specific chaperones, such as the receptor-associated protein (RAP) and Boca/
Mesd, contribute to the folding of LDLR family members33-37. Due to their high 
affinity for RAP, RAP is also used as a general ligand for LDLR family members38-40 
and was shown to efficiently compete with HDLp for binding to LpR11,17. 
Despite the EDTA resistance of the LpR-HDLp complex, sequence comparison of 
LpR with other LDLR family members revealed no unusual features that could 
suggest the absence of, or a significant difference in, Ca2+-binding by the LA-repeats 
of LpR17. Therefore, in this study, we investigate the role of Ca2+ in LpR folding and 
ligand binding to LpR, as well as the remarkable stability of the LpR-HDLp complex 
in the absence of Ca2+ in addition to the stability of the LA-repeats involved in the 
interaction of HDLp and LpR in the absence and presence of Ca2+. Together, our 
results suggest that the high stability of the LpR-lipoprotein complex at low Ca2+ 
concentration conditions seems to arise from the specific binding of HDLp to LpR, 
possibly stabilized by an increased intrinsic stability of LA-6. 
 

Materials and Methods

Proteins and antibodies

HDLp was isolated from locust hemolymph by density gradient ultracentrifugation 
as described earlier11. Partially delipidated HDLp (HDLp-1.17) was prepared using 
α-cyclodextrin as described16. Human LDL was isolated from blood plasma as 
described (Plasma obtained from the Bloedbank Midden Nederland)17. Polyclonal 
rabbit-anti-LpR 2189/90 antibody was raised against a synthetic peptide representing 
the unique N-terminal 20 amino acids (34-53) of LpR9. The 121 rabbit polyclonal 
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antiserum was raised against amino-acids 59-343 of LDLR11. Mouse anti-LDLR 
antibody C741 and anti-HA antibody 12CA542 were obtained from hybridoma cells. 
Human his-tagged RAP (RAP-his) was a generous gift from Dr. Michael Etzerodt 
(IMSB, Aarhus University, Århus, Denmark).

DNA constructs

Constructs for expression of LpR and hybrid receptors were described before11,12.  
A short immunoreactive tag, the hemagglutinin epitope YPYDVPDYA (HA-tag) from 
the influenza virus A, was fused to the C-terminal end of LpR and LDLR to generate 
LpR-HA and LDLR-HA, respectively. Cloning of the expression vectors encoding  
the fusion proteins was performed according to standard molecular biological  
laboratory procedures and to protocols provided with endonucleases and kits.  
A  PCR fragment was generated using PfuTurbo DNA polymerase (New England 
Biolabs) and synthetic oligonucleotide primers (Biolegio, Malden, The Netherlands). 
The nucleotide sequence encoding the HA-tag was inserted immediately downstream 
of the codon encoding the C-terminal residue of LpR or LDLR. To this end, for LpR 
a 1562 bp fragment was generated by PCR from pcDNA3-LpR (piLR-e;)8 containing 
an XbaI site at the 5’ end and a Kpn21 site at the 3’ end, using the forward oligonu-
cleotide primer 5’ggt acc aat gaa tgt gct gta aat aat gg 3’, and the reverse primer 5’gatc 
tct aga tca cac agc gta gtc cgg gac gtc gta cgg gta tac ata atc att tgt ccc agg 3’ (HA-tag 
encoding sequence indicated in italics). Subsequently, the obtained fragment was 
digested with XbaI (New England Biolabs) and Kpn21 (Fermentas) and the resulting 
1190 bp fragment was cloned into pcDNA3-LpR digested with the same two endonu-
cleases to replace the sequence at the 3’ end with that encoding the HA-tag. The 
pcDNA3-LDLR-HA construct was made similarly using the forward primer 5’ cct gtc 
cca gag aat gat cgc cag cac cca gct tga cag agc 3’ and the reverse oligonucleotide 
primer 5’ gatc ggt acc tca cac agc gta gtc cgg gac gtc gta cgg gta cgc cac gtc atc ctc cag 
act gac 3’ (HA-tag encoding sequence indicated in italics) and subsequent cloning 
using BglII and KpnI.

Cell culture

LDLR-deficient Chinese hamster ovary cells, CHO(ldlA)43 were cultured in Ham F-10 
nutrient mixture (Invitrogen) supplemented with 5 % heat-inactivated fetal bovine 
serum (FBS, Invitrogen) and 100 U/ml penicillin G sodium and 100 μg/ml streptomy-
cin sulfate in 85% saline (Invitrogen). Wt CHO cells were maintained in a-minimal 
essential medium (αMEM, Invitrogen) supplemented with 8 % fetal calf serum, 100 
U/ml penicillin, 100 μg/ml streptomycin, and 2 mM Glutamax (Invitrogen). Human 
cervical carcinoma (HeLa) cells were cultured in minimal essential medium (MEM, 
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Invitrogen) supplemented with 10 % fetal calf serum, 100 units/ml penicillin, 100 
μg/ml streptomycin, 2 mM Glutamax (Invitrogen), and non-essential amino acids 
(Invitrogen). All cell types were maintained at 37°C and 5 % CO2. 

Transfections

LDLR-deficient CHO(ldlA)43 cells were cultured until 40% confluency in 12-well 
multidishes (Costar). After washing the cells once, the culture medium was replaced 
with 500 μl of fresh culture medium. Subsequently, 4 μg DNA and 4 μg 25 kDa 
linear polyethylenimine (PEI; Polysciences) in 50 μl serum-free medium (Ham F-10 
nutrient mixture supplemented medium with 100 U/ml penicillin G sodium and 100 
μg/ml streptomycin sulfate in 85% saline) was administered to the cells. After 4 h, 
500 μl culture medium was added and cells were cultured overnight. The next day, 
cells were detached from dishes by trypsinization and cultured in 25 cm2 culture 
flasks in growth medium supplemented with 400 μg/ml geneticin (GibcoBRL). Ten 
days after transfection, cells were used for experiments. For transient transfections, 
wt CHO or HeLa cells were transfected with DNA plasmids using PEI as described 
above and used for experiments 24 h post-transfection.  

Electrophoretic mobility assay and metabolic labeling

Pulse-chase experiments were performed as described before28,44. Briefly, transiently 
transfected cells were incubated for 15-30 min in MEM deprived of methionine and 
cysteine (MP Biomedicals) and supplemented with 10 mM HEPES pH 7.4. Newly 
synthesized proteins were radiolabeled by incubating the cells for 5 min at 37oC with 
35S-labeled methionine and cysteine (RedivueTM PRO-MIX, Amersham Biosciences). 
Subsequently, radiolabeled proteins were chased for the times indicated by incu-
bating cells with culture medium containing 5 mM of unlabeled cysteine and  
methionine, 5 % fetal calf serum, 10 mM HEPES pH 7.4 and 1 mM cycloheximide  
to terminate nascent chain elongation. At the end of the chase, cells were cooled to 
4°C and free sulfhydryl groups were blocked with 20 mM alkylating agent N-ethyl-
maleimide (NEM, Sigma). 
To study the effect of Ca2+-depeletion on receptor folding, cells were pretreated for 
30 min with thapsigargin (100 nM, ICN) or DMSO as control. Thapsigargin or DMSO 
was also present in the labeling and chase media. 

Immunoprecipitation and SDS-PAGE

Cellular detergent lysates were prepared in lysis buffer (1 % Triton X-100, 10 mM 
HEPES pH 7.4, 200 mM NaCl, 2 mM CaCl2, 2.5 mM MgCl2, 2.2 % DMSO) supple-
mented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM NEM, and  
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10 μg/ml each of chymostatin, leupeptin, antipain, pepstatin A (CLAP) for 10 min  
at 4oC. After incubation, cell remains were scraped and the lysate was centrifuged 
for 10 min at 16,000 x g and 4°C. Supernatants were subjected to immunoprecipi-
tation using the anti-HA antibody 12CA5. Alternatively, LpR1-342LDLR293-839 and 
LDLR1-292LpR343-850 were precipitated using antibody 2189/90 or the 121 rabbit  
polyclonal antiserum respectively. Immune complexes were captured using Protein 
A-Sepharose beads (Amersham Biosciences) and washed twice with 50 mM Tris-HCl 
pH 8.6, 150 mM NaCl, 1 % Triton X-100, 0.5 % SDS. Immunoisolates were  
resuspended in 10 mM Tris-HCl pH 6.8, 1 mM EDTA and heated for 5 min at 95°C 
in sample buffer (200 mM Tris-HCl pH 6.8, 3 % SDS, 10 % glycerol, 1 mM EDTA and 
0.004 % bromophenol blue). For reduction of disulfide bonds, samples were incubated 
in sample buffer containing 50 mM dithiotreitol (DTT) for 5 min at 95°C; after 
reduction, 100 mM NEM was added to block free sulfhydryl groups. The electro-
phoretic mobility of the proteins was analyzed by separation of the proteins by  
SDS-PAGE on a 6 % polyacrylamide gel. Subsequently, SDS-PAGE gels were dried 
and exposed to Kodak MR BioMax films.

Fluorescence labeling

HDLp and LDL were covalently labeled with Oregon green (OG) 488 carboxylic acid 
(Molecular Probes) as described before11.

Binding experiments using flow cytometry

Binding experiments were performed as described earlier17. In short, CHO(ldlA) cells 
stably transfected with LpR or LDLR were washed with ice-cold binding buffer  
(50 mM Tris-HCl, 2 mM CaCl2, 150 mM NaCl, pH 7.4) and subsequently incubated 
with OG-HDLp (25 μg/ml) or OG-LDL (35 μg/ml) in binding buffer for 30 min. Alter-
natively, cells were preincubated with EDTA-containing buffer (50 mM Tris, 150 mM 
NaCl, 5 mM EDTA, pH 7.4, 4oC) for 30 min, after which binding was performed  
in binding buffer or in binding buffer without Ca2+ (50 mM Tris-HCl, 150 mM  
NaCl, pH 7.4, 4oC). To determine the ligand-specificity of the EDTA resistance of the 
LpR-ligand complex, LpR-transfected CHO(ldlA) cells were incubated with OG-
HDLp (25 μg/ml), OG-HDLp-1.17 (25 μg/ml) or RAP-his (3.6 μg/ml). After binding, 
cells were washed and incubated with EDTA-containing buffer. RAP-his was detected 
by subsequent washing and incubation of mouse-anti-his antibody (Amersham Bio-
sciences) in binding buffer, followed by washing and incubation with a fluorescein 
isothiocyanate (FITC)-labeled secondary anti-IgG antibody (Jackson Immuno-
Research Laboratories Inc). The above described incubations were performed on ice 
to prevent endocytosis. After the binding, cells were washed once with binding 
buffer and once with serum-free medium, followed by incubation with serum-free 
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medium for 5 min at 37oC, to allow the bound ligand to be endocytosed. After endo-
cytosis, cells were detached from dishes by trypsin treatment and resuspended in 
growth medium. Resuspended cells were fixed in 0.5 % paraformaldehyde in PBS at 
4oC for at least 30 min to overnight. Samples were measured by flow cytometry using 
a fluorescence-activated cell sorter (FACS, Becton Dickinson FACS Calibur). Flow 
cytometry data were collected using Cell Quest (Becton Dickinson) and downloaded 
into the program WinMDI (TSRI FACS Core Facility, La Jolla, CA) for analysis.

