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Abstract

The low density lipoprotein receptor-related protein (LRP) is a 600 kDa endocytic plasma
membrane receptor. LRP is involved in the uptake of numerous structurally and
functionally unrelated ligands, including -macroglobulin:protease complexes (c,M*),
apolipoprotein E-enriched remnant lipoproteins, pseudomonas exotoxin A (PEA), and
receptor associated protein (RAP). To date, analysis of LRP ligand-binding regions has
proven challenging due to its large size and repeating modular structure. Using a
recombinant DNA approach, full-length somatic chicken LRP, as well as several deletion
mutants, were stably expressed in a mutant CHO-derived cell line deficient in
endogenous LRP expression. LRP100, LRP67 and LRP25 encode 100%, 67% and 25%
of the protein respectively, with LRP67 and LRP25 encoding large internal deletions but
retaining an N-terminal portion, transmembrane region, and cytoplasmic tail. These three
mutants were found to possess varying degrees of ligand-binding activity toward c,M*,
RAP, and PEA. Generation of this expression system has allowed the mapping of several
LRP ligands to the N-terminal portion of the receptor and should allow further study of
domains within LRP responsible for its multifunctionality. It was recently postulated that
eight spacer regions within LRP containing repeating YWTD motifs adopt B-propeller
conformations. While developing cell lines expressing refined mutants encoding
deletions of putative ligand-binding regions, disruption of the naturally occurring,
ordered arrangement of f3-propeller domains was found to have an effect on intracellular
trafficking and plasma membrane presentation of mutant receptors. Although highly
expressed, several mutants possessing crippled B-propellers were not detected at the
plasma membrane by biotin labeling. These mutants also exhibited delayed or no
resistance to endoglycosidase H (endo H) suggesting ER exit was delayed or impaired.
Restoration of integral B-propellers and flanking EGF modules restored ER exit and
plasma membrane presentation to a transport incompetent mutant. The B-propeller
domains may play an important role in conferring structural stability to LRP. Caution

should therefore be exercised in the mutagenesis of this enormous receptor.
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1. Introduction

1.1 General background

The plasma membrane receptors are membrane proteins that have evolved as a
sophisticated mechanism allowing communication between extracellular and intracellular
environments. One of the functions of the plasma membrane receptors is to internalize

cargo molecules required for cellular growth or maintenance.

1.1.1 LRP is a member of the LDL receptor gene family

The low density lipoprotein receptor-related protein (LRP) is one of the larger
members of the low density lipoprotein (LDL) receptor gene family. In humans, this gene
family includes several members including the LDL receptor itself (1), megalin (2), the
very low density lipoprotein (VLDL) receptor (3), the apolipoprotein E receptor 2
(apoER2) (4), LRP (5), LRP5 (6), LRP6 (7), and LRPIB (8). These structurally related
plasma membrane receptors deliver extracellular ligands to lysosomes for degradation.

LRP was identified from a mouse lymphocyte ¢cDNA library using primers
complimentary to ligand-binding regions of the LDL receptor (5). All members of the
LDL receptor gene family are mosaic proteins composed of tandemly arranged, recurring
protein modules depicted in figure 1 and described below. Significant differences
between the members of this gene family occurs in the number and the arrangement of

constituent modules and in the ligands bound and internalized by each receptor (9,10).



LRP1B
megalin
_L VLDL receptor
_L apoER2
m-— LRPS and LRP6
# complement type/class A module 8  transmembrane domain
@ EGF precursor type module A NPxY motif
® YWTD module =mmm  cytoplasmic tail
° B-propeller domain A proteolytic processing site

Figure 1. LRP is a member of the LDL receptor gene family.

Schematic representation of mammalian LDL receptor gene family members. Structures
have been depicted to emphasize LDL receptor complement-type/class A modules and
EGF precursor type regions comprised of EGF modules and spacer regions that contain
repeating YWTD or YWTD-like motifs. Roman numerals indicate clusters of ligand-
binding complement-type/class A modules. Adapted from Springer er al. (11).
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1.1.2 Function of LDL receptor gene family members

The seminal work of Goldstein and Brown was fundamental to our understanding
of LDL receptor mediated endocytosis of LDL and cellular cholesterol homeostasis
(1,12). The LDL receptor contains binding sites for apolipoprotein B (apoB), the sole
protein component of LDL, as well as apolipoprotein E (apoE), a protein found at the
surface of several different lipoprotein classes.

Studies of the newer members of the LDL receptor family (reviewed in 10)
suggest that these receptor proteins may be involved in the uptake of another lipoprotein
class, the remnant lipoproteins. Remnant lipoproteins are large, triacylglycerol-rich
lipoproteins implicated in the pathogenesis of atherosclerosis and believed to bind LRP
via apoE (13).

In contrast to the LDL receptor, LRP binds a wide variety of structurally and
functionally diverse ligands, several of which are involved in lipoprotein metabolism.
These include lipoprotein lipase (14) and hepatic lipase (15), two triacylglycerol
hydrolases that convert triacylglycerol into glycerol and free fatty acids. Both lipases
share sequence homology, but are believed to be localized to different tissues.
Lipoprotein lipase is synthesized in several tissues including adipose and muscle, but is
localized to the vascular endothelium. Hepatic lipase is localized to the liver.

LRP also binds ligands involved in protease metabolism. These include both
urokinase type (uPA) and tissue type plasminogen activators (tPA), either alone or bound
to their inhibitor, plasminogen activator inhibitor (PA:PAIL) (16,17), as well as activated

alpha-2-macroglobulin (a;M*) (18,19), and complement C3 (20). Although a,M* and



complement C3 share some sequence homology, they are involved in different metabolic
processes.

Pathogens such as minor group rhinovirus (21,22) and pseudomonas exotoxin A
(PEA) (23) also bind LRP. The intracellular molecular chaperone termed receptor
associated protein (RAP) binds LRP with high affinity and has been shown to inhibit
binding of all known LRP ligands when added to cells in a purified form (24,25). A
comprehensive list of LRP ligands is shown in Table I. Ligands relevant to this work are
discussed in detail below.

The VLDL receptor is expressed in adipose tissue, heart and brain (3). The
apoER2 receptor is expressed in the brain and placenta (4). Both receptors are specific for
apoE. There is evidence that both the VLDL receptor and apoER2 may be required in
embryonic development. Mice lacking both receptors exhibit a phenotype similar to
Reelin and disabled 1 knockout animals, which suffer from severe central nervous system
developmental abnormalities (26).

Megalin was originally identified as the antigen causing a renal autoimmune
disorder in rats known as Heymann nephritis. This receptor is highly expressed in several
types of epithelial cells, particularly within the kidney. Like LRP, megalin possesses a
wide ligand-binding specificity and binds several structurally and functionally diverse
ligands (10). Homozygous megalin knockout mice show brain, lung, and kidney
abnormalities (27).

LRPS5 is highly expressed in the adrenal gland cortex and adipocytes. LRP6

appears to be expressed in many tissues including heart, brain, placenta, lung, kidney,
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Table 1. LRP binds a wide variety of functionally unrelated ligands.

Ligands shown to interact with LRP can be subdivided into several classes based on their
function.
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spleen and the adrenal glands. Both proteins share high sequence homology and both
bind apoE enriched B-VLDL (6,7).

Finally, the recently characterized LRP1B has been detected in tumors and is a
candidate tumor suppressor. A close similarity in the domain structures of LRP and

LRP1B suggests these two receptors may share similarity in their ligand interactions (8).

1.1.3 Species and tissue distribution

Avians (28), humans (5), as well as c. elegans (29) share highly conserved forms
of the LRP gene, suggesting a common ancestry. The essential role of LRP in
development is supported by the observation that LRP knockout in mice prevents
embryonic implantation and causes death in utero (17). There are currently no known
naturally occurring LRP deficient cell types other than platelets (48).

Although LRP is widely expressed in mammalian tissue, its expression level is
highest in several cell and tissue types. In humans these include neurons and astrocytes of
the central nervous system, hepatocytes, smooth muscle cells, fibroblasts, kidney, lung

and intestinal cells (49).

1.1.4 The LRP gene product

The human LRP gene covers approximately 92 kb with a total of 89 exons (50).
Full-length human LRP contains 4525 amino acids (5), while full-length chicken LRP

contains 4523 amino acids (28). LRP is synthesized as a single 600 kDa polypeptide



chain that undergoes extensive co- and post-translational modifications including N-
linked glycosylation and intracellular proteolytic cleavage. Cleavage of LRP yields 515
kDa and 85 kDa subunits denoted as ot-chain and B-chain, respectively. Mature LRP is
presented at the plasma membrane as an o/ heterodimer of these two subunits (5). In the
mature protein, these two subunits remain tightly, but non-covalently associated via an
unknown mechanism and are completely separated under denaturing or reducing
conditions (5). Proteolytic cleavage of LRP is inhibited in a reversible manner upon
addition of brefeldin A, suggesting that cleavage occurs within the late Golgi

compartment (51).

1.2 Primary structure of LRP

Examination of LRP primary structure reveals many well known sequences and

motifs, some possessing known function in unrelated proteins.

1.2.1 The complement-type/class A modules

LRP is a type I membrane protein consisting of a short cytoplasmic tail, a
transmembrane domain, and an unusually large extracellular domain (52). The primary
amino acid sequence of LRP is highly repetitive consisting of modules that are arranged
in several clusters (figure 2). LRP is composed of 31 LDL receptor complement-
type/class A modules each of which is approximately 40 amino acids in length (figure 3).
The 31 complement-type/class A modules contain six conserved cysteines that form three

disulphide linkages. In addition, an SDE motif forming part of a calcium-binding pocket
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Figure 2. Amino acid sequence of full-length chicken LRP.

The amino acid sequence of chicken LRP is shown. Green, clusters of LDL receptor
complement-type/class A modules; blue, EGF modules; red, spacer regions containing
YWTD or YWTD-like motifs; red underlined, YWTD and YWTD-like motifs; black

italics, putative signal peptide; double underlined, furin cleavage consensus motif, purple
bold, putative transmembrane domain; purple italics, cytoplasmic tail. :
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KTCSPKQFACKDQITCISKGWRCDGEKDC PDGSDESPDICPQ
SRCOPNEHNCLGTELC THMSKLCNGLHDCFDGS DEGPHCRE
PQCQPGEFACKNNRC IQERWKCDGDNDCLDNSDEAPELCHQ
HTCPSDRFKCKNNRC I PNRWLCDGDNDCGNNEDESNSTCSA
RTCSPNQFSCASGRCIPISWTCDLDDDCGDRSDESASCAY
PTCFPLTQFTCNNGRC ININWRCDNDNDCGDNS DEAGCSH
SCSSNQFKCNSGRC I PVHWTCDGDNDCGDYS DETHANCTN
GGCHTDEFQCRLDGLCI PMRWRCDGDTDCMDSSDEKNCEG
HVCDPNVKFGCKDSARCISKAWVCDGDSDCEDNSDEENCES
LVCKPPSHTCANNTS ICLPPEKLCDGSDDCGDGS DEGELC
STCNVHDEFECGNGDCIDFSRTCDGVVHCKDKS DEKQSYCSS
RKCKKGFLHCMNGRCVASRFWCNGVDDCGDNSDEVPCNK
TSCAATEFRCRDGSCIGNSSRCNQFIDCEDASDEMNCTA

2536TDCSSYFKLGVKGTTFQKCEHTSLCYAPSWVCDGANDCGDYSDERG

2688
2731
2770
2813
2854
2901
3329
3369
3408
3448
3489
3531
3570
3609
3649
3690
3735

Figure 3. Alignment of the amino acid sequence of chicken LRP complement-

PKCPANYFACPSGRC I PMTWTCDKEDDCENGEDETHCSERQDK
FCYPVQFECNNHRC I SKLWVCDGADDCGDGS DEDSRCRL
TTCSTGSFQCPGTYVCVPERWLCDGDKDCADGADETLAAGCLY
NTCDEREFMCGNRQC I PKHFVCDHDDDCGDGS DESPECEY
PTCGPHEFRCANGRC LSNSQWECDGE FDCHDHS DEAPKNPRCSS
KCNDSFFMCKNGKC I PEALLCDNNNDCADGS DELNCFI
SNCTASQFVCKNDKC I PEWWKC DTEDDCGDRS DEPEDCPE
FKCRPGQFQCSTGICTNPAFICDGDNDCQDNS DEANCDI
HVCLPSQFKCTNTNRC I PGI FRCNGODNCGDGEDEKDCPE
VTCAPNQFQCAITKRCIPRVWVCDRDNDCVDGSDEPANCTQ
MTCGVDEFRCKDSGRC I PARNKC DGEDDCGDGS DEPKEECDE
RTCEPYQFRCKNNRCVPGRWQCDYDNDCGDNS DEESCTP
RPCSESEFSCANGRC IAGRWKC DGDHDCADGS DEKDCIP

RCEFDQYQCKNGHC I PMRWRC DADADCMDGTDEEDCGT

RTCPLDEFQCNNTLRKPLAWKC DGEDDCGDNS DENPEECLK
FQCPPNRPFRCKNDRVC LWIGRQCDGIDNCGDNTDEKDCES
PKSCSQDKNEFLCENKKC ISANLRCNFFDDCGDGS DEKSCSH

type/class A modules.

LRP is comprised of 31 complement-type/class A modules. Conserved residues are
highlighted. The six cysteine residues found in each module form three disulphide
linkages. The acidic SDE motifs reside in a calcium binding pocket. Red, conserved

cysteines; blue, acidic SDE motifs.
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1011
1051
1097
1140
1180
2557
2596
2635
2684
2730
2769
2812
2853
2897
2938
3368
3407
3447
3488
3530
3569
3608
3646
3689
3730
3776



is also conserved among these modules (figure 4). The 31 complement-type/class A
modules are grouped into four clusters of two, eight, ten, and eleven, beginning at the N-
terminus of LRP (figure 1). Similarity between the LRP complement-type/class A
modules and those comprising the ligand-binding domain of the LDL receptor has led to
the belief that the ligand-binding regions within LRP may reside within one or more
clusters of complement-type/class A modules. Experimental evidence thus far supports
this hypothesis, although there is also evidence suggesting that in the case of certain

ligands, binding may not be exclusively confined to these regions (53).

1.2.2 The EGF-precursor type modules

The four clusters of complement-type/class A modules are separated by EGF
precursor-type regions comprised of EGF modules and spacer regions. Each of the 22
EGF modules is approximately 40 amino acids in length and also contains six cysteines
forming three disulphide linkages. Little amino acid homology exists among these
regions (figure 5).

In the LDL receptor, it is thought that the EGF modules are involved in ligand
dissociation from the receptor within lysosomes (55). There is also evidence that these

regions may be involved in the binding of certain LRP ligands (56).
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Figure 4. Tertiary structure of the complement type class A module of LRP.

Tertiary structure of the third complement-type/class A module of human LRP solved by
NMR (54).

i1



112 QLANCTALGCQHHCVPTLSGPACYCNNSFQLAEDRRSCK 151

152 DFDECTVYGTCSQTCTNTEGSYTCSCVEGYLLOPDNRSCK 191
476 RSHACEPDQFGKPGGCSDICLLGNSHKSRTCRCRSGFSLGSDGKSCK 522
800 GSNKCRVNNGGCSSLCLATPRGRQCACAEDQILGADSVTCE 841
1181 DQCSLNNGGCSHNCTVAPGEGIVCSCPLGMELGADNKTCQO 1220
1221 1QSYCAKHLKCSQKCEQDKYNVKCSCYEGWMLEPDGESCR 1260
1533 APNPCEANGGKGPCSHLCLINYNRTLSCACPHIMKLDKDNTTCY 1577
1842 GSNPCSVNNGDCSQLCLPTSETSRSCMCTAGYSLKSGQQSCE 1883
2150 GTNVCAQNNGGCQQLCLFRGGGRRTCACAHGMLSEDGVSCR 2191
2472 ELSPCRVNNGGCQDLCLLTPKGHVNCSCRGERVLQEDFTCK 2512
2938 NECLNKKLSGCSQECEDLKIGYKCRCRPGFRLKDDGKTC I 2978
2979 DIDECSTTYPCSQKCINTLGSYKCLCIEGYKLKPDNPTSCK 3019
3286 PNHPCKTNNAGCSNLCLLSPGGGHKCACPTNFYLGSDGKTCV 3328
3779 KSYDCMTNTTMCGDEAQCIQAQSSTYCTCRRGFQKVPDKNSCO 3821
3822 DVNECLRFGTCSQLCNNTKGSHVCSCAKNEMKTDNMCK 3859
4146 VTNPCDRKKCEWLCLLSPSGPVCTCPNGKRLDNGTCV 4182
4195 TTDTCDLVCLNGGSCFLNARKQAKCRCOPRYNGERCQ 4231
4232 INQCSDYCONGGLCTASPSGMPTCRCPTFTGSRCD 4267
4268 QQVCTNYCHNNGSCTVNQGNQPNCRCPPTEIGDRCQ 4303
4304 YQQCFNYCENNGVCQMSRDGVKQCRCPPQFEGAQCQ 4339
4340 DNKCSRCQEGKCNINRQSGDVSCICPDGKIAPSCL 4374
4375 TCDSYCLNGGTCSISDKTQLPECLCPLEVTGMRCE 4409

Figure S. Alignment of the amino acid sequence of chicken LRP epidermal growth
factor modules.

