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The low density lipoprotein receptor-related protein
(LRP) is a multifunctional endocytic receptor with the
ability to bind and endocytose several structurally
and functionally distinct ligands. A 39 kDa receptor-
associated protein (RAP) inhibits all ligand interactions
with LRP in vitro. In the present study, we demonstrate
that RAP is an endoplasmic reticulum (ER) resident
protein. The tetrapepetide sequence HNEL at the
C-terminus of RAP is both necessary and sufficient
for RAP retention within the ER. Metabolic labeling
combined with cross-linking studies shows that RAP
interacts with LRP in vivo. Pulse—chase analysis reveals
that this association is transient early in the secretory
pathway and coincides with LRP aggregation and
reduced ligand binding activity. Both internal triplic-
ated LRP binding domains on RAP and multiple RAP
binding domains on LRP appear to contribute to the
aggregation of LRP and RAP. Dissociation of RAP
from LRP results from the lower pH encountered
later in the secretory pathway and correlates with an
increase in LRP ligand binding activity. Taken together,
our results thus suggest that RAP functions intra-
cellularly as a molecular chaperone for LRP and
regulates its ligand binding activity along the secretory
pathway.
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Introduction

The low density lipoprotein (LDL) receptor-related protein
(LRP) is a member of the LDL receptor gene family which
includes the well characterized LDL receptor (Yamamoto
et al, 1984), a kidney membrane protein gp330
(Raychowdhury et al., 1989) and a recently identified very
low density lipoprotein (VLDL) receptor (Takakashi ez al.,
1992). LRP is an endocytic receptor unique both for its
large size (600 kDa, see Herz er al., 1988) and its
ability to bind and endocytose several structurally and
functionally distinct ligands (see Krieger and Herz, 1994).
Ligands of LRP include a;,-macroglobulin—protease com-
plexes (a,M", Kristensen et al., 1990; Strickland et al.,
1990); tissue-type plasminogen activator (t-PA) either in its
free form (Bu et al., 1992) or complexed with plasminogen
activator inhibitor type-1 (PAI-1) (Orth er al, 1992; Bu

et al., 1993); urokinase plasminogen activator (u-PA) and
PAI-1 complexes (Nykjaer et al., 1992; Herz et al., 1992),
B-migrating VLDL (B-VLDL) complexed with either apo-
lipoprotein E (apoE, Beisiegel er al., 1989; Kowal et al.,
1989) or lipoprotein lipase (Willnow et al., 1992; Nykjaer
et al., 1993); Pseudomonas exotoxin A (Kounnas et al.,
1992); lactoferrin (Willnow et al., 1992); and tissue factor
pathway inhibitor (TFPI, Warshawsky et al., 1994). The
diversity of these ligands implies that LRP may function
as a specific endocytic receptor in a variety of distinct
physiological processes.

Most ligands bind to LRP at distinct sites and do not
compete with one another for binding (Bu et al., 1992;
Willnow et al., 1992). This abundance of distinct ligand
binding sites may relate to the large size and repeated
sequence of LRP. The extracellular portion of LRP contains
four ligand binding domains each resembling the apoE
binding domain of the LDL receptor (Herz et al., 1988).
A unique ligand, termed LRP receptor-associated protein
(RAP), inhibits all known ligand interactions with LRP
(Herz et al., 1991; Bu et al., 1992; Warshawsky et al.,
1993). RAP, also known as the 39 kDa protein owing to
its molecular size, co-purifies with LRP and binds to LRP
with high affinity (Strickland er al., 1990, 1991; Herz
et al., 1991; Iadonato et al., 1993). The mechanism(s) by
which RAP inhibits the binding and/or uptake of LRP
ligands is not clear. LRP contains approximately six times
as many binding sites for RAP compared with t-PA
(Iadonato et al., 1993) and the binding of at least two of
the LRP ligands, 0,M" and t-PA, is differentially inhibited
by RAP (Warshawsky et al., 1993). These studies, using
truncated RAP constructs, indicate that the N-terminal
domain of RAP inhibits both o,M" and t-PA binding,
whereas the C-terminal domain inhibits only t-PA binding.
These data suggest that each independent ligand binding
site on LRP may also bind RAP, and that each of these
RAP binding sites bears distinct binding determinants on
the RAP molecule.

Despite the presence of a putative signal peptide
(Strickland et al., 1991), RAP has not been detected
extracellularly. The inability to detect extracellular RAP
in cell culture media or circulating plasma may be due to
rapid flux, as RAP is avidly taken up and degraded
via LRP (Iadonato er al, 1993). Using colloidal gold
immunoelectron microscopy and U87 cells which express
abundant LRP and RAP, RAP was localized most abund-
antly within the endoplasmic reticulum (ER, 70%) and
Golgi compartments (24%) with only 2% of the total RAP
found on the cell surface and 4% in the endosomes (Bu
et al., 1994a). These observations suggest that the normal
physiological function of RAP may be intracellular. In
the current study, we demonstrate that the C-terminal
tetrapeptide, HNEL, is responsible for the ER localization
and retention of RAP. ER retained RAP functions as a

2269



G.Bu et al.

%o

g %
[+ 3 =
r ——
3 €
E] 2
A B 3333
cleovolge site 200-
— sp | RAP — 07-
A...GGK YSRE NLT AR*{NE‘, 69-
11 % .
11 323 RAPAC: o s # -RAPAHNEL
— sp | RAPAHNEL |
MA GGK YSRE NLT AR 30-
Il . I
-1 319 2 3 4
C oo :
1 RAP K RAP AHNEL
T —_—
Chase(hr) [0 05 [1[2 ]3[4 [6]8 Chase(hr)|0 [0.5] 1 [2][3]4 68
200- 200-
97 - o=
69- 69 -
46- -
RAP—2C i aie o e e RAPAHNEL-2SS w s
30- 30-
D 100a —
80 RAP
c ¥
o
= X
2 60 B
°
= 40
R

4

\k
/RA!)AHNEL -

AN

hase

Time (hr)

