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Megalin (gp330) is a member of the low-density lipoprotein receptor gene family. Like
other members of the family, it is an endocytic receptor that binds a number of specific
ligands. Megalin also binds the receptor-associated protein (RAP) that serves as an
exocytic traffic chaperone and inhibits ligand binding to the receptor. To investigate the
fate of megalin/RAP complexes, we bound RAP glutathione-S-transferase fusion protein
(RAP-GST) to megalin at the surface of L2 yolk sac carcinoma cells and followed the
trafficking of the complexes by immunofluorescence and immunogold labeling and by
their distribution on Percoll gradients. We show that megalin/RAP-GST complexes,
which are internalized via clathrin-coated pits, are delivered to early endosomes where
they accumulate during an 18°C temperature block and colocalize with transferrin and
transferrin receptor. Upon release from the temperature block, the complexes travel to
late endosomes where they colocalize with rab7 and can be coprecipitated with anti-
RAP-GST antibodies. Dissociation of the complex occurs in late endosomes and is most
likely triggered by the low pH (-5.5) of this compartment. RAP is then rapidly delivered
to lysosomes and degraded whereas megalin is recycled to the cell surface. When the
ligand, lipoprotein lipase, was bound to megalin, the receptor was found to recycle
through early endosomes. We conclude that in contrast to receptor/ligand complexes,
megalin/RAP complexes traffic through late endosomes, which is a novelty for members
of the low-density lipoprotein receptor gene family.

INTRODUCTION

Megalin (gp330) is a large endocytic receptor found in
clathrin-coated pits at the apical surface of a number
of epithelia (Kerjaschki and Farquhar, 1983; Kerjaschki
et al., 1987; Farquhar et al., 1994, 1995). Megalin has
been cloned (Saito et al., 1994) and from its predicted
protein sequence found to be a member of the low-
density lipoprotein (LDL)Y receptor gene family (Ray-
chowdhury et al., 1989), which now includes the LDL
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receptor-related protein/ a2-macroglobulin receptor
(LRP), the very low-density lipoprotein (VLDL) recep-
tor, and the vitellogenin receptor, as well as the LDL
receptor (Brown et al., 1991; Krieger and Herz, 1994).
Megalin, like LRP, has been shown to bind multiple
ligands including apolipoprotein E-enriched a3 VLDL,
lipoprotein lipase (LPL), urokinase/PAI-1 complexes,
lactoferrin (Willnow et al., 1992; Moestrup et al., 1993;
Kounnas et al., 1994), Ca2+ (Christensen et al., 1992),
and polybasic drugs (Moestrup et al., 1995). In addi-
tion, megalin binds the receptor-associated protein
(RAP) (Kounnas et al., 1992; Orlando et al., 1992), a
44-kDa protein that blocks binding of ligands to mega-
lin (Williams et al., 1992; Willnow et al., 1992; Moestrup
et al., 1993) and to other members of the LDL receptor
family (Willnow et al., 1992; Battey et al., 1994; Medh et
al., 1995).
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We have previously shown by coprecipitation and
cosedimentation assays that RAP serves as a molecu-
lar chaperone which rapidly associates with megalin
in the endoplasmic reticulum (ER; Orlando and Far-
quhar, 1992; Biemesderfer et al., 1993; Orlando et al.,
1994a). Although the majority of the RAP is found in
the ER (Lundstrom et al., 1993; Orlando et al., 1994a), in
keeping with its having an ER retrieval sequence
(Strickland et al., 1991), it has also been detected in the
Golgi (Bu et al., 1994; Orlando et al., 1994a; Farquhar et
al., 1995) and at the cell surface of several cell types
[e.g., fibroblasts (Strickland et al., 1991), F9 teratocar-
cinoma cells (Czekay et al., 1995a), and glomerular
epithelial cells (Kerjaschki et al., 1996)]. This has led to
the suggestion that RAP may function as an exocytic
"traffic chaperone" for some members of the LDL
receptor gene family (Bu and Rennke, 1996; Willnow
et al., 1996). Because RAP is an antagonist for ligand
binding, its presence on the cell surface precludes
uptake and internalization of ligands by megalin. For
megalin to serve effectively as an endocytic receptor
for its numerous ligands requires the dissociation of
RAP after arrival of the megalin/RAP complex on the
cell surface. The fact that the stability of megalin/RAP
complexes is sensitive to low pH (Czekay et al., 1995b)
suggests that the complexes might dissociate in an
endosomal compartment.

In this paper, we have investigated the endocytic
trafficking of megalin/RAP complexes in L2 rat yolk
sac carcinoma cells that express megalin and RAP
(Lundstrom et al., 1993; Orlando and Farquhar, 1993).
Our results, obtained from immunocytochemical and
cell fractionation experiments, indicate that megalin/
RAP complexes traffic together through early endo-
somes to late endosomes where they dissociate. From
there RAP is delivered to lysosomes and degraded but
megalin recycles to the cell surface and is reutilized for
ligand binding.

MATERIALS AND METHODS

Antibodies
Rabbit polyclonal antibodies were raised against immunoaffinity-
purified megalin (Orlando and Farquhar, 1993), an 18-amino acid
peptide from the C terminus of megalin (Czekay et al., 1995a), and
a RAP glutathione-S-transferase fusion protein (RAP-GST; Orlando
and Farquhar, 1993) as described previously. Affinity-purified poly-
clonal IgG raised against the C terminus of rab7 was provided by
Dr. Angela Wandinger-Ness (Northwestern University, Evanston,
IL). Polyclonal antisera to the cytoplasmic tail of human transferrin
receptor (TfR) and a mouse monoclonal antibody (mAb) directed to
its extracellular domain were obtained from Dr. Ian Trowbridge
(Salk Institute, La Jolla, CA). Mouse mAb to lgp120 and affinity-
purified rabbit IgG against cathepsin D from rat liver were provided
by Dr. Ira Mellman (Yale University School of Medicine, New
Haven, CT) and Dr. Keitaro Kato (Kyushu University, Fukuoka,
Japan), respectively. Mouse anti-GST mAb (catalogue number
21441) was purchased from PharMingen (San Diego, CA) and was
provided by Dr. Su Huang (Ludwig Institute for Cancer Research,
University of California, San Diego). Texas Red-conjugated goat

anti-rabbit and fluorescein isothiocyanate (FITC)-conjugated don-
key anti-mouse Affinipure F(ab')2 were purchased from Jackson
Laboratories (West Grove, PA), and goat anti-mouse and anti-rabbit
IgG gold conjugates were purchased from Amersham (Arlington
Heights, IL). FITC-conjugated transferrin (FITC-Tf) was purchased
from Molecular Probes (Eugene, OR).