Flow cytometry data analysis

Flow cytometry data were quantified as descried earlier17. In brief, of each sample 
(approximately 100,000 cells) the fluorescence was plotted against the forward scatter 
(FSC). For each series of experiments, the region containing cells that bound and 
endocytosed OG-ligand (Region 1, R1) was defined in the plot based on a similar 
experiment performed using untransfected cells. Then the number of cells and the 
mean fluorescence (y-mean) in R1 were determined. For each cell line, the number 
of cells in R1 after different treatments was compared by a t-test for paired samples 
performed on the logarithms of the number of cells. In case of a significant (p ≤ 0.05) 
difference in sample size due to the different treatments, the y-mean was corrected 
by using random values of the missing number of cells from the population of which 
the fluorescence did not exceed that of untransfected cells. To test whether samples 
were significantly different from control samples, a t-test for paired samples was 
performed on the logarithms of the y-means. As negative control, the y-mean outside 
R1 was determined and compared between different treatments. For each sample 
the relative amount of fluorescence as compared to control samples was calculated. 
Data presented as means of these relative values ± s.e.m. were obtained from at 
least three independent experiments.

Molecular dynamics

The structures of LA-repeats 4, 5 and 6 of LpR were modeled in pairs using Modeller 
8v2 using the structure of LA-repeats 3 and 4 of LDLR (PDB-bank 2FCW) as a 
template. The different models for the LA-repeats of LpR were initially refined in 
vacuo through a minimization schema that uses several cycles of Conjugate Gradient 
up to 20000 steps in total. Molecular dynamics (MD) simulations were performed 
using NAMD 2.645 with the CHARMM 27 force field46. Solvation of the systems was 
achieved by placing a pre-equilibrated rectangular box (55 Å x 55 Å x 60 Å) of  
approximately 5000 TIP3P water molecules47 around the protein structures. Periodic 
boundary conditions were applied and rigid bonds (SHAKE algorithm)48 were used to 
hold rigid the internal geometry of the water molecules (Jorgensen description). 
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Long-range electrostatic interactions were modeled with the particle-mesh Ewald 
method49, using a cutoff of 14.0 Å and a grid space between 0.95-1.0 Å. To reach an 
appropriate neutralization, solvent environment setup was complemented with an 
equilibrated atmosphere of Na+ and Cl- counter ions. Diffusion of the counter ions 
and suppression of potential internal strains present in the solvation cage were 
achieved through 1 ns (300 K, 1 at) of CPT (constant pressure and temperature) 
dynamics, using the Nosé-Hoover Langevin Piston for pressure coupling50,51 with a 
fixed solute. In the Ca2+-removal simulations, additional steps of neutralization and 
equilibration of the solute environment were required and were performed following 
a similar protocol. System heating and equilibration phases proceeded as follows: 
after proper system solvation, neutralization and spatial organization, a slow pro-
gressive heating of 100 ps to the working temperature (300K) was done using 
Langevin dynamics, and a sufficiently long equilibration phase (500 ps) using  
CPT dynamics (250 ps) and Langevin dynamics (250 ps with a friction coefficient of 
5 ps-1) consecutively. Ulterior protein structure refinement was achieved using con-
strained molecular dynamics, imposing on the different protein residues harmonic 
constraints that decrease linearly (until full removal) as the simulation evolves. 
Finally, in the production phase, traditional Brownian dynamics gave rise to a set of 
production trajectories of up to 10 ns length each. In case of simulations in the 
presence of Ca2+ the initial structure subjected to a 10 ns simulation was the one 
obtained by modeling of the repeat. For simulations in the absence of Ca2+, the 
minimized final structure after 10 ns simulation of the initial model was used as 
initial structure from which the Ca2+ ion was then removed so that a subsequent 10 
ns simulation was run. In all cases, the friction coefficients in the Langevin equations 
were set to 60 ps-1 for the solvent molecules while a much lower one (0.5-1.0 ps-1) was 
used for the atoms in the protein. Vibrational analysis and B factor prediction were 
performed with user-made subroutines in cooperation with the elastic network 
model implemented in the “El Nemo” server52. Molecular visual graphics were 
generated using the VMD package53.

Results

Folding of LpR

To study the folding pattern of LpR in comparison with that of LDLR, radiolabeling 
pulse-chase experiments were used to monitor disulfide bond formation of newly 
synthesized receptors in CHO cells transiently transfected with either HA-epitope-
tagged LpR (LpR-HA) or LDLR (LDLR-HA). Subsequently, the radiolabeled receptors 
were immunoisolated using an anti-HA antibody and the electrophoretic mobility of 
the receptors was analyzed by non-reducing (Figure 1A) and reducing (Figure 1B) 
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Figure 1: Folding of LpR and LDLR in transiently receptor-transfected CHO cells. Cells were 
radiolabeled by a 5 min pulse and subsequently chased for the times indicated (min). LpR-HA and 
LDLR-HA were immunoprecipitated from cell lysates using an anti-HA antibody. Samples were 
subjected to non-reducing (A) or reducing (B) SDS-PAGE. Aggregates (Aggr.), Golgi- and ER-forms are 
indicated. NR: non-reduced, R: reduced.

Figure 2: Alignment of the amino acid sequences of the O-linked glycosylation domain of 
LpR and LDLR. The alignment was obtained using the on-line CLUSTAL W (1.82) multiple sequence 
alignment tool. Potential sites for O-linked glycosylation (Ser, S and Thr, T) are shaded in grey.

SDS-PAGE. Immediately after synthesis, under non-reducing conditions LpR ran as 
a smear (Figure 1A, 0 min chase), indicative of a heterogeneous pool of LpR folding 
intermediates. Upon reduction of the sample, the signal appeared as a single band 
(Figure 1B, 0 min chase), indicating that the difference between the LpR forms in the 
non-reducing gel was due to variability in number and/or organization of disulfide 
bonds. Similar to LDLR (Figure 1A)28, the electrophoretic mobility of the non-reduced 
LpR molecules decreased with time, whereas that of the reduced samples remained 
similar (Figure 1), indicating that also in LpR initially formed non-native disulfide 
bonds isomerize into the native set. After a chase time of 30 min, an additional band 
migrating with a lower electrophoretic mobility appeared in both reducing and non-
reducing conditions (Figure 1). Like for LDLR, this band most likely represents LpR 
molecules that are O-linked glycosylated in the Golgi-complex. For LpR, however, a 
smaller shift between the endoplasmic reticulum (ER) and Golgi-form was seen than 
for LDLR (Figure 1). This suggests LpR to be O-glycosylated less than LDLR, which 
is in agreement with its shorter O-glycosylation domain (Figure 2). As for untagged 
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LDLR (F. Pena, J. Gent and I. Braakman, unpublished results), we found similar 
results for the folding of untagged LpR (data not shown). Together these results 
indicate that the folding pattern of LpR is similar to that of LDLR. 
To investigate whether the observed folding pattern represents a general mechanism 
for folding of LDLR family members, we examined whether the ligand-binding 
domains of LDLR and LpR were exchangeable without affecting folding. For these 
experiments, HeLa cells were transiently transfected with cDNA encoding a hybrid 
receptor composed of domains from LpR and LDLR (Figure 3A). The folding pattern 
of LpR and LDLR was similar in HeLa and CHO cells (data not shown). Pulse-chase 
analysis of LDLR1-292LpR343-850, composed of the LDLR ligand-binding domain and  
the other domains from LpR (Figure 3A) showed a similar folding pattern as for LpR 
and LDLR (Figures 3B and 1A). The folding pattern of the reciprocal receptor,  
LpR1-342LDLR293-839 (Figure 3A) was also similar (Figures 3B and 1A). The observed 
difference in the amount of precipitated aggregates for the hybrid receptors as 
compared to that of LpR and LDLR (Figures 1A and 3A) may be caused by the use of 
antibody 2189/90 to precipitate LpR1-342LDLR293-839 and antiserum 121 to precipitate 
LDLR1-292LpR343-850 instead of the anti-HA antibody. Using antibody 2189/90 or 121 to 
precipitate LpR or LDLR, respectively, resulted in similar differences in the amount 
of precipitated aggregates, which were not observed when the anti-HA antibody was 
used (Figure 1; data not shown), indicating that the difference is due to a difference 
in specificity of the antibodies. Collectively, these results indicate that swapping of 
the ligand-binding domains of LpR and LDLR resulted in the formation of hybrid 
receptors that are able to fold properly and to reach the Golgi-system. This suggests 
that the observed folding pattern may be general for LDLR family members. 