LRP is comprised of 22 EGF modules. The six cysteine residues (red) in each module
form three disulphide linkages.



1.2.3 The spacer regions

In addition to complement-type/class A modules and EGF-precursor type
modules, all the members of the LDL receptor gene family contain at least one spacer
region approximately 260 amino acids in length. While the LDL receptor contains a
single spacer region, LRP contains eight. Spacer regions contain few cysteines and no
disulphide linkages. Each spacer region contains six repeating YWTD or YWTD-like
motifs (figure 6). The function of these spacer regions within LRP is currently unknown,
however, several studies show impaired ligand dissociation from LDL receptors
possessing mutations within this region (55). Evidence also suggests point mutations

within this region impair LDL receptor exit from the ER.

1.2.4 Endoproteolytic cleavage motif

LRP contains the consensus motif RxRR that is recognized by several members of
the proprotein convertase family of endoproteases (57). These endoproteases are known
to cleave several proteins including the insulin receptor (58,59). Chicken LRP contains a
RNRR motif beginning at amino acid position 3939 of its extracellular domain, while
human LRP contains an RHRR motif beginning at amino acid position 3940. Sequencing
of the N-terminus of the human LRP B-chain has confirmed that proteolytic cleavage

occurring at this site is necessary for production of the heterodimeric mature form of LRP

(51).
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3838 AEGSEHQILYIADDNKIRSMYPFNPNSAYEPAFQGDENVRIDAMDIYVK
GNKIYWTNWHTGRISYCELPASSAASTASNRNRRQIDGGVTHLNISGLKMPRGIAVDWV
AGNIYWTDSGRDVIEVAQMKGENRKTLISGMIDEPHAIVVDPL
RGTMYWS DWGNHPKIETAAMDGTLRETLVQDNIQWPTGLAVDYH
NERLYWADAKLSVIGSIRLNGTDPVVAIDNKKGLSHPFSIDIF
EDYTI {5 TYINNRIFKIHKFGHKSVTNLTSGLNHATDVVLYHQYKQPE 4124

Figure 6. Chicken LRP spacer regions contain six repeating YWTD or YWTD-like
motifs.

Amino acid sequence of the eighth spacer region of chicken LRP. The YWTD or
YWTD-like motifs are highlighted (red).
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1.2.5 Motifs found within the cytoplasmic tail

Like other members of the LDL receptor family, LRP contains a single
membrane-spanning domain predicted to be highly hydrophobic. The intracellular tail of
LRP is 100 amino acids in length and contains several sites that may be functionally
important.

Two NPxY motifs are found within the cytoplasmic tail of LRP. At least a single
copy of this motif is found within the cytoplasmic tails of most members of the LDL
receptor family. This motif is also present among many other proteins or receptors
including both G protein-coupled receptors such as integrins and non G protein-coupled
receptors such as the insulin receptor (60-62). Several functions have been ascribed to the
NPxY motif, including receptor internalization via clathrin-coated pits (63), adhesion
(64), migration, and metastasis (65). LRP also contains a di-leucine motif as well as a

Y xxL motif (66). Both motifs have been implicated in internalization mechanisms (67).

1.3 Secondary and tertiary structure of LRP

Little is known about secondary or tertiary structure of LRP. Existing information
is either based on NMR studies obtained from small LRP fragments expressed in bacteria
or on extensive computer modeling based on homologous sequences within proteins of

known structure.
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1.3.1 Characterization of LRP fragments expressed in bacteria

LRP complement-type/class A modules three (54) and eight (68) (first and sixth
module in cluster IT) have been expressed in bacteria. NMR studies of these LRP
modules have revealed overall structural similarity to that previously seen in the LDL
receptor complement-type/class A modules 1 (69) and 2 (70) by NMR and module § (71
by X-ray crystallography. The overall structures all contain a two-strand antiparallel beta-
sheet and a one-turn alpha-helix (figure 4). Disulphide linkages are conserved and all the
solved structures also appear to contain a high affinity calcium binding pocket containing
a common conserved SDE motif. Despite an overall similarity in structure, differences
exist within these conserved regions as not all modules possess similar ligand-binding
capacity. This has been shown for the LDL receptor where apoE binding requires the
fifth complement-type/class A module, while apoB binding requires a combination of
modules three to seven with some contribution from adjacent EGF modules (53). To date,

there has been no report on the structure of the EGF modules for the members of the LDL

receptor gene family.

1.3.2 Theoretical §-propeller domains

Based on computational modeling studies, it has recently been suggested that the
spacer regions found within all members of the LDL receptor gene family adopt a B-
propeller conformation that is also found in many unrelated proteins (11). B-propellers

are torroidal structures composed of between four to eight structurally similar repeats.
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Each repeat is likened to a propeller blade in that it contains four antiparallel § strands
that radiate from a central axis (72) (figure 7). Nidogen also contains YWTD motifs
within a region thought to adopt a B-propeller conformation. By electron microscopy the

B-propeller domain of nidogen is visible as a large compact globular region (73).

1.4 Co- and post-translational modification of LRP

LRP undergoes extensive co- and post-translational modifications before it can
attain a mature conformation. Ongoing studies are beginning to shed some light on LRP

processing and on co-factors believed to aid in LRP maturation.

1.4.1 Glycosylation

Human and chicken LRP are thought to possess 52 and 50 putative N-linked
glycosylation sites, respectively. It is currently not known which sites are truly
glycosylated as these have not yet been directly characterized. However, endoglycosidase
H (endo H) digestions of LRP have shown large shifts in the electrophoretic mobility of
the receptor confirming the presence of extensive glycosylation (51).

The precise function of N-linked glycosylation within proteins is currently not
entirely clear. It is thought that N-linked glycosylation may be required for correct
protein folding (75,76). It is believed that incorrectly folded, N-linked glycoproteins may
act as substrate for glucosylating/deglucosylating enzymes or chaperones that can sense

misfolded proteins within the ER (77). This retention mechanism forces proteins to
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Figure 7. Chicken LRP spacer regions may adopt a B-propeller structure.

Theoretical tertiary structure of the seventh putative six-bladed B-propeller of chicken
LRP. Each “blade” is comprised of four anti-parallel B-strands arranged around a central
symmetry axis. Each “blade” contains one YWTD or YWTD-like motif, 4, top view; B,

side view (74).
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remain in the ER until they can reach the correctly folded state. There is, however,
conflicting data suggesting that for the v-sis gene product, N-linked glycosylation may
not always be essential for plasma membrane presentation of a mature protein (78). It is
currently unclear whether the extensive glycosylation present on LRP is required for

efficient maturation of the receptor.

1.4.2 Disulphide bond formation

Human LRP possesses an unusually high number of cysteine residues that are
involved in the formation of disulphide bonds. It is likely challenging for the cell to
correctly fold a protein as large as LRP while forming and maintaining correct disulphide
linkages and LRP is thought to fold with the assistance of intracellular chaperone(s) such
as RAP. It is not yet known whether other intracellular chaperone molecules such as
protein disulphide isomerase, a molecular chaperone known to be involved in the
formation of correct protein disulphide linkage.s (79), is involved in the formation of

disulphide linkages within LRP.
1.4.3 Role of molecular chaperones in LRP folding and expression

Maturation of LRP is dependent on RAP expression (80), and presentation of
mature LRP was found to be severely impaired in cells derived from RAP deficient mice
(81). RAP is a 39 kDa, ER resident protein that was first identified as a co-eluent with
LRP by affinity chromatography. RAP is believed to act as a folding chaperone for LRP

as well as other members of the LDL receptor gene family (82-84). Localization of RAP
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to the ER suggests it may function as a folding chaperone (85). RAP contains a HNEL
sequence similar to the KDEL sequence found in other ER resident proteins. This
sequence is required for ER retention by the KDEL receptor or a KDEL-like receptor.
Deletion of the HNEL sequence caused RAP to be secreted and decreased its intracellular
half-life (85).

RAP may exert an additional novel chaperone function, which prevents the
premature binding of LRP to ligands that are often synthesized within the same tissue.
For example, overexpression of apoE in murine embryonic fibroblasts caused a dramatic
reduction in cellular LRP expression, an effect that could be prevented by overexpression
of RAP (80). Knockout of RAP in mice resulted in a 75% decrease in the formation of
mature processed LRP and a concomitant 75% decrease in '*I-a;M clearance from the
circulation (81). In the absence of RAP overexpression, cellular retention of individual
LRP minireceptors encoding each of the complement-type/class A clusters but not the
transmembrane domain or cytoplasmic tail was observed under non-reducing conditions.
These aggregates were dissociated to monomers under reducing conditions suggesting
that the formation of intermolecular disulphide bonds caused the aggregation. A decrease
in aggregation of the same soluble LRP fragments was observed upon RAP co-
expression.

Recent evidence has shown that the LDL receptor binds the molecular chaperone
BiP suggesting this intracellular chaperone molecule is involved in the folding of this
LDL receptor family member (86). Whether BiP also aids in LRP folding remains to be

determined.



1.4.4 Role of calcium in LRP folding

Calcium is essential for binding of ligands to all members of the LDL receptor
gene family. Evidence now suggests that calcium may also be involved in LRP folding.
Following intracellular calcium depletion with ionomycin or thapsigargin, both
endogenous HepG2 LRP as well as recombinant LRP minireceptors, showed aggregation
thought to be caused by intermolecular disulphide bond formation. This effect was
reversible upon addition of calcium (87). This effect also appears to be RAP-independent,

as RAP remained bound to LRP mini-receptors following calcium depletion.

1.4.5 Proteolytic cleavage of LRP in the Golgi compartment

Sequencing of the N-terminus of the LRP B-chain has confirmed that cleavage of
human LRP occurs following the consensus motif RHRR (5). The endoprotease
responsible for LRP cleavage has been identified as furin. Using a furin deficient cell
line, the proteolytic processing of endogenous LRP was shown to be virtually abolished
(88). Furin was also shown to cleave purified LRP in vitro (88). In addition to LRP, furin
cleaves several other proteins that travel through the trans-Golgi, including the insulin
receptor (58). In the insulin receptor, the ligand-binding activity was compromised by
lack of processing (89-90). Although LRP undergoes similar proteolytic cleavage, data
suggest that this cleavage is not essential for the endocytic activity of LRP. When a
soluble LRP minireceptor containing the processing site was overexpressed, the
transfected cells were incapable of cleaving all of the recombinant protein. A significant

portion of the recombinant protein was, nevertheless, secreted suggesting that processing
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is not essential for intracellular trafficking or plasma membrane presentation to (91). In
addition, a single arginine-to-serine point mutation at position 3942 within the full-length

chicken LRP did not affect the receptor’s ability to internalize several ligands tested (92).

1.5 LRP at the plasma membrane

Presentation of LRP at the plasma membrane can be regulated by factors such as
insulin. Motifs within the LRP cytoplasmaic tail have been shown to bind adaptor
proteins. These data implicate LRP in a complex signaling cascade and suggest that LRP

may be more than a mere cargo receptor, as previously thought.

1.5.1 Regulation of LRP expression and plasma membrane presentation

Several studies have reported an increase in the ligand-binding activity of LRP
following acute stimulation by insulin. Both 3T3-L1 adipocytes and primary adipocytes
isolated from rat epididymal fat pads show enhanced binding of '*I-a;M* following
insulin treatment (93). There was also an increase in uptake of [3 H]cholesteryl esters from
apoE-enriched B-VLDL following treatment with insulin. This increase was inhibited

using RAP or antibodies against LRP (94).
In neuronal cells, there was a reported increase in LRP at the plasma membrane

upon the addition of nerve growth factor (95). A decrease in LRP mRNA level, as well as

'BL.gaM* binding was seen upon treatment of cells with lipopolysaccharides and

interferon-y (96).



In contrast to the LDL receptor that is involved in regulating celluiar cholesterol
homeostasis and contains a sterol regulatory element that responds negatively to sterols,
sterols do not appear to play a role in the regulation of LRP despite the presence of a

sterol regulatory element consensus motif (97).

1.5.2 LRP endocytosis motifs

LRP is believed to undergo constitutive endocytosis similar to the LDL receptor.
Several naturally occurring mutations within the cytoplasmic tail of the LDL receptor
were initially observed to prevent its endocytosis (98). This defect in receptor
internalization can lead to the development of the hereditary condition familial
hypercholesterolemia (FH) where uptake of LDL is impaired (reviewed in 99). As a
result, LDL accumulates in the circulation causing an early onset of coronary artery
disease. Mutagenesis studies of the LDL receptor cytoplasmic tail have since revealed
that the first 22 amino acids are required and the NPxY motif, in particular, is involved in
clustering of the LDL receptor into clathrin coated pits at the plasma membrane prior to
internalization (63).

At least one copy of the NPxY motif is found within the cytoplasmic tail of
several other endocytic receptors, including the insulin receptor. Studies using other
receptors have demonstrated that the NPxY motif does not serve as a universal
internalization signal. In the insulin receptor, the juxtamembrane domain, including an
NPxY motif is believed to link the insulin receptor to downstream signaling substrates

(100). In the integrins, the phosphorylated tyrosine residue of the NPxY motif has been
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implicated in the binding of intracellular Shc and the subsequent intracellular signaling
cascade (64).

A recent study using an LRP minireceptor encoding only the fourth cluster of
complement-type/class A modules, the transmembrane domain, and cytoplasmic tail
encoding mutagenized NPxY motifs strongly suggests that the NPxY motifs are not
involved in the internalization of LRP. This same study implicated the YxxL motif and
two di-leucine motifs in LRP internalization (66). Di-leucine motifs have been shown to
be involved in the internalization of both the insulin receptor (101) and the epidermal

growth factor receptor (102) following ligand-binding and phosphorylation.
1.5.3 Ligand endocytosis and receptor recycling rate

Recycling studies using stably expressed recombinant LRP suggest that the entire
plasma membrane pool of LRP could be internalized to an endosomal compartment
within approximately five minutes (92). Internalized LRP labeled with thiol cleavable
biotin was found to be internalized and recycled to the plasma membrane within 30
minutes as measured by the amount of biotin labeled LRP protected from thiol cleavage
and, therefore still found within endosomes. This is consistent with studies using a
ligand-mimicking monoclonal antibody directed towards the a-chain of LRP. Receptor-
anitbody complexes were found to dissociate in the lysosomes within approximately 30
minutes following endocytosis (103). When an '*I-labeled antibody was bound at 4° C, it
was found to dissociate when the cells were washed at a pH of 5.2, again suggesting that

receptor:ligand dissociation occurs within an acidic environment similar to that of
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lysosomes. These experiments were performed using fibroblasts from both normal and
LDL receptor defective WHHL rabbits, suggesting the observed effects were likely

specific to LRP.

1.5.4 Binding of LRP to adapter proteins

Several adapter proteins interact with the cytoplasmic tail of LRP. Both the
neuronal adaptor protein FE65 and mammalian Disabled were found to bind to the
cytoplasmic tail of LRP using a yeast two-hybrid system as well as in co-precipitation
experiments (104). It is postulated that these proteins can potentially serve as scaffolds
for the assembly of cytoplasmic multiprotein complexes. FE65 possesses two protein
interaction sites and could theoretically link two proteins such as LRP and amyloid,
precursor protein (APP). mDab contains a single protein interaction site, but can bind
nonreceptor tyrosine kinases upon phosphorylation. Both proteins are almost exclusively
expressed in neurons.

There is additional evidence that the other members of the LDL receptor gene
family may bind adaptor proteins. Yeast two-hybrid and co-precipitation analysis
revealed that megalin binds a mammalian form of disabled protein, also implicating it in

downstream signaling (105).



1.5.5 Cellular signaling by LRP

Although members of the LDL receptor gene family are generally thought as
endocytic receptors, growing evidence suggests several of them may be involved in
directing extracellular signals across the plasma membrane. One such pathway involved
coupling of LRP to stimulatory G-proteins (106). This coupling increased intracellular
cyclic adenosine monophosphate and activated protein kinase A. Stimulation of LRP also
occurred within several neuronal cell lines upon incubation with nerve growth factor

(95). This resulted in a two-fold increase in the total incorporation of P

[orthophosphate] into the B-chain of endogenous LRP.

