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ABSTRACT: The low-density lipoprotein receptor-related protein (LRP) is a large receptor that contains
extensive glycosylation sites and disulfide bonds. Here we analyzed how N-linked glycosylation and
molecular chaperones function during LRP folding. Treatment of cells with a glycosylation inhibitor
tunicamycin significantly impaired LRP folding, although binding to receptor-associated protein (RAP),
a specialized chaperone for LRP, was not affected. The effects of tunicamycin on LRP folding were not
due to an inhibition of RAP glycosylation since a mutant RAP that harbors a mutation at its sole
glycosylation site was still capable of promoting LRP folding. The roles of N-linked glycosylation and
the lectin chaperone, calnexin, in LRP folding were further dissected using LRP minireceptors that carry
mutations at individual glycosylation sites. Interestingly, we found that RAP interacts with oxidoreductase
ERp57 and mediates its interaction with LRP. Since previous studies have shown thatN-glycan-bound
calnexin/calreticulin are also capable of recruiting ERp57, our results suggest that N-linked glycosylation
and RAP can independently and cooperatively recruit oxidoreductases to facilitate protein folding and
proper disulfide bond formation.

The low-density lipoprotein (LDL)1 receptor-related pro-
tein (LRP) is a member of the LDL receptor family and one
of the largest cell surface receptors identified to date (∼600
kDa) (1, 2). LRP is capable of binding and endocytosing a
large array of ligands, many of which are structurally and
functionally distinct. Biochemical studies have shown that
LRP is synthesized as a single polypeptide chain that is
cleaved by furin in the trans-Golgi network into two subunits
of 515 kDa and 85 kDa, which remain associated with one
another as they mature to the cell surface (3, 4). The 515
kDa amino-terminal subunit contains 31 ligand-binding
repeats grouped into four clusters of 2, 8, 10, and 11 repeats
and separated by epidermal growth factor (EGF)-like repeats
andâ-propeller-like structures that contain the YWTD motifs
(5), whereas the 85 kDa subunit includes a single transmem-
brane domain and a 100-amino acid cytoplasmic tail. The
three-dimensional structures of several ligand-binding repeats
have been solved via either protein crystallization or NMR
analysis (6-9). These studies show that, in addition to the

three disulfide bridges, each ligand-binding repeat coordi-
nates a Ca2+ ion, which forms an octagonal structure with
neighboring acidic amino acid residues and plays an essential
role in LRP folding (10, 11).

The complex structures of LRP, largely due to the
extensive intradomain disulfide bonds (159 disulfide bonds
within its ligand-binding and EGF repeats), present a
challenging task to their proper folding during biosynthesis
within the endoplasmic reticulum (ER). Cooperative actions
of both general ER chaperones (e.g., BiP, protein disulfide
isomerase (PDI), and calnexin) and specialized chaperone(s)
are likely required to achieve proper folding for such a
complex receptor. Indeed, our previous studies have shown
that proper folding of both soluble (12) and transmembrane
domain-containing (11, 13, 14) LRP minireceptors is facili-
tated by the coexpression of receptor-associated protein
(RAP), a specialized chaperone for members of the LDL
receptor family. In the absence of RAP coexpression, LRP
minireceptors oligomerize due to formation of mislinked
intermolecular disulfide bonds and are retained within the
ER. Our studies also showed that the functions of RAP and
Ca2+ ions during LRP folding are independent with Ca2+

ions likely serving as a nucleation site during initial folding
of ligand-binding repeats. Unlike most of the ER chaperones,
which dissociate from folded substrates, RAP remains
associated with LRP following receptor folding and during
its subsequent trafficking (15). Because RAP universally
antagonizes ligand binding to LRP, it is hypothesized that
the physiological significance of RAP association with LRP
is to prevent premature ligand interaction with the receptor
during its trafficking through the secretory pathway (16, 17).
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The dual functions of RAP in LRP folding and trafficking
suggest that RAP is a unique specialized chaperone and likely
coordinates with general ER chaperones in the complex
folding process of LRP. Recent studies have identified
another specialized chaperone for members of the LDL
receptor family, termed Mesd (mesoderm development) in
mouse (18) and Boca inDrosophila (19). This new chap-
erone was discovered due to its requirement for the folding
of LRP5/LRP6, coreceptors for the Wnt signaling pathway
(20). It was shown that Mesd/Boca plays an important role
in the folding and maturation of theâ-propeller/EGF modules
in LDL receptor family members. The mechanisms under-
lying the role of RAP and Mesd in promoting specialized
modules present in the LDL receptor family members are
not clear at present.

Previous studies have shown that N-linked glycosylation
is required for proper folding of newly synthesized influenza
hemagglutinin (HA) and vesicular stomatitis virus G protein
(21, 22). These modifications are likely involved in the
binding of chaperones such as calnexin and calreticulin (23).
Alternatively, they may be directly involved in folding by
providing spatial constraints or an optimal local environment
necessary for protein folding (24). Since LRP contains a large
number of potential N-linked glycosylation sites, we inves-
tigated the roles of these modifications in LRP folding and
how they are related to those of molecular chaperones. We
found that N-linked glycosylation is essential for the proper
folding of LRP independent of RAP. We also found that
RAP is capable of mediating interactions between general
ER chaperones and LRP, suggesting a cooperative role
between specialized and general ER chaperones.

EXPERIMENTAL PROCEDURES

Cell Culture.Human hepatoma HepG2 cells were cultured
in MEM supplemented with 10% fetal calf serum, 100 units/
mL of penicillin, and 100µg/mL of streptomycin and
maintained at 37°C in humidified air containing 5% CO2.
Mouse embryonic fibroblast (MEF)-7 cells (25) and human
glioblastoma U87 cells (26) were cultured under the same
conditions, except DMEM was used in place of MEM.