Involvement of Ca2+ in folding of LpR

The formation of native disulfide bonds during folding of the LA-repeats of LDLR is 
closely associated with Ca2+ binding by the repeats20,26,28,54. To examine the role of 
Ca2+ in folding of LpR, pulse-chase experiments were performed in the presence of 
thapsigargin, an inhibitor of the Ca2+-ATPase pump, leading to depletion of Ca2+ 
from the ER55,56. For these experiments, CHO cells were transiently transfected with 
LpR-HA. In the presence of thapsigargin the electrophoretic mobility of the LpR-HA 
folding intermediates was higher than in DMSO-treated cells (Figure 4A). However, 
upon reduction no mobility differences were observed between LpR-HA molecules 
from thapsigargin- or DMSO-treated cells (Figure 4B). These results indicate that  
the difference in electrophoretic mobility in the presence of thapsigargin is due  
to a variation in number or position of the non-native disulfide bonds. After 2h,  
O-linked glycosylated receptors were observed (Figure 4), but the electrophoretic 
mobility under non-reducing conditions of these receptors folded in the presence  
of thapsigargin differed from that of receptors folded in control cells (Figure 4A). 
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Figure 3: Folding of LDLR1-292LpR343-850, and LpR1-342LDLR293-839 in HeLa cells. A: Schematic 
representation of the hybrid receptors. LDLR domains are depicted in grey and LpR domains in black. 
Both receptors contain a ligand-binding domain composed of LA-repeats (squares), an EGF-precursor 
homology domain composed of two EGF-repeats (diamonds) that are separated from a third by a 
β-propeller containing YWTD-repeats (circle), an O-linked glycosylation domain (oval), a transmem-
brane domain (trapezoid) and an intracellular C-terminal domain (long rectangle). The wide and open 
rectangle represents the plasma membrane. The numbers indicate the amino acid residues of the 
mature proteins. B, C: Cells were radiolabeled by a 5 min pulse followed by a chase for the indicated 
times (min). Receptors were immunoprecipitated with antibody 121 (LDLR1-292LpR343-850, left panel) or 
2189/90 (LpR1-342LDLR293-839, right panel). Samples were subjected to non-reducing (B) or reducing (C) 
SDS-PAGE. Aggregates (Aggr.), the Golgi- and ER-forms are indicated. NR: non-reduced, R: reduced.

Additionally, much more disulfide-linked LpR-HA aggregates were observed in the 
presence of thapsigargin. A similar effect of Ca2+ depletion was observed for the bio-
synthesis of HA-tagged LDLR (LDLR-HA) (Figure 4)25. These results suggest that 
depletion of Ca2+ from the ER disturbs the folding pattern of LpR in the same way as 
that of LDLR, indicating that Ca2+ is necessary for proper disulfide bond formation 
of LpR.
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Figure 4: Effect of ER Ca2+ depletion on folding of LpR and LDLR. CHO-cells transfected with 
LpR-HA or LDLR-HA were pretreated for 30 min with 100 nM thapsigargin (T) or DMSO (D) as 
control. Subsequently, cells were radiolabeled by a 5 min pulse followed by a chase in the presence 
of thapsigargin or DMSO for the time points indicated. Receptors were immunoprecipitated with 
anti-HA antibody and subjected to non-reducing (A) or reducing (B) SDS-PAGE. Aggregates (Aggr.), 
Golgi- and ER-forms are indicated. NR: non-reduced, R: reduced.

Requirement of Ca2+ for the integrity of the ligand-binding site 
of LpR

Since Ca2+ appeared essential for proper disulfide bond formation of LpR, it became 
vital to determine whether Ca2+ is necessary to maintain the conformation of the 
ligand-binding site of LpR. After binding at 4oC of OG-labeled HDLp to LpR-trans-
fected CHO(ldlA) cells, endocytosis of bound ligand was allowed by incubation at 
37oC in serum-free medium, while subsequently the fluorescence of resuspended 
cells was analyzed by flow cytometry17. A preincubation of the LpR-transfected 
CHO(ldlA) cells with an EDTA-containing (5 mM) buffer, followed by binding of  
OG-HDLp in the absence of Ca2+, abolished ligand binding (Figures 5A, B). Quanti-
fication of the fluorescence in region 1 (R1) containing cells which had bound and 
endocytosed OG-HDLp17 revealed a decrease in the mean fluorescence (y-mean) of 
80.2 ± 3.0% compared to the y-mean of cells from control experiments. Such a 
decrease was also apparent in a similar experiment using CHO(ldlA) cells stably 
transfected with LDLR and measuring binding of OG-LDL (Figures 5D, E). It should 
be noted that the endocytosis step was performed in the presence of Ca2+ , indicating 
that the decrease in fluorescence was not caused by the disability of the cells to en-
docytose ligand in the absence of Ca2+. A similar experiment assaying the binding 
and endocytosis of anti-LDLR antibody 121 that is able to bind LDLR after Ca2+ 
depletion11 resulted in endocytosis of this antibody (data not shown), confirming that 
after preincubation with EDTA, the cells retain their ability to endocytose ligand. 
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Figure 5: FACS analysis of Ca2+ dependence of ligand binding to LpR and LDLR. CHO(ldlA) 
cells stably transfected with LpR (A-C) or LDLR (D-F) were incubated with OG-HDLp (A-C) or OG-
LDL (D-F). After binding and subsequent endocytosis of OG-ligand, the cells were trypsinized and 
analyzed by flow cytometry. The amount of fluorescence is plotted on the y-axis (relative values), and 
the forward scatter (FSC, relative values) on the x-axis. Cells in region 1 (R1) are transfected cells that 
bound en endocytosed OG-ligand. A, D: control experiments assaying the binding of OG-HDLp (A) 
or OG-LDL (D) in the presence of Ca2+; B, E: cells were pre-treated with a buffer containing 5 mM 
EDTA, subsequently binding of OG-HDLp (B) or OG-LDL (E) was performed in the absence of Ca2+; 
C, F: cells were pre-treated with a buffer containing 5 mM EDTA, whereafter binding of OG-HDLp 
(C) or OG-LDL (F) was performed in the presence of 2 mM Ca2+. The data shown in the plots are 
representative of seven independent experiments. 

This indicates that in the binding site of LpR, Ca2+ is indispensable for binding of the 
ligand, as was found for the binding site of LDLR for LDL (Figure 5)23,27,57. EDTA 
treatment of the cells followed by binding of OG-HDLp in the presence of Ca2+ com-
pletely restored the ability of LpR to bind HDLp (Figure 5C). Similar results were 
obtained for an equivalent experiment monitoring the binding of OG-LDL to 
CHO(ldlA) cells stably transfected with LDLR (Figure 5F). This indicates that  
the structural organization of the binding sites of LpR and LDLR for their respective 
lipoproteins after initial Ca2+ removal is efficiently restored in the presence of Ca2+. 
For the binding of OG-HDLp to LpR1-342LDLR293-839 or OG-LDL to LDLR1-292LpR343-850 
(Figure 3A), similar results were acquired (data not shown), suggesting that exchang-
ing the ligand-binding domains of LDLR and LpR did not disrupt the ability of the 
LA-repeats to refold in the presence of Ca2+. Therefore, it seems that for restoring the 
disrupted structural organization of the LA-repeats in the presence of Ca2+ the ligand-
binding domein is sufficient. 
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Ligand specificity of the EDTA resistance of the LpR-ligand 
complex

Despite the Ca2+-dependence of LpR for folding and ligand binding, the LpR-HDLp 
complex appeared EDTA-resistant, in contrast to the LDLR-LDL complex17, suggesting 
that HDLp contributes to the stability of the complex in a unique manner. To investi-
gate this specific interaction with HDLp in complex stabilization it was assayed whether 
the stabilizing properties are ligand-specific, using other LpR ligands such as RAP and 
partially delipidated HDLp (HDLp-1.17)16. The complex of LpR with HDLp-1.17 also 
appeared EDTA-resistant (Figure 6). However, in contrast to what was observed for the 
LpR-lipoprotein complexes, EDTA treatment disrupted the interaction between LpR 
and RAP (Figure 6). These results suggest that the stability of the complex is caused by 
the specific interaction between the insect lipoprotein and LpR. 

Molecular dynamics simulations of LpR LA-4, 5 and 6 with or 
without bound Ca2+ 

Earlier studies using hybrid receptors showed the EDTA resistance of the LpR-HDLp 
complex to be attributable to LA-2 to 7 of LpR17. Modeling these repeats using the 
structure of LA-3-4 of human LDLR as a template revealed that only LA-4, 5 and 6 
contain both a central Trp and a negatively charged binding pocket coordinated by a 

5

Figure 6: Stability of the complex of LpR with HDLp, HDLp-1.17 or RAP upon EDTA 
treatment. Bar representation of the results of binding experiments (n = 3) in which CHO(ldlA) cells 
stably transfected with LpR were incubated with OG-HDLp, OG-HDLp-1.17 or RAP followed by 
extensive washing of the cells with a buffer containing 5 mM EDTA. RAP-his binding was analyzed 
by subsequent binding of an anti-his-labeled antibody, which was detected by a fluorescently-labeled 
secondary antibody. After endocytosis of bound ligand, cells were trypsinized and the fluorescence 
of the cells was measured by flow cytometry. The y-mean in region 1 (R1) was determined for each 
sample. Bars depict the relative y-mean compared to the y-mean of control experiments assaying the 
binding of the respective ligands without subsequent EDTA treatment, which were set at 1. Error 
bars indicate the s.e.m. 
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Ca2+ ion, which contribute to the interaction of LDLR family members with their 
ligands58,59. This suggests that LA-4-6 may be involved in the interaction with HDLp. 
For that reason, the stability of these repeats in the presence and absence of Ca2+ was 
assessed using MD simulations. Previous studies showed that, in agreement with 
experimental observations, the Ca2+-containing LA-5 of LDLR remains stable during 
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Figure 7: MD simulations of LA-5 of LpR. RMSD (Å) of the amino acid residues of LA-5 of LpR 
after MD simulation (10 ns) with bound Ca2+ (A) and after Ca2+ removal (B), relative to their initial 
structures (See Materials and Methods). B: A large departure from the Ca2+-containing structure was 
observed, especially for the Ca2+-coordinating residues, indicated by asterisks. The RMSD (Å) is 
plotted on the y-axis; on the x-axis the amino acid residues of LA-5 are indicated by one-letter code, 
numbering is based on the amino acid sequence of the individual repeat. 
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10 ns simulations but it unfolds when the Ca2+ ion is removed60. MD simulations can 
thus be used to predict whether Ca2+ removal by EDTA is compatible with the LpR 
repeats retaining their native fold. To this end, MD simulations were performed on 
the models of LA-4, LA-5 and LA-6 of LpR. The quality of the models and the stability 
of the repeats were tested by performing 10 ns MD simulations in explicit solvent. 
After the simulation, the root mean square deviation (RMSD), i.e. the measure of the 
average distance between the backbones of the Cα-atoms of the amino acid residues 
of the repeats at the end of the simulation relative to the initial structures, was deter-
mined. Except for the N-terminal tail of the repeats, the RMSD of the Cα-atoms of 
the amino acid residues of LA-4, 5 and 6 was low (0.6-3.5 Å for LA-5; Figure 7A). The 
average RMSD of the six Ca2+-binding residues in LA-5 is 1.3 Å. Since different NMR 
structures of LA-6 of human LDLR already show an RMSD of 0.6 Å (data not shown), 
the obtained value of 1.3 Å seems to be comparable with the flexibility of other LA-
repeats, indicating that the models built for LA-4, 5 and 6 are fairly accurate and 
stable. We noticed nevertheless that, compared to LA-4 and 5, the N-terminal lobe of 