Fig. 1. Deletion of HNEL sequence from RAP accelerated its secretion and shortened its intracellular half-life. (A) Schematic representation of the
two plasmids containing cDNAs of either full-length RAP (RAP) or RAP with the last four amino acids, HNEL, deleted (RAPAHNEL). The putative
N-linked glycosylation site is indicated with *. SP represents RAP signal peptide and the thicker lines at each end of the cDNA constructs represent
the vector sequence of pcDNA3. (B) U87 cells stably transfected with either RAP (G16 cells) or RAPAHNEL (H1 cells) were metabolically labeled
with [33S]methionine for 1 h. Cell lysates and the overlying media were then immunoprecipitated with anti-RAP antibody. Samples were analyzed on
10% SDS—polyacrylamide gel. The positions of RAP and RAPAHNEL are labeled. The molecular weight standards in this figure and the following
ﬁéures are given on the left in kDa. (C) U87 cells transfected with either RAP (G16 cells) or RAPAHNEL (H1 cells) were pulse-labeled with
[*>S]methionine for 30 min, and chased with serum-containing medium for various periods of time as indicated. After each chase, cell lysate was
immunoprecipitated with anti-RAP antibody and analyzed on 10% SDS—polyacrylamide gels. The positions of RAP and RAPAHNEL are labeled.

(D) The amount of RAP from each chase was measured by densitometry from the fluorograghs shown in (C) and plotted against chase time.

molecular chaperone for LRP by transiently interacting
with LRP and maintaining LRP in an inactive ligand
binding state. As RAP dissociates from LRP in response
to the low pH within the Golgi, LRP becomes active as
it travels to the cell surface.

Results

HNEL sequence at the C-terminus of RAP is
required for ER retention

To investigate whether the HNEL sequence at the C-
terminus of RAP serves as an ER retention signal, we
generated two cDNA constructs by reverse transcriptase-
polymerase chain reaction (RT-PCR): full-length RAP and
RAP with the HNEL sequence deleted (designated as
RAP and RAPAHNEL, respectively, see Figure 1A). The
two cDNA constructs were subcloned into a mammalian
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expression vector pcDNA3 and stably transfected into
U87 cells. Five transfected clones were selected for
each construct. When the expression of RAP from the
transfected cell lines was analyzed by Western blotting
using anti-RAP antibody, we found that each clone
expressed ~20-50 times more RAP than untransfected
U87 cells (data not shown). One line from RAP-transfected
(G16) and one line from RAPAHNEL-transfected (H1)
cells were used for further analysis (see below).

To investigate whether overexpression of RAP resulted
in its secretion, we labeled G16 and H1 cells with
[33S]methionine for 1 h and immunoprecipitated the cell
lysates and the overlying media with anti-RAP antibody
(Figure 1B). No RAP was detected in the media from
full-length RAP-transfected G16 cells (lane 2), whereas
RAP was readily detected from the media of RAPAHNEL-
transfected H1 cells (lane 4). The secreted RAPAHNEL



migrated identically to a minor upper band seen in cell
lysates (lane 3). This upper band resulted from complex
carbohydrate modification, as discussed below. After
quantification of the band intensity of RAPAHNEL from
both medium and cells, we found that, at steady state after
1 h of continuous labeling, ~15% total radiolabeled
RAPAHNEL associated with the medium and 85%
associated with the cells. These results indicated that
deletion of the HNEL sequence accelerated RAP secretion
and is consistent with the participation of HNEL in the
ER retention of RAP. When G16 cells were labeled for
4 h, RAP secretion was observed with G16 cells, although
to a lesser degree than with the H1 cells (data not shown).

To compare directly the intracellular half-life of RAP
and RAPAHNEL, we performed pulse—chase analysis on
both G16 and H1 cells. Cells were pulse-labeled with
[**SImethionine for 30 min and chased for different periods
of time up to 8 h. As seen in Figure 1C, RAPAHNEL
disappeared rapidly from the cell compared with full-
length RAP. When band intensities were measured by
densitometry and plotted against chase time (Figure 1D),
we found that the half-life of intracellular RAP decreased
from ~3 h for full-length RAP to ~40 min for RAPAHNEL.
These results indicated that deletion of the HNEL sequence
shortened its intracellular half-life. Owing to the over-
expression of RAP, the intracellular half-life in transfected
cells is presumably much shorter than that found under
normal conditions. As the RAP sequence lacks cysteine
and contains only one methionine residue, and since
untransfected U87 cells express a much lower amount of
RAP, attempts to determine the half-life of RAP in
untransfected cells have been inconclusive (data not
shown). However, as the rat sequence contains three
methionines (Pietromonaco et al., 1990), we have deter-
mined the half-life of RAP in two rat cell lines and found
that it ranges from 13 to 18 h (Warshawsky and Schwartz,
unpublished results).

To compare the subcellular distribution of full-length
RAP and RAPAHNEL, we immunolabeled stably trans-
fected G16 and H1 cells with anti-RAP antibody followed
by colloidal gold probes (Figure 2). As illustrated in
Figure 2A and described earlier (Bu er al., 1994a), RAP
was localized mainly within the rough ER (RER) and
Golgi complex, with some immunolabeling in endosomes
marked with endocytosed bovine serum albumin (BSA)-
gold particles. Cross-sections through the Golgi complexes
in G16 cells clearly showed that RAP is confined pre-
dominantly to the cis-elements of the Golgi complex,
including one or two cis-cisternae and the intermediate
compartment. The latter was identified by double-labeling
with anti-p53 (Schweizer et al., 1988; data not shown).
Only scarce RAP labeling was seen at the trans-Golgi
cisternae and the trans-Golgi network (TGN) as noted
by characteristic coated buds and vesicles (Figure 2A).
RAPAHNEL also localized to the RER but, in contrast to
RAP, was found throughout the Golgi stacks of cisternae
(Figure 2B, C), and within the electron-dense vesicles in
the trans-Golgi area (Figure 2B). In addition, RAPAHNEL
was present more abundantly than RAP within endosomes
pre-loaded with BSA-gold particles. These results are
consistent with the notion that deletion of the HNEL
sequence from RAP abrogates its ER retention, allows the
protein to exit the ER, transit the secretory pathway,

RAP is an ER chaperone for LRP

interact with endocytic receptor(s) on the cell surface (e.g.
LRP) and be endocytosed.