1.5.6 Soluble LRP

Evidence suggests that a soluble form of LRP exists in the circulation (107). The
plasma form of LRP appears to be comprised solely of the receptor a-chain. Several
other plasma membrane proteins are known to possess soluble counterparts in the
circulation. These include the transferrin receptor (108), heparin-binding EGF (109), and
the amyloid precursor protein (110). Mechanisms producing soluble counterparts to
plasma membrane proteins may involve alternative splicing, proteolysis, usually at the
plasma membrane, or GPI-hydrolysis (111). The role of circulatory receptor fragments is
currently unclear. Current thinking suggests that these may be involved in regulation of

membrane bound receptor ligands by acting as soluble inhibitors (112).
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1.6 LRP function

LRP is an endocytic plasma membrane receptor that functions as a scavenger
receptor by possessing unusually broad ligand-binding specificity. The wide range of
structurally and functionally diverse ligands that are internalized via LRP can be roughly
divided into three categories that include; 1) proteins involved in protease metabolism, 2)
lipoproteins or proteins involved in lipoprotein metabolism, and 3) miscellaneous

proteins including several pathogens.

1.6.1 Protease metabolism

Proteases are required for a diverse number of functions including embryonic
development (113), cell migration (114,115), and conversion of zymogen to active form.
It was realized, following its identification, that LRP is identical to the oM receptor
(18,19). The widely acknowledged primary function of LRP is uptake of the protease
inhibitor ;M bound to proteases (18,19). oM is a large 720 kDa homotetramer. It is a
broad spectrum endopeptidase inhibitor that is capable of clearing all four classes of
proteases from the circulation (116). Upon binding to protease, 0;M undergoes cleavage
of a thiol ester bond resulting in a conformational change. This conformational change
makes the complex competent for receptor binding (117). oM may also attain a receptor
binding conformation by treatment in vitro with small nucleophiles such as methylamine

(118).



LRP is also the hepatic receptor for plasminogen activators. These are proteases
involved in the generation of plasmin from plasminogen. Plasmin derived from urokinase
plasminogen activator (uPA) is primarily involved in events surrounding pericellular
proteolysis such as tissue remodeling (119). Tissue-type plasminogen activator (tPA)
generates mostly plasmin involved in fibrinolysis. The activated plasmin is involved in
degradation of the fibrin network associated with blood clots (120). Both uPA and tPA
have been shown to bind LRP either alone or complexed with one isoform of the

plasminogen activator inhibitor (PAI-1) (16,17,34,35).
1.6.2 Lipoprotein metabolism

Lipoproteins have evolved as a means of transporting hydrophobic lipids within
the aqueous environment of the circulatory system following the absorption of dietary
lipids by the intestine. Lipoproiein particles are composed of a hydrophobic neutral lipid
core composed of varying ratios of triacylglycerol, cholesterol and cholesteryl ester. The
neutral lipid core is surrounded by a phospholipid monolayer decorated with apoprotein
and cholesterol. Lipoproteins are transported in the circulation to the approprizite target
tissue where they are taken up by mechanisms such as receptor-mediated endocytosis.
Several different classes of lipoproteins have been characterized. Each class of
lipoprotein is defined by its lipid composition and by the apoproteins found on the
phospholipid monolayer and each class serves a specialized function (reviewed in 121).

Of particular interest in the context of LRP are the remnant lipoproteins,

chylomicron remnants and B-VLDL. These are defined as large lipoproteins with buoyant



density of less than 1.006 mg/ml. The protein component of interest on these particles is
apoE which has been shown to bind all the members of the LDL receptor gene family

including both LRP and the LDL receptor (38,39).
1.6.3 Receptor-mediated internalization of chylomicron remnants

Early clinical evidence supported an LDL receptor-independent mechanism of
remnant clearance. Chylomicron remnant metabolism was found to be relatively
unimpaired in LDL receptor defective Watanabe rabbits (122). These animals are unable
to take up LDL particles and suffer from coronary artery disease as a result (123).
Similarly, in a study using human subjects with defective LDL metabolism caused by
defects in LDL receptor, chylomicron remnant metabolism was shown to be relatively
normal (124). Experimental evidence has now demonstrated that LRP plays a role in
chylomicron remnants metabolism. ApoE-containing liposomes were shown to bind LRP
isolated from HepG2 cells in ligand blots (38). ApoE-enriched B-VLDL particles
increased cholesterol esterification activity in LDL receptor deficient fibroblasts,
indicating that cholesterol from an extracellular lipoprotein source was being internalized
and metabolized. This effect could be ablated by incubating the cells with an antibody
against LRP, but not against the LDL receptor. This effect was also blocked by
chloroquine, suggesting the mechanism by which the B-VLDL particles were being
internalized involved receptor-mediated endocytosis followed by lysosomal hydrolysis of

whole lipoprotein particles (39). '®I-B-VLDL was also shown to bind specifically to

29



LDL receptor negative fibroblasts. Internalization of Dil-labeled B-VLDL enriched with
apoE was also shown using the same cell model (125).

The initial step in binding of apoE-enriched B-VLDL and chylomicron remnants
is thought to be sequestration within the space of Disse in the liver. Unlike the direct
ligand interaction of LDL with its receptor, apoE-enriched B-VLDL particles and
chylomicron remnants are thought to be endocytosed via a mechanism involving
proteoglycans at the plasma membrane. These proteoglycans, most likely heparan
sulphate proteoglycans and syndecans are involved in tethering lipoproteins to the
vicinity of the receptor prior to internalization (126). This model was based on the
observation that lipoproteins appear to be captured by plasma membrane proteoglycans
before they can be metabolized (127). ApoE containing a point mutation within its
sequence causing hyperlipoproteinemia bound to heparan sulphate proteoglycans more
poorly than normal apoE3 in both HepG2 and rat hepatoma McA-RH7777 cells (127).
Furthermore, the binding of normal apoE-enriched B-VLDL was almost completely
abolished by treatment of cells with heparinase (128). Intravenous heparinase injection
was found to inhibit remnant clearance from the plasma and uptake by the liver in mice
(129). What remains unclear, is why the remnant particles needed to be enriched with
apoE in order to be metabolized and whether this process occurs in vivo.

Recent studies using animal models have provided conclusive evidence that LRP
is involved in remnant lipoprotein uptake. RAP overexpression using an adenoviral
vector in LDL receptor deficient as well as in normal mice resulted in secretion of RAP
into the plasma compartment. This secreted RAP could act as an antagonist blocking the

uptake of LRP ligands. The result was an accumulation of chylomicron remnants in the
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LDL receptor deficient mice and a lesser degree of accumulation in the normal mice
(130). The conclusion from this important study was that in mice, both the LDL receptor
and LRP were involved in remnant clearance mechanisms. The final important piece of
conclusive evidence implicating LRP in remnant clearance was the recent generation of
liver specific LRP knockout mice using both normal and LDL receptor deficient animals.
The knockout of LRP in the livers of the LDL receptor deficient animals resulted in the
accumulation of chylomicron remnants in the circulation, while an upregulation of the
LDL receptor mRNA was seen in the normal animals (131).

Several proteins involved in the metabolism of lipoproteins have also been shown
to bind LRP. This has been shown for both hepatic lipase (15) and lipoprotein lipase
(132,133). In the case of lipoprotein lipase, the receptor binding region was localized to
the C-terminal of the enzyme using recombinant fragments of human lipoprotein lipase
(134). Inhibition of lipoprotein lipase activity in the plasma by injection of a monoclonal
antibody also impaired clearance of chylomicron remnants by the liver (135). Enhanced
uptake of remnant lipoproteins was shown upon addition of hepatic lipase to rat
hepatoma McA-RH7777 cells (136).

It is believed that both hepatic lipase and lipoprotein lipase can facilitate
lipoprotein binding to LRP by forming a bridge between LRP and lipoprotein particles.
This occurs when the lipase either binds directly to the receptor, or is concentrated locally
upon binding heparan sulphate proteoglycans at the plasma membrane in the vicinity of

the receptor (10).
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1.6.4 Other LRP ligands

Among other LRP ligands, of particular interest is the exotoxin from the bacteria
Pseudomonas aeruginosa (23). This toxin enters cells opportunistically and specifically
via LRP mediated endocytosis. Once in the endosomal compartment, PEA is cleaved by a
cellular protease and an enzymatically active fragment undergoes retrograde transport to
the ER (137). The PEA can either undergo retrograde transport to the ER where it is
translocated to the cytosol, or can be directly translocated to the cytosol in an ATP-
dependent fashion via an unknown mechanism (138). The catalytically active fragment of
PEA, once in the cytosol, ADP-ribosylates elongation factor 2 (EF2), thus shutting down
protein synthesis and causing cell death (139). A lack of cell toxicity is, therefore, seen in
LRP deficient cells. This property has been exploited in order to select a chemically
mutagenized cell line, denoted 13-5-1, which does not express endogenous LRP (140).

PEA is thought a candidate for cancer therapy. Research is currently under way to
characterize catalytically active sites, to generate more active toxin fragments, and to find
more specific means of delivery into cancer cells (141). Although PEA has been shown
to enter cells via LRP, the exact nature of the receptor-ligand interaction and the specific
binding site are currently unknown.

The minor group rhinovirus that is responsible for causing influenza has also been
found to bind members of the LDL receptor gene family (21). An antibody fragment
known to bind LRP has been found to prevent infection by the virus (22). Lactoferrin
binds to LRP, but the physiological reason is not clear.

The B-amyloid precursor protein (APP) also binds LRP and has been implicated

in the pathogenesis of Alzheimer’s disease (142). Once internalized, APP can undergo
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proteolytic cleavage within an endosomal compartment to generate the f-amyloid
peptide. This peptide is a major component of the senile plaques that are characteristic of

Alzheimer’s disease.

1.7 Studies of ligand-binding regions within LRP

Over a decade following the identification of LRP, little is known about the
ligand-binding regions within this enormous receptor protein. Studies have been
complicated by the large size of LRP as well as by its multifunctional nature. Studies
carried out to date agree that a region that includes cluster II of complement-type/class A
modules is involved in binding of several ligands including RAP and PA:PAI-1
complexes. Known ligand-binding regions of LRP are depicted in figure 8.

RAP, rat a;-macroglobulin, and uPA:PAI-1 complexes were shown to bind to the
region of LRP containing complement-type/class A cluster II plus one N-terminal and
two C-terminal EGF modules and the first YWTD repeat following these (figure 8A)
(56). The second ligand-binding cluster of complement-type/class A modules plus the N-
terminal flanking EGF module, was shown to contain three distinct calcium dependent
binding sites (143).

Studies with surface plasmon resonance of recombinant fragments of
complement-type/class A module cluster II showed that RAP binds a fragment containing
the third to the fifth complement-type/class A module within cluster LI (figure 8B). The
same studies showed that PAI-1 and tPA:PAI-1 bind a fragment containing the fourth
EGF module plus the first to the fifth complement-type/class A modules of cluster IT
(figure 8C) (143).
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Figure 8. Known ligand-binding regions within LRP.
Schematic diagram summarizing LRP ligand-binding studies. LRP regions exhibiting

ligand-binding activity are represented by solid lines. Deleted regions are represented by
dashed lines.
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Soluble fragments of each LRP complement-type/class A cluster were expressed.
Each was capable of binding RAP (figure 8D) (144). If several RAP molecules bind to
multiple sites within the receptor, and if different ligands possess affinity for different
sites.within LRP, this could explain the unique ability of RAP to inhibit binding of all
known LRP ligands.

Two LRP mini-receptors containing cluster II or cluster IV of LRP plus flanking
regions were also used for ligand-binding studies. While '“I-RAP-GST bound and was
degraded by cells expressing both of these mini-receptors, '“[-tPA:PAI-1 and 'ZI-
uPA:PAI-1 only bound and were degraded by cells that expressed the mini-receptor
containing LRP cluster II (figure 8E) (91). This evidence demonstrates that cluster II is
involved in the binding of several LRP ligands, but does not exclude flanking regions

from being involved in ligand binding.
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2. Rationale and objective of the thesis study

LRP has been linked to the pathogenesis of both coronary artery disease (CAD)
and Alzheimer’s disease (AD). Although considerable circumstantial evidence implicates
LRP in the development of these two diseases, the molecular mechanism by which LRP
is involved is far from being understood. Some early studies have suggested that apoE
may play a common role in the pathogenesis of both diseases.

Almost a decade ago, it was discovered that a variant apoE allele, apoed4 was
associated with the pathogenesis of AD (145). More recently, the apoe4 allele was shown
to be overrepresented in AD patients (146). The exact molecular mechanism linking the
expression of apoE4 to the pathogenesis of AD is currently not understood. In addition to
its important role in plasma lipoprotein metabolism, apoE also serves to transports lipid
in the nervous system (147). One hypothesis suggests that only normal apoE allele, apoe3
can effectively remodel and repair neuronal damage (148). There is also contradictory
evidence suggesting that non-lethal polymorphisms in LRP itself may be involved in the
formation of the plaque deposits characteristic of AD (149, 150).

Evidence also strongly implicates LRP in the pathogenesis of atherosclerosis.
There is now convincing evidence for the involvement of VLDL in the pathogenesis of
cardiovascular disease (151). It has been known for some time that LDL particles as well
as VLDL or chylomicron remnant particles may taken up by two discrete mechanisms.
Both the LDL receptor defective Watanabe rabbits as well as individuals with LDL
receptor defects fail to accumulate chylomicron remnants in their plasma (122, 124).

Individuals affected by chylomicronemia, a disease where chylomicron remnants do
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accumulate in the plasma, often exhibit defects of apolipoprotein E strengthening the
belief that a discrete mechanism is responsible for remnant endocytosis and this
mechanism is mediated by apoE on remnant particles (152). Accumulation of these
particles in the circulation is associated with familial combined hyperlipidemia, familial
dysbetalipoproteinemia, hypertension, obesity and insulin resistance (153). The
mechanisms by which chylomicron remnants are efficiently removed from the circulation
by the liver and lipid is delivered to adipocytes for storage or usage are poorly
understood. However, there is now direct evidence showing that LRP knockout in the
liver results in the accumulation of chylomicron remnants in the plasma of mice (131).
The understanding of these disease processes will require an understanding of
LRP at the molecular level. Few studies to date have been successful in understanding the
nature of ligand binding to LRP. The immediate objective of this study was to generate a
model allowing the systematic study of ligand binding regions within LRP. The approach
taken was to use molecular biology to generate deletion mutants and to overexpress these
in a mammalian cell system deficient in endogenous LRP expression. This work
describes the generation of such a system and its subsequent use in conducting structure-

function studies of this enormous receptor molecule.
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3. Materials and methods

Reagents — Cell culture medium and reagents were purchased from Life Technologies.
Plasticware was purchased from Corning or Falcon. Fine chemicals were from Fisher or
Life Technologies. Restriction enzymes, endoglycosidase H and PNGase F were
purchased from New England Biolabs. Biotinylation reagents, streptavidin-agarose
beads, D-Salt Excellulose™ columns and Iodobeads™ were from Pierce. ProMix™ (a
mix of [”S]methionine and [”S]cysteine; 1000 Ci/mmol), carrier-free Na'*I and
horseradish peroxidase-conjugated goat anti-rabbit IgG were from Amersham. Enhanced
chemiluminescence reagents and neuraminidase were from Boehringer Mannheim.
Glutathione-sepharose was from Pharmacia. LRP antibodies and a RAP construct were
obtained from Dr. Johannes Nimpf. Pseudomonas exotoxin A and LRP-deficient 13-5-1
cells were obtained from Dr. David FitzGerald. pPCMVS5 was obtained from Dr. David
Russell. The human RAP-GST construct was a gift from Dr. Dudley Strickland. Human

furin cDNA was a gift from Dr. Nabil Seidah.

Cell culture — Cos-7 cells and HepG2 cells were cultured in Dulbccco'; Minimum
Essential Medium with high glucose, supplemented with 10% fetal bovine serum. CHO-
K1 and 13-5-1 cells were grown in 100-mm dishes or T75 flasks using Ham's F-12
medium supplemented with 10% fetal bovine serum. Stable cell lines generated were

maintained in Ham’s F-12 medium supplemented with 10% fetal bovine serum and 500
MM G418. Cell lines were allowed to grow up to 80% confluency before being

subcultured 1:6. Medium was routinely changed every two days for all cell lines.
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Preparation of expression plasmids encoding LRP25, LRP67, and LRPI00 — The
expression plasmids pcLRP2S, pcLRP67, and pcLRP100 were constructed by combining
12 chicken LRP cDNA fragments that span the total length of 15598 base pairs (figure 9).
Plasmids pcLRP25 and pcLRP67 encode the N-terminal 22% and 64% of the full-length
LRP, respectively, plus the transmembrane and intracellular domains. Inserts were cloned
into the polylinker region of the pCMVS vector (154) positioned between the
cytomegalovirus promoter and enhancer sequences and the human growth hormone
transcription termination and polyadenylation signals (figure 9). A BamHI-Eagl fragment
(nucleotides 1229 - 4222), prepared from clones A5, E4, and N3 was ligated together
with an Eagl-BglII fragment (nucleotides 14524-15248, obtained from clone L-1) into the
PCMVS5 vector that had been digested with Xbal and BamHI to create pcLRP25. Next, an
Eagl-Eagl fragment (nucleotides 4222-9865) was prepared from clones N1, Z19, and 18,
and inserted into pcLRP25 that had been digested with Eagl to produce pcLRP67.
Finally, an Xhol-Xhol fragment that encoded the C-terminal portion of LRP (nucleotides
9112-15248) plus the hGH region of the pCMVS5 vector was prepared by ligation of
clones 28, N2, 2B1-2, 112, 2B4, and L-1, and inserted into pcLRP67 to create pcLRP100

encoding the full-length chicken LRP.