Metabolic Pulse-Chase Labeling.Metabolic labeling with
[35S]cysteine was performed essentially as described before
(15). Briefly, cells were generally pulse-labeled for 30 min
with 200 µCi/mL of [35S]cysteine in cystine-free medium
and chased with serum-containing medium for various times
as indicated in each experiment. For inhibition of glycosyla-
tion, 20µg/mL of tunicamycin was preincubated with cells
for 1 h and was included in the pulse-labeling and chase
media. Cells were lysed in ice-cold PBSc (phosphate-
buffered saline supplemented with 1 mM CaCl2 and 0.5 mM
MgCl2) containing 1% Triton X-100 and protease inhibitor
cocktail Complete (Roche).N-ethylmaleimide (NEM) at 10
mM was also included in the lysis buffer to protect free-SH
groups.

LRP Minireceptors and Site-Directed Mutagenesis.Soluble
(12) and transmembrane domain-containing (14) LRP mini-
receptors, representing individual ligand-binding domains,
were constructed and described previously. All LRP mini-
receptors contain an HA tag after the signal cleavage site.
Site-directed mutagenesis of RAP and mLRP4 were per-
formed using the QuikChange Mutagenesis Kit (Stratagene)

according to the manufacturer’s instructions. All cDNA
constructs from mutagenesis were verified by DNA sequenc-
ing.

Transient Transfection.HepG2 cells at 20-30% conflu-
ence were transiently transfected with various plasmids using
a calcium phosphate precipitation method (15). Initial
transfection was performed in 10 cm dishes using 40µg of
DNA in a total volume of 15 mL of medium. Sixteen hours
after the start of transfection, cells were washed with medium
and cultured continuously for an additional 4 h before being
split into multiple 6-well dishes (3.5 cm in diameter) for
various pulse-chase experiments.

Antibodies, Immunoprecipitation, Western Blotting, and
SDS-PAGE.Rabbit polyclonal anti-LRP (generated against
purified human LRP) and anti-RAP (generated against
recombinant human RAP) antibodies have been described
before (15). Monoclonal anti-HA antibody was obtained from
Roche (clone 12CA5). Anti-calnexin antibody was purchased
from Stressgen. Immunoprecipitations were carried out
essentially as described before (27), except the washing
buffer for monoclonal anti-HA antibody contained 0.1% SDS
instead of 1% SDS. Native conditions for co-immunopre-
cipitation was performed in cell lysis buffer without SDS.
Preliminary experiments were performed to ensure that the
primary antibody used in each immunoprecipitation was in
excess. Protein A-agarose beads were used to precipitate
protein-IgG complexes. The immunoprecipitated material
was released from the beads by boiling each sample for 5
min in Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8,
2% (w/v) SDS, and 10% (v/v) glycerol) (28). If the
immunoprecipitated material was analyzed under reducing
conditions, 5% (v/v)â-mercaptoethanol was included in the
Laemmli sample buffer. For Western blotting, secondary
antibodies (goat-anti-mouse IgG or goat anti-rabbit IgG) were
detected with ECL Plus (Amersham Biosciences). Rainbow
molecular weight markers (Bio-Rad) were used as the
molecular weight standards.

Ligand Dot-Blotting.PVDF membranes (Millipore) were
prewet in methanol and equilibrated in PBS. Membranes
were then mounted in a Bio-Rad dot-blot apparatus. Purified
LRP from human placenta (1µg/well) was applied to the
membrane by vacuum filtration. The membrane was then
cut into sections that were placed in separate wells of a 24-
well plate. Membranes were blocked in Tris-buffered saline
(20 mM Tris-HCl, pH 7.4, and 150 mM NaCl) containing 5
mM CaCl2 and 3% nonfat dry milk for 30 min. Test proteins
were incubated with each membrane spot for 2 h at room
temperature. Individual spots were washed twice for 5 min
with blocking buffer and further incubated with anti-RAP
or anti-ERp57 antibodies in the same buffer for 1 h atroom
temperature to detect binding of the ligand to LRP.

Surface Plasmon Resonance (SPR).The sensor chip was
activated with a 1:1 mixture ofN-hydroxysuccinimide/N-
ethyl-N-N′-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride. ERp57 was immobilized in a 10mM sodium acetate
buffer at pH 4.0, and the remaining binding sites were
blocked with 1 M ethanolamine, pH 8.5. A control channel
on the sensor chip was activated and blocked using amino-
coupling reagents without immobilization of protein. The
binding of the protein to this control channel was subtracted
from the specific binding. The flow buffer contains various
concentrations of RAP or RAP repeat constructs in 10 mM
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Hepes, pH 7.4, 0.15 M NaCl, 0.05% Tween 20, and 3 mM
CaCl2. In some experiments, 1 mM DTT was included in
the flow buffer. The binding data were analyzed by nonlinear
least squares curve fitting. Association and dissociation rate
constants,ka andkd were generated from the association and
dissociation curves from the BIAcore experiments by fitting
to a single-site or two-sites binding model depending on the
results of comparison fitting with these models, respectively.
The apparent equilibrium dissociation constantKD was
determined from the ratio of two rate constants (kd/ka).