ER-retained RAP includes a population of endo
H-resistant species which lacks complex
carbohydrate modification

The above pulse—chase experiments showed that while
RAPAHNEL migrated at an apparently increased molecu-
lar mass soon after its biosynthesis, the full-length RAP
did not, even after a prolonged period of chase (Figure
1C). To investigate whether all the full-length RAP are
identical in their carbohydrate modifications, we deter-
mined their sensitivity to endo H. RAP-transfected G16
cells or RAPAHNEL-transfected H1 cells were con-
tinuously labeled with [3>S]methionine for 4 h and cell
lysates were immunoprecipitated with anti-RAP antibody.
When the protein from RAP-transfected cells was sub-
jected to endo H digestion, ~35% of the total labeled
protein was found to be resistant to endo H digestion
(Figure 3A, lane 2, band a) with the remaining 65%
sensitive (lane 2, band b). Control experiments showed
that this was not a result of incomplete endo H digestion
since an identical percentage of endo H-resistant RAP
was observed with increasing amounts of endo H (data
not shown). The endo H-sensitive RAP presumably repres-
ents the protein within the ER, whereas the endo H-
resistant RAP must have exited the ER and crossed the
medial-Golgi compartment (Kornfeld and Kornfeld, 1985).
The same band from RAPAHNEL-transfected cells (lane
3, band a) exhibited complete endo H sensitivity (from
band a to band b). This suggests that, following the
deletion of the HNEL sequence, RAP transiently passes
through these compartments en route to the cell surface
without significant retention. To study the kinetics of the
generation of the endo H-resistant form, G16 cells were
pulse labeled for 30 min and chased for increasing periods
of time up to 8 h. Initially (Figure 3B, lane 1, O chase),
all the newly synthesized RAP exhibited endo H sensitiv-
ity. With increasing chase time, the endo H-sensitive
species decreased with a concomitant increase of the endo
H-resistant species. At the end of the chase (8 h), >80%
of the total RAP protein became endo H resistant. These
results indicate that newly synthesized RAP slowly
trafficks to the medial-Golgi compartment where endo H-
resistant modification occurs (Kornfeld and Kornfeld,
1985; Schwaninger et al., 1991). We also performed pulse—
chase labeling and endo H digestion for RAPAHNEL in
H1 cells. The pattern of endo H sensitivity is identical for
all the chase periods analyzed, and is similar to that shown
in Figure 3A, right panel.

HNEL resembles the KDEL sequence and is
sufficient for ER retention

Having demonstrated that the HNEL sequence of RAP is
required for ER retention, we then investigated whether
the HNEL sequence can function similarly to the KDEL
sequence and whether it is sufficient for retention of a
normally secreted protein. We chose human growth
hormone (GH) as a test protein since U87 cells do not
express endogenous GH. Three cDNA constructs were
generated with PCR and subcloned into the expression
vector pcDNA3. These include: (i) wild-type GH; (ii) GH
with the KDEL sequence attached to the C-terminus; and
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Fig. 2. Immunogold electron microscopy localization of RAP and RAPAHNEL. Immunoelectron micrographs of ultrathin cryosections from stably
transfected G16 and H1 cells labeled with 10 nm gold particles for the demonstration of RAP (A) and RAPAHNEL (B and C). Prior to fixation, the
cells were allowed to endocytose 5 nm BSA—gold particles for 1 h. Bars represent 200 nm. (A) G16 cells showing RAP present in the rough
endoplasmic reticulum (R) and in cis-Golgi elements (cG). The trans-Golgi elements (tG) are largely devoid of detectable RAP. Some RAP was
found in endosomes marked with endocytosed BSA—gold particles (E). (B and C) H1 cells showing RAPAHNEL present throughout the Golgi
stacks, in endosomes (E) containing BSA-gold particles and in electron-dense vesicles (arrowhead) in the trans-Golgi area. N, nucleus.

(iii) GH with the HNEL sequence attached to the C-
terminus. These three constructs together with vector alone
were then transiently transfected into U87 cells and
the kinetics of GH secretion were studied. Transiently
transfected cells were pulse-labeled with [3°S]methionine
for 30 min and chased for 60 min (Figure 4A). At
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30 min of chase, half of the overlying medium from each
transfection was removed for analysis of GH secretion.
At 60 min the remaining media and the cell lysates were
analyzed. The intensity of each band was quantitated and
plotted for comparison (Figure 4B). As seen in the figure,
>80% of the wild-type GH was secreted at the end of
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Fig. 3. Intracellular RAP includes an endo H-resistant species which
lacks complex carbohydrate modification. (A) U87 cells stably
transfected with either RAP (G16 cells) or RAPAHNEL (H1 cells)
were metabolically labeled with [3*S]methionine for 4 h and
immunoprecipitated with anti-RAP antibody. Cell lysates were
incubated in the absence or presence of endo H and analyzed on 10%
SDS—polyacrylamide gel. The position labeled with ‘a’ represents RAP
with simple carbohydrate modification (includes both endo H-sensitive
and -resistant species), whereas the position labeled with ‘b’ indicates
endo H-sensitive RAP or RAPAHNEL which had simple carbohydrate
modification removed by endo H. The position ‘c’ represents the
species which contains complex carbohydrate modification (endo
H-resistant). (B) U87 cells stably transfected with RAP (G16 cells)
were pulse-labeled and chased as in Figure 1C. After each chase, cell
lysates were immunoprecipitated with anti-RAP antibody and
subjected to endo H digestion. The position labeled ‘a’ represents endo
H-resistant RAP, whereas the position labeled ‘b’ indicates endo
H-sensitive RAP with simple carbohydrate modification removed by
endo H. All samples were analyzed on 10% SDS—polyacrylamide gels.

60 min chase, whereas almost 50% of GH containing
either KDEL or HNEL remained within the cell. It is
unlikely that the addition of KDEL and HNEL tetrapep-
tides at the C-terminus of GH would cause significant
misfolding of the protein. Therefore, the retention of
GH+KDEL and GH+HNEL must have resulted from
interactions between these tetrapeptides and ER retention
receptor(s). The incomplete retention by either the KDEL
or HNEL sequence is presumably due to the overexpres-
sion of the proteins and saturation of the retention
system(s).