Cell Culture
Rat L2 yolk sac carcinoma cells were grown on either coated (0.1%
gelatin) plastic culture dishes (Fisher Scientific, Pittsburgh, PA) or
on glass coverslips in DMEM (high glucose; UCSD Cell Culture
Facility, La Jolla, CA) supplemented with 10% (vol/vol) fetal calf
serum, 100 U/ml penicillin G, and 100 ,ug/ml streptomycin sulfate.
Cells were used when -80% confluent for immunofluorescence and
as confluent monolayers for cell fractionation experiments.

Preparation of Fab Fragments of Anti-Megalin IgG
and RAP-GST
Protein A-purified anti-megalin IgG were digested with immobi-
lized papain, and Fab fragments were purified according to the
manufacturer's instructions (Pierce, Rockford, IL). Recombinant
RAP-GST was expressed and purified as described (Orlando and
Farquhar, 1994b).

Internalization of RAP-GST, Anti-Megalin Fab,
and FITC-Tf
Cells were washed three times with ice-cold phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (BSA), pH 7.2
(PBS/BSA). RAP-GST (10 ,ug/ml) and FITC-Tf (200 ,tg/ml) were
added to some cells and anti-megalin Fab fragments (100 ,ug/ml)
were added to others. They were then incubated for 1 h at 18'C and
either 1) washed three times with ice-cold PBS/BSA or 2) washed
three times in PBS/BSA at 18'C and incubated for 5 min at 37°C
before being fixed and processed for immunofluorescence or immu-
nogold labeling. Cells incubated with FITC-Tf were subsequently
placed on ice, washed twice, and incubated for 5 min in ice-cold
buffer A (20 mM HEPES, N-(2-hydroxyethyl)piperazine-N'-(2-eth-
anesulfonic acid), pH 7.4, 150 mM NaCl, 2 mM CaCl2) pH 5.5, to
release the iron from holo-Tf, after which they were incubated at
4°C in ice-cold buffer A (pH 7.2) to release apo-Tf.

Immunofluorescence and Immunogold Labeling
For immunofluorescence, L2 cells grown on glass coverslips and
incubated as described above were fixed with 4% paraformalde-
hyde in 0.2 M phosphate buffer (pH 7.4) for 30 min, quenched with
0.05 M NH4Cl (10 min), and permeabilized (10 min) in 0.1% Triton
X-100. They were then incubated with primary rabbit and/or mouse
antibodies (2 h in PBS/BSA) followed by Texas Red-conjugated goat
anti-rabbit F(ab')2 and/or FITC-conjugated donkey anti-mouse
F(ab')2 (diluted 1:200) for 1 h at room temperature and mounted in
90% glycerol/PBS containing 1 mg/ml paraphenylinediamine. Cells
were examined with a Bio-Rad MRC 1000 confocal microscope
equipped with a krypton-argon laser and coupled to a Zeiss Axio-
vert 135 M microscope as described earlier (Czekay et al., 1995a).
Images were processed as TIFF files by using Adobe Photoshop 3.0
software and a Power Macintosh 8500. The same software was used
to create superimposed images to show overlap in the fluorescence
pattern. Final images were printed on Kodak Ektatherm XLS paper
with a Kodak ColorEase PS printer.

For immunogold labeling, L2 cells were fixed in 2% paraformal-
dehyde, 0.75 M lysine, and 10 mM sodium periodate (PLP) in
phosphate buffer, pH 7.4 (McLean and Nakane, 1973), for 4 h, after
which they were scraped from the dish and pelleted in a microcen-
trifuge. Cell pellets were cryoprotected and ultrathin cryosections
were prepared as described (Hobman et al., 1992; McCaffery and
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Farquhar, 1995). Sections mounted on nickel grids were incubated
with primary rabbit or mouse antibodies (1 h) followed by incuba-
tion (1 h) in goat anti-rabbit (5 nm gold) and/or goat anti-mouse IgG
(10 nm gold) conjugates diluted 1:50 with PBS containing 10% fetal
calf serum. They were then stained in 2% neutral uranyl acetate,
absorption stained with 0.2% uranyl acetate in 0.2% methylcellulose
and 3% polyvinyl alcohol, and examined in a JEOL 1200 EX-II
electron microscope.

Radioiodination
RAP-GST, LPL, Tf, and anti-megalin Fab were radioiodinated with
1251 (Amersham) using Iodo-Beads (Pierce).
L2 cell surface proteins were radioiodinated with 0.3 mCi/ml in

PBS at 4°C using the lactoperoxidase method as described previ-
ously (Czekay et al., 1995a).

Degradation of Radioiodinated RAP-GST and
Anti-Megalin Fab
L2 cells were incubated with "25I-labeled RAP-GST (200 ng/ml,
21,000 cpm/ng) or 1251I-labeled anti-megalin Fab (200 ng/ml, 2500
cpm ng) at 4°C for 1 h, washed, and incubation continued in DMEM
(high glucose, 1 mg/ml BSA) at 37°C. Medium was collected at 0,
0.5, 1, 2, 3, and 4 h, adjusted to 15% trichloroacetic acid (TCA),
incubated on ice (1 h), and microcentrifuged for 20 min at 4°C.
Radioactivity in supernatants was measured in a Beckman 5500B
gamma counter to determine the TCA-soluble radioactivity. The
amount of ligand degraded was calculated as TCA-soluble cpm
divided by the specific activity of the ligand.

Density Gradient Centrifugation
Cells were washed twice in ice-cold buffer A and harvested by
scraping. Cell suspensions were centrifuged (180 x g) for 5 min at
4°C. Cell pellets were resuspended in buffer A with 2 mM phenyl-
methylsulfonyl fluoride, forced through a 28-gauge needle (10
times), and centrifuged (400 x g) for 10 min at 4°C. Postnuclear
supernatants (1 ml) were top loaded onto 20% Percoll density
gradients prepared by mixing 1 M Tris (pH 8, 0.15 ml), 1.5 M NaCl
(1.5 ml), 100% Percoll (3 ml, Pharmacia, Alameda, CA), and double-
distilled H20 (10.35 ml). Centrifugation was carried out at 4°C in a
70.1-Ti fixed angle rotor and a Beckman L8-70 M ultracentrifuge for
50 min at 20,000 x g. Fractions (1 ml) were collected from the top of
the gradient and analyzed by immunoprecipitation or gamma
counting.