RESULTS

N-Linked Glycosylation Is Required for LRP Folding.The
large number of potential N-linked glycosylation sites in LRP
prompted us to examine their role in LRP folding. To block
LRP glycosylation in cultured cells, we utilized tunicamycin,
a nucleoside antibiotic that inhibits N-linked glycosylation.
HepG2 cells, which express abundant LRP (27), were
metabolically pulse-labeled with [35S]cysteine for 30 min and
chased for up to 2 h (Figure 1). The pulse-chase labeling
was performed either in the absence or presence of 20µg/
mL of tunicamycin. Cell lysates were then immunoprecipi-
tated with anti-LRP antibody and analyzed via SDS-PAGE
under either nonreducing (Figure 1A) or reducing (Figure
1B) conditions. As seen in Figure 1A, LRP forms intermo-
lecular disulfide-bond-linked aggregates in the presence, but
not in the absence, of tunicamycin, suggesting that LRP is
misfolded (11) when glycosylation of the nascent receptor
was inhibited. The effectiveness of tunicamycin treatment
was evident from faster migrating bands when LRP immu-
noprecipitates were analyzed under reducing conditions

(Figure 1B). These results clearly indicate that N-linked
glycosylation is required for the proper folding of LRP.

Previous studies have shown that binding of RAP to LRP
is partially inhibited by wheat germ agglutinin (WGA) lectin
(29), suggesting a potential role of LRP glycosylation in RAP
binding. Therefore, one possible consequence of blocking
LRP glycosylation is inhibition of RAP association with the
receptor during folding (16). Since RAP itself plays an
important role in LRP folding (16), a disruption of RAP
binding may have an indirect consequence on LRP folding.
To address this possibility, we performed identical pulse-
chase labeling of LRP in HepG2 cells as described above in
Figure 1 in the absence or presence of tunicamycin, except
that the resulting cell lysates were immunoprecipitated with
either an anti-RAP antibody or preimmuno IgG under native
conditions which preserve RAP-LRP interaction (15). As
seen in Figure 2, anti-RAP antibody co-immunoprecipitated
LRP both in the absence and presence of tunicamycin
treatment. Preimmuno IgG did not immunoprecipitate any
radiolabeled proteins in the absence or presence of tunica-
mycin treatment (data not shown). The fact that aggregated
LRP was also co-immunoprecipitated with RAP suggests that
LRP misfolding alone does not impair RAP binding. These
results are consistent with those from our previous studies
(11) showing that aggregated LRP upon calcium-depletion
also binds to RAP. The association of LRP with RAP in the
presence of tunicamycin is highly specific as LRP appears
to be the only major [35S]-labeled protein that co-immuno-
precipitated with RAP, despite the presence of other mis-
folded glycoproteins. Together, these results demonstrate that
RAP binding to LRP during its initial folding does not require
N-linked glycosylation.

To further examine whether RAP is able to interact with
aggregated LRP, we analyzed the ability of125I-RAP to bind
native, aggregated or completely reduced LRP. Aggregation
of LRP was induced by incubation of purified LRP from
human placenta with low concentrations of reducing reagent
(DTT) at 37 °C for 1 h. As seen in Figure 3A, after
incubation of purified native LRP at 37°C for 1 h, LRP has
become misfolded and migrated as heterogeneous species

FIGURE 1: N-linked glycosylation is required for LRP folding.
HepG2 cells were metabolically pulse-labeled with [35S]cysteine
for 30 min and chased for indicated times. The pulse-chase labeling
was performed either in the absence or presence of 20µg/mL
tunicamycin. Cell lysates were then immunoprecipitated with anti-
LRP antibody and analyzed via 5% SDS-PAGE under either
nonreducing (A) or reducing (B) conditions. In this and subsequent
figures, the positions of monomeric LRP and aggregated LRP in
the nonreducing gels are marked, and the top of the stacking and
separating gels are marked with closed and open arrows, respec-
tively. The 200-kDa molecular size markers are also indicated. Note
LRP forms intermolecular disulfide-bond-linked aggregates (A,
labeled with a bracket) in the presence of tunicamycin, which was
reduced to monomers under reducing conditions (B). The gly-
cosylated (without tunicamycin) and nonglycosylated (with tuni-
camycin) LRP in (B) are labeled.

FIGURE 2: RAP binds to nonglycosylated LRP during folding.
HepG2 cells were metabolically pulse-chase-labeled as in Figure
1. Cell lysates were then co-immunoprecipitated with anti-RAP
antibody under native conditions (no SDS) and analyzed via 5%
SDS-PAGE under either nonreducing (A) or reducing (B) condi-
tions. Note anti-RAP antibody co-immunoprecipitated LRP both
in the absence and presence of tunicamycin treatment, including
those of intermolecular disulfide-bond-linked aggregates (labeled
with a bracket). The arrow in B (lane 5) represents either
incompletely translated or partially degraded LRP species.
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of intermolecular disulfide-bond-linked aggregates (lane 2).
The presence of increasing concentrations of DTT up to 10
µM accelerate the formation of these aggregates (lanes 3 and
4), whereas high concentrations of DTT (g100 µM) result
in complete reduction of LRP (lanes 5 and 6). When the
ability of different species of LRP to bind125I-RAP was
analyzed (Figure 3B), we found that, in addition to the native
LRP (lane 1), misfolded LRP aggregates retain the ability
to bind RAP (lanes 2-4). However, completely reduced LRP
lost the ability to bind RAP, suggesting that binding of RAP
to LRP requires the presence of certain disulfide bonds.