RAP interacts with LRP inside the cell

To examine the function of RAP within the ER, we
performed chemical cross-linking experiments in vivo on
U87 cells (Figure 5A). Cells were metabolically labeled
with [3S]cysteine for 5 h. Intracellular proteins were
cross-linked either with the membrane-impermeable cross-
linker DTSSP following permeablization of cells with
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Fig. 4. Retention of GH by KDEL and HNEL. (A) U87 cells were
transiently transfected with the following plasmids: pcDNA3 (vector),
pcDNA3 containing wild-type GH (GH), pcDNA3 containing GH with
KDEL attached to the C-terminus (GH+KDEL) or pcDNA3
containing GH with HNEL attached to the C-terminus (GH+HNEL).
For each transfection, cells were pulse-labeled with [*>S]methionine
for 30 min. After 30 min chase, half of the medium was removed
from each transfection. After 60 min chase, the remaining medium and
cell lysate from each transfection were harvested. Media and cell
lysates were then immunoprecipitated with anti-GH antibody before
they were analyzed on 15% SDS-polyacrylamide gel. Proteins from
GH+KDEL or GH+HNEL transfections migrated slightly slower on
the gel than that of wild-type GH transfection, reflecting their larger
sizes as a result of addition of amino acids. (B) The amount of GH
from each sample was measured by densitometry from the fluorogragh
in (A). One hundred percent represents the total radiolabeling from

30 min medium, 60 min medium and 60 min cell lysates.

saponin, or with the membrane-permeable cross-linker
DSP without cell permeabilization. Cell lysates were then
immunoprecipitated with anti-RAP antibody and analyzed
on SDS-PAGE under either non-reducing or reducing
conditions. In each case, without the addition of cross-
linker, no labeled protein was co-immunoprecipitated by
the anti-RAP antibody. This indicates that the antibody
does not cross-react with other cellular proteins. RAP
itself is not labeled since its sequence lacks cysteine. With
the addition of either cross-linker, labeled proteins can
be seen. Under non-reducing conditions, labeled protein
species migrated at the top of the gel, indicating that RAP
has been cross-linked to other proteins which together
migrated as large complexes. When the cross-linked mat-
erials were analyzed under reducing conditions, bands
corresponding to the migration of LRP were seen with
both cross-linkers. Since these experiments were per-
formed with intact cells, they demonstrate directly an
interaction between RAP and LRP within the cell. In
order to confirm that the co-immunoprecipitation of LRP
with RAP was due to their interaction as opposed to
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Fig. 5. Chemical cross-linking of LRP to RAP in U87 cells. (A) U87
cells were metabolically labeled with [33S]cysteine for 5 h and
incubated with PBSc in the absence or presence of cross-linkers. For
membrane-impermeable cross-linker DTSSP, cells were first
permeabilized with saponin, whereas they were cross-linked directly
with membrane-permeable cross-linker DSP. Cell lysates were
immunoprecipitated with anti-RAP antibody and were analyzed on 6%
SDS-polyacrylamide gels under either non-reducing or reducing
conditions. Open arrowhead indicates the top of the stacking gel, and
the closed arrowhead refers to the top of the separating gel. The
position of LRP is indicated with a closed arrow. RAP was not labeled
in this experiment since it lacks cysteine in its sequence. (B) U87 cells
and RAP stably transfected G16 cells were metabolically labeled with
[35S]methionine and [”S]cysteine for 5 h, permeablized with saponin
and incubated with PBSc either in the absence or presence of the
cross-linker DTSSP. Cell lysates were immunoprecipitated with anti-
RAP antibody and were analyzed on 10% SDS-polyacrylamide gels
under either non-reducing or reducing conditions. The positions of
LRP and RAP are indicated. Since U87 cells expresses lower amounts
of RAP compared with the stably transfected G16 cells, the band
corresponding to RAP is not visible for U87 cells at the above
exposure, but is visible for G16 cells.

antibody cross-reactivity, we performed the same labeling,
cross-linking and immunoprecipitation experiments in
RAP-transfected G16 cells using both [>3S]cysteine and
[**S]methionine for labeling (Figure 5B). In comparison
to U87 cells, RAP-transfected G16 cells exhibited a
labeled band corresponding in size to that of RAP. Under
non-reducing conditions, cross-linking with DTSSP
decreased the intensity of RAP in G16 cells (compare
lanes 3 and 4). Under reducing conditions, the cross-linked
material generated both the LRP and RAP, confirming that
both RAP and LRP were components of the cross-linked
complexes. It is of note that LRP was the only major
labeled protein cross-linked to RAP. We also performed
DTSSP cross-linking with non-permeabilized U87 cells.
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No significant amount of LRP was cross-linked to RAP
(data not shown), consistent with the fact that only a
minimal amount of RAP (~2% of total) is present on the
U87 cell surface (Bu et al., 1994a).

Multiple regions of the 39 kDa protein can
independently interact with LRP

In examining the RAP sequence for the presence of
potential repeated domains, we noted a remarkable internal
triplication (Figure 6A). When the RAP sequence is
analyzed as three fragments of approximately equal size
(amino acids 1-100, 101-200 and 201-323), we find
identity between these regions ranging from 27% to as
high as 40%. To investigate whether each of the three
repeats from the human RAP sequence constitutes an
independent domain capable of interacting with LRP, we
generated overlapping cDNA constructs consisting of
amino acids 1-110, 91-210 and 191-323, along with
the full-length RAP cDNA (Figure 6B). These cDNA
constructs were subcloned into the pGEX-2T expression
vector to generate glutathione S-transferase (GST) fusion
proteins in bacteria (Warshawsky et al., 1993). The fusion
proteins were purified to homogeneity and were recognized
by both anti-GST and anti-RAP polyclonal antibodies on
Western blots (data not shown). To examine whether each
of these GST fusion proteins can interact with LRP, we
performed ligand binding analysis with [**S]cysteine-
labeled U87 cells. Following binding at 4°C and washing,
the remaining proteins were cross-linked to the U87 cell
surface species using the membrane-impermeable cross-
linker DTSSP (see above, Bu et al, 1992). Cell lysates
were then immunoprecipitated with anti-GST antibody
and the resulting materials were analyzed by SDS-PAGE
(Figure 6C). Without protein binding or following binding
of GST alone, no LRP band was detected. However, with
each of the three constructs, as well as with the full-length
GST/RAP, LRP bands were seen, indicating that each of
these species had interacted with and been cross-linked to
LRP. The observation that each of the three internal
triplicated domains may interact with LRP suggests that
each RAP molecule is capable of interacting with more
than one molecule of LRP. This may well contribute to
the formation of the aggregated complexes discussed
above (see Figure 5) which may include multiple RAP
and LRP molecules.