5

Figure 8: Three-dimensional models of LA-5 and LA-6 of LpR in the presence (A, C) and 
absence (B, D) of Ca2+. Images show the last snapshot after 10 ns for LA-5 (A, B) and LA-6 (C, D). 
The models are colored according to the RMSD of the Cα of the amino acid residues, ranging from 
red (0 Å), via white (3 Å), to blue (6 Å). Important residues mentioned in the text are indicated by 
one-letter code, numbers are based on individual repeats. The Ca2+ ion is depicted as a green sphere. 
For a colored version of this figure see page 169.
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LA-6 showed more flexibility, which could reflect the true structural flexibility; 
however, we cannot exclude that this could be indicative of a poor quality of this 
model in the N-terminal region. The flexibility observed in the C-terminal Ca2+- 
containing lobe of LA-6 is nevertheless comparable to that of the other repeats. As 
previously observed for LA-5 of LDLR60, the RMSD of the Ca2+-binding residues 
form local minima (Figure 7A), indicating that they are strongly stabilized by inter-
action with the Ca2+ ion. Together, these results suggest that in terms of Ca2+-binding 
features and stability according to MD simulations, the modeled LA-4, LA-5 and LA-
6 modules of LpR behave, in the presence of bound Ca2+, similarly to the LA-5 
module of LDLR whose simulation, performed on the x-ray structure, was in 
agreement with experimental observations on the isolated repeat60. 
Subsequently we used MD simulations to investigate the dynamics of the LA-repeats 
in the absence of Ca2+. As found for LA-5 of LDLR60, removal of the Ca2+ ions from 
LA-4 and -5 of LpR led to a large increase in flexibility in the Ca2+-coordinating 
region. The most striking feature is the large RMSD for the central Trp of LA-5 
(around 7 Å, Figure 7B), reflecting the disorganization of the ligand-binding site. Ad-
ditionally, the RMSD of the Ca2+-coordinating residues (3.9 Å on average) no longer 
populated minima, but maxima along the sequence (Figure 7B). Ca2+ removal thus 
led to a drastic disordering of the Ca2+-binding site and reorientation of the side 
chains of the amino acid residues involved, but did not lead to an entirely unfolded 
structure (Figures 8A, B). Compared to what is observed for LA-4 and 5, Ca2+ removal 
from LA-6 gave rise to a small RMSD for the coordinating Trp (1 Å, Figure 8D). This 
suggests that the orientation of its side chain is not significantly changed upon 
removal of Ca2+ (Figures 8C, D), at least in the same short time scale where signifi-
cant disordering was observed in LA-4 and LA-5. Together, these results indicate that 
Ca2+ stabilizes the structures of LA-4 and 5 of LpR in a similar way as was observed 
for LA-5 of human LDLR and raises the possibility that LA-6 of LpR may be more 
stable upon Ca2+ removal than the other modules.

Discussion

Previous studies demonstrated that HDLp is recycled by LpR in a transferrin-like 
manner7,11,12. Key in this recycling mechanism is the stability of the LpR-HDLp 
complex at endosomal conditions, e.g. low pH, as well as low Ca2+ concentration 
resulting from EDTA treatment of the complex, as determined by an earlier study 
from our group17. The stability at low pH and the EDTA resistance of the LpR-HDLp 
complex is remarkable, since ligand binding to LDLR family members is known to 
depend on neutral pH and on Ca2+27,61. In apparent contrast to the EDTA resistance 
of the LpR-HDLp complex, sequence comparison of the LA-repeats of LpR with 
those of other LDLR family members, as well as modeling studies, indicate that each 
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LA-repeat of LpR is most likely stabilized by a Ca2+ ion17. In the present study we 
show that the Ca2+ dependence of LpR during folding, ligand binding and for the 
structural integrity of the ligand-binding site does not differ from that of LDLR. 
Earlier studies using hybrid receptors indicated that the EDTA resistance of the  
LpR-HDLp complex is attributable to the binding site for HDLp, which is located in 
LA-2-7 of LpR17. The EDTA resistance appeared specific for the interaction between 
lipoprotein and LpR, and does not apply to the LpR-RAP complex, suggesting the 
stability to be due to the interaction interface between lipoprotein and LpR. Therefore, 
we used MD simulations to analyze the stability of LA-repeats 4, 5 and 6 of LpR, that 
are most likely involved in this interface, in the presence or absence of Ca2+. The MD 
data indicates that depletion of Ca2+ from LA-4, 5 and 6 leads to unfolding of these 
repeats; however, LA-6 may be more stable upon Ca2+ removal than LA-4 and 5 of 
LpR and LA-5 of LDLR60. Due to the requirement of LpR for Ca2+ to maintain its 
structure prior to ligand binding, the remarkable stability of the LpR-HDLp complex 
must be inferred from the unique stabilizing properties of the interaction interface 
of LpR and lipoprotein, which may involve LA-repeat 6. 
To localize the origin of the EDTA resistance of the LpR-HDLp complex, we first set 
out to study the involvement of Ca2+ during the folding of LpR in comparison with 
that of LDLR. The folding pathway of LDLR is characterized by non-native disulfide 
bond formation and subsequent isomerization of these bonds into native disulfide 
bonds28,31. A similar pattern was revealed for LpR, suggesting that, similarly to LDLR, 
first a compact folding intermediate is formed, containing non-native disulfide bonds 
linking distant regions of the protein. Subsequent reshuffling of these non-native 
bonds leads to formation of the native, less compact LpR structure. Not only folding 
of LpR, but also the folding pattern of two hybrid receptors, LpR1-342LDLR293-839 and 
LDLR1-292LpR343-850, appeared to be similar to that of LDLR, indicating that the ligand-
binding domains of LpR and LDLR are interchangeable during folding, suggesting 
the folding pattern disclosed for LDLR28 to be a general mechanism for folding of 
LDLR family members that is evolutionary conserved from insect to human. Previous 
studies showed that after reaching the Golgi system, the hybrid receptors also reach 
the plasma membrane and are able to bind and endocytose ligand. However, after 
endocytosis of ligand, alterations were seen in ligand release and/or intracellular 
targeting of the receptors12,17.    
For the formation of correct disulfide bonds in the ligand-binding domains of LDLR 
family members, Ca2+ incorporation is essential24-26,54,57,62. Folding of LpR in the 
absence of Ca2+ yielded more aggregation of LpR molecules and a difference in 
mobility of the folding intermediates, which is, in combination with similar results 
for LDLR, suggestive of aberrant disulfide bond formation. This data indicates  
that Ca2+ is indispensable for the formation of native disulfide bonds in LpR, in 
agreement with the Ca2+-dependent folding of LA-repeats of other LDLR family 
members24,26,54,57,62. 

5
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In line with the Ca2+-dependent ligand binding of other LDLR family members23,27,57, 
our binding studies show that Ca2+ is essential for the integrity of the functional 
binding site of LpR, since Ca2+ depletion by EDTA treatment prior to binding 
abolishes HDLp binding to the receptor. Several other studies have shown that the 
interaction between ligands and LDLR family members is mediated by docking of 
ligand on an LA-repeat, the interaction interface at each docking site of which is 
dominated by electrostatic interactions between conserved acidic residues of the LA-
repeat and a Lys residue from the ligand, stabilized by the central Trp of the involved 
LA-repeat58,59,63. In agreement with the lack of binding after chelation of Ca2+ from 
LpR, MD simulation of LA-4, 5 and 6 of LpR, that are presumably part of the binding 
site of LpR for HDLp, predicted that chelation of Ca2+ from the structure promotes 
an increased flexibility and local disorganization of the Ca2+-coordinating residues 
and the central Trp of LA-4 and 5, abolishing the structure of the docking sites of 
these repeats. Although the orientation of the Trp in LA-6 is less altered in the absence 
of Ca2+ and therefore may be in the right conformation to bind HDLp, one docking 
site only is apparently not sufficient for binding of HDLp to LpR. Addition of Ca2+ 
after EDTA treatment could easily rescue the binding capacity of the repeats, indi-
cating that Ca2+-depleted LA-repeats are able to efficiently restore their native  
conformation when Ca2+ is present. The latter is in accordance with the findings of 
Blacklow and colleagues, who showed with biochemical studies that when at least 
two cystine bonds are present, the conformational diversity of unliganded LA-5 of 
LDLR is restricted enough for the free energy of Ca2+ coordination to overcome the 
entropic cost of organizing the Ca2+-binding site54. The efficient refolding after Ca2+ 
addition of the binding sites of hybrid receptors LpR1-342LDLR293-839 and LDLR1-292 