N-Linked Glycosylation Has Differential Roles in the
Folding of LRP IndiVidual Domains.The effects of tunica-
mycin on LRP folding were also observed with membrane-
containing LRP domain minireceptors (14) (data not shown,
and see below in Figure 5). To quantitatively assess the
importance of N-linked glycosylation in the folding of
individual LRP domains, we analyzed the folding and
secretion of soluble LRP minireceptors (sLRPs) that represent
the four clusters of ligand-binding and EGF repeats (12).
Our previous pulse-chase kinetic studies have shown that
folding and secretion of these sLRPs are facilitated by
coexpression of RAP (12). HepG2 cells were transiently
transfected with cDNAs for each of the sLRPs and RAP (1:1
plasmid/DNA ratio). The transfected cells were then meta-
bolically pulse-labeled with [35S]cysteine for 1 h, followed
with either no chase or chase for 3 h. The metabolic labeling
and chase were carried out in the absence or presence of
tunicamycin. Both cell lysates and media were quantitatively
immunoprecipitated (in the presence of excess antibody) with
anti-HA antibody, followed with SDS-PAGE under reduc-
ing conditions. The percent of sLRP secretion under each
condition was quantitated by a phosphorimager. As seen in
Figure 4, the reduction of sLRP secretion upon tunicamycin
treatment and 3 h chase was more significant for sLRP1
(55% to 15%), sLRP3 (22% to 2.5%), and sLRP4 (11% to
2.9%) than for sLRP2 (29% to 19%), suggesting that

N-linked glycosylation in LRP is more important for the
folding of domains I, III, and IV than domain II. This was
somewhat surprising since the density of potential N-linked
glycosylation sites in domain II is not less than those of other
domains (i.e., domain I, 3 sites/166 aa; domain II, 6 sites/
458 aa; domain III, 8 sites/543 aa; and domain IV, 5 sites/
570 aa). These results indicate that the importance of
N-linked glycosylation in protein folding is not solely
determined by the number of glycosylation sites present in
individual glycoproteins. Small amounts of sLRPs were
secreted in the presence of tunicamycin treatment, which
might have resulted from incomplete inhibition of sLRP
glycosylation by tunicamycin.

N-Linked Glycosylation of RAP Is Not Required for Its
Chaperone Function.One possible caveat of experiments
using tunicamycin treatment is that tunicamycin also inhibits
glycosylation of RAP, which might be required for its
chaperone function. To address this, we mutated RAP’s
single glycosylation site at asparagine residue 234 to alanine
(N234A) by site-directed mutagenesis. The mutated RAP
cDNA along with wild-type cDNA was transfected into either
RAP-null MEF-7 cells (25) or HepG2 cells, followed by
Western blotting of cell lysates with anti-RAP antibody
(Figure 5). In transfected MEF-7 cells, the RAP(N234A)
mutant clearly migrated faster than the wild-type RAP,
consistent with elimination of RAP glycosylation. Similarly,
in HepG2 cells, the RAP(N234A) mutant migrated faster than
the wild-type RAP, which comigrates with endogenous RAP.
These results indicate that RAP is glycosylated at N234 and
mutation of this site eliminates its glycosylation.

To examine whether the nonglycosylated RAP is still
functional, we compared the ability of wild-type RAP and
RAP(N234A) to promote the folding of LRP domain IV

FIGURE 3: RAP binds to native and aggregated LRP. Purified LRP
(100 ng/lane) was either used direct (lane 1) or used following
incubation at 37°C for 1 h in theabsence (lane2) or presence of
increasing concentrations of DTT as indicated (lanes 3-6). Fol-
lowing separation by 5% SDS-PAGE under nonreducing condi-
tions, the membrane was either Western-blotted with anti-LRP
antibody (A) or ligand-blotted with125I-RAP (1 nM, B). The DTT
concentration is given inµM. Note, native and aggregated LRP,
but not reduced LRP, bind to RAP.

FIGURE 4: Soluble LRP domain minireceptors (sLRPs) are differ-
entially misfolded upon tunicamycin treatment. HepG2 cells were
transiently transfected with cDNAs for RAP and sLRP1 (A), sLRP2
(B), sLRP3 (C), or sLRP4 (D). The transfected cells were then
metabolically pulse-labeled with [35S]cysteine for 1 h, followed with
either no chase or chase for 3 h. The metabolic labeling was carried
out in the absence or presence of tunicamycin. Both cell lysates
and media were then immunoprecipitated with anti-HA antibody,
followed with SDS-PAGE (10% for sLRP1, 7.5% for sLRP2-4)
under reducing conditions. The percent of sLRP secretion was
quantitated by a phosphorimager and reported under each condition.
“C” represents cell lysates, and “M” represents medium. This
experiment represents one of several performed with similar results.
Note the secreted sLRPs without tunicamycin treatment were larger
than those detected in cell lysates due to the addition of complex
carbohydrates upon traversing through the Golgi compartments. The
reduction in overall sizes for each sLRP upon tunicamycin treatment
demonstrates an effective inhibition of their glycosylation.
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minireceptor (mLRP4) (11, 14). Upon proper folding,
mLRP4 is processed by furin in the trans-Golgi network to
generate a 120 kDa ligand-binding subunit and an 85 kDa
transmembrane subunit (11, 14). HepG2 cells were tran-
siently transfected with cDNA for mLRP4 with cotransfec-
tions of pcDNA3 vector (-RAP), wild-type RAP (+RAP),
or mutant RAP (+RAP(N234A)). The transfected cells were
metabolically pulse-chase-labeled as in Figure 1. Cell lysates
were then immunoprecipitated with anti-HA antibody, fol-
lowed with SDS-PAGE under reducing conditions (Figure
6A). The percent of post-ER forms (sum of the Golgi form,
120 kDa, and 85 kDa bands as a percentage of total) under
each condition was quantitated with a phosphorimager
(Figure 6B). As seen in the figure, both wild-type RAP and
nonglycosylated RAP facilitate the folding and trafficking
of mLRP4 to similar degrees, suggesting that N-linked
glycosylation of RAP is not required for its chaperone
function. These results are consistent with the fact that
nonglycosylated RAP produced in bacteria is able to bind