Association of RAP with LRP is transient and
coincides with the reduction of LRP ligand binding
activity

To examine the kinetics of intracellular association of
RAP and LRP and the effects of this association on
LRP ligand binding activity, we performed pulse—chase
experiments and examined the association of RAP with
LRP kinetically. U87 cells were pulse-labeled with
[33S]cysteine for 30 min and chased for increasing periods
of time up to 5 h. Cells were then permeablized with
saponin to release soluble intracellular RAP. This pro-
cedure minimizes any additional association between RAP
and LRP during cell lysis. Cell lysates were then prepared
and divided into two parts. One portion from each chase
period was immunoprecipitated with anti-RAP antibody
in the absence of SDS (Figure 7A, top). Previous experi-
ments had shown that LRP is co-immunoprecipitable with
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residues 1-100, 101-200 and 201-323 of RAP. Identical residues are on a closed box background, and conservative amino acid substitutions are on
an open box background. The one-letter amino acid notation is used. (B) Schematic representation of GST/RAP constructs. All constructs were
expressed as fusion proteins with GST and therefore contain GST at the N-termini. (C) U87 cells were metabolically labeled with [**S]cysteine for
5 h. Binding with various GST/RAP constructs was then performed, followed with chemical cross-linking with DTSSP. Cells lysates were
immunoprecipitated with anti-GST antibody and analyzed on 6% SDS-polyacrylamide gels under reducing conditions. The position of LRP is

indicated.

RAP in the absence of SDS (also see Figure 8 below).
The other portion was incubated with a,M*—Sepharose
(Figure 7A, bottom), a well-established ligand for LRP
(Bu et al., 1992; Williams et al., 1992; Warshawsky et al.,
1993). Radiolabeled LRP was extractable from the cell
lysates by 0,M"~Sepharose following longer chase times
(Figure 7A). The intensity of each radiolabeled band was
quantitated and plotted against the chase time (Figure 7B).
As seen in the figure, the association of endogenous RAP
with radiolabeled LRP reached a maximum early in the
chase (0.5 h). The association gradually decreased to 40%
of the maximum by 5 h of chase. In contrast, little o,M"
binding activity of LRP was seen early in the chase period
when RAP association was maximal. However, after ~2 h
chase, 0,M" binding activity increased to the maximum.
This ligand binding activity of LRP decreased slightly
following 2 h of chase and is probably a result of the
cellular turnover of LRP molecules.

To examine whether changes in the ligand binding
activity of LRP correlate with its dissociation from RAP,
we performed the same pulse—chase labeling experiments
as in Figure 7A, except that, after each chase period and
cell permeabilization, intracellular proteins were cross-
linked with DTSSP. When cell lysates were immuno-
precipitated with anti-RAP antibody, the kinetics of LRP
co-immunoprecipitation (data not shown) were similar to
that observed in these non-cross-linked cells and shown
in Figure 7A. However, when cell lysates were immuno-

precipitated with anti-LRP antibody, the pattern of LRP
seen on SDS-PAGE is intriguing (Figure 7C). Under non-
reducing conditions, all cellular LRP in the early chase
period (01 h) was cross-linked in large complexes migrat-
ing on the top of the gel. Since the cross-linking efficiency
under these conditions was <40% (data not shown), each
LRP molecule must have interacted with at least two RAP
molecules in order for all of LRP to be cross-linked into
RAP-LRP complexes. After ~1.5 h chase, free LRP was
seen, indicating that some of the LRP molecules had
dissociated from the RAP-LRP complexes. Although free
LRP is apparent after 1.5 h chase, a substantial fraction
of LRP remains associated with a high molecular weight
complex, which may include RAP as well as other
interacting proteins. These kinetic observations of free
LRP generation following its de novo biosynthesis are
similar to the kinetics of LRP ligand binding activity as
seen in Figure 7A and B, and are consistent with the
notion that RAP functions as a molecular chaperone by
maintaining the receptor in a functionally inactive state
early on in the secretory pathway. Under reducing con-
ditions, the total amount of LRP remained similar at all
chase periods, reflecting its relatively long half-life.

RAP dissociates from LRP under moderately low
pH conditions of the Golgi

To examine whether the pH gradient along the secretory
pathway contributes to the association/dissociation of
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Fig. 7. Association of RAP with LRP inhibits LRP ligand binding
activity. (A) U87 cells were pulse-labeled with [33S]cysteine for 0.5 h
and were chased for various periods of time as indicated. Cell lysates
were either immunoprecipitated with anti-RAP antibody in the absence
of SDS, or incubated with a,,M*-Sepharose beads. Samples were
analyzed on 6% SDS—polyacrylamide gels under reducing conditions.
The position of LRP is indicated. (B) The intensity of each band in
(A) was measured by densitometry and ?lotted against the chase time.
(C) U8T7 cells were pulse-labeled with [ 5S]cysteine for 0.5 h and were
chased for various periods of time as indicated. Cells were
permeabilized with saponin and cross-linked with DTSSP. Cell lysates
were then immunoprecipitated with anti-LRP antibody and were
analyzed on 6% SDS—polyacrylamide gels under either non-reducing
or reducing conditions. The position of LRP is indicated.