Cell Surface Binding and Uptake of 125I-Labeled Tf
125I-labeled Tf (200 ng/ml, 19,500 cpm/ng) in DMEM (high glucose,
1 mg/ml BSA) was bound to the cell surface of L2 cells by incuba-
tion for 30 min at 4°C. Cells were then either rinsed to remove
unbound Tf and harvested by scraping or incubated for 1 h at 18°C.
In the latter case, cells were rinsed at 4°C and incubated for 5 min in
ice-cold buffer A, pH 5.5 (to release the iron from the holo-Tf), and
5 min in ice-cold buffer A, pH 7.2 (to release 125I-labeled apo-Tf
bound to cell surface receptors). Cells were then processed for cell
fractionation on sucrose gradients. 1251-labeled Tf present in the
gradient fractions was quantitated by gamma counting.

Immunoprecipitation
Protein A-agarose beads (Bio-Rad, Hercules, CA) were washed
twice with buffer A containing 0.5% Tween 20 and 1% BSA (pH 7.4).
Rabbit polyclonal anti-megalin or anti-RAP-GST antiserum (5 ul)
and 0.5 ml of each gradient fraction was mixed with 20 ,ld of beads,
and the volume was adjusted to 1 ml. The mixture was incubated
for 16 h at 4°C and processed for SDS-PAGE (Laemmli, 1970) as
described (Czekay et al., 1995). Gels were stained with 0.1% Coo-

massie R in 40% MeOH, 10% acetic acid, destained, dried, and
exposed to a phosphor screen for 1 to 3 days. Radioactive signals
were analyzed on a Molecular Dynamics PhosphorImager using
ImageQuant version 3.3 software. Alternatively, they were exposed
to Kodak X-AR film at -80°C. Autoradiographs were digitized into
eight-bit TIFF image files and processed as described previously
(Czekay et al., 1995).

Immunoblotting
Separated proteins were transferred to polyvinylidene difluoride
Immobilon-P membranes (Millipore, Bedford, MA) using a semidry
transfer system (MilliBlot-SDE, Millipore) at 200 mA for 40 min or a
wet tank transfer system (Minigel-Transfer-Unit, Bio-Rad) at 75 mA
for 16 h. Transfer membranes were blocked (30 min in PBS, pH 7.2,
containing 5% calf serum and 0.1% Tween 20) followed by incuba-
tion for 2 h at room temperature with antibodies against rab7 and
cathepsin D used as markers for late endosomes (Feng et al., 1995)
and lysosomes (Yamamoto et al., 1979), respectively. Blots were then
processed with the enhanced chemiluminescence detection system
(Amersham, Arlington Heights, IL).

Immunoisolation of Late Endosomes
Postnuclear supematants were fractionated on Percoll gradients as
described above, and gradient fractions 6-8, shown to contain late
endosomes (Figure 6), were pooled. Antibodies specific for the C
terminus of megalin (Czekay et al., 1995a) were prebound to protein
A-agarose beads in buffer A for 2 h at room temperature. The beads
were then incubated with 1 ml of the pooled fractions in buffer A for
2 h at room temperature, gently washed (five times), and incubated
for 1 h on ice in buffer A containing 10 mM CHAPS, 3-[(3-chlorami-
dopropyl)demethylammonio]-2-hydroxy-1-propanesulfonate. Sam-
ples were microfuged (2 min), and supernatants containing the
solubilized proteins were centrifuged for 1 h at 100,000 x g in a
TL-100 ultracentrifuge, TLA-45 fixed angle rotor at 4°C (Beckman,
Fullerton, CA) to pellet the Percoll. Aliquots of the final superna-
tants were separated by SDS-PAGE, transferred to polyvinylidene
difluoride, and processed for immunoblotting with anti-rab7.

Recycling of Radioiodinated Megalin
L2 cells were surface radioiodinated as described above and incu-
bated with RAP-GST (10 iLg/ml) at 37°C for 0, 5, 10, or 20 min to
allow internalization of megalin from the cell surface. Incubations
were stopped by washing cells (three times) in ice-cold buffer. To
assess the amount of megalin present at the cell surface, cells were
incubated with anti-megalin IgG (200 ,ug/ml) for 2 h at 4°C, washed
(three times) with ice-cold buffer A, lysed in buffer A containing 1%
Triton X-100, incubated on ice for 1 h, and microcentrifuged for 10
min at 4°C. Solubilized proteins were then processed for immuno-
precipitation and SDS-PAGE. We previously demonstrated that the
polyclonal anti-megalin antibody used in this study remains bound
to megalin under these conditions (Orlando et al., 1992; Biemesder-
fer et al., 1993).

Ligand Internalization and Degradation
L2 cells were incubated for 3 h at 37°C in the presence of "251-labeled
LPL (500 ng/ml, 18,500 cpm/ng). Controls consisted of experiments
in which unlabeled LPL (50 ,ug/ml) or unlabeled RAP-GST (50
,ug/ml) was added to the incubation medium. Medium was re-
moved after 0, 1, 2, and 3 h and microcentrifuged, and supernatants
were subjected to TCA precipitation as described above and pro-
cessed for gamma counting.

Vol. 8, March 1997 519



R.-P. Czekay et al.