to cell surface LRP and blocks ligand binding (16, 17).
IndiVidual Glycosylation Sites of LRP HaVe Differential

yet AdditiVe Roles in LRP Folding.Because tunicamycin
inhibits N-linked glycosylation of all glycoproteins and also
induces unfolded protein response (UPR), we sought for an
alternative approach to further address the role of N-linked
glycosylation in LRP folding. Therefore, we performed
mutagenesis analysis on individual glycosylation sites within
mLRP4. This domain IV minireceptor contains only
three glycosylation sites within the 11 ligand-binding
repeats. Single (N3314A, N3469A, and N3643A), double
(N3314A,N3469A; N3469,N3643A; and N3314A,N3643A),
or triple (N3314A,N3469A,N3643A) mLRP4 glycosylation
mutants were generated by site-directed mutagenesis and
analyzed for their abilities to fold properly in the absence or
presence of RAP coexpression. Specifically, HepG2 cells
were transiently transfected with cDNAs for mLRP4 or its
glycosylation mutants without (Figure 7A) or with (Figure
7B) cotransfection of RAP. The transfected cells were
metabolically pulse-labeled for 30 min and chased for 120
min, immunoprecipitated with anti-HA antibody, and ana-
lyzed via SDS-PAGE under reducing conditions. The
percent of post-ER forms under each condition was quan-
titated with a phosphorimager. A representative autoradio-
graph of the wild-type mLRP4, as well as a double and the
triple mutant, is shown in Figure 7C. As seen in the figure,
upon single, double, or triple mutations at individual gly-
cosylation sites on mLRP4, this minireceptor was misfolded
to different degrees. The most significant misfoldings were
seen with the double mutant mLRP4(N3469A,N3643A) and
the triple mutation mLRP4 (N3314A,N3469A,N3643A),
suggesting that individual glycosylation sites of LRP likely
have additive roles in receptor folding. Interestingly, although
individual mutations at N3469 and N3643 residues resulted
in little misfolding, simultaneous mutations at both sites gave
rise to substantial misfolding (Figure 7A). One possible
explanation for these results is that N-linked glycosylation
at these two sites has overlapping functions. RAP can
partially rescue the misfolding caused by mutations at the
glycosylation sites (Figure 7B), including those severely
affected by the reduction ofN-glycans. This suggests that
defects in LRP folding due to a reduced number ofN-glycans
do not render the ability of RAP to promote LRP folding.

One role of N-linked glycosylation during protein folding
is to interact with molecular chaperones including membrane
anchored calnexin (23). To analyze the interaction of LRP
and LRP minireceptors with calnexin, we performed co-
immunoprecipitation analysis. First, we examined interaction
between calnexin and the full-length, endogenous LRP.
HepG2 cells were lysed and immunoprecipitated with anti-
LRP antibody under native conditions. The immunoprecipi-
tated materials were separated via SDS-PAGE, transferred
to a membrane, and blotted with the indicated antibodies.
As shown in Figure 8A, calnexin can be detected as an LRP-
interacting protein. Next, we performed similar co-immu-
noprecipitation experiments in HepG2 cells transiently
transfected with cDNAs of mLRP4 or its glycosylation
mutants. Lysates were immunoprecipitated with either anti-
HA or anti-calnexin antibodies under native conditions and
blotted with anti-HA antibody. We performed these experi-
ments in the absence of RAP coexpression so that a
significant portion of these minireceptors would be misfolded

FIGURE 5: RAP is glycosylated at a single site. The asparagine
residue 234 of RAP is mutated to alanine by site-directed mu-
tagenesis. RAP-null MEF-7 cells or HepG2 cells were transiently
transfected with pcDNA3 vector, pcDNA3-RAP, or pcDNA3-
RAP(N234A), followed with SDS-PAGE (10%) and Western
blotting of cell lystaes with anti-RAP antibody. The glycosylated
RAP in vector-transfected HepG2 cells represents endogenous RAP.

FIGURE 6: N-linked glycosylation of RAP is not required for its
chaperone function. HepG2 cells were transiently transfected with
cDNA for mLRP4 with cotransfections of pcDNA3 vector (-RAP),
wild-type RAP (+RAP), or mutant RAP (+RAP (N234A)). The
transfected cells were then metabolically pulse-labeled with [35S]-
cysteine for 30 min and chased for indicated times in the absence
or presence of tunicamycin. Cell lysates were then immunopre-
cipitated with anti-HA antibody, followed with SDS-PAGE (7.5%)
under reducing conditions (A). The percent of post-ER forms under
each condition was quantitated with a phosphorimager and plotted
against chase time (B). The results show that both wild-type RAP
and nonglycosylated RAP facilitate the folding and trafficking of
mLRP4 to similar extent.
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(see Figure 7A) and subject to extensive calnexin binding.
As shown in Figure 8B, both wild-type mLRP4 and all of
its glycosylation mutants were capable of binding calnexin.
Importantly, the ability of the glycosylation mutants to
interact with calnexin was not diminished by the decrease
of glycosylation sites in the mLRP4 minireceptor; that is,
double and triple mutants bound to calnexin to a similar
extent as the wild-type mLRP4. These results suggest that
the ability to interact with calnexin does not necessarily
predict the ability of individual glycosylation mutants to fold
properly, consistent with the dual roles of calnexin binding
in both protein folding (recruiting oxidoreductase) and ER
quality control (23, 30). The interaction between calnexin
and the mLRP4 triple mutant is likely mediated by the
N-linked glycosylation at the potential sites within the EGF
repeats and theâ-propeller region of the mLRP4 mini-
receptor. The smear signals on top of the gel following anti-
calnexin immunoprecipitation and anti-HA blotting for the
glycosylation mutants (e.g., Figure 8B, lower panel, lane 8)
likely represent ubiquitinated receptors following their mis-
folding, although significant degradation of misfolded recep-
tors by the proteasome was not detected (data not shown).