RAP and LRP, we analyzed RAP-LRP interactions under
various pH conditions. U87 cells were metabolically
labeled with [33S]cysteine for 5 h following which cell
lysates were immunoprecipitated under conditions of
decreasing pH (Figure 8A). As in Figure 7A, LRP was
co-immunoprecipitated with RAP at neutral pH (pH 7.2)
in the absence of SDS (Figure 8A, lane 2). Anti-LRP
antibody immunoprecipitated the same LRP band under
identical pH conditions (lane 1). When Ca?* was chelated
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in the immunoprecipitation mixture by EDTA, no LRP
was co-immunoprecipitated with RAP, indicating that the
interaction is calcium dependent (lane 3). LRP was also
co-immunoprecipitated with RAP at pH 7.0 and 6.8 (lanes
4 and 5). However, at pH of 6.6 and below, LRP was no
longer co-immunoprecipitated with RAP (lanes 6 and 7).
This result was not due to a decreased interaction between
RAP and the anti-RAP antibody at lower pH since the anti-
RAP antibody immunoprecipitated ['>I)RAP identically
under all pH conditions examined (Figure 8A, below).
The pH-dependent dissociation may well be the determin-
ing factor for RAP dissociation from LRP in vivo. To
confirm these results, we also performed ['2IJRAP binding
to LRP on the U87 cell surface (Bu et al., 1994a) under
different pH conditions (Figure 8B). Maximum binding
of ['>I]RAP to LRP was observed at pH 7.0. At pH of
6.6 and below, there is a dramatic decrease in ['>’I|RAP
binding. These results are consistent with those of the co-
immunoprecipitation assays and strongly suggest a new
type of mechanism by which a molecular chaperone
departs from its target protein.

Discussion

Despite being widely used as a powerful tool in studying
the biology of LRP, the physiological role of RAP is
unknown. It is unlikely that the normal physiological
function of RAP is extracellular since the protein has
never been detected outside the cell. On the basis of the
present results, we conclude that RAP is a molecular
chaperone with LRP as its physiological target. Its function
as a chaperone involves the regulation of LRP’s ligand
binding activity as the receptor travels through the
secretory pathway. Via its interactions with LRP, RAP
maintains LRP in a functionally inactive state until sorting
to the cell surface. This appears to be physiologically
important since all of the LRP ligands (e.g. t-PA, o,M*,
apoE) are secreted proteins and presumably travel by the
same secretory pathway as LRP.

Although most of the molecular chaperones within the
ER are involved in protein folding and the retention of
unassembled proteins (Gething and Sambrook, 1992),
recent evidence supports a role for molecular chaperones
in the transport of substrate to a particular subcellular
compartment as well as the controlled modulation of
substrate activity (Hendrick and Hartl, 1993). Barks and
Martens (1994) have recently demonstrated that the neuro-
endocrine polypeptide 7B2 belongs to this class of
chaperones and functions by preventing the premature
activation of the prohormone convertase PC2 within the
secretory pathway. Similarly, the heat-shock protein 90
(hsp90) has been shown to regulate the glucocorticoid
receptor activity (Pratt, 1993). We propose that RAP also
belongs to this category of molecular chaperone. By
maintaining LRP in an inactive and possibly aggregated
state, RAP may effectively prevent other ligands from
interacting with LRP prior to the time at which LRP
matures to the cell surface. This function of RAP also
resembles that of the invariant chain in regulating the
peptide binding activity of MHC class II molecules (Sant
and Miller, 1994). In the latter case, binding of the
invariant chain to class II molecules prevents peptide
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binding from taking place early in the biosynthesis and
trafficking of the class II molecules.

The chaperone function of RAP requires the presence
of this protein within the ER. Using several different
experimental approaches, we demonstrate that the HNEL
sequence at the C-terminus of RAP is both required for
and sufficient to retain RAP within the ER. Although
the HNEL sequence may resemble the well-known ER
retention sequence KDEL (Munro and Pelham, 1987;
Lewis and Pelham, 1990; Rothman and Orci, 1992),
it probably represents a new mammalian ER retention
sequence. Whether HNEL shares the same ER retention
receptor with KDEL is not clear at present. However, it
is possible that the two ER retention sequences may
interact with the same receptor given the sequence
similarity between the two signals. Since intracellular
RAP lacks complex glycans added in the trans-Golgi
(Kornfeld and Kornfeld, 1985), retrieval of RAP by the
specific receptor must occur prior to exit from the medial-
Golgi compartment.

The intracellular interaction between RAP and LRP
was demonstrated not only by co-immunoprecipitation of
LRP with RAP, but also via direct chemical cross-linking
of the two proteins within intact cells. Previous studies
suggesting an association between RAP and LRP have
involved lysis of cells prior to co-immunoprecipitation of
LRP with RAP (Strickland et al., 1991). However, the
possibility exists that association of the two proteins
occurred as a result of the disorganization of intracellular
compartments during cell lysis. By use of a membrane-
permeable chemical cross-linking reagent, we demon-
strated the association of the two proteins prior to cell
lysis. It is interesting to note that when cells were
permeabilized with the permeabilization reagent saponin,
~60% of the total intracellular RAP was released (data

not shown), indicating that this portion of RAP was not
associated with a membrane-bound protein. It is possible
that these soluble RAP molecules interact with other
resident proteins within the ER. In fact, following cross-
linking with DSP in U87 cells labeled with [3S]-
methionine, we observed several proteins of variable sizes
that were cross-linked to RAP (data not shown).

The mechanism by which RAP associates with LRP
within cells is not entirely clear. However, our cross-
linking experiments suggest the formation of large aggre-
gates which contain both RAP and LRP. The internal
triplication within the RAP sequence results in three
independent functional domains, each of which can interact
with LRP. Within LRP molecules, there are also multiple
RAP binding domains. For example, using a truncated
LRP minireceptor system, Willnow er al. (1994) have
recently demonstrated that there were at least two inde-
pendent RAP binding domains on LRP. Therefore, both
multiple LRP binding domains on RAP and multiple RAP
binding domains on LRP may contribute to the formation
of RAP-LRP aggregates. Alternatively, RAP binding to
LRP may induce a conformational change in LRP such
that LRP molecules migrate toward one another to form
aggregates. Either a conformational change in LRP or
aggregation itself may be responsible for LRP inactivation.

The kinetics of the association of RAP and LRP
demonstrated that this association decreased as LRP
migrated through the secretory pathway and correlated
with an increase in LRP ligand binding activity. More
intriguingly, RAP dissociation from LRP occurs at a pH
of 6.6 or below. Since the pH within the Golgi compartment
is ~6.4-6.6 (Chanat and Huttner, 1991), it appears likely
that in vivo RAP dissociates from LRP within the Golgi.
The fact that intracellular RAP lacks complex carbohydrate
modification, which is normally added in the trans-
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Fig. 9. Model of intracellular RAP function as a molecular chaperone
for RAP. Inside the ER, RAP exists both in soluble form and in
aggregation with multiple LRP molecules. The association of RAP
with LRP keeps LRP in a functionally inactive state. RAP-LRP
aggregates travel together to the medial-Golgi compartment where
they dissociate from each other as a result of lower pH. LRP proceeds
to the cell surface in a functionally active state, while RAP molecules
are retrieved back to the ER by HNEL/KDEL receptors where they
continue their chaperone functions.