LpR343-850 suggests that the refolding of the repeats is independent of other domains, 
in agreement with the ability of single repeats to refold54. Together, these data indicate 
that the Ca2+ dependence of LpR for folding and ligand-binding is similar to that of 
other LDLR family members, indicating that the remarkable stability of the LpR-
HDLp17 complex is acquired upon complex formation. 
Analysis of the ligand specificity of the EDTA resistance of the LpR-ligand complex 
indicated that HDLp or partially delipidated HDLp are able to form an EDTA-resistant 
complex with LpR, in contrast to RAP. It would seem conceivable that the stability 
of the LpR-lipoprotein complex results either from shielding the Ca2+ ions from the 
chelating agent by the lipoprotein, or from the ability of lipoprotein to constrain the 
conformational diversity of the LA-repeats of LpR in the absence of Ca2+. In view of 
the size of the lipoproteins, it would seem plausible that HDLp and HDLp-1.17 are 
able to shield the Ca2+ from EDTA, in contrast to a small protein like RAP. However, 
in spite of the size of LDL, the LDLR-LDL complex is EDTA-sensitive, suggesting that 
LDL is not able to shield the Ca2+ ions. This suggests that the potential for shielding 
of Ca2+ is not determined by the size of the ligand, but by specific interactions of  
the ligand with the LA-repeats involved in its binding. The binding site of LpR for 
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HDLp is composed of LA-2-7, while that of LDLR for LDL consists of LA-3-7 and 
EGF-A. Since the affinity of EGF-A for Ca2+ is much lower than that of the LA-
repeats of LDLR62, such a difference in binding site may contribute to the stability of 
the LpR-lipoprotein complex. However, it should be noted that also the binding of 
LDL to LDLR1-292LpR343-850 is EDTA-sensitive (data not shown), suggesting the EDTA-
sensitive LDL binding not to be created exclusively by the binding interaction with 
EGF-A. The LpR-RAP complex is not EDTA-resistant, while RAP efficiently competes 
for the binding of HDLp to LpR11,17, indicating that the difference in complex stability 
cannot be caused by the use of an entirely different binding site of LpR for HDLp. 
The stoichiometry of the binding of RAP to LDLR family members is most probably 
one RAP per two LA-repeats. Additionally, LA-repeats involved in RAP binding most 
likely contain a conserved acidic residue39 and a conserved Trp58. Based on the 
presence of both the acidic residue and the Trp, for LpR it is most likely that the 
stoichiometry is one RAP molecule per LpR molecule, either binding to the pair of 
LA-4-5 or the pair of LA-5-617. Since the binding of HDLp to LpR may involve more 
LA-repeats, this raises the possibility that the stability of the interaction between the 
lipoprotein and LpR may be caused by binding to LA-repeats not involved in RAP 
binding. Although mutational analysis is necessary to determine the precise binding 
sites of LpR for RAP and insect lipoprotein, binding of RAP to LA-4-5 and therefore 
the lack of binding of RAP to LA-6 may explain the difference in susceptibility of the 
LpR-RAP and LpR-HDLp complexes to EDTA treatment. In addition to the inter-
actions with conserved residues and the central Trp at the docking site, other contacts 
between ligand and receptor were shown to play a role in the affinity and ligand 
specificity of the interaction between LDLR family members and their ligands59,64,65. 
Similar additional interactions between lipoprotein and LpR may also contribute to 
the stability of the LpR-lipoprotein complex upon EDTA-treatment. 
In conclusion, our results indicate that folding of LpR and ligand-binding to LpR is 
Ca2+ dependent, as was found for other LDLR family members. However, upon 
complex formation, the LpR-lipoprotein complex displays a remarkable stability, 
which is proposed to be mediated by the stabilizing properties of the interaction 
interface between LpR and its lipoprotein ligand, involving LA-repeat 6 which is 
suggested to be more stable upon Ca2+ removal than the other LpR LA-repeats.
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Summarizing Discussion

Lipid transport potentially poses a problem to multicellular organisms, as lipids are 
hydrophobic and aggregate in an aqueous environment. In animals, specialized lipid-
binding proteins are used to circumvent this problem. A number of intriguing simi-
larities exist with regard to lipid-binding proteins involved in lipid transport processes 
operative in mammals and insects. Despite these similarities, both animal groups 
have evolved evolutionarily to different mechanisms for mobilization of lipid sub-
strates and make use of other carrier molecules for lipid transport, offering adapta-
tions to their specific requirements. Perhaps the most outstanding difference in 
functioning relates to lipoproteins and their receptors in mammals and insects. 
Whereas in mammals, endocytic uptake of LDL particles, mediated by LDLR, results 
in their trafficking to lysosomes and subsequent degradation, insect HDLp was 
shown to use a selective mechanism for transfer of its hydrophobic cargo. Circula-
ting HDLp particles may serve as a lipid donor or acceptor, dependent on the physi-
ological situation, and function as a reusable lipid shuttle without additional synthesis 
or increased degradation of their apolipoprotein matrix. The recent identification of 
receptors of the LDLR family in insects has revealed that endocytic uptake of HDLp 
may constitute an additional mechanism at specific life stages, which would seem to 
conflict with the concept of HDLp acting as a reusable lipid shuttle. However, the 
lipoprotein endocytosed by the insect LDLR homologue, LpR, appeared to be 
recycled in a manner analogous to that of transferrin by the transferrin receptor. 
Such a pathway, in which the lipoprotein is ultimately resecreted, is highly compa-
rable with the extracellular lipoprotein-mediated selective delivery of lipids, and 
clearly is of physiological relevance in insects although the precise function of the 
LpR-mediated lipoprotein recycling process awaits disclosure. The data presented in 
this thesis highlight both the parallels and the differences in structure of the 
mammalian and insect lipoprotein receptors LDLR and LpR, leading to the intri-
guing difference in functioning, namely ligand degradation versus ligand recycling.
The mechanism of HDLp recycling by LpR implies the LpR-HDLp complex to  
be stable at endosomal conditions, while the (modified) ligand must be released 
when it returns at the plasma membrane. Therefore, the research described in this 
thesis focused on structural differences that may account for the affinity and stability 
of the binding of HDLp to LpR. To measure the binding of HDLp to LpR, a flow  
cytometric assay was developed. Even though such an approach to quantify lipo-
protein binding and uptake has also been used in other studies1-8, several technical 
differences in our approach as compared to that used by others were apparent 
(Chapter 2). As described, an important difference between our approach and that 
of others is the use of stably transfected polyclonal cell lines to provide heterogene-
ous samples of cells that express the receptor. However, with respect to the quantifi-
cation of data resulting from the use of latter cell lines, several aspects need to be 
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considered and are elaborated below. Polyclonal cell lines are mixtures of different 
cell populations that vary in the amount of receptor expression. Therefore, the flow 
cytometry plots obtained contain different populations of cells which differ in the 
amount of bound and endocytosed fluorescently-labeled ligand (Figure 1). The  
difference in transfection efficiency between independent transfections affects the 
receptor expression, thereby the distribution of the cells in the plot and thus the 
mean fluorescence (y-mean) of the entire plot. Since this only enables a fair com-
parison of samples of the same cell lines, statistical analyses were performed using a 
t-test for paired samples. Furthermore, the y-mean is strongly affected by the lower 
population, the fluorescence of the cells of which did not exceed that of untrans-
fected cells. Therefore, based on samples of untransfected cells, these cells were 
excluded from the analysis by defining region 1 (R1, Figure 1), containing only cells 
that bound and endocytosed ligand. Quantification of the y-mean, i.e. the geometric 
mean of the fluorescence of the cells, resulted in a y-mean in R1 of 18.7 for sample 
A (Figure 1A) and of 7.5 for sample B (Figure 1B), amounting to a decrease in binding 
of ~ 60% when the amount of ligand binding of cells in sample B is compared to that 
of cells in sample A. However, a decrease in fluorescence of the cells can lead to 
disappearance of cells from R1 into the population of cells of which the fluorescence 
did not exceed that of untransfected cells. In case of a comparison of the y-mean 
between two different treatments, this leads to a bias in the analysis; since the  
y-mean in R1 of sample A is the average of 9.5 % of all the cells in the entire plot, 
and that of sample B is the average of 1.7 % of the cells in the plot, the y-mean of 
sample B is overestimated (Figure 1). To circumvent this problem, in case of a  6

Figure 1: FACS analysis of two samples of LpR-transfected CHO cells of the same cell line. 
LpR-transfected CHO cells were incubated with OG-HDLp (A) or cells were pre-treated with a buffer 
containing 5 mM EDTA and subsequently incubated with OG-HDLp in the absence of Ca2+ (B). After 
binding and subsequent endocytosis of OG-HDLp, the cells were trypsinized and analyzed by flow 
cytometry. The amount of fluorescence is plotted on the y-axis (relative values), and the forward 
scatter (FSC, relative values) on the x-axis. Cells in region 1 (R1) are LpR-transfected CHO cells that 
bound and endocytosed OG-HDLp. Figure taken from Chapter 5 (Figure 5A, B). 
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significant difference in the amount of cells in R1 between different treatments, the 
y-mean was corrected using random measurements from the excluded population. 
In the example in Figure 1, the corrected value for the y-mean of sample B amounts 
to 2.6, resulting in a decrease in binding of ~ 86% compared to the binding of cells 
of sample A. Using the above mentioned approach, similar values for LDL release by 
LDLR were obtained as measured by Blacklow and colleagues for monoclonal cell 
lines7,8. Therefore, the combination of the polyclonal cell lines with this analytical 
approach results in a solid assay, which is less time-consuming since no monoclonal 
cell lines have to be produced while additionally, this assay enables the simultaneous 
analysis of cells that display a wide range of receptor expression levels. 
Using this assay, it was demonstrated that, in contrast to the complex of LDLR and 
LDL, the complex of LpR and HDLp is resistant to pertinent conditions prevailing in 
the early endosome, such as low pH and a decrease in Ca2+ concentration as mimicked 
by treatment of the complex with EDTA, implying that for LpR and HDLp, the 
integrity of the complex is maintained during intracellular trafficking (Figure 2). 
Binding and dissociation capacities of various hybrid receptors indicated that this 
stability is determined by the specific interaction between HDLp and LA-repeats 2-7 
of LpR. This suggests that LpR may use a different mechanism to release HDLp as 
compared to the mechanism of LDL release by LDLR in which the β-propeller is of 
vital importance8-10. Since our earlier studies using hybrid receptors revealed that the 
intracellular fate of the complex is dictated by the extracellular domain as a whole, 
this implies that although the stability of the complex appears to rely only on the 
ligand-binding domain (Chapter 2), for proper targeting of LpR to the ERC the com-
bination of the ligand-binding domain and β-propeller of LpR is essential11.
An important issue remains, however, how HDLp is released from the receptor when 
it is recycled back to the plasma membrane. Solely the exposure to endosomal pH 
followed by exposure of the complex to neutral pH, as encountered by the LpR-
HDLp complex during its intracellular route, does not lead to complex dissociation 
(data not shown), suggesting that other factors contribute to induce ligand release. 
During recycling of transferrin, iron is released from transferrin due to the endosomal 
pH resulting in a decrease in affinity of the transferrin receptor for the resulting 
apotransferrin. This difference in affinity most likely accounts for the dissociation of 
transferrin from its receptor upon appearance at the plasma membrane12. Due to its 
expression pattern, it was hypothesized that LpR-mediated recycling of HDLp con-
tributes to intracellular lipid delivery without degradation of its apolipoprotein 
matrix, in agreement with the shuttle function of HDLp in the insect blood13. Similar 
to the iron delivery by transferrin, this would imply a mechanism in which endo-
cytosed HDLp unloads (part of) its lipid cargo intracellularly, resulting in a lower 
affinity of HDLp for LpR. However, contrary to our expectations, binding studies 
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using a partially delipidated HDLp particle with a buoyant density of 1.17 g/ml 
(hence designated as HDLp-1.17) revealed that LpR displayed a 2.4-fold higher 
affinity for HDLp-1.17 than for wt HDLp. The complex stability and endocytic fate 
were similar to that previously described for HDLp; the LpR-HDLp-1.17 complex is 
stable at endosomal conditions such as low pH and low Ca2+ concentration while 
after endocytosis, HDLp-1.17 appeared to be recycled by LpR, both in LpR-trans-
fected CHO cells and in insect fat body tissue endogenously expressing LpR. The 
concept of HDLp as a reusable lipid shuttle implies that, depending on physiological 
or developmental needs for lipid distribution, HDLp in the hemolymph may exist in 
several forms with respect to relative lipid content, leading to lipid-loaded and lipid-
poor particles. By experimental alternation of starvation and feeding of young adult 
locusts (2-4 days after imaginal ecdysis), subspecies of HDLp with a slightly higher 
density were identified (Van Doorn J. M., Van der Horst, D.J., Roosendaal, S.D., and 
Rodenburg K.W., unpublished results), suggesting that relatively lipid-poor HDLp 
particles may exist in the hemolymph at the physiological periods in which the 
receptor is expressed. Therefore, we propose that LpR specifically endocytoses circu-
latory lipid-poor HDLp to be reloaded during its intracellular route, resulting in a 
decreased affinity of the particle for LpR. The proposed mechanism allows the 
uptake of lipids from the strongly diminished reserves in the fat body and their 
release into the circulation for delivery to other tissues (Chapter 3).
A possible explanation for the high-affinity binding of HDLp-1.17 to LpR is the 
exposure of a cryptic binding site. Our studies indicate that partial delipidation leads 
to exposure of the amino acid sequence that contains the cleavage site of apoLp-II/I, 
which is rich in Lys and Arg residues that mediate the interaction between ligands 
and LDLR family members. However, competition binding experiments indicated 
that the cleavage site is not involved in the high-affinity binding of HDLp-1.17 to 
LpR. Additionally, the C-terminus of apoLp-I, which is exposed at the surface of both 
HDLp and HDLp-1.17, is not involved in either low- or high-affinity binding of lipo-
protein to LpR. Based on the general binding motif of ligands for LDLR family 
members, potential receptor binding sites in apoLp-I and -II were identified. The 
motif was found several times in apoLp-I and -II, especially located in the amphi-
pathic β-cluster as was found for the binding site of apoB-100 for LDLR (Chapter 4).
In general, the positively charged Lys residue in this receptor-binding motif of ligands 
for LDLR family members is thought to interact with the negatively charged binding 
pocket in the LA-repeats of the receptors, formed by coordination of a Ca2+ ion. Since 
the LpR-HDLp complex appeared to be EDTA resistant, this might suggest a differ-
ence in Ca2+ dependence of the LA-repeats of LpR. However, sequence comparison 
of the LA-repeats of LpR with those of other LDLR family members, as well as 
modeling studies, predicted that each LA-repeat of LpR is stabilized by a Ca2+-ion14. 