RAP Interacts with ERp57.Our previous studies, and those
presented here, demonstrate that RAP promotes LRP folding
independent of the roles of Ca2+ and N-linked glycosylation.
To gain insight into RAP’s role in LRP folding, especially

in the formation of properly linked disulfide bonds, we
explored a cooperative role for RAP with general ER
chaperones. Such a cooperative function among ER chap-
erones is exemplified by calnexin/calreticulin interaction with
ERp57 (31, 32). Potential interaction between RAP and
several general ER chaperones was first examined via surface
plasmon resonance (SPR) analysis. Recombinant ERp57, or
several other ER chaperones, was immobilized on the
BIAcore sensor chip, and the remaining binding sites on the
chip were blocked with ethanolamine. Binding of RAP at
various concentrations in the flow buffer to this experimental
chip and a control chip was carried out as described in the
Experimental Procedures. As shown in Table 1, high affinity
binding of RAP to ERp57 was detected. We also found that
addition of 1 mM DTT, which would disrupt the disulfide
bonds between cysteine residues in the active site CGHC
motifs of ERp57 (33), reduced interaction between RAP and
ERp57 by more than 10-fold (data not shown), suggesting
that the oxidation of the active site of ERp57 may be
important for RAP binding. Using similar assays, we also
detected interactions between RAP and ERp72, PDI, cal-
nexin, and BiP, albeit at lower affinities. Interaction was not
detected with calreticulin.

Since ERp57 exhibited the highest affinity to RAP among
the ER chaperones tested (Table 1), we further dissected the
molecular mechanism underlying the RAP-ERp57 interac-

FIGURE 7: Individual glycosylation sites of LRP have differential yet additive roles in LRP folding. HepG2 cells were transiently transfected
with cDNA for mLRP4 or one of its glycosylation mutants as indicated, without (A) or with (B) cotransfection of RAP cDNA. The transfected
cells were metabolically pulse-labeled with [35S]cysteine for 30 min and chased for 120 min, immunoprecipitated with anti-HA antibody,
and analyzed via 7.5% SDS-PAGE under reducing conditions. The percent of post-ER forms under each condition was quantitated with
a phosphorimager and plotted for each construct. (C) Representative autoradiograph of wild-type mLRP4 and two glycosylation mutants.
Error bars represent SD from triplicate determinations. This experiment represents one of the three such experiments performed with similar
results.
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tion. RAP contains an internal triplicate repeat structure with
three equally divided regions sharing high homology (15,
34). Our previous studies have shown that the high-affinity
LRP binding sites within RAP localize to its carboxyl-
terminal repeat (repeat 3) (13, 35). To assess whether RAP
utilizes similar or different epitopes to bind ERp57, we
examined the interactions between our GST/RAP repeat
constructs and ERp57 via SPR. As seen in Table 2, GST/
RAP constructs consisting of either full-length (1-323) or
repeat 1 of RAP (1-110) bind to ERp57 with similarly high
affinity, suggesting the existence of a high-affinity binding

site within the first repeat of RAP. GST/RAP constructs
consisting of either repeat 2 (91-210) or repeat 3 (221-
323) bind to ERp57 with reduced affinity compared to full-
length RAP. Taken together, these results suggest that there
are likely at least three distinct ERp57-binding epitopes
within RAP that are distributed throughout the entire RAP
sequence, with the amino-terminal repeat site possessing the
highest affinity. The higher affinity of GST/RAP to ERp57
when compared to RAP (without GST) may reflect the
difference in the assembly states of GST/RAP and RAP
because GST itself does not bind to ERp57 (Table 2).

To further confirm binding of RAP to ERp57 using
alternative methods, we performed a ligand dot-blot assay.
As seen in Figure 9A, ERp57 is able to bind RAP in a dose-
dependent manner, consistent with our results obtained by
SPR analysis.

RAP Is Capable of Binding LRP and ERp57 Simulta-
neously.One possible role of the RAP-ERp57 interaction
is to recruit this oxidoreductase to LRP during receptor
folding. Therefore, we examined whether RAP is capable
of mediating an interaction between ERp57 and LRP. As a
positive control, LRP purified from human placenta was
blotted onto a PVDF membrane, followed by binding of RAP
and detection with anti-RAP antibody (Figure 9B). As
expected, RAP binds to purified LRP with high affinity. The
ability of ERp57 to bind to either LRP alone or to LRP that
has been previously incubated with RAP was assessed by
blotting with an antibody to ERp57 (Figure 9C). We found
that, although ERp57 alone does not bind to LRP (Figure
9C, lane 2), it is capable of binding to RAP that has been
previously bound to LRP (Figure 9C, lane 3). These results
demonstrate that RAP can mediate an interaction between
LRP and ERp57.

FIGURE 8: Ability to interact with calnexin does not predict the
ability of individual glycosylation mutants to fold properly. (A)
Lysates from HepG2 cells were immunoprecipitated with anti-LRP
antibodies under native conditions (no SDS), followed with
immunoblotting with anti-LRP, nonimmune, or anti-calnexin
antibodies. LRP-515 kDa and LRP-85 kDa (lane 1), as well as
calnexin (lane 3) bands are labeled. (B) HepG2 cells were transiently
transfected with cDNAs of mLRP4 or one of its glycosylation
mutants, lysed, immunoprecipitated with anti-HA or anti-calnexin
antibodies, and blotted with anti-HA antibody. Nonimmune IgG
did not immunoprecipitate HA-tagged minireceptors (data not
shown). Lane 1, mLRP4; lanes 2-8 are mLRP4 bearing the
following mutations at various glycosylation sites: N3314A;
N3469A; N3643A; N3314A,N3469A; N3469A,N3643A;
N3314A,N3643A; and N3314A,N3469A,N3643A.