Golgi compartment (Kornfeld and Kornfeld, 1985), further
suggests that the dissociation between RAP and LRP takes
place in the medial-Golgi compartment. It is possible that
other factors such as calcium concentration may also
contribute to the association/dissociation of LRP and RAP.
However, the pH drop along the secretory pathway alone
would be sufficient to promote the dissociation of RAP
from LRP. Based upon our current results, a model
depicting the molecular chaperone function of RAP is
proposed (Figure 9). In this model, the majority of RAP
resides within the ER. Soon after the biosynthesis of
LRP, RAP associates with the receptor and initiates the
formation of multi-molecular aggregates. Within these
aggregates LRP is inactive in ligand binding. Following
their trafficking together to the medial-Golgi compartment,
RAP dissociates from LRP as a result of the low pH. The
dissociated RAP may exhibit a high affinity for the
retrieval receptor at low pH, similar to that seen with the
KDEL/KDEL receptor system in vitro (Wilson et al.,
1993). The retrieval receptors shuttle RAP back to the ER
where neutral pH unloads RAP from its retrieval receptor.
These RAP molecules may then interact with additional
LRP molecules to reinitiate their chaperone function.
The low pH within the medial- and frans-Golgi which
facilitates RAP dissociation also impedes the binding of
other LRP ligands to LRP within the terminal portions of
the secretory pathway (Maxfield and Yamashiro, 1991).
This facilitates the coordinate secretion of LRP ligands
(e.g. 0,M", t-PA, apoE) and delivery of unliganded LRP
to the cell surface.

While only experiments performed with U87 cells are
shown in the present study, many of the key experiments
(e.g. intracellular cross-linking between LRP and RAP)
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have also been performed with other cell types including
human hepatoma HepG2 cells and rat hepatoma MH,C,
cells (Bu et al., 1992, 1993; data not shown) and yield
identical results. Therefore, the molecular chaperone func-
tion of RAP for LRP appears to be a general function of
RAP in all cells which express LRP. Furthermore, it is
also possible that other cellular receptors are also regulated
in their ligand binding activity via similar mechanisms as
they traverse the secretory pathway.

Materials and methods

Cell culture

Human glioblastoma US87 cells were cultured in Earle’s minimum
essential medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin, 1 mM
sodium pyruvate, and maintained at 37°C in humidified air containing
5% CO, as described previously (Bu er al., 1994a).

Antibodies

Polyclonal anti-RAP antibody was prepared in rabbits against recombin-
ant human RAP (Bu ez al., 1994a). Specific anti-RAP IgG was purified
with a RAP-Sepharose column after total anti-RAP IgG was prepared
with protein A—agarose. Polyclonal anti-LRP antiserum, anti-GH anti-
serum and anti-GST antiserum were generated in rabbits using human
LRP purified from human placenta, recombinant human GH and recom-
binant GST protein, respectively.

PCR cloning of cDNAs and plasmid construction

Human full-length RAP and RAPAHNEL cDNAs were prepared using
RT-PCR techniques as described before (Bu et al., 1994b). Briefly,
mRNA from U87 cells and random primers were used for RT reaction
to generate first strand cDNAs. The RT reaction mixtures were then
used for the PCR using the following primers: for full-length RAP,
5’ primer GATCGGATCCGGGATGATGGCGCCGCGGAGGGTCA, 3’
primer GATCCTCGAGTCAGAGTTCGTTGTGCCGAGCTC; for RAP-
AHNEL, 5’ primers was identical to that for the full-length RAP, and
the 3’ primer was GATCCTCGAGTCACCGAGCTCTGGAGATCC-
TGCCG. The 5’ primer contained a built-in BamHI site, whereas each
of the 3’ primers included a built-in Xhol site. The PCR reactions were
cycled once for 5 min at 95°C before Tag DNA polymerase was added.
This was followed with 30 cycles of 30 s at 60°C, 2 min at 72°C and
30 s at 95°C. The resulting PCR products were digested with BamHI
and Xhol and subcloned into the pcDNA3 expression vector (Invitrogen).
For the three GH constructs, each cDNA was generated using full-length
human GH cDNA (generously provided by Genentech) as the template.
The common 5’ primer was GATCAAGCTTCTGCAATGGCTACA-
GGCTCCCG (with a built-in HindIlI site). The three 3’ primers were:
for wild-type GH: GATCGGATCCCTAGAAGCCACAGCTGCCCTCC;
for GH+KDEL: GATCGGATCCCTAGAGTTCATCTTTGAAGCCAC-
AGCTGCCCTCCACA; and for GH+HNEL: GATCGGATCCCTAGA-
GTTCGTTGTGGAAGCCACAGCTGCCTCCACA. Each of the 3’
primers contained a built-in BamHI site. The PCR was carried out
essentially as described above except the elongation period was 1 min.
The three PCR products were then digested with HindIll and BamHI
before they were subcloned into pcDNA3. The pGEX-RAP constructs
were prepared using PCR essentially as described before (Warshawsky
et al., 1993) except human RAP cDNA in pcDNA3 was used as the
template. For each construct the primers are listed below: GST/RAP1-
110: 5’ primer, GATCGGATCCTACTCGCGGGAGAAGAACCAGCC,
3" primer, GATCGAATTCTCAGTCTTCCTGGGTGCCACTGAGGG;
GST/RAP91-210: 5’ primer, GATCGGATCCGACGGAAAGAAGG-
ACGCTCGGCAG, 3’ primer, GATCGAATTCTCACTGGTGGCTG-
ACCCTGCGCAGGC; GST/RAP191-323: 5' primer, GATCGGATC-
CAAGGAGAAGCTGCGCAGCATCAAC, 3’ primer, GATCGAATT-
CTCAGAGTTCGTTGTGCCGAGCTC; and GST/RAP1-323, 5’ primer
was the same as the 5’ primer for GST/RAP1-100, and 3’ primer was
the same as the 3 primer for GST/RAP191-323. All the cDNA sequences
generated by RT-PCR or PCR were verified by sequencing.