Preparation of expression plasmids encoding LRPAII, LRPAIlIl, LRPAIII-IV, and
LRPAIII-IV - For preparation of pcLRPAII, the plasmid pcLRP100 was digested with
BamHT to obtain the 12.9-kb vector fragment containing nucleotides 6957 through 15248
of the avian LRP cDNA. The vector fragment was ligated with the BamHI-BamHI

fragment containing nucleotides 1229 through 3075 of the LRP cDNA to create

39



T : T v ‘lr T | m
0 2 4 6 8 10 12 14 15.6kb
BamH1 Eagl Xhol Eagl Bgll
AS N1 28 L-1
E4 Eagl 219 Xhol Eagl N2
—— d - -—
N3 18 2B1-2
112
2B4

Figure 9. Chicken LRP was assembled from 12 overlapping cDNA fragments

Structures of the full-length and 12 fragments of chicken cDNA spanning the total length
of 15598 base pairs. Restriction sites used in generating the full-length construct are
indicated. The translation start (ATG) at position 1270 of the LRP ¢DNA and stop (TAG)
at position 14899 of the LRP cDNA are indicated.

40



pcLRPAIL. The resulting pcLRPAII encoded deletion from nucleotides 3075 through
6957 of the LRP cDNA. The plasmids pcLRPAIIl and pcLRPAII-IV were similarly
prepared, and the resulting constructs encoded deletion of a Sall-Sall segment
(nucleotides 7433-10811 of the LRP cDNA) and a BssHI-BssHII segment (nucleotides
7707-14274), respectively. For construction of plasmid pcLRPAII-IVB, a fragment
encoding nucleotides 7707 (BssHII) through 8798 (Notl) was prepared by polymerase
chain reaction (PCR) using a pair of primers
5’"GAACTCGTCGTGCACGTTGCGGCCGCTGTTCAGAGCTTTGCAGG3’

(nucleotides 8841-8798) and S'GTCTTCGAGGACTACATTTAC3’ (nucleotides
7564-7584). The 3’ of the fragment contained an engineered Notl site. The PCR
amplified BssHII-Notl fragment was ligated with pcLRP100 that had been digested with

BssHII (at nucleotide 7707) and Notl (at nucleotide 14524) to create pcLRPAIII-IVP.

Generation of transfection grade DNA - Transfection grade supercoiled cDNA was
prepared by cesium chloride gradient centrifugation. DH5a E. coli were transformed
immediately prior to DNA isolation with the DNA of interest by incubating 1 hour on ice,
followed by a 5 minutes heat shock at 37 °C. Bacteria were plated and grown for 18 hours
on agar plates containing 10 mg/ml ampicillin. A single colony was cultured in 5 ml of
LB broth with 10 mg/ml ampicillin for 10 hours and then transferred to 500 ml of LB

broth and cultured for and additional 18 hours for cDNA isolation.

Transient transfections and co-transfections ~ Transfection of pcLRP into Cos-7, CHO-

K1, and 13-5-1 cells was achieved by calcium phosphate precipitation as described
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previously (155). Cos-7 cells were subcultured one day prior to transfection. The cells
were transfected when 40-50% confluent. Transfection of LRP ¢cDNA was achieved by
calcium phosphate precipitation using 10, 20, and 25 pug of LRP25, LRP67, and LRP100
respectively. For co-transfection experiments, cells were transfected with the indicated

concentrations of both LRP and human RAP or furin.

Generation of stable LRP transformants — LRP-null, 13-5-1 cells were subcultured one
day prior to transfection. The cells were transfected when 40-50% confluent. Stable
transformants were generated by transfecting 10 ug of LRP2S5, 20 ug of LRP67, or 15 ug
of LRP100 with 0.15 ug of pSV2neo. The optimal concentration of plasmid DNA used
for transfections was determined experimentally. Transfected cells were allowed to grow
for 10-14 days in growth medium containing 700 uM G418 until discrete colonies were
visible. Colonies were picked using 5 pl of trypsin (0.25% trypsin in phosphate buffered

saline with 5 mM EDTA) and maintained with culture medium containing 500 uM G418.

Preparation of cell extract and immunoblot analysis — Transfected cells were washed
with cold phosphate buffered saline, scraped, and suspended in lysis buffer A (200 mM
Tris-maleate, pH 6.0, 0.5 mM PMSF, 2.5 uM leupeptin, and 1.4% Triton X-100) and
incubated on ice for 30 minutes. Insoluble protein was removed by cetrifugation (14000
rpm, 30 minutes, 4 °C) in an Eppendorf microfuge. Triton X-100 soluble proteins were
recovered from the supernatant and mixed with an equal volume of sample buffer B (8§ M
urea, 2% SDS, 10% glycerol, 10 mM Tris-HCI, pH 8.3 and 5% -mercaptoethanol) at 70

°C for 15 minutes and resolved by electrophoresis on 3-8% gradient polyacrylamide gels
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containing 0.1% SDS. The resolved proteins were then electrophoretically transferred for
6 hours onto nitrocellulose or PVDF membranes for immunoblot analysis. Rabbit
antiserum against the C-terminal 17 amino acids of the B-chain of chicken LRP (anti-B-
chain antibody) or the C-terminal 15 amino acids of the a-chain of LRP (anti-o-chain

antibody) were used at 1:250 dilution as primary antibody for ECL detection.

Endoglycosidase H digestions of transiently transfected cells — For transiently transfected
cells, extracts were prepared in lysis buffer A. Proteins were denatured by adjusting to a
final concentration of 1% SDS and 0.5% B-mercaptoethanol and heating to 100 °C for 5
minutes. The pH of the samples was adjusted to 5.5 and the samples were incubated for
3-5 hours with 500 units of endoglycosidase H. The samples were resolved on SDS-
PAGE and transferred to nitrocellulose or PVDF membranes for immunoblot analysis as

described above.

Neuraminidase digestions of transiently transfected cells — For transiently transfected
cells, extracts were prepared in lysis buffer. Samples were incubated for 5 hours with
0.75 units of neuraminidase. The samples were resolved on SDS-PAGE and transferred

to nitrocellulose or PVDF membranes for immunoblot analysis as described above.

Fractionation of subcellular membranes — Transfected cells (ten 100-mm dishes) were
harvested into PBS. Cells were collected by low speed centrifugation and resuspended in

2 ml of buffer C containing 20 mM HEPES, pH 7.4, 250 mM sucrose, | mM EDTA, 0.1

mM PMSF, 0.1 mM leupeptin, 40 pg/ml acetyl-leucyl-leucyl-norleucinal, and 10
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kalikrein-inactivating units/ml aprotinin. The sample was homogenized by 20 passes
through a ball bearing homogenizer (H and Y Enterprise, Redwood City, CA). Following
centrifugation of the homogenate (16 000 x g, 20 minutes), the supernatant was subjected
to another centrifugation (250 000 x g, 1.5 hours) in a TLA100.4 rotor to isolate
microsomal membranes. The 16 000 x g pellet was resuspended in 1 ml of buffer D (20
mM HEPES, pH 7.4, | mM EDTA, 0.1 mM PMSF, 0.1 mM leupeptin, 40 mg/ml acetyl-
leucyl-leucyl-norleucinal, and 10 kalikrein-inactivating units /ml aprotinin). The sample
was homogenized using a glass homogenizer with 10 strokes of a Teflon pestle, layered
on a .12 M sucrose cushion, and centrifuged (100 000 x g, 1 hour) in an SW4I rotor.
The plasma membrane fraction was collected from the interface of the sucrose cushion

and pelleted by centrifugation (30 000 x g, 30 minutes) in a TLA100.4 rotor (155).

Pulse/chase and endoglycosidase digestions of stable transformants - Stable
transformants were grown to a confluent monolayer on 60-mm dishes. The cell
monolayers were depleted of methionine and cysteine by incubating with a methionine-
and cysteine-free medium for 20 minutes at 37 °C. The cells were then pulse-labeled for 1
hour with 200 uCi/ml [*’S] methionine/cysteine in methionine- ‘and cysteine-free
medium. Following the pulse, the cells were rinsed with warm PBS, and fresh
maintenance medium was added to start the chase. Cells were harvested into lysis buffer
A at the indicated chase time points. For endoglycosidase digestion studies, the cells were
harvested at the indicated chase times and lysed with lysis buffer A. LRP proteins were
immunoprecipitated from Triton X-100 soluble fractions using the anti-B-chain antibody

and protein A sepharose beads as described above. The proteins were stripped from the



beads and denatured by adjusting to a final concentration of 1 % SDS and 0.5 % B-
mercaptoethanol and heating to 100 °C for 10 minutes. Each sample was then divided
into three aliquots of equal volume. One aliquot was left untreated. A second and third
aliquot were acidified to pH 5.5 by the addition of sodium citrate to a final concentration
of 50 mM. The samples were incubated with either endo H or PNGase F for 3 hours at 37

°C and resolved by SDS-PAGE for immunoblot analysis as described above.

Fluorescence microscopy - Cells were grown to 60-70% confluency on 20-mm glass
bottom dishes. The cells were fixed with 4% paraformaldehyde for 30 minutes and
permeabilized with 0.1% saponin for 30 minutes. Milk in blotto buffer was used for
blocking non-specific binding and primary antibody to the C-terminal of LRP was used at

1:750 dilution.

a-macroglobulin purification — The o;M was purified by Zn**-chelate affinity
chromatography as described previously (156). Human plasma was obtained from the
blood bank at the Ottawa Hospital, Civic Campus. Briefly, 500 ml of plasma were mixed
with 8 000 molecular weight polyethylene glycol (PEG-8000) to a final concentration of
5.5% for 30 minutes at 22 °C. The plasma was centrifuged at 10 000 rpm for 15 minutes.
The supernatant was adjusted to a final concentration of 12.5% PEG-8000, mixed at
room temperature for 30 minutes and centrifuged at 10 000 rpm for 15 minutes. The
pellet was dissolved in 250 ml of 20 mM NaPO,, pH 6.4 and dialyzed against 20 mM

NaPO; containing 0.15 M NaCl. The sample was centrifuged at 10 000 rpm for 15

minutes at 4 °C, applied to a Zn-sepharose column equilibrated with 20 mM NaPOy, pH
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6.0 containing 0.5 M NaCl and eluted with 0.01 M CH;COONa containing 0.15 M NaCl,
PH 5.0. Preparation of activated o,M was achieved by incubating the purified protein
with methylamine for 1S hours at 4 °C followed by extensive dialysis according to the

previously described method (157).

Preparation of Zn-sepharose matrix — Twenty ml of Matrix Sepharose 6B Fast Flow
resin was incubated with 100 ml of 50 mM ZnCl, with gentle rocking at 22 °C for 18

hours. The resin was washed with 20 mM NaPO,, pH 6.0 containing 0.5 M NaCl (158).

RAP purification — The RAP-GST fusion protein was purified as previously described
(24). The expression plasmid pGEX-39-kDa was grown in DH5a at 37 °C to an optical
density of 0.5 at 600 nm. Isopropythio-B-D-galactoside (0.01%) was added to induce
expression of RAP-GST under the f-galactose promoter and the cultures were grown for
an additional 4-5 hours at 37 °C. The bacteria were collected by centrifugation at 7 000
rpm for 15 minutes at 4 °C. The bacterial pellet was then resuspended in 1% of the
original volume of sucrose buffer E (15% sucrose (w/v), 50 mM Tris-HCI, and 50 mM
EDTA, pH 8.0 and 1% lysozyme) and incubated on ice for 30 minutes. Two percent of
the original volume of a solution consisting of 0.2% (v/v) Triton X-100 and 0.5 mM
PMSF in water was added, and the bacterial lysate was mixed by vigorous vortexing. The
lysate was then sequentially passed through 18-, 22-, and 25-gauge needles. Dithiothreitol
(DTT) was added to a final concentration of 1 mM and the sample was mixed with 5 ml
of glutathione-sepharose beads equilibrated in sucrose buffer and incubated overnight at

4 °C with rotating. The glutathione-sepharose beads were washed three times with
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sucrose buffer, packed into a 10 ml column, and washed with 10 column volumes of
sucrose buffer. Finally, RAP-GST was eluted from the column with 25 mM glutathione
in sucrose buffer. One ml fractions were collected and the protein peak was determined at
optical density 280 nm. RAP-GST was dialyzed against PBS, pH 7.3 or 20 mM Hepes,
50 mM NaCl, pH 7.4. For RAP-GST cleavage, 2.5 mg of RAP-GST was incubated with
3 units of bovine thrombin in 2 ml of buffer containing 20 mM Hepes, 150 mM NaCl,

and 2.5 mM CaCl; at 37 °C for 15 hours.

lodination of proteins — Purified a;M or RAP were iodinated using the iodobead (Pierce
Chemical Company) method following the manufacturer’s instructions. Briefly, 100 pg
of either protein was incubated with one washed iodobead and 1 mCi carrier-free Na'>[
in 250 pl PBS for 15 minutes at room temperature. The iodobead was then removed and
the reaction was quenched by incubation at room temperature for 20-30 minutes in the
absence of the iodobead. The iodinated protein was then separated from free iodine by
running over a D-Salt Excellulose (Pierce Chemical Company) size exclusion column
equilibrated with PBS containing 0.5% BSA, pH 7.3. One ml fractions were collected,
and a 10 pl aliquot of each was counted for radiation. The void volume fraction

corresponding to the iodinated protein was pooled.

Pseudomonas exotoxin A cytotoxicity assay — PEA cytotoxicity assay was adapted from
the previously described method (140). Cells were seeded at a concentration of 1 x 10°
cells/well in 24 well dishes and allowed to adhere for 18-24 hours. PEA was added to the

cells at the indicated concentrations for 18 hours. Following incubation with PEA, the
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cells were washed with warm PBS and cell protein was labeled using 200 uCi/ml of [*S]
methionine/cysteine in methionine- and cysteine-free medium for 1 hour at 37 °C in a2 7%
CO; chamber. Cells were then washed with cold PBS and collected in 250 ul of lysis
buffer F containing | mM EDTA, 1% Triton X-100, 1% deoxycholic acid, 1% SDS, 1
mM DTT, 0.015% PMSF, 50 mM Tris-HCI, pH 8.0. The samples were completely
solubilized by heating to 75 °C for 15 minutes. Each cell lysate was diluted 10-fold in
water and an aliquot was mixed with an equal volume of fetal bovine serum. The samples
were spotted under gentle vacuum onto 35-mm nitrocellulose disc wet with ice cold 10%
TCA. The membranes were washed with 2 volumes (5 ml each) of ice cold 10% TCA
and 1 volume of water. The membranes were dried, placed in scintillation cocktail, and

the radioactivity associated with total protein/TCA-insoluble material was quantified.

Ligand binding assay — Cells were seeded into 6-well or 12-well dishes 2 days prior to
performing the experiment. The binding experiment was carried out when the cells had
grown to a confluent monolayer. Prior to incubation with medium containing labeled
ligand, monolayers were washed twice in warm medium containing no additions (2 ml
per well per wash). The cells were then placed on ice and F12 medium with 6 mg/ml
BSA and | mM Ca®* containing I labeled protein at the appropriate concentrations was
added. For time course experiments, the cells were incubated between 0.5 and 4 hours.
For competition experiments, unlabeled competing ligand was added simultaneously to
the labeled ligand. Following incubation, the medium was removed and the cells were
washed twice with PBS containing 6 mg/ml BSA (2 ml per wash) and then twice with

cold PBS (2 ml per wash). The cells were incubated for a minimum of 30 minutes at
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room temperature in 0.1 M NaOH. Radioactivity associated with cells was quantified by

gamma counting.

Ligand degradation assay — The assay was performed in essentially the same manner as
the binding assay except that the cells were incubated at 37 °C. Medium was collected in
order to quantify TCA insoluble material as a measure of uptake and degradation. The
medium was collected into tubes containing ice-cold TCA to a final concentration of 20%
and incubated for 30 minutes on ice. After 30 minutes, TCA-insoluble material was
pelleted by centrifugation, and the supernatant was removed for determination of TCA-

soluble, non free-iodine radioactivity as described previously (159).