Table 1: SPR Analysis of RAP Binding to ER Chaperonesa

ER
chaperones ka(1/Ms) kd (1/s) KA (1/M) KD (M)

ERp57b 2.71× 105 5.34× 10-3 5.08× 107 1.97× 10-8

ERp72b 9.78× 104 3.47× 10-2 2.82× 106 3.55× 10-7

PDIb 3.93× 104 5.75× 10-3 6.83× 106 1.46× 10-7

calnexin 1.14× 104 4.42× 10-3 2.58× 106 3.87× 10-7

BiP 2.45× 104 2.98× 10-3 8.22× 106 1.22× 10-7

calreticulin ndc ndc ndc ndc

a ER chaperones were immobilized on a sensor chip, and the binding
of RAP in flow buffer (15µM) was measured at the flow rate of 10
µL/min at 20°C. b Interactions were significantly reduced upon addition
of DTT. c Interaction is not detected (nd).

Table 2: SPR Analysis of GST/RAP Repeat Constructs Binding to
ERp57a

ka(1/Ms) kd (1/s) KA (1/M) KD (M)

GST ndb ndb ndb ndb

GST/RAP (1-323) 1.03× 106 1.47× 10-3 7.01× 108 1.43× 10-9

GST/RAP (1-110) 8.16× 105 1.44× 10-3 5.66× 108 1.77× 10-9

GST/RAP (91-210) 3.82× 105 1.78× 10-3 2.15× 108 4.66× 10-9

GST/RAP (221-323) 2.45× 105 1.56× 10-3 1.57× 108 6.37× 10-9

a ERp57 was immobilized on a sensor chip, and the binding of GST/
RAP constructs in flow buffer (15µM) was measured at the flow rate
of 10 µL/min at 20°C. b Interaction is not detected (nd).

FIGURE 9: RAP is capable of bridging an interaction between
ERp57 and LRP. (A) Buffer alone (-ERp57) or buffer containing
recombinant ERp57 (1µg, +ERp57) was blotted on a PVDF
membrane, followed with binding of RAP at increasing concentra-
tions as indicated. Bound RAP was detected with anti-RAP
antibody. (B) Purified human placental LRP (0.5µg) was blotted
on the PVDF membrane, followed with binding of buffer alone or
buffer containing RAP (1 nM). The bound RAP was detected with
anti-RAP antibody. (C) Purified LRP on the PVDF membrane as
in B was incubated with buffer alone or buffer containing RAP (1
nM). After washing and blocking, we incubated the membrane
further with buffer alone or buffer containing ERp57 (1 nM). Bound
ERp57 was detected with an anti-ERp57 antibody. Note the fact
that ERp57 binds to LRP only with a prior incubation of RAP
demonstrates an ability for RAP to bridge ERp57-LRP interaction.

5800 Biochemistry, Vol. 44, No. 15, 2005 McCormick et al.



DISCUSSION

The complex structures of the LDL receptor family
members, due largely to the extensive intradomain disulfide
bonds, present a challenging task for proper folding. At the
same time, they provide an unique opportunity to study
protein folding that involves the choreographic actions of
protein modification and of molecular chaperones. For
example, each LRP molecule contains 159 disulfide bonds
within its ligand-binding and EGF repeats; therefore, protec-
tion of free cysteines prior to disulfide linkage and proper
positioning of paired cysteines during disulfide formation
may account for the majority of the LRP folding process. A
cooperative interaction of general ER chaperones (e.g., BiP,
PDI, and calnexin) and specialized chaperones (e.g., RAP)
within the ER is likely involved in this process. Our current
studies demonstrate that protein posttranslational modifica-
tions such as N-linked glycosylation also play pivotal roles
in LRP folding. We further show that, although RAP
functions independently from N-linked glycosylation during
LRP folding and disulfide linkage, it interacts with general
ER chaperones even when they are bound to LRP. These
studies provide significant insight into how various factors
coordinate with one another during the complex folding
process of LRP.

LRP glycosylation was initially described by biochemical
studies indicating that carbohydrates, largely N-linked,
contribute to∼18% of the size of the 515 kDa ligand-binding
subunit and to∼25% of the 85 kDa transmembrane subunit
(29). It was suggested that these carbohydrates modifications
of LRP may contribute to ligand binding as the lectin WGA,
which binds saccharides on LRP, partially inhibitingR2-
macroglobulin and RAP binding. However, our current
results clearly show that RAP is capable of binding non-
glycosylated LRP during receptor folding. More recently,
studies by May et al. (36) have shown that LRP is
differentially glycosylated in different tissues. The authors
further demonstrated that hypoglycosylation of LRP cor-
relates with an increased shedding of the LRP ectodomain,
which results in an increased substrate availability for
γ-secretase cleavage and the release of the LRP intracellular
domain (36, 37). Given our current results demonstrating a
role for N-linked glycosylation in LRP folding, it is tempting
to speculate that the differences in LRP glycosylation state
may dictate its folding/conformation such that the acces-
sibility to membrane-anchoring proteases (e.g., members of
the metalloprotease family) is variable. Our LRP minirecep-
tors bearing mutations at individual N-linked glycosylation
sites should allow this to be tested directly.