Transient and stable transfections

U87 cells were transfected with various plasmids at ~50% confluence
using Lipofectin reagent (BRL). For 10 cm dishes of U87 cells, 10 pg
DNA and 50 pl Lipofectin in serum-free medium were used. Serum-



containing medium was added after 5 h of transfection. Cells were
trypsinized after 48 h of transfection. For transient transfection, cells
were replated in smaller sized dishes or multi-well plates and assayed
the next day. For stable transfection, cells were plated to low densities
in medium containing G418 (0.4 mg/ml). Individual colonies were then
selected and assayed for the target protein by Western blotting. Positive
clones were grown as individual cell lines. Generally, five clones for
each transfection were established before a representative one was used
for further analysis.

Metabolic labeling and pulse—chase experiments

For continuous metabolic labeling, cells at ~80% confluence were
incubated for 30 min at 37°C with two changes of serum-free medium
lacking either methionine, or cysteine or both. Metabolic labeling was
initiated by the addition of the above medium supplemented with the
corresponding [33S]methionine, or [33S]cysteine or both (200 uCi/ml).
The labeling was continuous for various periods of time as specified in
each experiment. For pulse—chase experiments, cells were pulse-labeled
with either [>*S]methionine or [33S]cysteine for 30 min, and chased with
serum-containing medium for different periods of time, as specified in
each experiment. The total amount of labeled protein for each chase
period was normalized by applying equal amounts of TCA-precipitable
radioactivity for immunoprecipitation.

Immunoelectron microscopy

G16 and HI cells were fixed in a mixture of 2% paraformaldehyde and
1% acrolein in 0.1 M sodium phosphate buffer, pH 7.4, for 2 h and kept
in 1% paraformaldehyde in the same buffer until further processing.
Cell samples were embedded in 10% gelatin which was solidified on
ice. Blocks with cells were immersed in 2.3 M sucrose in phosphate
buffer prior to cryosectioning. Ultra-thin cryosections were picked up
from the knife and were immunolabeled with 10 nm protein A-conjugated
colloid gold probes (Slot and Geuze, 1985). The labeled sections were
contrasted and embedded as described previously (Slot ez al., 1988).

Chemical cross-linking

Cells were washed three times on ice with pre-chilled phosphate-buffered
saline (PBS) supplemented with 1 mM CaCl, and 0.5 mM MgCl,
(PBSc). For intracellular cross-linking with DTSSP, cells were first
permeablized with 0.1% saponin (w/v) for 30 min at 4°C. DTSSP
(0.5 mM final) in PBSc was added and cells were cross-linked for
30 min at 4°C. For cross-linking with DSP, a stock solution (50 mM)
was prepared in dimethylsulfoxide (DMSO) and added to PBSc on the
cells (final concentration was 1 mM). The cross-linking reaction was
carried out at 4°C for 30 min. All the cross-linking reactions were
quenched by washing cell monolayers three times with Tris-buffered
saline (TBS). Cells were then lysed in PBSc containing 1% (v/v) Triton
X-100 and 1 mM phenylmethylsulfonylfluoride (PMSF) and used for
immunoprecipitation as described below.

Immunoprecipitations and SDS-PAGE

Immunoprecipitations were carried out essentially as described before
(Bu er al., 1993). For immunoprecipitation in the absence of SDS, the
washing solution was PBSc containing 0.5% (v/v) Triton X-100 and
1 mM PMSF. Primary antibodies used for 1 ml of immunoprecipitation
were 4 g specific anti-RAP IgG, 10 pl anti-LRP serum, 10 pl anti-GH
serum or 10 pl anti-GST serum. The immunoprecipitated materials were
released from the beads by boiling each sample for 5 min in SDS sample
buffer [62.5 mM Tris—HCI, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol]
(Laemmli, 1970). For samples analyzed under reducing conditions, 5%
(v/v) B-mercaptoethanol was included in the SDS sample buffer. The
percentage of SDS-polyacrylamide gels is indicated in each figure
legend. Rainbow molecular weight markers (BioRad) were used as the
molecular weight standards.

Endo H digestion

After immunoprecipitation, protein A beads were boiled in 100 mM
sodium acetate, pH 5.5, containing 0.4% SDS. Each elution was divided
into two equal parts. The control portion was combined with an equal
volume of 100 mM sodium acetate, pH 5.5, without endo H. The
experimental portion was added to an equal volume of the same buffer
containing 1 mU of endo H (Boehringer Mannheim). The digestion was
carried out at 37°C for 16 h before the samples were analyzed via
SDS-PAGE.

pH-dependent association of LRP with RAP
Each pH buffer consisted of 50 mM buffer reagent and 150 mM NaCl.
For pH 6.8-7.2, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
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(HEPES) was used as the buffer reagent, whereas 2-(4-morpholino)-
ethane sulfonic acid (MES) was used for pH 6.4-6.6. For co-immuno-
precipitation experiments, [33S]cysteine-labeled U87 cells were lysed in
10 mM HEPES buffer, pH 7.2, containing 150 mM NaCl, 1% (v/v)
Triton X-100 and 1 mM PMSFE. A 100 pl aliquot of the 33S-labeled cell
lysate was mixed with 900 pul of each pH buffer for immunoprecipitation.
Protein A beads were washed three times with the corresponding pH
buffer containing 0.5% (v/v) Triton X-100 and three times with PBSc
before proteins were eluted and analyzed. For the ['2SI]RAP ligand
binding experiment (Bu et al., 1994b), cell monolayers were washed
twice with PBSc and twice with the pH buffer. Ligand binding was
carried out in the corresponding pH buffer in the absence or presence
of unlabeled ligand.

Ligand binding and cross-linking of GST/RAP constructs
Production and purification of the recombinant GST/RAP proteins
expressed in bacteria have been described previously (Williams et al.,
1992; Bu et al., 1993). Cells were metabolically labeled with [33S]-
cysteine, as described before. Ligand binding assays were carried out
by incubating each ligand (10 nM) in PBSc with the cells for 1 h at
4°C. Unbound ligands were washed away before cell surface cross-
linking with DTSSP was performed. Each cell lysate was immuno-
precipitated with anti-GST antiserum as described above.
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