6
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In agreement with these studies, our results indicate that Ca2+ is essential for proper 
disulfide bond formation in LpR. In accordance with similar experiments for LDLR, 
also the conformation of the ligand-binding site of LpR appeared Ca2+-dependent. 
Despite the similarities between the Ca2+ dependence of LpR and LDLR, EDTA 
treatment after binding of HDLp to its receptor is unable to dissociate the LpR-HDLp 
complex, in contrast to a similar treatment of the LpR-RAP or LDLR-LDL complexes, 
indicating that HDLp is able to stabilize the structure of the LA-repeats of LpR. This 
stability may be due to shielding of the Ca2+ ion from the chelating agent by HDLp 
and/or by the ability of HDLp to constrain the conformational diversity of the LA-
repeats of LpR in the absence of Ca2+. Models of LA-4, 5 and 6 reveal the presence 
of a central Trp residue and a negatively charged binding pocket required for the 
interaction with ligand (Figure 3), suggesting that these repeats are part of the inter-
action interface with HDLp. Molecular dynamics simulations suggested that although 
the LA-repeats 4, 5 and 6 were stable in the presence of Ca2+, they significantly 
unfolded when Ca2+ was removed. However, LA-6 seemed to display a higher stability 
in the absence of Ca2+ than LA-4 and 5. Together, these results indicate that the re-
markable stability of the LpR-HDLp complex must be traced back to the stabilizing 
properties of the interaction interface between LpR and lipoprotein, in which LA-6 
may contribute to an energetically favorable interaction between HDLp and LpR in 
the absence of Ca2+ (Chapter 5). In addition to the susceptibility of the LpR-RAP 
complex to EDTA treatment, the LpR-RAP complex is also dissociated upon low pH 
(data not shown), which is in line with data of other studies investigating the pH 
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Figure 2: Human LDL and insect HDLp follow different intracellular pathways. 
For a colored version of this figure see page 173.
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dependence of the binding of RAP to LDLR family members15,16. However, RAP was 
shown to colocalize with LpR in the ERC17. Although this might be explained by the 
targeting of RAP to this compartment after its release by LpR, targeting of RAP to the 
ERC after endocytosis has only been reported in CHO cells transfected with a mutant 
VLDLR lacking the β-propeller, interpreted by the authors as recycling of the VLDLR-
RAP complex18. It is not clear whether the interpretation of these data is correct.  
It should be noted that RAP is not a ligand for LDLR family members, but an ER 
resident protein acting as a chaperone for LDLR family members19, which should 
release a correctly folded protein. Although RAP appears to function as chaperone 
for the LA-repeats of LDLR family members and not for the β-propeller, changes in 
the VLDLR conformation may result in a lack of dissociation of RAP at endosomal 
pH. Additionally, the mutant VLDLR was expressed at higher levels than wt VLDLR18. 
Therefore, as may also be the case for the targeting of RAP after endocytosis by LpR, 
high amounts of RAP in the early endosome may affect the targeting of RAP to 
lysosome or ERC.
As mentioned before, the interaction mode between LDLR family members and 
their ligands seems to be conserved and likely involves the electrostatic interactions 
between positively charged amino acid residues from the ligand and negatively 
charged residues of the LA-repeats. In more detail, the acidic Ca2+-coordinating 
residues from the LA-repeats form a negatively charged binding pocket (Figure 3), 

6

Figure 3: A Ca2+ cage forms an acidic binding pocket. A: Model of LA-repeat 5 of LpR. Cα 
backbone structure of LA-5 is indicated by the ribbon. The central Ca2+ ion is depicted in orange. The 
Ca2+-coordinating residues are shown by the stick representation (negative charges are depicted in 
red, positive charges in blue). Disulfide bridges are shown in yellow. The repeat was modeled using 
Modeller 8v2, based on the structure of LA-repeats 3 and 4 of LDLR (PDB database indicator 2FCW). 
B: Surface potential of LA-5 of LpR based on the model depicted in A. The surface is colored according 
to the electrostatic potential: positive charges are depicted in blue, negative charges in red, white 
areas are neutral. Trp indicates the position of the central Trp residue. For a colored version of this 
figure see page 173.
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which serves as a docking site for a protruding Lys from the ligand. After docking of 
ligand, this initial interaction is stabilized by the central Trp present in many LA-
repeats (Figure 3); for LpR the central Trp is present in LA-1-6. However, a putative 
splice variant of LpR lacks a central Trp in LA-3 (Chapter 2). Despite such a putative 
general binding mode, most ligands are not interchangeable between the different 
receptors, suggesting that ligand specificity is mediated by additional contacts 
between ligand and non-conserved amino acid residues of the receptor. For example, 
the docking sites for LDL are located in LA-4 and 5 of LDLR10, while biochemical 
studies indicate that its binding site comprises LA-3-7 and EGF-A20,21. Since the 
structure of EGF-A differs from that of the LA-repeats, and LA-6 and 7 of LDLR do 
not contain a central Trp residue, this suggests that the contacts between LDL and 
these repeats differ from the electrostatic interactions between ligand and the 
docking sites located in LA-4 and 5. This stresses the importance of secondary 
contacts between ligands and non-conserved residues from adjacent loops in the  
LA-repeats to stabilize the interaction after docking of ligand on the LA-repeats of 
LDLR family members, which, with reference to our studies, probably also determine 
the stability of the LpR-HDLp complex at endosomal conditions. RAP has the ability 
to bind to almost all LDLR family members with high affinity. Its binding site 
comprises a pair of LA-repeats of which the specificity for RAP seems to be deter-
mined by an extra conserved amino acid residue in addition to the central Trp22,23. 
The extra acidic residue necessary for RAP binding is present in LA-1 and 2 and  
LA-4-6 of LpR, suggesting that LpR may be able to bind two RAP molecules. However, 
competition binding studies showed that RAP does not compete with the binding of 
an antibody raised against LA-1 of LpR, suggesting that RAP does not bind to the pair 
of LA-1 and 2. The lack of binding to these repeats may be explained by the lack of 
other residues in these repeats to stabilize the binding. However, sequence alignment 
of LA-repeats involved in the binding of RAP does not reveal other similarities 
between these repeats besides the general characteristics of LA-repeats. The lack of 
binding to the LA-1-2 pair suggests that RAP may either bind to the LA-4-5 pair or the 
LA-5-6 pair. Although mutational analysis is necessary to determine the precise 
binding site of LpR for RAP, binding of RAP to LA-4-5 and therefore the lack of 
binding of RAP to LA-6 may explain the difference in susceptibility of the LpR-RAP 
and LpR-HDLp complexes to EDTA treatment.
Most of the knowledge concerning the structural basis of ligand binding to LDLR 
family members comes from studies using RAP as a ligand. However, the structural 
basis for the binding of lipoproteins to LDLR family members seems to be more 
complex, particularly since these ligands are composed of a protein and lipid moiety 
that both may participate in the interaction with the receptor, directly or indirectly. 
For example, structural studies indicate that the basic region involved in binding of 
lipid-free apoE is exposed on the surface of a helix potentially in position to form 
contacts with the Ca2+-coordinating acidic clusters of LDLR, yet apoE does not bind 
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to LDLR with high affinity until it is associated with lipids23,24, which induce global 
rearrangements in the protein leading to the formation of supplementary contacts 
provided by a specific Arg25,26. Despite the presence of apoB-100 in LDL and VLDL, 
the binding of VLDL to LDLR is mediated by apoE and not by apoB-10020. These two 
examples illustrate that binding of lipoproteins to LDLR family members is affected 
by the lipid moiety of the lipoprotein. Our studies indicate that also changes in lipid 
loading of HDLp affect binding of the particle to LpR, since partial lipid depletion led 
to high-affinity binding to LpR, suggesting that modulation of the lipid content of 
HDLp may contribute to ligand release from LpR, necessary for resecretion of 
HDLp. 