Plasma membrane biotinylation — Confluent cell monolayers were incubated on ice or at
37 °C with either Krebs-Ringers buffer or PBS for 30 minutes. The buffer was then
removed and replaced with cold Krebs-Ringers buffer or PBS containing 1 mg/ml NHS-
sulfo-biotin for 1 hour. Following biotin labeling, the cells were scraped into lysis buffer
containing 200 mM Tris-maleate, pH 6.0, 0.5 mM PMSF, 2.5 uM leupeptin, and 1.4%
Triton X-100 and resolved by non-reducing 3-8% SDS-PAGE. The proteins were
transferred onto nitrocellulose or PVDF membranes, probed with streptavidin conjugated
to horseradish peroxidase (HRP), and visualized by enhanced chemiluminescence

detection method.

Protein determination ~ Proteins were determined using the bicinchoninic acid method

following the manufacturer’s instructions or by modified Lowry method (160).
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4. Results

4.1 LRP deletion mutants

Preparation of pcLRP25, pcLRP67 and pcLRP100 constructs and structure of
recombinant chicken LRP variants — The expression plasmids encoding chicken LRP
variants were constructed from the 12 overlapping cDNA fragments shown in figure 9.
The two intermediate plasmids, pcLRP25 and pcLRP67, were generated during the
preparation of the full-length receptor, LRP100 (figure 10). Figure 11 shows the domain
structure of the three LRP variants. pcLRP25 encodes the N-terminal 984 amino acids
plus the 125 amino acid transmembrane and intracellular domain of LRP. This includes
the cluster I and the first three modules of cluster II of full-length LRP. pcLRP67 encodes
the N-terminal 2865 amino acids plus the 125 amino acid transmembrane and
intracellular domain of LRP. This includes clusters I and II and the first eight modules of
Cluster III. LRP100 encodes the full-length protein. pcLRP100 retains the endoproteolytic

furin cleavage site, while this site has been deleted in both pcLRP67 and pcLRP25.

Transient expression of LRP25, LRP67, and LRP100 in Cos-7 cells — All three LRP
variants exhibited high expression level at the expected molecular mass when transiently
transfected in Cos-7 cells. Absence of the f-chain and predominance of the full-length
LRP 600 kDa band was detected upon probing with an antibody raised against the C-

terminal 17 amino acids of chicken LRP B-chain (anti-B-chain antibody). This indicated
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Figure 10. Construction of LRP expression plasmids encoding internal deletions.

Strategy used in cloning the full-length pcLRP100 and two deletion mutant minireceptors
pcLRP67 and pcLRP2S. Cross-hatched bars denote coding regions derived from
corresponding cDNA fragments. B2/BI denotes the junction between Bglll and BamHI
sites. CMV, cytomegalovirus promoter-enhancer sequences; AGH, human growth
hormone transcription termination and polyadenylation signals.
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Figure 11. LRP2S and LRP67 encode internal deletions of the full-length LRP100.

Schematic representation of LRP deletion mutants. Structures have been depicted to
emphasize ligand binding complement-type/class A modules and EGF precursor type

regions. Roman numerals indicate clusters of complement-type/class A modules. Open
shapes indicate region deleted.



that the full-length LRP proreceptor was not processed into o- and B-chains (figure 12).
Since neither LRP25 nor LRP67 contain the furin consensus motif, proteolytic processing

was not expected to occur in these variants.

Recombinant LRP does not reach the plasma membrane in transiently transfected Cos-7
cells — Despite a high expression level of recombinant LRP100 in transiently transfected
Cos-7 cells, a large proportion of the 600 kDa proreceptor did not undergo proteolytic
processing to yield the mature protein. This suggests LRP was unable to exit the ER
compartment and reach the late Golgi compartment or the plasma membrane. Because
LRP25 and LRP67 lack the proteolytic processing site, cleavage of these LRP variants
could not be used as an indicator of subcellular localization. A previous study reported a
portion of soluble LRP minireceptors encoding the furin recognition site but lacking the
transmembrane domain and cytoplasmic tail were detected in the medium as a single
polypeptide chain when overexpressed (94). This was postulated to occur due to the
saturation of the cellular processing machinery when protein expression within the cell
was excessively elevated. In order to determine whether LRP100 could be presented at
the plasma membrane in proteolytically unprocessed form, endoH and neuraminidase
digestion of detergent soluble fractions from transiently transfected Cos-7 cells were
performed. Endo H exclusively cleaves the ER form of N-linked oligosaccharide chains
found on glycoproteins. This results in a shift in electrophoretic mobility corresponding
to the loss of the oligosaccharide moiety. Similarly, neuraminidase cleaves terminal
syalic acid from oligosaccharide chains only when glycoproteins are localized to the late

Golgi compartment. Treatment with these enzymes is, therefore, a convenient method of
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Figure 12. Transiently transfected LRP100 does not undergo efficient proteolytic
processing in Cos-7 cells.

Cell extracts were prepared 48 h following transient transfection of Cos-7 cells with
pcLRP25, pcLRP67, or pcLRP100. Samples were resolved by SDS-PAGE under
reducing conditions, transferred onto nitrocellulose membranes and the expressed LRP
proteins were detected by immunoblotting using the anti-§ chain antibody. cLM, chicken
liver membrane extract.
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localizing glycoproteins to different subcellular compartments. All three LRP variants
expressed, including the LRP100 proreceptor detected at 600 kDa, were sensitive to endo
H (figure 13A) and resistant to neuraminidase (figure 13B) treatment. A small amount of
B-chain, that was resistant to endo H digestion, was detected in the lanes corresponding to
LRP100. In contrast to recombinant LRP100, both the o and B-chains of endogenous
chicken liver membrane LRP were detected when probed with the indicated antibodies.
Endogenous chicken liver membrane LRP o-chain was endo H resistant and
neuraminidase sensitive. Taken together, these data suggest that the recombinant LRP
variants are impaired in their ER to Golgi transport and do not reach the distal Golgi
compartment or the plasma membrane when expressed transiently in Cos-7 cells.
Endogenous LRP prepared from chicken liver membrane, however, exists primarily in

the mature heterodimeric form which is probably localized to the plasma membrane.

Endogenous LRP in HepG2 cells, Cos-7 cells, and human adipose tissue s
neuraminidase sensitive —In addition to chicken liver membrane, the predominant
endogenous form of LRP from several sources was compared with the recombinant form
of the receptor. Immunoblot analysis showed the presence of the mature heterodimeric
form of endogenous LRP in HepG2 cells, Cos-7 cells, and adipocytes isolated from
human adipose tissue (figure 14). The immunoblot was probed using a polyclonal
antibody raised against purified human LRP isolated from placenta (anti-human LRP
antibody). This antibody is known to cross-react with endogenous LRP from the different

species. Endogenous LRP extracted from each cell type was neuraminidase sensitive,
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Figure 13. Recombinant LRP variants expressed transiently in Cos-7 cells are
EndoH sensitive and neuraminidase resistant.

Cos-7 cells were transiently transfected with pcLRP25, pcLRP67 and pcLRP100 cDNA.
Cell extracts were prepared 48 hours following transfection. In both experiments, the
samples were resolved by SDS-PAGE under reducing conditions and the proteins
transferred onto nitrocellulose membrane and detected by immunoblotting using the anti-
B-chain antibody. A, cell extracts were denatured followed by incubation in the presence
(+) or absence (-) of endo H; B, cell extracts were incubated in the presence (+) or
absence (-) of neuraminidase. cLM, chicken liver membrane.
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Figure 14. Endogenous LRP in HepG2 cells, Cos-7 cells, and human adipose tissue is
proteolytically processed and is neuraminidase sensitive.

Cell extracts were prepared from collagenase treated human adipose tissue, HepG2 or
Cos-7 cell monolayers. The cell extracts were incubated in the presence (+) or absence
(=) of neuraminidase and resolved by SDS-PAGE under reducing conditions. Proteins
were transferred onto nitrocellulose membranes and detected by immunoblotting using
the anti-human-LRP antibody. HepG2, HepG2 cell extract, hAd, human adipose tissue
extract, Cos-7, Cos-7 cell extract.
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indicating that the major portion of the endogenous receptor was able to cross the trans
Golgi compartment and was presented at the plasma membrane. The expression level of
endogenous LRP was semi-quantified by immunoblot analysis. Human adipose tissue
was found to express approximately the same amount of LRP as the human
hepatocarcinoma cell line, HepG2. HepG2 cells are routinely used as a hepatic cell
model, and are thought to possess a relatively high level of LRP expression (figure 15). A
high expression level of hepatic LRP makes teleological sense since the liver is the
primary target in the uptake of c;M:protease complexes from the circulation. However,
the function of a high expression level of LRP within adipose tissue is unclear, as this
tissue is not believed to be a primary target for either chylomicron metabolism or

protease metabolism.

Co-transfection with RAP or furin cDNA - In order to determine whether the chaperone
protein RAP or the endoprotease furin might be limiting in Cos-7 cells overexpressing
recombinant LRP, transient co-transfections with constructs encoding either of these two
proteins were performed. Transient co-expression of LRP with RAP shows that
overexpression of RAP did not enhance the proteolytic processing of LRP100 in Cos-7
cells (figure 16A). This was despite an increase in RAP protein expression in cells that
were transiently co-transfected with this construct (figure 16B). Furin was also unable to
enhance proteolytic processing of LRP under the transfection conditions tested (figure
17). In both experiments, the total quantity of DNA transfected was not always
comparable, which might contribute to a decrease in the total transfection efficiency.

However, the B-chain to at-chain ratio of LRP was not increased as would
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Figure 15. Level of endogenous LRP expression in human adipose tissue and

hepatoma HepG2 cells is comparable.

Cell extracts were prepared from HepG2 cell monolayers or collagenase treated human
adipose tissue. The indicated amount of protein was loaded in each lane and the samples
were resolved by SDS-PAGE under reducing conditions followed by transfer onto
nitrocellulose membrane. Proteins were detected by immunoblotting using the anti-
human-LRP antibody. HepG2, HepG?2 cell extract, hAd, human adipose tissue extract.
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Figure 16. Transient co-transfection of LRP100 with RAP does not enhance
proteolytic processing of recombinant LRP in Cos-7 cells.

Cos-7 cells were transiently co-transfected with the indicated concentrations of cDNA
encoding chicken LRP100 and human RAP. Cell extracts were prepared 48 hours
following transfection, proteins were resolved by SDS-PAGE, transferred onto
nitrocetlulose membranes, and immunoblot analyses were performed. A, LRP proteins
were detected using the anti-B-chain antibody. B, RAP was detected using a polyclonal
antibody against human RAP. cLM, chicken liver membrane; mz, mock transfected.
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Figure 17. Transient co-transfection of LRP with furin does not enhance proteolytic

processing of recombinant LRP in Cos-7 cells.

Cos-7 cells were transiently co-transfected with the indicated concentrations of cDNA
encoding chicken LRP100 and human furin. Cell extracts were prepared 48 hours
following transfection. LRP proteins were resolved by SDS-PAGE, transferred onto

nitrocellulose membranes, and detected by immunoblotting using an anti-B-chain

antibody. cLM, chicken liver membrane; mt, mock transfected.
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have been expected if either RAP or furin co-transfections enhanced LRP proteolytic

processing.

Transient transfection of LRP deletion mutants - An alternate approach was taken in
order to find a suitable model for LRP expression. Several cell lines were tested for their
ability to express the mature form of LRP100. A CHO-KI derived chemically
mutagenized cell line, denoted 13-5-1 (146) was among the cell lines transfected. This
cell line was selected for its resistance to PEA and its inability to internalize o;M*.
Unlike the parental cell line that expressed LRP (figure 18A, left lane), this cell line was
deficient in endogenous LRP protein expression when probed using the anti human LRP
antibody (figure 18A, right lane). When transiently transfected, 13-5-1 cells exhibited a
high expression level of mature recombinant LRP as indicated by a prominent band
corresponding to the LRP B-chain (figure 18B, right lane). The anti-B-chain antibody

failed to recognize endogenous CHO-K 1 LRP.

Generation of an expression system — Stable transformants were generated by
transfecting the LRP-null cell line, 13-5-1 with the three LRP constructs, pcLRP25,
pcLRP67 and pcLRP100. LRP variant expression was confirmed by screening G418
resistant clones by immunoblot using the LRP anti-B-chain antibody. Fluorescence
microscopy using permeabilized LRP10O cell lines and the chicken-specific anti-B-chain
antibody show a high expression level of the recombinant protein (figure 19C and D)
when compared to untransfected LRP-null cells (figure 19A and B). All subsequent

experiments were carried out using the stable transformants indicated.
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Figure 18. CHO-K1 derived 13-5-1 cells do not express endogenous LRP.

Cell extracts were prepared from the transfected or control cell lines indicated. Samples
were resolved on SDS-PAGE under reducing conditions, transferred onto nitrocellulose
membranes, and LRP was detected by immunoblotting using A, the anti-human-LRP
antibody or B, the anti-B-chain and anti-o-chain antibodies. cLM, chicken liver

membrane.
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Figure 19. Stably transfected LRP100 is highly expressed in an LRP-null
background.

Stable transformants expressing LRP100 and LRP-null cells were grown on 20-mm glass
bottom dishes. Cells at approximately 70% confluency were fixed with 4%
paraformaldehyde and permeabilized with 0.1% saponin. LRP was detected using the
anti-B-chain antibody and visualized using rhodamine conjugated goat anti-rabbit
secondary antibody. A and B, LRP-null cells; C and D, stable transformants expressing
LRP100.



Stable LRP transformants generated in 13-5-1 cells are biotinylated at the plasma
membrane - In order to verify that recombinant LRP variants were expressed at the
plasma membrane, proteins were labeled with biotin at 4 °C, immunoprecipitated with
anti-B-chain antibody and detected with streptavidin- HRP (figure 20). During the
immunoprecipitation, the o and B-chain of LRP remain associated but can be separated
by SDS-PAGE. Using this technique, all three LRP variants were detected indicating
cach was able to reach the plasma membrane. Alternately, biotin labeled plasma
membrane proteins were also affinity purified using streptavidin-agarose beads prior to
immunoblotting with LRP polyclonal antibody. Figure 21A shows a blot probed with
antibody against the B-chain of LRP following adsorption of biotin-labeled material onto
streptavidin-agarose beads. As expected, only the P-chain of full-length LRP is
detectable. As well, LRP25 and LRP67 are detectable as full length proproteins. The o-
chain is biotinylated, but not isolated under the experimental conditions. The biotinylated
a-chain can be seen in the non-adsorbed component (figure 21B) with non-adsorbed
LRP25, LRP67 and a small amount of B-chain. Only a small portion of LRP67 was
affinity purified (figure 21A) compared to non-adsorbed material (figure 21B). It is
possible that only a small proportion of the LRP67 variant may be presented at the

plasma membrane despite a high total expression level.

Membrane fractionation and neuraminidase digestion shows stable LRP transformants
are correctly targeted to the plasma membrane - Neuraminidase digestions of
recombinant LRP variants from cells separated into plasma membrane and microsomal

fractions were performed (figure 22). LRP100 in the microsomal fraction, a mixture of
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Figure 20. LRP25, LRP67, and LRP100 are biotinylated and detectable at the
plasma membrane.

Confluent cell monolayers (60-mm dishes) were treated with biotin for 1 hour at 4 °C.
Cell extracts were prepared and the LRP proteins were immunoprecipitated using the
anti-B chain antibody. Samples were resolved by SDS-PAGE under reducing conditions
and transferred onto nitrocellulose membrane. Biotin-labeled proteins were detected
using streptavidin conjugated HRP and visualized by enhanced chemiluminescence
detection. cLM, chicken liver membrane extracts.
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Figure 21. Streptavidin-agarose affinity purification of biotinylated LRP25, LRP67,
and LRP100 suggests mature variants are presented at the plasma membrane.

Confluent cell monolayers (60-mm dishes) were treated with biotin for 2 hours at 4 °C. A,
Whole cell extracts were resolved by SDS-PAGE under reducing conditions, transferred
onto PVDF membrane and probed using the anti-B-chain antibody; B, cell extracts were
incubated with immobilized streptavidin-agarose for 3 hours at 4 °C, resolved by SDS-
PAGE under reducing conditions, transferred onto PVDF membrane and probed using
the anti-B-chain antibody; C, non-adsorbed material in the supernatant following
streptavidin-agarose adsorption was resolved by SDS-PAGE under reducing conditions,
transferred onto PVDF membrane, and probed using the anti-B-chain antibody.

67



full-length
a-chain
asialyl
a-chain

B-chain
asialyl
B-chain

neuraminidase

anti-a-chain anti-f-chain

Figure 22. Neuraminidase digestion of LRP100 stably transfected in LRP-null CHO
cells (13-5-1) suggests the receptor is presented at the plasma membrane.