RESULTS

Anti-Megalin Fab and RAP-GST Are Taken
Up by Endocytosis and Travel Together to
Early Endosomes
The expression of megalin and RAP in L2 cells has
been well documented by both immunoprecipitation
(Orlando and Farquhar, 1993) and immunocytochem-
istry (Lundstrom et al., 1993). At steady state, most of
the megalin is located at the plasma membrane in
clathrin-coated pits whereas the majority (-90%) of
the RAP is located in the ER, with small amounts
detected at the plasma membrane. To determine the
fate of megalin/RAP complexes after internalization,
we took advantage of the 18°C temperature block
whereby endocytosed proteins accumulate in early or
sorting endosomes and are prevented from progress-
ing further down the endocytic pathway (Galloway et
al., 1983; Dunn et al., 1989). L2 cells were incubated
with anti-megalin Fab and RAP-GST in the presence
of a temperature block (1 h at 18°C) or after release of
the temperature block (1 h at 18°C followed by 5 min
at 37°C), and their distribution was followed by im-
munofluorescence. RAP-GST is known to bind exclu-
sively to megalin at the L2 cell surface (Orlando and
Farquhar, 1993). After incubation for 1 h at 18°C the
distribution of both anti-megalin Fab (Figure 1A) and
RAP-GST (Figure 1C) overlapped with that of early
endosome markers, i.e., Tf and TfR, respectively (Fig-
ure 1, B and D). These results indicate that at 18°C
megalin and RAP are internalized and delivered to
early endosomes. Immunogold labeling on ultrathin
cryosections confirmed that anti-megalin Fab colocal-
ized with TfR (Figure 2, A and B) on the membranes of
the large endosomes characteristic of L2 cells. From
these results we conclude that megalin and RAP traffic
together to early endosomes where they accumulate at
180C.

RAP but not Megalin Is Delivered to Lysosomes
To determine the fate of megalin and RAP after release
of the 180C temperature block, we next carried out
incubations with anti-megalin Fab and RAP-GST at
180C (to accumulate the complexes in early endo-
somes) followed by 5 min at 370C. Upon shifting the
cells to 37°C, the distribution of RAP-GST as seen by
immunofluorescence (Figure 3, D and G) changed dra-
matically: RAP-GST no longer coincided with that of
TfR (Figure 3, E and F) but instead overlapped with
that of the lysosomal marker lgpl20 (Figure 3, H and
I). A portion of the internalized RAP-GST (Figure 3I,
green dots) was found in vesicles that were signifi-
cantly smaller than lysosomes and did not stain for
lgpl20.
The distribution of anti-megalin Fab (Figure 3A)

also shifted after release of the temperature block:

although a minor fraction still overlapped with that of
TfR (Figure 3B), most was found in vesicular struc-
tures that did not stain for either TfR (Figure 3C) or
lgpl2O (see below). Results of double immunogold
labeling on ultrathin cryosections confirmed that 5
min after release of the temperature block anti-mega-
lin Fab and TfR no longer colocalized in the same
endosome (Figure 2, C and D). Even after extending
the incubation at 37°C to 1 h, anti-megalin Fab was not
found in structures labeled with lgpl2O (Figure 4).
These results suggest that upon shifting the cells to

37°C both megalin and RAP leave early endosomes,
RAP is delivered to lysosomes, and megalin travels to
another endocytic compartment that does not corre-
spond to either early endosomes or lysosomes.

RAP Is Degraded in Lysosomes
To determine whether internalized RAP is degraded
or reutilized 1251-labeled RAP-GST was bound to L2
cells at 4°C, the cells were incubated at 18°C or 37°C,
and release of TCA-soluble radioactivity into the me-
dium was determined over a 4-h period (Figure 5).
When L2 cells were incubated with 125I-labeled RAP-
GST at 18°C, little TCA-soluble radioactivity was re-
leased after 4 h, whereas when cells were incubated at
37°C, TCA-soluble radioactivity was detected in the
medium by 1 h and steadily increased up to 4 h. After
4 h at 37°C, 27 ng of 125I-labeled RAP-GST were de-
graded. From these data and the immunofluorescence
findings, we conclude that after release of the temper-
ature block, RAP-GST is delivered to lysosomes and
degraded.
By contrast when I251-labeled anti-megalin Fab was

bound to L2 cells at 4°C and its fate was followed,
there was little release of TCA-soluble radioactivity
after incubation for 4 h at either at 18°C or 37°C. These
results along with the immunofluorescence findings
indicate that after leaving early endosomes megalin is
delivered to nonlysosomal endocytic compartment
and is not degraded. The questions that then arise are,
Where do megalin and RAP dissociate and what is the
trafficking itinerary of megalin after dissociation from
RAP?

Megalin Traffics through Late Endosomes
Next we followed the distribution of internalized
megalin and RAP-GST in cell fractions by using spe-
cific marker proteins to determine the location of en-
docytic compartments in the gradient. Postnuclear su-
pernatants were fractionated on Percoll density
gradients, and fractions were collected and immuno-
blotted with antibodies to TfR (early endosomes and
plasma membrane), rab7 (late endosomes), and ca-
thepsin D (lysosomes). In addition, cells were incu-
bated with 125I-labeled Tf at 4°C for 30 min or 4°C for
30 min followed by 18°C for 1 h to precisely locate the
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Figure 1. Anti-megalin Fab and RAP-GST colocalize with Tf and TfR after endocytosis at 18°C. Confocal images show the overlap of
megalin (A) with FITC-Tf (B) as indicated by arrowheads and of RAP-GST (C) with the TfR (D). L2 cells were incubated for 1 h at 18°C with
anti-megalin Fab (A) and FITC-Tf (B) or with RAP-GST alone (C), after which the cells were fixed in 4% paraformaldehyde. Cells incubated
with RAP-GST were stained with polyclonal antibody against TfR (D). Internalized RAP-GST was detected with an anti-GST mAb. The location
of the primary antibodies was visualized with Texas Red- or FITC-labeled secondary antibodies. Bars: A and B, 8 ,um; C and D, 10 ,um.

position of plasma membrane and early endosomes in
the gradient. Based on the distribution of these mark-
ers, plasma membranes were concentrated in fractions
1-3, early endosomes were concentrated in frac-
tions 3-5, late endosomes were concentrated in
fractions 6-8, and lysosomes were concentrated in
fractions 10-12 (Figure 6A).