Besides the functioning of lipoproteins as a vehicle for lipids, HDLp has recently 
been shown to function in the specific transport and delivery of the lipid-anchored 
morphogens Wingless and Hedgehog during the development of the larval stages of 
Drosophila27. The involvement of lipoproteins in such a delivery puts forward the 
idea that a similar function and mechanism may also be present in the mammalian 
system, in which the Wingless homologue, Wnt28, and Hedgehog29 have equally 
important functions. Indeed, recently it was hypothesized that LDL might transport 
Hedgehog through the mammalian bloodstream30. Morphogens like Hedgehog and 
Wnt use their lipid anchors to bind to lipoprotein particles, resulting in a morphogen-
lipoprotein complex that is able to interact with two independent receptors on the 
cell surface: one specific to the morphogen and the other to the apolipoprotein. Such 
a cooperative binding may increase the affinity of the morphogen-lipoprotein complex 
to cells, which contributes to a restricted diffusion of morphogens and determines 
the intercellular distribution of these lipid-anchored proteins31. However, a recent 
paper showed that Patched, the receptor for Hedgehog, is also a lipoprotein receptor 
that in addition to its role in the Hedgehog pathway appeared to be involved in lipid 
homeostasis32, indicating that the machinery for delivery of morphogens or lipids are 
not mutually exclusive. With respect to ligand recycling by LpR it is of particular 
interest that in the Drosophila wing disc the massive endocytosis of lipophorin 
induced by either Patched or a Drosophila homologue of LpR, LpR2, results in a 
decrease instead of a rise in the amount of lipid-containing vesicles, suggestive of a 
similar recycling mechanism as was found in locust fat body tissue32. In line with 
these findings, LpR mutant flies do not show any major alterations in fat body TAG 
content. However, they display alterations in lipid metabolism (J. Culi, personal com-
munication), suggestive of a role for LpR in LpR-mediated endocytosis of specific 
hydrophobic compounds such as signaling metabolites or carotenoids. 
As compared to mammals, the different functioning of similar lipid-binding proteins 
and their receptors in the insect system renders the latter system a useful and 
important alternative model for studying the molecular mechanisms underlying 
processes of lipid transport and utilization, also related to human disorders and 
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disease. Moreover, in other aspects of lipid metabolism, particularly in the mechanism 
of fat storage and mobilization, mammals and insects recently appeared to be very 
similar, underscoring the value of a non-mammalian model organism in elucidating 
the molecular aspects of the regulation of energy homeostasis and dysfunction of 
this balance resulting in obesity. For example, packaging fat in intracellular lipid 
droplets and the mechanisms guiding mobilization of stored fat are conserved 
between mammals and insects. These lipid droplets are progressively recognized to 
represent ubiquitous metabolic organelles that are surrounded by a phospholipid 
monolayer layer coated with specific proteins that participate in the regulation of 
TAG storage and lipolysis33-35. Like mammalian adipocytes, insect fat body cells  
accumulate TAG in intracellular lipid droplets that provide the major long-term 
energy reserve of the animal organism, for which Drosophila recently emerged as  
a powerful system36-38. Generation of loss-of-function mutants evidenced that simul-
taneous loss of the receptor for AKH -and thus the signaling pathway for lipid  
mobilization related to β-adrenergic signaling in mammals- and the lipid droplet-as-
sociated TAG lipase brummer (bmm), a homologue of human adipose TAG lipase 
(ATGL), caused extreme obesity and blocks acute storage fat mobilization in flies38. 
To further demonstrate the functional similarity between mammalian and Drosophila 
TAG lipases, bmm was shown to localize at the lipid droplet surface and to antago-
nize a perilipin-related lipid droplet surface protein (LSD-2)37 that functions as an 
evolutionary conserved modulator of lipolysis36.
Clearly, therefore, insect model organisms like Drosophila offer an exciting strategy 
for obesity research in view of the existence of powerful tools for genetic mapping 
and high-throughput methods for creation of mutants and phenocopies allowing for 
identification of genes representing potential targets for effective prevention or 
treatment of obesity39. Recently it has been argued that Drosophila also provides an 
ideal model for conducting research on nutrigenomics, which refers to the complex 
effects of the diet on the genome, epigenome and proteome of an organism40. Long-
term effects of diet range from obesity and associated diseases such as diabetes and 
cardiovascular disease to increased or decreased longevity, and although models like 
yeast and Caenorhabditis elegans have sequenced genomes like Drosophila, the latter 
has an adipose-like fat body and a lipid transport system, making it a closer model to 
humans40.   
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Ons lichaam bestaat uit ontelbare cellen. In de cel bevindt zich een celkern, waarin 
het erfelijk materiaal is opgeslagen in de vorm van desoxyribonucleïne zuur, oftewel 
DNA. Het DNA vormt een code, een soort kookboek, voor het maken van eiwitten 
(proteïnen). Eiwitten zijn de werkpaarden in ons lichaam en hebben allerlei functies. 
Eiwitten zijn onder andere betrokken bij het transport van stoffen, bijvoorbeeld 
vetten, in en uit de cel. Het transporteren van vetten is lastig aangezien ze niet 
oplosbaar zijn in water. Vandaar dat dieren speciale lipoproteïnen hebben. Lipo-
proteïnen, de naam zegt het al, bestaan uit lipid (Gr. λιπος) en eiwit (proteïne).  
Lipoproteïnen zorgen ervoor dat de hydrofobe vetten wel in een waterige omgeving, 
zoals je bloedbaan, vervoerd kunnen worden. Een lipoproteïne is een deeltje wat 
ongeveer 7.5-22 nanometer (= een miljoenste millimeter) groot is. Je kunt je zo een 
deeltje het best voorstellen als een bonbon met vulling. De buitenkant van het lipo-
proteine bevat wateroplosbare componenten, zoals eiwitten, de vulling is water- 
onoplosbaar, namelijk vetten. De grootte van het lipoproteïne hangt af van de 
hoeveelheid vet in het deeltje. De hoeveelheid lipid bepaalt ook de dichtheid van het 
deeltje. Aan de hand van de dichtheid worden de lipoproteïnen ingedeeld in verschil-
lende klassen. Mensen hebben veel verschillende lipoproteïnen met verschillende 
dichtheden en verschillende eiwitten. Insecten hebben ook lipoproteïnen; om het 
verschil met de lipoproteïnen van de mens aan te geven zijn deze lipoforinen genaamd 
(Gr. φορος, dragen). Het “high-density lipophorin”, oftewel HDLp, is het meest 
voorkomende lipoforine in insecten. Het HDLp bevat twee eiwitten, apolipoforine I 
en II. Deze twee eiwitten zijn ontstaan door het door midden knippen (klieving)  
van een groter eiwit genaamd apolipoforine II/I. Apolipoforine II/I is evolutionair 
verwant aan het menselijke eiwit apolipoproteïne B. Apolipoproteïne B is het eiwit 
van het menselijke “low-density lipoprotein”, oftewel LDL, beter bekend als “slecht 
cholesterol”. Behalve cholesterol bevat LDL ook andere vetten. In de weefsels en 
organen, vooral de lever, wordt het LDL opgenomen door de cellen om afgebroken 
te worden. De opname van LDL gebeurt door een eiwit, de LDL receptor. De LDL 
receptor bevindt zich in de celmembraan, waardoor een deel van het eiwit uitsteekt 
aan de buitenkant van de cel. Hierdoor kan het een LDL deeltje van buiten de cel 
binden. Als het deeltje gebonden is, worden de receptor en het LDL deeltje naar 
binnen gehaald door de cel, zodat de vetten gebruikt of opgeslagen kunnen worden. 
Direct na opname komt het complex van LDL en de LDL receptor in een comparti-
ment in de cel, een zogenaamd “early endosome”. Hier is de zuurgraad (pH) lager dan 
buiten de cel, waardoor het LDL loslaat van de LDL receptor. Vervolgens kan het 
LDL worden afgebroken in de cel, terwijl de receptor weer terug gaat naar de 
celmembraan en opnieuw LDL kan binden (Zie Figuur 2 van hoofdstuk 6, p173). 
Een belangrijk verschil met het zoogdierensysteem is dat in insecten HDLp niet  
in de cel wordt opgenomen (geëndocyteerd) en afgebroken, zoals LDL. In plaats 
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daarvan worden de vetten als het ware uitgeladen en door andere eiwitten de cel in 
getransporteerd. Ondanks dit verschil is er wel een soortgelijk eiwit als de LDL 
receptor gevonden, oftewel een LDL receptor homoloog, de lipoforine receptor,  
LpR. Het onderzoek beschreven in dit proefschrift richt zich op de karakterisatie van 
LpR, waarvoor de Afrikaanse treksprinkhaan, Locusta migratoria, als diermodel  
is gebruikt. Eerder onderzoek heeft aangetoond dat LpR ook HDLp bindt en endo-
cyteert in insectenweefsel, maar ook in zoogdiercellen als die LpR kunnen maken. 
Echter, nadat het HDLp naar binnen is gehaald wordt het niet afgebroken maar weer 
naar buiten getransporteerd, waarna het opnieuw gebruikt kan worden om vetten te 
transporteren in de circulatie van het insect (Zie Figuur 2 van hoofdstuk 6, p173). 
Tijdens mijn onderzoek heb ik het mechanisme en de functie van dit recycling-
mechanisme verder onderzocht vanuit een structuurbiologische invalshoek. Eiwitten 
bestaan uit een ketting van aminozuren die op een bepaalde manier is opgevouwen, 
waardoor eiwitten een bepaalde structuur krijgen. Aan de hand van de eigenschap-
pen van de aminozuren en bekende structuren van eiwitten (homologen) kan de 
structuur (conformatie) van een eiwit voorspeld worden. LpR is een homoloog van 
de LDL receptor, en de twee receptoren bestaan uit dezelfde domeinen (Zie Figuur 
7, hoofdstuk 1, p20). Een belangrijk onderdeel van deze receptoren is het ligand-
bindend domein. Dit domein bestaat uit “LDLR type A repeats”, die elk bestaan uit 
een sequentie van ongeveer 40 aminozuren met bepaalde eigenschappen. Er is veel 
onderzoek gedaan naar de LA-repeats van de LDL receptor. Hieruit blijkt dat de 
aminozuurketen van een LA-repeat veel negatief geladen aminozuren bevat. 
Aangezien deze aminozuren elkaar afstoten wordt de structuur gestabiliseerd door een 
positief geladen calcium ion (Zie Figuur 3, hoofdstuk 6, p173). Het calcium ion neutra-
liseert slechts een deel van de lading, via de overgebleven negatief geladen aminozuren 
kunnen positief geladen aminozuren van het LDL binden aan de receptor. 
In dit onderzoek hebben we met behulp van fluorescerend gelabelde lipoproteïnen 
de binding van het insecten lipoforine (HDLp) aan LpR onderzocht in vergelijking 
met de binding van menselijk LDL aan de LDL receptor. Zoals eerder beschreven 
laat het LDL los van de LDL receptor als het in een zuurdere omgeving (lagere pH) 
komt zoals het early endosome. LDL en de LDL receptor gaan dan allebei naar een 
andere plek in de cel. Aangezien HDLp en LpR vanuit het early endosome allebei 
worden gerecycled, hebben we bestudeerd of HDLp en LpR aan elkaar kunnen 
blijven zitten bij lage pH. Uit deze proeven bleek dat HDLp aan LpR gebonden blijft 
bij lage pH, wat het aannemelijk maakt dat het complex van HDLp en LpR in zijn 
geheel gerecycled wordt. Behalve een lage zuurgraad is ook de hoeveelheid calcium 
lager in early endosomes. Aangezien calcium essentieel is voor de structuur van het 
ligand-bindende domein van de LDL receptor, en de aminozuurvolgorde van LpR 
lijkt op die van LDL receptor, hebben we ook getest of het weghalen van calcium de 
binding van HDLp aan LpR verstoort. Uit deze proeven bleek dat het weghalen van 
calcium niet leidt tot het verbreken van de binding van HDLp aan LpR. Dit betekent 
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dat in de cel HDLp en LpR aan elkaar blijven zitten en als complex gerecycled 
worden (Hoofdstuk 2, zie ook Figuur 2 hoofdstuk 6, p173). 
Dit mechanisme roept tenminste twee vragen op. Ten eerste, hoe laat het HDLp dan 
los als het weer buiten de cel op de membraan komt? Ten tweede, wat is het nut van 
recycling van HDLp voor het insect? Uit eerder onderzoek naar de aanwezigheid van 
LpR tijdens de levenscyclus van de sprinkhaan bleek dat LpR alleen gemaakt wordt 
vlak na een vervelling (het mechanisme waardoor jonge sprinkhanen kunnen 
groeien), of in sprinkhanen die een tijd lang geen eten hebben gehad. Dit suggereert 
dat de opname van HDLp nodig is tijdens en vlak na energiekostende processen 
zoals vervelling, bijvoorbeeld om meer vet op te kunnen nemen in de cel in tijden 
waarin de reserves zijn verbruikt. Aangezien het HDLp wordt gerecycled, suggereert 
dit dat na opname van het HDLp de vetten uit het deeltje worden afgegeven in  
de cel, waarna het deeltje, dat nu minder lipid bevat, wordt uitgescheiden. Dit  
impliceert dat een deeltje met minder lipid, en dus een hogere dichtheid, slechter 
aan de receptor moet binden. Om dit te testen hebben we een deeltje gemaakt met 
minder lipid, HDLp-1.17. Vervolgens hebben we de binding van HDLp-1.17 aan LpR 
bestudeerd. Uit deze experimenten blijkt dat het HDLp-1.17 beter aan LpR bindt  
dan gewoon HDLp. Uit verdere experimenten blijkt dat ook HDLp-1.17 wordt gere-
cycled. Deze resultaten suggereren dus eerder een omgekeerd mechanisme, namelijk 
dat er vet uit de cel wordt opgenomen door HDLp tijdens recycling (Hoofdstuk 3). 
Als er lipid uit het lipoproteïne wordt gehaald, dan kan dat ervoor zorgen dat de 
vouwing van de aminozuurketen, de conformatie, verandert, zoals de kleur van een 
ballon verandert als er meer lucht in zit. Uit onze studies in hoofdstuk 3 blijkt dat de 
conformaties van apolipoforine I en II in HDLp-1.17 enigzins veranderd zijn ten 
opzichte van de conformaties van deze eiwitten in HDLp. Apolipoforine I en II, de 
eiwitten van het HDLp, zijn ontstaan door klieving van apolipoforine II/I. In tegen-
stelling tot in HDLp wordt in HDLp-1.17 de klievingssite geëxposeerd aan de opper-
vlakte van het lipoforine, en zou daarom theoretisch in staat zijn om aan LpR te 
binden. Aangezien HDLp-1.17 sterker bindt aan LpR, hebben we onderzocht of de 
klievingssite belangrijk is voor de sterkere binding van HDLp-1.17 aan LpR. Uit 
studies met behulp van antilichamen die binden aan de uiteinden van apolipoforine 
I en II blijkt echter dat de ontstane uiteinden na de klieving niet betrokken zijn bij 
binding van HDLp-1.17 aan LpR (Hoofdstuk 4). 
In hoofdstuk 2 hebben we laten zien dat het weghalen van calcium er niet voor zorgt 
dat HDLp en LpR loslaten van elkaar. Dit is verbazingwekkend aangezien de structuur 
van de LA-repeats van de LDL receptor gestabiliseerd wordt door calcium (Zie ook 
Figuur 3, Hoofdstuk 6, p173). Vandaar dat we hebben onderzocht of calcium nodig 
is voor de vouwing en de conformatie van LpR. Hieruit bleek dat calcium essentieel 
is voor de juiste vouwing van LpR. We laten ook zien dat het verwijderen van calcium 
uit LpR voordat HDLp gebonden is aan LpR ervoor zorgt dat HDLp niet meer aan 
LpR kan binden. Dit suggereert dat de structuur van de LA-repeats ontwricht wordt 
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na verwijdering van calcium. Echter, als HDLp eenmaal gebonden is aan LpR lijkt  
de verwijdering van calcium de structuur niet te verstoren en blijft het complex 
intact. Dit suggereert dat als HDLp gebonden is aan LpR het in staat is om het 
calcium af te schermen of vast te houden, waardoor het complex niet kapot gaat. 
Moleculaire dynamica studies laten zien dat de structuur van één van de LA-repeats 
(LA-6) minder lijkt te worden verstoord door verwijdering van calcium dan die van 
de andere repeats (Zie Figuur 8, hoofdstuk 5, p169). Deze eigenschap van LA-6 zou 
een rol kunnen spelen bij de stabiliteit van het LpR-HDLp complex. 
Uit de resultaten van dit onderzoek blijkt dat binding van HDLp aan LpR leidt tot de 
formatie van een bijzonder stabiel complex, dat bestand is tegen een lage pH en de 
verwijdering van calcium. Verder blijkt dat de hoeveelheid lipid de binding van het 
lipoforine aan LpR beinvloedt, waarschijnlijk door verschillen in de conformaties 
van apolipoforine I en II. Aangezien LpR en HDLp homologen zijn van respectie-
velijk de LDL receptor en LDL, geven deze studies inzicht in de binding van liganden 
aan soortgelijke receptoren in dieren en mensen. De verschillen tussen lipoproteïnen 
en hun receptoren in mensen en insecten maken die laatste  tot een interessant en 
belangrijk alternatief model voor de bestudering van lipidtransport en -metabolisme. 
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Figure 7. LpR-mediated recycling of HDLp-1.17 in CHO(LpR) cells and locust fat body tissue. 
Fluorescence microscopy images of CHO(LpR) cells used in a pulse-chase experiment with OG-HDLp-1.17 