Confluent cell monolayers (100-mm dishes) were separated into microsomal and plasma
membrane fractions. Soluble cell extracts of A, microsomal or B, plasma membrane
fractions were prepared from cells stably expressing LRP100. Samples were treated with
neuraminidase and LRP proteins were resolved by SDS-PAGE, transferred onto
nitrocellulose membranes and probed using the anti-a-chain or the anti-B-chain antibody.
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both ER and Golgi membranes, is expected to contain both mature and immature forms
of LRP. In this case, the LRP protein was probed using both the anti-ai-chain and the
anti-B-chain antibodies. In LRP100 transfected cells, the proreceptor was processed into
its mature form, where the o- and B-chain are detectable in both the microsomal (figure
22A) and plasma (figure 22B) membrane fractions. Immature, LRP proreceptor was also
detected in the microsomal fraction, but, as expected, could not be detected in the plasma
membrane fraction. This suggests that the major form of plasma membrane LRP was the
mature heterodimeric form. As expected, the LRP a-chain was neuraminidase sensitive
(figure 22A and B, right panels). The LRP B-chain was also neuraminidase sensitive
suggesting that this subunit is sialylated (figure 22A and B, middle panels). The

immature microsomal proprotein was neuraminidase resistant (figure 22A, middle panel).

LRP100 remains stable over eight hours — To determine the half-life of recombinant
LRP, pulse-chase experiments were performed using [*°S] methionine/cysteine to
metabolically label LRP variants (figure 23). As seen previously, the band corresponding
to LRP100 was stable over the course of 8 hours and began to decrease by approximately
20% at the 12 hour time point. There appeared to be an increase in label incorporation at
the 0.5 and 1 hour time points. This may correspond to a continued incorporation of label
from an intracellular pool that is still present at these early time points despite the

removal of labeling medium.

LRP100 gains endo H sensitivity two hours after labeling — To follow the intracellular

trafficking itinerary of LRP100, endoglycosidase digestions were performed
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Figure 23. LRP100 remains stable over 8 hours.

Confluent cell monolayers (30-mm dishes) were metabolically labeled with
[”S]methionine/cysteine (200 uCi/ml) for 1 hour and chased for the indicated times.

Cells were solubilized and LRP proteins were immunoprecipitated using the anti-f-chain
antibody. Samples were resolved by SDS-PAGE under reducing conditions and LRP
proteins detected by fluorography.
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over the course of 12 hours (figure 24). At 0, 0.5, and 1 hour, LRP100 was endoH
sensitive (lanes labeled H) relative to the untreated control samples (lanes labeled C).
When the LRP protein was treated with PNGase F (lanes labeled F), an enzyme that non-
specifically removes all N-linked oligosaccharide moieties, a single band could be seen,
suggesting the immature proreceptor had not yet undergone proteolytic processing. At the
2 hour time point, a doublet was detected upon PNGase F treatment suggesting that the
protein had begun to undergo proteolytic processing, a portion of it having matured to
reach the late Golgi compartment. At the 2 hour time point, although the endo H treated
sample appeared as a single band, there were two components within this band. One was
the processed a-chain component that is endo H resistant, and the other was the
unprocessed proprotein component that remains endo H sensitive and co-migrates with
the a-chain. At the 4 and 6 hour time hour time points, however, the doublet had almost
entirely disappeared in the PNGase F treated sample, and the majority of the protein was

in endo H resistant form indicating the protein had reached a mature heterodimeric state.

Stably expressed LRP100 restores PEA sensitivity to LRP-null cells — Since PEA enters
cells opportunistically via LRP, receptor function could be assessed by determining PEA
sensitivity of cell lines stably expressing LRP mutants (figure 25). The deletion mutants
could also be useful in delineating the region of LRP involved in mediating this process.
Preliminary dose effect experiments indicated that at 200 ng/ml, PEA exhibited maximal
inhibitory effect on protein synthesis following a 12 hour incubation. PEA dose effect
was assessed in cells treated with the toxin for 18 hours. The dose of PEA required to

reduce protein synthesis by 50% of untreated cells (ICsp) was approximately 25 ng/ml for
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Figure 24. Endoglycosidase digestion indicates recombinant chicken LRP100
matures within 2 hours.

Confluent cell monolayers (30-mm dishes) were metabolically labeled with
[3SS]methionine/cysteine (200 uCi/ml) for 1 hour and chased for the indicated times.
Cells were solubilized and LRP proteins were immunoprecipitated using the anti-B-chain
antibody. Immunoprecipitated LRP proteins were treated with endo H (H), PNGase F (F)
or buffer alone (C). Samples were resolved by SDS-PAGE under reducing conditions and
LRP proteins detected by fluorography.
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Figure 25. Stable expression of LRP100 in an LRP deficient cell line restores
sensitivity to PEA.

Cells were seeded at 10° cell/well in 24 well dishes and allowed to adhere for 24 hours.
The cells were incubated an additional 18 hours in the presence of the indicated
concentrations of PEA prior to metabolic labeling for 1 hour with [3SS]
methionine/cysteine (100 uCi/ml). Incorporation of [*°S] methionine/cysteine into total
cellular protein was determined by quantifying the TCA-insoluble fraction by
scintillation counting.
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CHO-K1 cells, while the LRP-null cells remained insensitive to the toxin at the
concentrations tested. Expression of full-length recombinant LRP restored PEA toxicity

in LRP-null celis to an ICsq of 50 ng/ml.

Stable expression of LRP 100 restores '* I-a;-macroglobulin binding and degradation to
an LRP-null cell line — The ability of LRP100 to bind, internalize, and degrade '*I-a,M*
at 37 °C was tested to assess the function of LRP100. A time dependant increase in 'ZI-
0M* degradation was seen over four hours for the parental cell line, CHO-K1, as well as
stable cells expressing LRP100 (figure 26A). The LRP-null cells did not internalize '>I-
0;M*. As expected for the cell lines expressing functional receptor, the uptake and
degradation of c,;M* was inhibited in a concentration dependent manner by the addition

of RAP (figure 26B).

Membrane  fractionation and neuraminidase digestion confirms stable LRP67
transformants are correctly targeted to the plasma membrane — For LRP67, three clonal
cell lines exhibiting different expression levels (figure 27A) were selected for each
experiment. For all three cell lines tested, the recombinant LRP67 was resolved as a
doublet by SDS-PAGE suggesting that the protein exists in two different glycosylation
states. Cell extracts were separated into microsomal and plasma membrane fractions and
treated with Endo H. LRP 67 in the microsomal membrane fraction can be seen in both
neuraminidase resistant sialylated and neuraminidase sensitive asialylated forms for the
two clonal cell lines that were tested (figure 27B, bottom panel). As expected, the plasma

membrane component is comprised of a single band representing the mature protein
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Figure 26. Stable expression of LRP100 in an LRP deficient cell line restores '*I-
;M binding and degradation.

Cells (230 ug protein/well) were incubated with '“I-c;M* (5.8 x 10° cpm/ng, 20 pg/ml)
at 37 °C. A, trichloroacetic acid-soluble, non free-iodine radioactivity in the medium was
determined at the indicated times; B, inhibitory effect of RAP on a;M* degradation was
determined by co-incubation of '®I-a;M* with increasing concentrations of RAP for 4

hours at 37 °C.
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Figure 27. Stably expressed LRP67 is presented at the plasma membrane.

A, immunoblots of LRP67 stably expressed in transfected 13-5-1 cells. 5 ug of cell
extract protein was loaded in each lane. B, Endo H digestion of LRP67 associated with
microsomal (fop) or plasma membranes (bottom). C, neuraminidase digestion of LRP67
associated with microsomal (top) or plasma membrane (bottom). LRP proteins were

determined by immunoblotting using anti-a-chain or anti-B-chain antibody.
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(figure 27C, bottom panel) that is endo H resistant and neuraminidase sensitive. This
suggests that the asialylated form of LRP67 is the immature ER precursor form with

sialylated LRP67 being the mature form.

Stably expressed LRP67 restores PEA sensitivity to an LRP-null cell line — All three
LRP67 clones tested were found to be capable of internalizing PEA as shown by a
decrease in [*°S] methionine/cysteine label incorporation into total protein (figure 28).
Three cell lines exhibited sensitivity to PEA to varying degrees. Clone P2A2, a high
expressor, exhibited the highest PEA sensitivity, comparable to that of CHO-K|1 cells. In
clones P2B4 and P5A3, both low expressors, toxicity to PEA was only partially restored.
The difference in PEA toxicity may be attributable either to differing levels of LRP67

expression or of plasma membrane presentation exhibited by each cell line.

Stable expression of LRP67 restores lgl—ag-macroglobulin binding to an LRP-null cell
line when expressed at a sufficiently high level — The ability of cells stably expressing
LRP67 to bind and degrade '*I-a,M* was analyzed. Of the cell lines tested, P2A2, the
cell line exhibiting the higher expression level was able to bind a greater quantity of '*I-
o;M* over four hours (figure 29A) and a greater amount of RAP was required in order to

inhibit the binding of lzsl-oagM* (figure 29B).

Membrane fractionation and neuraminidase digestion shows stable LRP25 transformants
are correctly targeted to the plasma membrane — Analyses similar to that of LRP67 were

performed for three stable transformants expressing LRP25. Clonal cell lines exhibiting
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Figure 28. Stable expression of LRP67 in an LRP deficient cell line restores
sensitivity to PEA.

Cells were seeded at 10° cell/well in 24 well dishes and allowed to adhere for 24 hours.
The cells were incubated an additional 18 hours in the presence of the indicated
concentrations of PEA prior to metabolic labeling for 1 hour with [3581
methionine/cysteine (100 uCi/ml). Incorporation of [*S] methionine/cysteine into total
cellular protein was determined by quantifying the TCA-insoluble fraction by
scintillation counting.
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Figure 29. Stable expression of LRP67 in an LRP deficient cell line partially restores
BL.a,M degradation activity.

Cells (230 ug protein/well) were incubated with '*I-a;M* (5.8 x 10° cpm/ng, 20 pg/ml)
at 37 °C. A, trichloroacetic acid-soluble, non free-iodine radioactivity in the medium was

determined at the indicated times; B, inhibitory effect of RAP on o;M* degradation was
determined by co-incubation of '*I-c;M* with increasing concentrations of RAP for 4

hours at 37 °C.
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different expression levels (figure 30A) were chosen for these experiments. For each cell
line, the mature form of LRP25 exhibited endo H resistance (figure 30B) and
neuraminidase sensitivity (figure 30C). Localization of LRP25 to the plasma membrane
as determined by subcellular fractionation similar to that performed for LRP67 and

LRP100 supports the finding that LRP25 is presented at the plasma membrane.

Stable expression of LRP25 partially restores PEA sensitivity in certain clones —
Surprisingly, two of the LRP2S5 clones tested, P4B2 and P7B3, were found to modestly
restore PEA sensitivity to LRP-null cells, while clone P6B4 remained resistant to the
toxin (figure 31). As with LRP67, the restoration of function to the LRP-null cell line was
closely correlated to the expression level of the recombinant protein (figure 31A) with

clone P7B3 exhibiting the highest expression level and being the most sensitive to PEA.

Stable expression of LR25 partially restores '%. I-ay-macroglobulin  binding and
degradation to an LRP-null cell line when expressed at a sufficiently high level — The
ability of cells stably expressing LRP25 to bind and degrade '*Ia,M* was analyzed. Of
the cell lines tested, P7B3, the cell line exhibiting the higher expression level was able to
bind a greater quantity of '*I-a;M* over four hours (figure 32A) and required a greater

RAP concentration in order to inhibit the binding of 125I-OLZM* (figure 32B).

Recombinant full-length LRP essentially restores ligand binding activity while two LRP
truncation mutants LRP67 and LRP2S partially restore LRP activity to an LRP-null cell

line — Analysis of the o;M* binding and degradation data indicated that the ability of

80



P6B4 P83
! 1 I 1
. _LRP25 : L
microsome X Ml - LRP2S
= Mol LRP2S = asialyl LRP2S
deglycosyl LRP25
plasma & | ll - LrP2s
membrane LRP2S 4 =~ asialyl LRP25
Endo H neurami-
nidase

Figure 30. Stably expressed LRP2S is presented at the plasma membrane.

A, immunoblots of LRP25 stably expressed in 13-5-1 cells. 5 ug of cell extract protein
was loaded in each lane. B, Endo H digestion of LRP25 associated with microsomal (top)
or plasma membranes (bottom). C, neuraminidase digestion of LRP25 associated with
microsomal (top) or plasma membrane (bottom). LRP proteins were determined by
immunoblotting using anti-o-chain or anti-B-chain antibody.
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Figure 31. Stable expression of LRP25 in an LRP deficient cell line partially restores
sensitivity to PEA in certain clonal cell lines.

Cells were seeded at 10° cell/well in 24 well dishes and allowed to adhere for 24 hours.
The cells were incubated an additional 18 hours in the presence of the indicated
concentrations of PEA. Total protein was metabolically labeled for 1 hour with [*S]

methionine/cysteine (100 pCi/ml). Incorporation of label into total protein was
determined by quantifying label in TCA-insoluble fraction.
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Figure 32. Stable expression of LRP25 in an LRP deficient cell line partially restores
51-a,M binding activity in certain clonal cell lines.

Cells (230 pg protein/well) were incubated with '>I-o;M* (5.8 x 10° cpm/ng, 20 ug/ml)
at 37 °C. A, trichloroacetic acid-soluble, non free-iodine radioactivity in the medium was
determined at the indicated times; B, inhibitory effect of RAP on q,M* binding was

determined by co-incubation of 'Zsl-agM* with increasing concentrations of RAP for 4
hours at 37 °C.
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full-length chicken LRP to degrade '*I-o;M* was approximately equivalent to that of the
endogenous receptor (table II). The degradation data was corrected for the differing
levels of expression and .it was found that LRP67-mediated degradation was roughly
comparable to that of LRP100 (approximately 66%), while LRP25 was much less

efficient (approximately 10%).
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Cell lines

lzs[-(le*

binding

(ng/mg protein)

'BLa,M*
degradation

(ng/mg protein)

Corrected
l25[—(.'121\/["'
degradation®

PEA
toxicity®

Corrected
PEA toxicity®

(ng/ng a;M bound)

CHO-K1 o ] ’
(pacental i) 19.8 (100%) | 97 + 1 (n=3) 45
LRP-null d _
B0 0 6.37 N/A -2 +5(n=3) N/A
Lfg;;’o 2.86 492 17.2(87%) | 19+3(n=3) | 27 (66%)
LRP67
P2B4 3.13 395 12.6 (64%) 45 14 (31%)
P2A2 23.9 120 5.02 (25%) 92 3.8 (9%)
P5A3 1.28 314 24.5 (124%) 32 25 (6%)
LRP25
P7B3 16.1 106 6.58 (33%) 47 2.9 (6%)
P4B2 35.7 156 4.37 (22%) 42 1.2 3%)
P6B4 2.58 18 6.98 (35%) 10 3.9 (9%)

Table 2. Degradation of '*I-a;M and PEA toxicity index in CHO cells transfected
with wild type and mutant chicken LRP ¢cDNAs.

The wild-type CHO-K1 cell, mutant LRP-null cell ( 13-5-1) and stably transfected cells
expressing LRP100 (P2B3), LRP67 (P2B4, P2A2, PSA3) or LRP25 (P7B3, P4B2, P6B4)
were incubated with l25[-0(2M* (89 x 10° cpm/ng) for 2 h at 4 °C to determine surface
binding or for 4 h at 37 °C to determine degradation. The same cells were incubated with
PEA (200 ng/ml) for 18 h and labeled with [SSS]methionine/cysteine for 1 h to determine
protein synthesis. N/A, not applicable.

Footnotes to Table
*Corrected llsl-otzM“ degradation values were calculated by dividing the amount of 'zsl-azM" (ng/mg
protein) degraded at 37 °C by the amount (ng/mg protein) of '*I-a;,M* bound at 4 °C.
*Values in parentheses represent the percentage of the normal a,M degradation activity of LRP.
‘Corrected PEA toxicity values were calculated by dividing the decrease in protein synthesis (% of no
PEA) by the amount of '¥[-a,M* (ng/mg protein) bound at 4 °C. Values in parentheses represent the
?ercentage of the normal LRP-related PEA toxicity.

N/A, not applicable.
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4.2 Ligand binding cluster deletion mutants

Generation of ligand binding cluster deletion mutants — The LRP deletion mutants were
refined to encode specific deletions to clusters of ligand binding modules. Figure 33
shows the strategy used in the generation of these constructs. Figure 34 shows a
schematic diagram of the complement-type/class A cluster deletion variants. LRPAII and
LRPAIIl encode deletions of the putative ligand binding clusters two and three
respectively. Both mutants retain the proteolytic processing site and were, therefore,
expected to become mature heterodimers. These deletion mutants were constructed based
on convenient naturally occurring restriction sites found within the chicken LRP
sequence. As a result, these constructs also encode deletions within individual EGF
modules and possess crippled or broken B-propeller domains. LRPAIII-IV encodes a
construct possessing intact individual f-propellers, but these are arranged in an
asymmetric fashion, the fifth B-propeller from the N-terminal is unpaired, and lacks an
adjacent EGF module. The final construct, LRPAIII-IVB was generated by PCR in order
to encode the same arrangement of complement-type/class A clusters as LRP AII-IV,

except that the B-propeller and two EGF modules have been reinserted to now encode a

symmetrical arrangement of [3-propellers.