We then carried out experiments in which we fol-
lowed the distribution of 125I-labeled RAP-GST
(bound to the cells) and megalin (labeled by cell sur-
face iodination) in gradient fractions after incubation
at 4°C, 18°C (1 h), or 18°C (1 h) followed by 37°C (5
min). After incubation at 4°C (Figure 6B, top panel),
the bulk of both the megalin and RAP-GST cosedi-
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mented with plasma membrane markers in fraction 2
corresponding to their expected presence on the
plasma membrane. After incubation at 18°C (Figure
6B, middle panel), the peak distribution of megalin
and RAP-GST shifted into the gradient and was asso-
ciated with early endosomes (fractions 3 and 4). When
cells were incubated at 18°C followed by 37°C (Figure
6B, bottom panel), megalin and RAP-GST shifted fur-
ther into the gradient and their distributions differed.
Megalin peaked in fractions 6-8 where it colocalized
with the late endosome marker rab7 (Feng et al., 1995),
whereas RAP-GST was found predominantly in lyso-
somal fractions (fractions 10-12). These results sug-
gest that 1) megalin and RAP traffic together to early
endosomes; 2) within 5 min after release of the tem-
perature block, megalin and RAP leave early endo-
somes and dissociate; and 3) the bulk of the RAP
rapidly traffics to lysosomes whereas megalin accu-
mulates in a compartment that cosediments with late
endosomes.

Megalin and rab7 Are Present in the
Same Compartment
Next we used immunoisolation to investigate whether
the megalin and rab7 that cosediment after release of
the temperature block are present within the same
endosomes. Toward this end, we incubated L2 cells
with RAP-GST and carried out cell fractionation as
described above. Fractions 6-8 containing rab7 were
pooled, and vesicles that contained megalin were im-
munoisolated by incubation with antibodies that rec-
ognize the cytoplasmic tail of megalin precoupled to
protein A-agarose beads. Immunoisolated vesicles
were then processed for immunoblotting with anti-
rab7 IgG.
After a 1-h incubation at 18°C (Figure 7, lane 1), little

or no rab7 was detected in the vesicles immunoiso-
lated on anti-megalin beads. However, after shifting
the cells to 37°C for only 5 min (Figure 7, lane 2), rab7
was detected in the immunoisolated fractions. These
results provide direct evidence that 5 min after release
of the temperature block, megalin and rab7 are found
in the same late endosome compartment.

Figure 2 (cont). Megalin leaves early endosomes after release of
the 18'C block. L2 cells were incubated with anti-megalin Fab for 1 h
at 18'C (A and B) or for 1 h at 18'C followed by 5 min at 37'C (C and
D) and processed for immunogold labeling as described in MATE-
RIALS AND METHODS. Ultrathin cryosections were incubated
with goat anti-rabbit IgG coupled to 5 nm of gold (to detect the
distribution of anti-megalin Fab) and with anti-TfR mAb followed
by goat anti-mouse IgG coupled to 10 nm gold. (A) After incubation
at 18'C, megalin (arrows) and TfR (arrowheads) are localized in the
same endosomes. (B) Enlargement of the boxed area in A. (C and D)
After shifting the cells to 37'C for 5 min, megalin (arrows) and TfR
(arrowheads) no longer colocalize and are found in different endo-
somes. Bar, 0.5 ,um.

Megalin/RAP Complexes Are Found in
Late Endosomes
The question then arises as to where megalin/RAP
complexes dissociate. To investiWate this question, L2
cells were radioiodinated and 5I-labeled RAP-GST
was bound to the cell surface for 30 min at 4°C. Cells
were then incubated and processed for cell fraction-
ation as before. Proteins from each fraction were sol-
ubilized and immunoprecipitated either with anti-
RAP-GST antibodies under conditions known to
coprecipitate megalin (Orlando et al., 1992) or with
anti-megalin antibodies.
After incubation for 1 h at 18°C (Figure 8A, top

panel), the majority of the megalin that coprecipitated
with RAP-GST was found in early endosomes (frac-
tions 3-5). After release of the temperature block (5
min at 370C), nearly one-half (46%) of the total mega-
lin that coprecipitated with RAP-GST (Figure 8A, mid-
dle panel) was found in late endosome fractions (6-8).
After 10 min at 37°C (Figure 8A, bottom panel), the
amount of megalin coprecipitated with RAP-GST
from late endosomes (fractions 6-8) was greatly de-
creased and was barely detectable. However, if mega-
lin was immunoprecipitated from these fractions with
anti-megalin antibodies (Figure 8B), a significant
amount of megalin could still be found in late endo-
somes (fractions 6-8). Taken together, these results
suggest that endocytosed megalin/RAP complexes
leave early endosomes and travel as a complex to late
endosomes where they dissociate.

Megalin Recycles to the Cell Surface
We next investigated whether megalin recycles to the
cell surface after dissociation of RAP. Toward this end,
L2 cells were surface radioiodinated at 4°C, and RAP-
GST was bound to the cells to promote internalization
of the receptor. The cells were incubated at 37°C for 0
to 20 min, after which the amount of 1251-labeled
megalin at the cell surface was determined by immu-
noprecipitation (Figure 9). The amount present at the
cell surface at 4°C (100%) was compared with that
after 5, 10, or 20 min of incubation. After 5 min at 37°C
only 30% of the radiolabeled megalin remained at the
cell surface, indicating that -70% of the megalin had
been internalized. After 10 min the amount of megalin
at the cell surface increased to 50% and at 20 min to
-80%, indicating that most of the internalized recep-
tors recycle to the plasma membrane within 20 min.
These data demonstrate that after internalization of
megalin/RAP complexes and their dissociation,
megalin is rapidly recycled to the cell surface.

MegalinILPL Complexes Dissociate in
Early Endosomes
We next wondered whether the trafficking itinerary of
megalin with bound ligand is the same as that of
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Figure 3. RAP-GST traffics to lysosomes after release of the temperature block. L2 cells were incubated with anti-megalin Fab or RAP-GST
for 1 h at 18°C, after which they were shifted to 37°C for 5 min. Cells were processed for immunofluorescence and confocal microscopy as
in Figure 1. Confocal images show that 5 min after removal of the temperature block, RAP-GST (D) no longer colocalizes with TfR (E and
F). The majority of the RAP-GST (G) colocalizes with the lysosomal marker lgpl20 (H), suggesting that RAP-GST is present in lysosomes. The
majority of the anti-megalin Fab (A) no longer overlaps significantly with the TfR (B and C). A few of the endosomes (C, yellow dots) are
doubly stained for megalin and TfR. Bar, 10 ,um.

megalin with bound RAP. To answer this question, we
studied the uptake of 125I-labeled LPL by L2 cells.
First, cells were incubated for 3 h at 37°C with either
125I-labeled LPL alone or in the presence of unlabeled