Recently, the molecular mechanism underlying the role
of N-linked glycosylation in protein folding has become
increasingly clear. In addition to providing bulky modifica-
tion for spatial constraint, the highly hydrophilic groups also
help to maintain glycoproteins in solution during folding (23).
More importantly, convincing studies have shown that ER
lectins calnexin/calreticulum retain not yet properly folded
molecules in the ER by interacting with N-linked monoglu-
cosylated oligosaccharides (23, 30). The glucosylation of
folding intermediates is carried out by UDP-glucose glyco-
protein glucosyltransferase, which is believed to possess the
ability to sense the folding states of glycoproteins (23, 30).
Although our current results, as well as those by Orlando et

al. (38), clearly demonstrate an interaction between LRP and
calnexin, LRP minireceptors bearing different glycosylation
mutations exhibit variable binding to calnexin such that
binding did not correlate with the degree of receptor
misfolding. These results suggest that the cycle of glu-
cosylation and deglucosylation does not necessarily provide
the only sensor for misfolded glycoproteins, and other ER
chaperones such as BiP and several disulfide isomerases (e.g.,
PDI and ERp57) may participate in this quality control
process. Nevertheless, the roles of N-linked glycosylation
of LRP likely include binding of calnexin/calreticulin during
folding.

A recent study has systematically dissected a cotransla-
tional folding pathway of influenza hemagglutinin (HA) (39).
It was shown that multiple glycans that are positioned at
critical regions are essential for binding by the chaperones,
calnexin and calreticulin, and the oxidoreductase, ERp57. It
is interesting to note that the positioning of glycans seems
to be strategically placed near cysteine residues such that
improper and premature disulfide bond formation can be
minimized. Intriguingly, when the positions ofN-glycans
within the four clusters of LRP ligand-binding and EGF
repeats were examined, 11 out of 22 sites are found next to
cysteine residues. The average distance of all 22N-glycans
to cysteine is 1.1 residues, whereas the calculated random
distance would be 3.4 residues. Thus the placement of
N-glycans near cysteine residues further suggests a role of
N-linked glycosylation in the protection of cysteine residues
prior to disulfide bond linkage and/or recruitment of calnexin/
calreticulin-bound ERp57 to the proper sites for correct
disulfide bond formation. Future mutagenesis analysis di-
rected at individual glycosylation sites should generate further
insight into the functions ofN-glycan during LRP folding.

Our previous studies have clearly demonstrated a role of
RAP in the proper folding and disulfide formation of LRP
(11, 12, 14, 16). In the absence of RAP coexpression, LRP
minireceptors are oligomerized due to formation of mislinked
intermolecular disulfide bonds, suggesting that interactions
between RAP and multiple sites on LRP are important for
ensuring proper linkage of intradomain but not interdomain
or intermolecular disulfide bonds. However, since RAP itself
does not contain any cysteine residues, how it achieves this
unique function was not clear. One possibility is that it
functions similarly to those of N-linked glycosylation by
providing proper spatial constraints during receptor folding.

Recent evidence has shown that ER chaperones interact
with one another in a coordinated fashion and exist in large
complexes during protein folding. For example, ERp57 is
found in MHC class I heavy chain complexes with calnexin
that are generated early during the MHC class I assembly
pathway (40). The oxidoreductase activity of ERp57 suggests
that it is involved in disulfide bond formation (40, 41).
Further NMR studies revealed interaction between ERp57
and the tip of the calreticulin P-domain (42). Given the high
content of disulfide bonds in LRP, it is likely that calnexin/
calreticulin bound to LRP through N-linked glycosylation
plays an important role in recruiting oxidoreductases (e.g.,
ERp57) into the local environment where disulfide bond
formation/rearrangement takes place (31, 32). Our current
studies also demonstrate an interaction between RAP and
ERp57 by both SPR and dot-blot analyses, suggesting that
at least one of the roles of RAP in LRP folding is to recruit
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oxidoreductases to the proper site and/or increase local
availability of these enzymes. We have attempted to perform
co-immunoprecipitation experiments between endogenous
RAP and ERp57. However, multiple attempts failed. This
may be due to either a very transient interaction in vivo and/
or a low affinity between these chaperones to survive co-
immunoprecipitation. Interestingly, the ERp57-binding sites
appear to localize within the amino-terminus of RAP,
whereas those for LRP binding reside within its carboxyl-
terminus. These results are consistent with our findings that
RAP is capable of bridging the interaction between oxi-
doreductase and LRP. Together, these results suggest inde-
pendent, yet similar, roles for N-linked glycosylation-bound
calnexin/calreticulin and RAP in recruiting oxidoreductases
to LRP during folding. Whether the function of Mesd/Boca
as a specialized chaperone for LDL receptor family members
is also involved in the recruitment of general ER chaperones
remains to be investigated.

In summary, the roles of various factors and molecular
chaperones in the complex folding process of LRP are now
beginning to emerge. First, Ca2+ ions likely function as a
nucleation site during initial folding of ligand-binding repeats
(11). Second, N-linked glycosylation and RAP/Mesd bound
at various sites along the receptor may provide appropriate
spatial constraints and local environments that are optimal
for receptor folding. Third, retention of folding intermediates
is likely achieved by a combination of lectin chaperone
binding to monoglucosylated sites and BiP/oxidoreductases.
Finally, the extensive disulfide bond formation is achieved
by a cooperative action between the specialized chaperone
RAP and general ER chaperones such as ERp57. Such a
complex folding process determines that any disruption in
these events will lead to receptor misfolding. The detailed
molecular mechanisms await reconstitution studies using
semi in vivo or in vitro approaches.
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