(A) and TMR-Tf (B). Endocytosis (the pulse) was followed by a 10-min chase in serum-free medium. Colo-

calization was visualized by merging the two images (C). Insect fat body of young adult animals (2 days after 

ecdysis) endogenously expressing LpR was either only pulsed with OG-HDLp-1.17 (D), or subsequently 

chased in insect growth medium for 1 h (E) or 2 h (F).  

Figure 5. Endocytosis of HDLp-1.17 by LpR endogenously expressed by locust fat body 
tissue. Fluorescence microscopy images of fat body tissue incubated with OG-HDLp-1.17 (A-C) or OG-

HDLp (D-F). Tissue from young adult animals (two days after ecdysis) was incubated with OG-HDLp-1.17 

(A), OG-HDLp-1.17 in the presence of an equimolar amount of HDLp (B), or in the presence of a 10-fold 

excess of HDLp (C). Panels D-F show the reciprocal experiment, in which tissue was incubated with OG-

HDLp (D), OG-HDLp in the presence of an equimolar amount of HDLp-1.17 (E) or OG-HDLp in the presence 

of a 10-fold excess of HDLp-1.17 (F). 
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Figure 8: Three-dimensional models of LA-5 and LA-6 of LpR in the presence (A, C) and 
absence (B, D) of Ca2+. Images show the last snapshot after 10 ns for LA-5 (A, B) and LA-6 (C, D). 
The models are colored according to the RMSD of the Cα of the amino acid residues, ranging from 
red (0 Å), via white (3 Å), to blue (6 Å). Important residues mentioned in the text are indicated by one-
letter code, numbers are based on individual repeats. The Ca2+ ion is depicted as a green sphere.
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Figure 3: A Ca2+ cage forms an acidic binding pocket. A: Model of LA-repeat 5 of LpR. Cα 
backbone structure of LA-5 is indicated by the ribbon. The central Ca2+ ion is depicted in orange. The 
Ca2+-coordinating residues are shown by the stick representation (negative charges are depicted in 
red, positive charges in blue). Disulfide bridges are shown in yellow. The repeat was modeled using 
Modeller 8v2, based on the structure of LA-repeats 3 and 4 of LDLR (PDB database indicator 2FCW). 
B: Surface potential of LA-5 of LpR based on the model depicted in A. The surface is colored according 
to the electrostatic potential: positive charges are depicted in blue, negative charges in red, white 
areas are neutral. Trp indicates the position of the central Trp residue. 

Figure 2: Human LDL and insect HDLp follow different intracellular pathways. 
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