LPL and unlabeled RAP-GST. Addition of either un-
labeled LPL or RAP-GST decreased degradation of
125I-labeled LPL by -90% (Figure 10A), indicating
binding was specific. Since RAP binds exclusively to
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Figure 4. (A) Anti-megalin Fab is not found in lysosomes. L2 cells were incubated for I h at 370C with anti-megalin Fab and processed for
immunogold labeling as in Figure 2. Ultrathin cryosections were incubated with anti-Igp12O m-Ab. Anti-megalin Fab was detected with goat
anti-rabbit IgG (5 nm gold, arrows), and anti-Igpl2O was detected with goat anti-mouse IgG (10 nm gold, arrowheads). Even after extending
the incubation to I h, there was no colocalization between anti-megalin Fab and Igp12O. (B) Enlargement of boxed area in A to show small
(5 nm) gold. Bar, 0.5 ,.tm.
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DISCUSSION
_ RAP-GST, 1°

_.. RAP-GST, 37'C We have previously presented data indicating that
i Ranti-megalinFab,ST3

megalin, a multiligand endocytic receptor located in

anti-megalinFab,371C clathrin-coated pits, binds its chaperone, RAP, in theanti-megalin Fab, 370C

ER and and megalin/RAP complexes can be detected
at the cell surface (Biemesderfer et al., 1993; Orlando
and Farquhar, 1993). For megalin to function in ligand
uptake at the cell surface, it must be free of bound
RAP because RAP reduces or prevents binding of all
known ligands to megalin (Willnow et al., 1992; Koun-
nas et al., 1993; Moestrup et al., 1993).

In this report, we investigated the fate of megalin/
RAP complexes internalized from the cell surface by

A ----A immunocytochemistry and cell fractionation. The re-

sults, summarized in Figure 1lA, suggest that mega-

O 1 2 3 4 lin/RAP complexes have a novel itinerary: they are
internalized via clathrin-coated pits, pass through

Time (hours) early endosomes, and reach a late endosome compart-
ment where they dissociate. RAP is rapidly delivered

ternalized RAP-GST but not anti-megalin Fab is rap- to lysosomes and degraded, but megalin recycles to
I at 37°C. L2 cells were incubated at 18'C or 37°C for the cell surface where it is competent to bind ligand.
i-free DMEM in the presence of either "251-labeled Initially megalin/RAP complexes follow the same

0 ng/ml) or 125"-labeled anti-megalin Fab (200 ng/ml). route as many other receptor/ligand complexes: they
kted times, release of TCA-soluble radioactivity was

i
v

rgamma counting of the culture medium. After incu- are internalized via clathrin-coated pits and delivered

5I-labeled RAP-GST, significant release of TCA-solu- to early or sorting endosomes. Their presence in early
,ity was detected over 4 h at 37°C (O) but not at 18'C endosomes was demonstrated by colocalization with
seven nanograms of "SI-labeled RAP-GST were de- TfR and FITC-Tf by immunofluorescence and by their
h. After incubation with "2I-labeled anti-megalin Fab,
uble radioactivity was detected in the medium up to cosedimentation with TfR and 1251-labeled Tf in Per-

37°C (A) or 18°C (A). coll density gradients after an 180C temperature block.
The trafficking of RAP-GST was followed after bind-

the cell surface of L2 cells (Orlando and
ing iodinated RAP to the cell surface, and the traffick-
ing of megalin was followed by both iodination of cell

1993),te th atiRaPoetes orcbnd
surface megalin and by tagging megalin with anti-

vistatms g
tha ti tern alizatio n of L P L occurs megal n Fab. Our data further dicate that after re

followed the distribution of 125I-labeled lease of the temperature block, the complexes travel
5-labeled megalin (Figure 10, B-D) labeled together to a late endosome compartment where they
ace iodination on Percoll densit radients dissociate. That megalin reaches late endosomes was

for 1251-labeled RAP-GST and i2YI labeled suggested by the finding that the bulk of the megalin
ee Figure 6). After internalization for 1 h at cosediments with the small GTP-binding protein rab7,

najority of the 1251-labeled LPL (Figure 10B) a marker for late endosomes, and was unequivocally
in (our unpublished results) was detected in demonstrated by showing that vesicles immunoiso-
-4, indicating their presence, as expected, at lated on anti-megalin coated beads contained rab7 by
membrane and in early endosomes. After immunoblotting. The fact that by immunofluorescence

z temperature to 370C for 5 min, most of the megalin was found in a compartment that did not
I LPL cosedimented with cathepsin D in contain either early endosome (TfR) or lysosome
0-12 (Figure 10B), indicating that most of (lgpl20) markers was in keeping with the biochemical
had reached lysosomes. Some (18%) of the findings. We were unable to check for the presence of
table 125I-labeled LPL cosedimented with rab7 by immunofluorescence due to lack of a suitable
Dmes (fractions 6-8). By contrast, the ma- antibody. The conclusion that megalin and RAP traffic
e megalin (Figure 10, C and D) was precip- together to late endosomes is based on the finding that
early endosomes (fractions 3-4). megalin/RAP-GST could be precipitated with anti-

?se data suggest that after internalization of RAP-GST from a fraction enriched in late endosomes.
,PL complexes megalin traffics to early en- The possibility that the complexes were formed artifi-
nd, in contrast to megalin/RAP complexes, cially after solubilization could be ruled out because it
?ach late endosomes. was established earlier that under the conditions used,
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Figure 6. Megalin traffics to late endosomes. L2 cells were surface
iodinated and incubated with 1251I-labeled RAP-GST at 4°C or 18°C
for 1 h or for 1 h at 18°C followed by 5 min at 37°C. Postnuclear
supernatants were fractionated on Percoll density gradients, and
fractions were processed for immunoblotting of marker proteins,
immunoprecipitation of 1251-labeled megalin (after cell surface

I 80C I 80C Figure 7. Immunoisolation
370C of late endosomes. L2 cells

were incubated with unla-
beled RAP-GST at 18°C for 1 h

I..ffi(lane 1) or at 18°C for 1 h fol-
lowed by 370C for 5 min (lane
2), and postnuclear superna-

66- tants were fractionated on Per-
W5 W *_ + coll density gradients as in

5- _ Figure 6. Fractions 6-8 con-

W taining late endosomes were
31- pooled and incubated with an-

rab7 tibodies against the C termi-
nus of megalin prebound to

22- protein A-agarose beads. The
immunoisolated endosomes
were solubilized, and the

1 2 3 presence of rab7 was assessed
by immunoblotting using the
enhanced chemiluminescence

detection system. After incubation at 18°C (lane 1), little or no rab7
is detected in the immunoisolated fraction, but after release of the
temperature block (lane 2), rab7 is readily detected in endosomes
immunoisolated on anti-megalin-coated beads. Lane 3 is a control
experiment in which no cell fractions were present during the
immunoisolation. The asterisk indicates the location of the heavy
chain of rabbit anti-megalin IgG.

solubilized megalin and RAP cannot reassociate (Or-
lando and Farquhar, 1993).