Transient transfections of the complement-type/class A module cluster deletion mutant

LRPAII - Transiently transfected LRPAII was highly expressed and was resolved to the
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Figure 33. Construction of LRP expression plasmids encoding internal deletions of
putative ligand binding clusters.

Strategy used in cloning pcLRPAII, pcLRPAIII, and pcLRPAMNI-IV. The convenient
restriction sites indicated were used in generating constructs. Dashed lines represent

regions deleted.
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§ complement type/class A module a transmembrane domain
@ EGF precursor type module A NPxY motif
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Figure 34. Structure of LRPAII, LRPAII, LRPAIII-IV, and LRPAHI-IVp variants.

Schematic representation of variants encoding ligand binding cluster deletion mutants.
Structures have been depicted to emphasize ligand binding complement type
complement-type/class A modules and EGF precursor type modules. Open shapes
indicate regions deleted.
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correct molecular mass by SDS-PAGE (figure 35A). Despite the presence of the B-chain,
the majority of the receptor was seen in proteolytically unprocessed form. Similar results
were observed when stable transformants were generated (figure 35B). Two stable clones
were chosen for study, a high expressor, LRPAII-3 and a low expressor, All-7. Only
LRPAII-3 is detectable by plasma membrane biotinylation (figure 36A). Although it is
not known whether the antibody binds to each variant with the same efficiency, a 2.5-fold
greater expression level of LRPAII-3 than LRP100 was required for plasma membrane
detection by this method (figure 37). The low expressor, LRPAII-7 was undetectable by
plasma membrane biotinylation (figure 36B) despite being detectable in proteolytically
unprocessed form when the same membrane is probed using the anti-B-chain antibody
(figure 36C). The B-chain was undetectable using the plasma membrane biotinylation

method due to a high level of background (data not shown).

LRPAIl appears to be less stable than LRP100 — Pulse-chase experiments were
performed to determine the half-life of LRPAII stably expressed in LRP-null cells. The
quantity of [*°S]-labeled LRPAII-3 appears to decrease by approximately 40-50% eight
hours following pulse-chase (figure 38). This is in contrast with LRP100 that exhibited
virtually no decrease after this time and only a 20 % decrease after 12 hours of chase
(figure 23). This increase in the rate of disappearance of [*°S]-labeled LRPAI from the
cells suggests premature degradation of this variant may occur within these cells perhaps

because of a folding defect.
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Figure 35. LRPAII is inefficiently processed in CHO-derived, LRP-null cells.

A.Cell extracts were prepared 48 hours following transient transfection of pcLRPAI into
LRP-null cells. Samples were resolved by SDS-PAGE under reducing conditions and the
expressed LRP proteins were detected by immunoblotting using the anti-B chain
antibody. B.Confluent monolayers (60-mm dishes) of LRP-null cells stably transfected
with pcLRPAIl were harvested and analyzed as described in A. cLM, chicken liver
membrane extracts; mz, mock transfected.
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Figure 36. Plasma membrane presentation of LRPAII is dependent on expression
level.

Cell extracts from cells stably expressing LRPAII were prepared. Samples were resolved
by SDS-PAGE under reducing conditions, transferred onto nitrocellulose membrane, and
detected by immunoblotting using the anti-B chain antibody. A, clone LRPAI-3, a high
expressor is detected by plasma membrane biotinylation. B. clone LRPAII-7, a low
expressor is not detected by plasma membrane biotinylation. C. both LRPAII-3 and
LRPAII-7 cell lines express LRPAII as shown by immunoblot of the same membranes
used for A and B.
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Figure 38. LRPAII disappears more rapidly than full-length LRP100.

Confluent cell monolayers (30-mm dishes) were metabolically labeled with
[3SS]methionine/cysteine (200 uCi/ml) for 1 hour and chased for the indicated times.

Cells were solubilized and the LRP proteins were immunoprecipitated using the anti-B-
chain antibody. Samples were resolved by SDS-PAGE under reducing conditions and

LRP proteins detected by fluorography.
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Intracellular trafficking itinerary of LRPAII — To address the question of intracellular
trafficking and plasma membrane presentation of LRPAII, pulse-chase experiments were
performed in conjunction with endoglycosidase digestions in order to follow intracellular
movement of the receptor over time (figure 39). While LRP100 acquired endo H
resistance following 2 hours, the majority of LRPAII-3 remained sensitive to endoH at 2
hours and only became resistant after the 4 hour time point. PNGase F treatment resulted
in detection of a doublet at 2 hours. This doublet corresponds to a mixture of full-length
proreceptor as well as a small amount of a-chain. The doublet remained visible up to 6
hours, although by 4 hours the majority of LRPAIl o-chain had acquired endo H
resistance. Thus, LRPAII-3 appeared to be slightly delayed in its ER exit. Together with
data suggesting a more rapid disappearance from the cells, the prolonged ER retention

suggests a folding problem may occur with this mutant.

Transient transfection of complement-type/class A cluster mutant LRPAIII - Transient
transfections of LRPAIII were also performed (figure 40). The recombinant protein was
expressed and exhibited the correct molecular weight. Both the B-chain, as well as a large
quantity of unprocessed proreceptor can be seen when the membrane is probed with an

anti-B-chain antibody.

LRPAIll is not transported to the plasma membrane - Stable transformants were

generated, and two cell lines, LRPAIII-18 and LRPAII-34 were used to perform plasma
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Figure 39. LRPAII exhibits delayed ER exit.

Cells were plated in 30-mm dishes and allowed to grow to a confluent monolayer. The
cells were metabolically labeled with [**S]methionine/cysteine (100 uCi/ml) for 1 hour
and harvested at the indicated times. Cells were solubilized and the LRP proteins were
immunoprecipitated using the anti-B-chain antibody. Immunoprecipitated LRP proteins
were treated with endoglycosidase H (H), PNGase F (F) or buffer alone. Samples were
resolved by SDS-PAGE under reducing conditions and LRP proteins detected by
fluorography.
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Figure 40. LRPAIII is inefticiently processed in CHO-derived, LRP-null cells.

Confluent monolayers (60-mm dishes) of LRP-null cells stably transfected with

pcLRPAIII were harvested. Cell extracts were prepared, samples were resolved by SDS-
PAGE under reducing conditions, and the expressed LRP proteins were detected by

immunoblotting using the anti-B chain antibody.
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membrane biotinylation experiments. LRP protein was undetectable by plasma
membrane biotinylation for either cell line (figure 41A). Once again, the proreceptor was
detectable by probing the same membranes with anti-B-chain antibody (figure 41B).
Pulse-chase analysis combined with endoH digestions suggest that LRPAIII-18 remains
sensitive to the enzyme up to 6 hours indicating impaired ER exit (figure 42). Like
LRPAII, this mutant also possesses crippled p-propellers. It is possible that disrupting
these highly ordered domains causes folding problems resulting in impaired ER exit and

premature cellular degradation.

Transient transfections of complement-type/class A module cluster mutant LRPAIII-IV -
Transient transfections were performed with LRPAII-IV, a mutant that encodes a
deletion of complement-type/class A clusters three and four. Although the B-propellers
in this mutant are kept whole, they are present in an unpaired or asymmetrical
arrangement (figure 34). The mutant encodes a deletion of the furin cleavage site and the
receptor is expressed as a single polypeptide chain that does not undergo cleavage into a-
chain and B-chain. The recombinant protein was expressed and was resolved to the
correct molecular weight on SDS-PAGE (figure 43). Stable transformants were
generated, several clones were isolated, and a single clone, LRPAIII-IV-16 was found to

possess a level of expression similar to that of LRP100 (figure 37).

LRPAIII-IV remains endo H sensitive up to 12 hours — The intracellular itinerary of

LRPAII-IV-16 was verified by performing metabolic labeling in conjunction with endo

97



A _ =23
3 E =
'.=<1'<'1'§
A A& A A
K X ¥ o
o e B B

B

= 3
E E 8
5 9 7
-
~
- e

LRP-nulil

Figure 41. LRPAIILI is not biotinylated at the plasma membrane.

Confluent cell monolayers (60-min dishes) were treated with biotin for 1 hour at 4 °C.
Cell extracts were prepared and the LRP proteins were immunoprecipitated using the
anti-B chain antibody. Samples were resolved by SDS-PAGE under reducing conditions
and transferred onto nitrocellulose membrane. Biotin-labeled proteins were detected
using streptavidin conjugated HRP and visualized by enhanced chemiluminescence
detection.

98



4h 6h

Figure 42. LRPAIII exhibits impaired ER exit.

Cells were plated in 30-mm dishes and allowed to grow to a confluent monolayer. The
cells were metabolically labeled with [3SS]methionine/cysteine (100 uCi/mi) for 1 hour
and harvested at the indicated times. Cells were solubilized and the LRP proteins were
immunoprecipitated using the anti-B-chain antibody. Immunoprecipitated LRP proteins
were treated with endoglycosidase H (H), PNGase F (F) or buffer alone (C). Samples
were resolved by SDS-PAGE under reducing conditions and LRP proteins detected by
fluorography.
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Figure 43. LRPAIII-IV is highly expressed.

LRPAIII-IV stably expressed in 13-5-1 cells was screened by immunoblot. Cell extracts
were prepared and samples were resolved by SDS-PAGE under reducing conditions. The

expressed LRP proteins were detected by immunoblotting using the anti-B chain
antibody.
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H digestions. This mutant remained endo H sensitive for up to 12 hours (figure 44). In
addition, by this time most of the protein appears to have been degraded, suggesting that
the majority of the receptor was unable to exit the ER before being degraded by the cell.

This result was somewhat unexpected as both LRP25 and LRP67, mutants encoding

similar large internal deletions were presented at the plasma membrane and were capable

of fully or partially restoring LRP function.

LRP67 and LRP25 are presented at the plasma membrane and exhibit intracellular
trafficking similar to LRP100 - The intracellular trafficking and plasma membrane
presentation of LRP67 and LRP25 was compared to that of the LRPAII, LRPAI, and
LRPAII-IV mutants. These LRP variants are functional proteins that were shown to bind
a:M*, RAP and PEA. Neither LRP 67 nor LRP25 contains an intracellular processing
site. As a result, the bands representing endo H treated samples migrate with the same
electrophoretic mobility as the control. Figure 45 shows endo H digestion of
metabolically labeled samples performed over the indicated time course. At 0 and 1 hour
all three variants are both endo H and PNGase F sensitive, seen as a shift in
electrophoretic mobility compared to control lanes. At 2 hours, all three variants become

endo H resistant as had previously been seen for the functional full-length protein.

Addition of a single B-propeller restores intracellular trafficking and plasma membrane
presentation o a transport incompetent deletion mutant — Examination of the structures

of the deletion mutants tested suggests one possible explanation for the impaired plasma
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Figure 44. LRPAIII-IV exhibits impaired ER exit.

Cells were plated in 30-mm dishes and allowed to grow to a confluent monolayer. The
cells were metabolically labeled with [3SS]methionine/cysteine (100 uCi/ml) for 1| hour
and harvested at the indicated times. Cells were solubilized and the LRP proteins were
immunoprecipitated using the anti-B-chain antibody. Immunoprecipitated LRP proteins
were treated with endoglycosidase H (H), PNGase F (F) or buffer alone (C). Samples
were resolved by SDS-PAGE under reducing conditions and LRP proteins detected by
fluorography.
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Figure 45. Intracellular trafficking and plasma membrane presentation of stably
transfected LRP variants LRP2S, and LRP67.

Cells were plated in 30-mm dishes and allowed to grow to a confluent monolayer. The
cells were metabolically labeled with [3SS]methionine/cysteine (100 uCi/ml) for 1 hour
and harvested at the indicated times. Cells were solubilized and the LRP proteins were
immunoprecipitated using the anti-B-chain antibody. Immunoprecipitated LRP proteins
were treated with endoglycosidase H (H), PNGase F (F) or buffer alone (C). Samples
were resolved by SDS-PAGE under reducing conditions and LRP proteins detected by
fluorography. A, LRP67; B, LRP25.

103



membrane presentation is a disruption of a symmetrical arrangement of f-propeller
domains. Figure 11 shows that deletion mutants LRP25 and LRP67 possess a
symmetrical arrangement of unbroken fB-propeller domains each flanked by at least a
single EGF module. The ligand-binding cluster deletion mutants LRPAII and LRPAII
encode a broken B-propeller domain caused by the use of convenient restriction sites
during cloning (figure 33). The mutant LRPAIII-IV does not encode broken B-propeller,
but encodes an asymmetrical arrangement of these domains. To address this possibility, a
construct was generated in which a symmetrical B-propeller arrangement was restored by
reintroducing the sixth B-propeller domain flanked by two EGF modules (fi gure 33). This
new mutant, designated LRPAIII-IVP, was stably expressed in LRP deficient cells.
LRPAIII-IVB-14 attained endo H resistance within 2 hours much like the wild type

LRP100 (figure 46).

LRPAIII-IVB is present and biotinylated at the plasma membrane — Plasma membrane
biotinylation experiments performed at 4 °C show that the clone LRPAOI-IVB-14 is
detected at the plasma membrane (figure 47) despite having a 5-fold lower expression
level than LRPAIII-IV-16, a clone that could not be detected at the plasma membrane
(figure 37). These data suggest that restoration of the symmetrical arrangement of f3-
propeller modules somehow aid in the plasma membrane presentation of LRP and that
these domains may somehow be important in maintaining structural integrity necessary

for unimpaired intracellular transport and plasma membrane presentation.
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Figure 46. Insertion of a single B-propeller domain with flanking EGF modaules
restores plasma membrane presentation to transport impaired LRPAIII-IV mutant.

Cells were plated in 30-mm dishes and allowed to grow to a confluent monolayer. The
cells were metabolically labeled with [”S]methionine/cysteine (100 uCi/ml) for 1 hour
and harvested at the indicated times. Cells were solubilized and the LRP proteins were
immunoprecipitated using the anti-B-chain antibody. Immunoprecipitated LRP proteins
were treated with endoglycosidase H (H), PNGase F (F) or buffer alone (C). Samples
were resolved by SDS-PAGE under reducing conditions and LRP proteins detected by
fluorography.
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Figure 47. LRPAIII-1V is biotinylated at the plasma membrane and presented at the
plasma membrane.

Confluent cell monolayers (60-mm dishes) were treated with biotin for 1 hour at 4 °C.
Cell extracts were prepared and the LRP proteins were immunoprecipitated using the
anti- chain antibody. Samples were resolved by SDS-PAGE under reducing conditions
and transferred onto nitrocellulose membrane. Biotin-labeled proteins were detected
using streptavidin conjugated HRP and visualized by enhanced chemiluminescence
detection.
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5. Discussion

5.1 LRP expression and functional studies

Although LRP is composed largely of modules of known individual tertiary
structure, our understanding of the molecular interactions that occur between the receptor
and its ligands remains inadequate. The unusually large size as well as the
multifunctional nature of LRP has made functional analysis a somewhat challenging task.

The primary objective of this study was to generate an expression system, and to
use this expression system in order to delineate ligand binding sites within LRP. This
work reports on the generation of stable transformants expressing LRP100, the full-length
chicken LRP isoform, as well as LRP67 and LRP25, two mutants encoding internal
deletions of the receptor. Functional analyses of these recombinant variants has led to the
identification of at least part of the sequence elements required for the binding of three
LRP ligands namely, RAP, a;M, and PEA. Furthermore, the identification of trafficking
impaired LRP mutants, LRPAII, LRPAIII, and LRPAII-IV, has suggested a novel role

for the B-propeller domains within the spacer regions in promoting correct LRP folding.

5.1.1 Binding of a;M*

To date, much of the ligand binding activity of LRP has been ascribed to
complement-type/class A cluster [I (summarized in figure 8). Ligands including RAP and
tPA:PAIl are known to bind within this region. Studies performed using proteolytic

fragments or LRP minireceptors have also assigned oM binding specifically to cluster II,
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although additional evidence suggests that ligand binding activity may not be conferred
solely by this region. A study using LRP proteolytic fragments has suggested the
involvement of several flanking epidermal growth factor type modules (56) in a,M*
binding. In support of this, it was found that a membrane anchored LRP minireceptor
encoding cluster II, but not the flanking epidermal growth factor type modules, failed to
bind a,M* (91).

By restoring '®I-0;M* binding activity to an LRP-deficient cell line upon
receptor overexpression, our current studies have irrevocably confirmed that LRP is
indeed the receptor for a;M (figure 26A). As suggested by functional studies using cell
lines expressing LRP25, the structural determinants required for binding of
a;M:proteinase complexes may be, at least in part, encoded within the N-terminal 22% of
the receptor. Since LRP25 encodes only the first three of a total of eight complement
type/class A modules in cluster II, our data further suggests that these three modules are
sufficient to partially restore azM*.binding activity. This same region is also known to
bind RAP (161). Inhibition of o;M* binding by RAP in cells expressing LRP25 (figure
26B) suggests at least a portion of the binding site on LRP for these two ligand may be

shared.