It was surprising that only 5 min after release of the
temperature block, the majority of the RAP-GST was
already found in lysosomes based on colocalization by
immunofluorescence and cosedimentation on Percoll
gradients. This suggests that megalin/RAP complexes
dissociate upon arrival in late endosomes, and RAP is
rapidly transferred to lysosomes. That degradation of
RAP but not megalin takes place in lysosomes was
shown by the presence of TCA-soluble radioactivity in
the culture medium after uptake of 125I-labeled RAP-
GST but not after endocytosis of 125I-labeled anti-
megalin Fab. Megalin is rapidly (within 20 min after
uptake) recycled to the cell surface.
Further evidence supporting a model whereby

megalin and RAP dissociate in late endosomes comes

(Figure 6 cont). iodination), or direct gamma counting of 125I1
labeled RAP-GST and "25I-labeled Tf as described in MATERIALS
AND METHODS. (A) Distribution of compartment markers. Top,
TfR is found in fractions 1-5. Middle, 125I-labeled Tf bound at 4°C,
used as a marker for plasma membrane, is concentrated in fractions
1-3 (-1). 1251-labeled Tf internalized for 1 h at 18°C, used as a marker
for early endosomes, peaks in fractions 3-5 (-). Bottom, rab7, a late
endosome marker, is found in fractions 6-8, and cathepsin D, a
lysosome marker, is in fractions 10-12. (B) Top, when cells are
incubated at 4°C, "25I-labeled megalin and "251-labeled RAP-GST
cosediment with 125I-labeled Tf in fractions 1 and 2. Middle, after 1 h
at 18°C, the major peaks of both megalin and RAP-GST cosediment
with 125I-labeled Tf in early endosomes (fractions 3 and 4). Bottom,
after shifting the temperature to 37°C, the majority of the megalin
peaks in late endosomes (fractions 6-8) cosedimenting with rab7.
The majority of 1251I-labeled RAP-GST is found in lysosomal frac-
tions (fractions 10-12) cosedimenting with cathepsin D.
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lh, 180C

lh, 180C
5 min, 370C

lh, 180C
10 min, 370C

Megalin coprecipitated
with anti-RAP-GST

B 3 4 5 6 7 8
lh, 180C

10 min, 370C
Megalin precipitated
with anti-megalin

Figure 8. Megalin/RAP complexes are present in late endosomes.
12 I-labeled RAP-GST was bound to surface iodinated L2 cells at
4°C, after which the cells were incubated at 18°C (1 h) or at 180C
followed by 37°C for 5 or 10 min. Cell fractions were prepared as in
Figure 6. Immunoprecipitation was carried out either with anti-
RAP-GST (A) under conditions known to coprecipitate megalin or
with anti-megalin (B) antibodies. (A) After incubation at 18'C (top),
most of the megalin coprecipitated from L2 cell fractions with
anti-RAP-GST is found in fractions 3-5 (early endosomes). After
release of the temperature block by incubation of cells for 5 min at
370C (middle), the majority of the coprecipitated megalin is found in
fractions 6-8 (late endosomes). After a 10-min incubation at 37°C
(bottom), very little megalin can be coprecipitated from late endo-
somes (fractions 6-8) with anti-RAP-GST. (B) Megalin can be di-
rectly precipitated with anti-megalin antibodies from fractions 6-8
after a 10-min incubation at 37°C, suggesting that a small amount of
megalin is present in late endosome fractions, but it is not bound to
RAP.

from the pH sensitivity of megalin/RAP complexes.
We previously showed (Czekay et al., 1995b) that the
binding of RAP-GST to megalin is pH sensitive, and
50% of the binding was inhibited at pH 5.5, a pH
typical of that of late endosomes (Yamashiro and Max-
field, 1984).

Interestingly, we found that the trafficking itinerary
of megalin with bound LPL, a well-studied ligand
taken up by megalin (Willnow et al., 1992; Kounnas et
al., 1993), is different from that of megalin/RAP-GST
complexes (Figure 1lB): After release of the tempera-
ture block megalin cosedimented in early endosomes
with TfR. Thus, after ligand binding megalin, like the
LDL receptor (Goldstein et al., 1985), appears to recy-
cle through early rather than late endosomes.

~100

8 O-___,,,,,,,,_

6-

40-

N 20

0 5 10 20

Time at 37°C (min)
Figure 9. Megalin recycles to the cell surface after dissociation of
RAP. L2 cells were surface iodinated, and RAP-GST was bound to
the cells at 4°C as in Figure 6. Cells were incubated at 37°C for 0, 5,
10, or 20 min, and the amount of "HI-labeled megalin at the cell
surface was quantitated by cell surface immunoprecipitation and
PhosphorImager analysis. After incubation for 5 min at 37°C, only
30% of the total radioiodinated megalin bound to the cells at 4°C (0
min) can be detected on the cell surface, indicating that 70% of the
receptor has been intemalized. At 10 min (50%) and 20 min (80%),
increasing amounts of megalin are precipitated from the cell sur-
face, indicating that two-thirds of the intemalized megalin recycles
to the plasma membrane within 20 min after internalization. Each
value represents the average of duplicates and values differed by
<10%.

Few Receptors Recycle from Late Endosomes
There are two common itineraries taken by endocytic
receptors (Goldstein et al., 1985; Txowbridge et al.,
1993; Lamaze and Schmid, 1995): One, followed by
recycling receptors such as LDL, TfR, and asialogly-
coprotein receptors, involves delivery of receptor/li-
gand complexes to early or sorting endosomes where
the two dissociate and the ligand is delivered to lyso-
somes, whereas the receptor is sorted and returned to
the cell surface (Trowbridge et al., 1993). The pathway
of these receptors is the same regardless of whether
occupied or not. Another variant is represented by
epidermal growth factor and other growth factor re-
ceptors (Lamaze and Schmid, 1995). When unoccu-
pied these receptors recycle through early endosomes,
but after ligand binding the receptor is down-regu-
lated, i.e., both the receptor and ligand are targeted to
lysosomes and degraded. Thus, the recycling of recep-
tors through late endosomes is a novelty for endocytic
receptors, especially among members of the LDL re-
ceptor gene family.
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Figure 10. Megalin/LPL complexes dissociate in early endosomes.
(A) Cell surface-labeled L2 cells were incubated with 251I-labeled
LPL (500 ng/ml) alone or in the presence of unlabeled LPL or
unlabeled RAP-GST for 3 h at 37°C, and release of TCA-soluble
radioactivity into the medium was assessed as in Figure 5. The
presence of LPL and RAP-GST decreased the degradation of

The only receptor known to recycle from late endo-
somes (sometimes also referred to as prelysosomes) is
the mannose-6-phosphate receptor, which functions to
transport lysosomal enzymes from the trans Golgi
network (TGN) to lysosomes (Duncan and Kornfeld,
1988; Kornfeld and Mellman, 1989). It does so by
delivering its cargo and recycling primarily from late
endosomes (Brown et al., 1986; Griffiths et al., 1988;
Geuze et al., 1989; Woods et al., 1989). Dissociation of
lysosomal enzymes is known to be triggered by low
pH, i.e., -5.5. Herein we describe another case of a
receptor that can recycle from the late endosome com-
partment and escape lysosomal degradation. Interest-
ingly, it does so when trafficking with bound RAP-
GST but not when trafficking with bound ligand. Since
RAP-GST is known to bind to all members of the LDL
receptor gene family (Strickland et al., 1991; Orlando et
al., 1992; Battey et al., 1994; Medh et al., 1995), it seems
likely that the same itinerary applies when RAP-GST
is bound to other LDL receptor family members.

Paucity of Knowledge on Endocytic Sorting and
Trafficking Signals on Megalin
It is generally recognized that the signals for sorting of
recycling endocytic receptors into clathrin-coated pits
consist of short tyrosine-containing sequences in the
cytoplasmic domain of the receptors that vary in
amino acid sequence but share a common conforma-
tional determinant, a tight turn (Trowbridge et al.,
1993). These sequences allow selective uptake of mac-
romolecules by interaction between the receptor tails
and adaptor complexes that enhance the assembly of
clathrin lattices (Pearse, 1988). The prototype of the
tyrosine-containing signal is the (FX)NPXY of the LDL
receptor (Goldstein et al., 1985; Chen et al., 1990).
Megalin contains two such NPXY motifs in its cyto-
plasmic tail (Saito et al., 1994), but it is not yet known
whether one or both of these motifs is required for
clustering in coated pits and internalization. The
megalin cytoplasmic tail consists of 213 amino acids
(versus 50 for the LDL receptor). Except for the NPXY
sequences, the composition of the cytoplasmic tail of
megalin is unique and shares no common features
with other members of the LDL receptor family.

(Figure 10 cont). 125I-labeled LPL by 86 and 87%, respectively. (B)
Distribution of 1251I-labeled LPL after uptake at 18°C for 1 h (D) or
18°C followed by 37°C for 15 min (-) detected by direct gamma
counting. At 18'C, LPL sediments exclusively with the plasma
membrane and early endosomes (fractions 1-4). After 5 min at 37°C,
the majority of LPL is already present in lysosomes (fractions 10-
12). (C) Distribution of 125I-labeled megalin (labeled by cell surface
iodination) in the same gradient fractions shown in B after incuba-
tion of L2 cells with 125"-labeled LPL at 18'C (1 h) followed by 37°C
(5 min). 125I-labeled labeled megalin (determined by immunopre-
cipitation with anti-megalin antibody) is present only in fractions
1-6 with the majority in fractions 3 and 4 (early endosomes). (D)
Quantitation of the immunoprecipitation data shown in C.
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Figure 11. Model depicting the endocytic trafficking pathway of megalin/RAP complexes and megalin/ligand complexes. (A) Megalin/
RAP complexes formed in the ER traffic to the cell surface. Since RAP competes for the binding of all known ligands to megalin, RAP must
dissociate from megalin for the receptor to be capable of binding ligands. Our data suggest that megalin/RAP complexes at the cell surface
are intemalized via clathrin-coated pits and pass through early endosomes to late endosomes. There RAP dissociates from megalin
apparently by a pH-dependent mechanism. RAP is rapidly degraded in lysosomes, and megalin is recycled to the cell surface where it is
utilized for ligand binding. (B) Newly formed megalin/ligand complexes are endocytosed and dissociate in early endosomes. Megalin is
recycled, and the ligand is delivered to lysosomes and degraded.

Once endocytic receptors enter cells via coated
pits, they are assumed to be processed through the
same subset of endosomes. Moreover, studies on
tailless mutants indicate that once receptors enter
the pathway, they travel back to the cell surface
constitutively without the need for further traffic
information (Trowbridge et al., 1993). Also, many
receptors, such as the TfR and LDL receptor, consti-
tutively recycle whether occupied or not. What
could be responsible for the difference in the traf-
ficking itinerary of megalin with bound ligand ver-
sus bound RAP? The simplest explanation is that
dissociation of RAP requires a lower pH than dis-
sociation of ligands. Thus, the megalin/RAP com-
plexes continue down the endocytic pathway until
they reach late endosomes where they find the
lower pH milieu required for dissociation of RAP.

All members of the LDL receptor family share the
same four motifs in their extracellular domains: the li-
gand binding, EGF, growth factor, and YWTD repeats.
Megalin is known to have four clusters of ligand-binding
repeats separated by YWTD spacer regions. The binding
sites for several ligands (Orlando et al., 1997) as well as
for binding of pathogenic antibodies (Saito et al., 1996)
have been mapped to the fifth ligand-binding repeat (42
amino acids) in the second cluster of ligand-binding
repeats. The binding site for RAP has not been directly
demonstrated, but the fact that RAP-GST competes for
ligand binding to megalin suggests that it binds to the
same site. We are currently constructing truncated "mi-
nireceptors" whose extracellular domains are limited to
the second cluster of ligand-binding repeats to study
further the molecular mechanisms of megalin trafficking
and ligand binding.
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