5.1.2 Binding of RAP

It has been postulated that the ability of RAP to inhibit the binding of all known
LRP ligands may be due to allosteric effects caused by several RAP molecules binding a

single LRP molecule (162). This is supported by experimental data that shows RAP is
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able to bind multiple sites within LRP. The existence of independent RAP binding sites
on cluster I and IV of LRP has been shown by several groups in studies using anchored
LRP minireceptors (91), soluble LRP fragments (143), or proteinase and CNBr digests of
LRP (56). Experiments using soluble LRP fragments encoding each of the four
complement type/class A modules also showed strong RAP binding to clusters II and IV
and somewhat less avid binding to cluster I (161). This latter study suggested the
existence of a total of five independent RAP-binding sites within these regions, two each
within clusters II and I'V, and one within cluster IV.

The data obtained in this study using cell lines that express LRP25 suggest that, at
least a portion of one RAP binding site may reside within the first three complement-

type/class A modules of cluster II.

5.1.3 Binding of PEA

There is convincing evidence indicating that low concentrations of PEA enter
cells specifically via LRP-mediated endocytosis. Studies have shown that the binding of
PEA can be inhibited by RAP (163). In addition, the few existing mutant cell lines
lacking endogenous LRP expression appear to be resistant to the toxin (88,140).
Restoration of PEA toxicity to cells expressing recombinant LRP100 confirms its role in
mediating PEA entry into cells (figure 25). In addition, this study was the first to attempt
defining the sequence elements required for entry of PEA into cells. Internal deletions
encoded for by LRP67 and LRP25 could not entirely abolish the effect of the toxin. It

must be noted, however, that even in cells that express an extremely elevated level of
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LRP25 the effect of PEA was only partially restored to approximately 10% of the level
seen in the parental cell line, CHO-K1 (cell line P6B4, table 2). It is possible that the
affinity of PEA for LRP is a function of receptor length as the toxicity appears to
correlate directly with the length of the recombinant receptor expressed. This expression
system may prove useful in the future for localizing PEA binding sites as well as for
understanding the exact mechanism of action of the toxin. Since PEA in believed to exert
toxicity by undergoing retrograde transport from the plasma membrane to the cytosol,
further modification of our LRP constructs may prove useful in understanding how this

occurs.

5.1.4 LRP expression level

Despite the ability of the two minireceptors LRP25 and LRP67 to partially restore
LRP function for those ligands tested, this only occurred at the highest level of
expression. As the binding studies were complicated by the variation in level of
expression and in level of plasma membrane presentation of LRP proteins it became
necessary to correct the PEA toxicity by the number of «2M* binding sites as determined
by '®I-a;M* binding at 4 °C. For example, only those cell lines that express the smallest
receptor, LRP2S5, at extremely high level are capable of partially (approximately 10%)
restoring receptor function (cell line P6B4, table 2). It is possible that for the two mutants
LRP25 and LRP67, trafficking is not as efficient as for LRP100 resulting in a high level
of expression being required in order for enough of each minireceptor to be presented at

the plasma membrane. For both LRP25 and LRP67, endo H studies show two isoforms of
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each variant exist in the stable cell lines tested (figure 45). It is also possible that each of
the ligands tested binds less strongly to the two minireceptors and, therefore, a greater
amount of each minireceptor is required to be present at the plasma membrane in order to

restore function.

5.1.5 Recombinant LRP expression in Cos-7 cells

Despite a high level of transient expression in Cos-7 cells, this cell line appeared
incapable of efficiently presenting the three variants LRP25, LRP67, and LRP100 at the
plasma membrane. In addition, the full-length receptor was inefficiently processed into
a- and f-chains indicating it was not efficiently transported to the late Golgi
compartment when expressed in this cell line. In addition to a predominant 600 kDa band
visible by immunoblotting, biochemical analyses of the carbohydrate moieties suggested
that recombinant LRP was retained within the ER. Previous studies have shown that the
human LDL receptor was expressed as a functional protein in Cos cells (53,164). It is
also somewhat puzzling that within Cos-7 cells the endogenous LRP appeared to be
efficiently processed and presented at the plasma membrane. The latter observation
makes it unlikely that the cellular trafficking machinery is saturated by the high
expression level of recombinant protein. Co-expression of RAP or furin fqilcd to restore
plasma membrane presentation of the mature receptor suggesting that neither of these
proteins is limiting (figures 16 and 17). It is possible, however, that the Cos-7 cells are

incapable of efficiently recognizing and processing the chicken LRP isoform. Currently,
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the reason for the inability of this cell line to efficiently process LRP remains

unexplained.

5.1.6 Recombinant LRP expression in CHO-derived cells

When LRP was expressed in CHO-K 1 or CHO-derived 13-5-1 cells, it was found
to be more efficiently processed into o and B-chains. Although LRP is the only member
of the LDL receptor gene family to undergo post-translational proteolytic processing,
there are several examples of plasma membrane proteins that undergo such an event.
One notable example is the insulin receptor. It has been shown that defective processing
of the insulin receptor caused by point mutations results in impaired insulin binding in
transfected CHO cells as well as in certain insulin-resistant diabetes mellitus patients
(89,90). The function of proteolytic processing in LRP remains unclear. Functional
expression of the minireceptors LRP67 and LRP25, that lack the processing site, suggest
proteolytic processing may not be critical for receptor function, however. This is
supported by studies expressing an LRP minireceptor lacking the processing site (91), or
full-length LRP encoding a point mutation at the processing site that prevented
proteolytic processing, but did not appear to inhibit plasma membrane presentation or

ligand-binding function (92).



5.1.7 Expression of endogenous LRP in adipocytes

The high level of endogenous LRP seen in adipocytes also remains unexplained.
LRP is thought to function primarily in the removal of proteases from the circulation
though it is unlikely that adipose is the target tissue for protease clearance, since this
function has been ascribed mainly to the liver (165). There is also evidence that a small
portion of the lipoprotein subclass HDL may bind to LRP via an unknown mechanism
perhaps playing a role in the maintenance of cellular lipid homeostasis (166). Adipose
tissue, however, is unlikely to be a major site of lipoprotein clearance.

Since the synthesis of cholesterol is limited in human adipocytes, this tissue must
obtain this essential lipid via exogenous lipoproteins (167). It is possible that LRP may
contribute to the accumulation of cholesterol within adipocytes. Since chylomicrons are
thought to be too large to cross the endothelial barrier, the exact mechanism by which this
might occur remains unclear at the present time.

Adipocytes secrete factors required for the production of the triacylglycerol
synthesis stimulating peptide acylation stimulating protein (168). Acylation stimulating
protein is derived from the fragment of complement system protein, C3 (169). C3 was
recently shown to bind LRP in ligand blots and it is possible that LRP may locally
concentrate factors required for the generation of acylation stimulating protein (20). If
generated locally, acylation stimulating protein could, in turn, serve to enhance storage of
triacylglycerol in adipocytes. Further studies will be required in order to begin to address

these questions.
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5.2 LRP intracellular trafficking studies

Several additional deletion mutants were generated in an attempt to further
delineate ligand binding regions within LRP. The three minireceptors LRPAII, LRPAIII,
LRPAIII-IV were constructed in order to ascribe ligand binding activity to specific
complement-type/class A clusters of LRP. All of the mutant receptors were constructed
by removing cDNAs encoding segments within the LRP extracellular domain at
convenient restriction sites. Following the successful expression of LRP100, LRP67, and
LRP25 it was somewhat surprising to observe that several of these new minireceptors
exhibited impaired intracellular trafficking and plasma membrane presentation. A close
examination of the primary amino acid sequence revealed an interesting distinction
between the two groups of minireceptors. Minireceptors LRP25, LRP67, and LRP100
were efficiently expressed and contained intact and paired B-propeller domains (figure
L1). In contrast those minireceptors that exhibited impaired intracellular trafficking
exhibited incomplete B-propeller domains, as with LRPAII and LRPAII, or unpaired B-
propeller domains, as with LRPAII-IV (figure 34). This suggested that those
minireceptors with paired and unbroken B-propeller arrangements were efficiently
processed and transported to the plasma membrane, while disruption of the B-propellers
themselves or of their paired arrangement within the protein resulted in retention within

the ER compartment.
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5.2.1 -propeller arrangement may be important for efficient LRP trafficking

The requirement for a symmetrical arrangement of P-propellers was most
dramatically demonstrated with the minireceptor LRPAIII-IVP that differs from LRPAINI-
IV only in the insertion of a single B-propeller domain and EGF module (figure 34). The
insertion of these elements not only restored plasma membrane presentation (figure 47),
but also restored a normal rate of intracellular trafficking comparable to that of LRP100
(figure 46). It is interesting to note that a functional LRP minireceptor expressed by
Willnow et al. (91) and designed to study ligand interactions with LRP cluster II was
designed to encoded this region together with four of the adjacent B-propellers. To date,
the function of the spacer regions found in all the members of the LDL receptor gene
family has remained unknown. These results suggest a possible novel function for the
YWTD-containing 3-propeller domains in mediating efficient folding of LRP within the

ER.

5.2.2 Importance of B-propeller domains in the LDL receptor gene family

The B-propeller domain is a common structural module of proteins. It is surpassed
in frequency only by the immunoglobulin, the EGF-like, the fibronectin-type I, the
complement control, the C-type lectin domains, and the leucine-rich modules (reviewed
in 170). Solved B-propeller domain structures are now known for several functionally
diverse proteins including the By subunit of G proteins (171), the clathrin heavy chain

(172), neuraminidase (173), methanol dehydrogenase (174), and cytochrome cdl (175).
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Although the function and cellular localization of these individual proteins differ, it is
thought that the B-propeller domains within all these proteins are involved in mediating
protein-protein interactions. For example, the B-propeller domain of the By subunit of G
proteins interacts with the Ga subunit and downstream signaling components (171). The
N-terminal domain of clathrin possesses a groove on its B-propeller, which is thought to
bind intracellular scaffolding proteins such as B-arrestin 2 or the AP3 B subunit (176).
Although its exact function has remained elusive, the importance of intact
YWTD-containing B-propeller domains in the LDL receptor has been known for some
time. It has been observed that even single point mutations within the one fB-propeller
domain of the LDL receptor often lead to the genetic disorder FH. Phenotypically, this
disease is characterized by elevated LDL cholesterol in the circulation mostly caused by
individual point mutations within the LDL receptor. These mutations are divided into five
classes and are associated with defects in biosynthesis, plasma membrane presentation,
ligand binding, receptor:ligand endocytosis or dissociation of ligand resulting in
premature receptor degradation (reviewed in 177). Of particular interest are point
mutations causing defects in ER-to-Golgi transport (class 2A and 2B mutations) and in
receptor recycling (class 5). Within the single YWTD-containing B-propeller domain of
the LDL receptor, 39 missense mutations have been found in individuals with FH (class
2A mutations). Three naturally occurring point mutations within the B-propeller domain
of the LDL receptor (G525D, G528D, and G544V) are known to cause impaired
trafficking from the ER to the Golgi compartments (177,178). It is interesting to note that
all three mutations involve substitution of glycine, a residue that is often involved in tight

turns and whose disruption may lead to a loss of function. Another naturally occurring
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point mutation (W5568) is associated with prolonged ER retention, increased binding of
the molecular chaperone BiP, and enhanced degradation of the mutant LDL receptor (86).
Again, this is caused by a non-conservative substitution of a bulky tryptophan residue for
a serine. It was also reported previously that a single point mutation within a B-propeller
domain of LRP caused impaired ER exit. The furin cleavage site within the eighth B-
propeller domain of LRP was mutated to encode the sequence RNRS in place of the
RNRR sequence found in the wild type chicken LRP. The rate of ER exit was found to be
markedly decreased in the mutant (92). Taken together, these results strongly suggest that
the B-propeller motifs within LRP may play an important role in the ER quality control

system which allows the correct and efficient folding of the protein.

5.2.3 The importance of other domains in folding

Although the present study suggests disruption of the orderly arrangement of B-
propeller domains within LRP is associated with prolonged ER retention, it must be noted
that structural elements important for efficient intracellular trafficking are not solely
confined to these domains. Deletion mutations within the first complement-type/class A
module are also associated with impaired ER-to-Golgi transport (class 2B mutation)
(177). In addition, the Watanabe heritable hyperlipidemic rabbit model possesses an in-
frame deletion that occurs within the sixth complement-type/class A module and is also
associated with impaired ER-to-Golgi trafficking of the LDL receptor (179). It would
also appear, therefore, that disruption of the complement type/class A modules is

detrimental to efficient processing of the receptor.
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5.2.4 Post-translational events regulating LRP plasma membrane presentation

Although it is possible that mutations lead directly to misfolding of these regions,
the possibility that mutations indirectly cause ER retention by impairing binding with
intracellular factors such as ER chaperones cannot be excluded.

It has been shown that RAP is essential for maturation of LRP and that this ER
chaperone molecule binds avidly to clusters II, and IV and somewhat less avidly to
cluster III (161). It is, therefore, conceivable that in the case of LRPAIl and LRPAHI,
removal of a portion of the molecule involved in RAP interaction might lead to the
observed delay in ER exit.

It is also possible that the removal of the majority of LRP glycosylation sites, the
majority of which are distributed between cluster I and cluster III, may result in ER
retention of several variants. Although N-linked glycosylation is generally believed to be
involved in ER quality control, this hypothesis remains to be tested experimentally in the
case of LRP.

The mechanism of LRP degradation is currently unknown. It is possible that the
apparent increase in degradation seen with LRPAII is caused by defective receptor
recycling some of which is caused by a point mutation within the B-propeller domain in
the LDL receptor (class 5 mutation). This causes slightly delayed ER exit, impaired
release of LDL and premature degradation of the ligand-receptor complex. A V408M
substitution within the fifth complement-type/class A module of the LDL receptor results
in slightly delayed plasma membrane presentation and increased degradation very similar

to that seen with the LRPAII variants (180).
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Unlike most other proteins that contain a single B-propeller domain, LRP
possesses eight, the first six of which are arranged in pairs. These data suggest that both a
symmetrical arrangement as well as the correct folding of individual B-propellers may be
important for efficient ER-to-Golgi transport. In the case of LRP, the multiple B-propeller
domains may be involved in conferring rigidity or structural integrity to this enormous
protein. The YWTD-containing B-propeller domains of LRP are large and highly ordered
and it is possible that even a single point mutation could be detrimental. Further
mutagenesis studies will be required to determine the precise role these domains play in

maintaining LRP structure.
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6. Conclusion

Much remains to be understood in the molecular mechanisms of receptor
regulation of the factors affecting disease processes. At the present time, the role of LRP
in the pathogenesis of both cardiovascular disease and Alzheimer’s disease is far from
being clearly understood. A more thorough understanding of the structure of this
enormous receptor protein and its mechanisms of interaction with different ligands will
almost certainly be useful in understanding its role in disease as well as that of the entire
family of LDL receptor proteins.

Several points reported in this work are noteworthy. This is the first report
showing stable and functional expression of a full-length LRP isoform in 2 mammalian
expression system. The availability of an LRP deficient cell line, has made it possible to
study both structure-function aspects as well as the intracellular trafficking itinerary of
LRP. Using this model, partial ligand binding function was ascribed to the N-terminus of
LRP for several ligands including RAP, c;;M, and PEA. The latter two had previously
been shown to bind LRP, but the site of their interaction with the receptor was not
known. Since the first cluster of class A repeats does not bind ligands, this suggests that
the first three modules of the second cluster provide a minimum requirement for the
ligands tested in this study.

A putative function has also been ascribed to the spacer regions of LRP
containing YWTD or YWTD-like motifs. This previously ignored domain found in all
members of the LDL receptor family may somehow be involved in maintaining the

structural integrity of these receptors and appears to be required for efficient intracellular



transport and plasma membrane presentation. Although the picture will undoubtedly be
more complex than the initial experiments presented in this work suggest, it is
conceivable that the spacer regions found within LRP and other members of the LDL
receptor gene family might play an important structural role.

Much work remains to be done in order to understand the ligand binding
specificity of LRP. The second cluster of class A modules is clearly implicated in the
binding of several LRP ligands (56). Comparison of the amino acid sequences of these
modules within both LRP and the LDL receptor suggest the repeating acidic motifs found
therein may be good candidates for mutagenesis studies. Recent structural work on the
LDL receptor has shown the spacer region does indeed fold into a B-propeller domain
and that this domain is stabilized by a flanking EGF module (181). In light of the data
presented in this study, it would be worthwhile to examine the relationship between the

EGF modules and B-propeller domains within LRP and their effect on correct folding of

the receptor.
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