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The ubiquitin-proteasome pathway acts as a regulator of the endocytosis of selected membrane
proteins. Recent evidence suggests that it may also function in the intracellular trafficking of
membrane proteins. In this study, several models were used to address the role of the ubiquitin-
proteasome pathway in sorting of internalized proteins to the lysosome. We found that lysosomal
degradation of ligands, which remain bound to their receptors within the endocytic pathway, is
blocked in the presence of specific proteasome inhibitors. In contrast, a ligand that dissociates
from its receptor upon endosome acidification is degraded under the same conditions. Quanti-
tative electron microscopy showed that neither the uptake nor the overall distribution of the
endocytic marker bovine serum albumin-gold is substantially altered in the presence of a protea-
some inhibitor. The data suggest that the ubiquitin-proteasome pathway is involved in an
endosomal sorting step of selected membrane proteins to lysosomes, thereby providing a mech-
anism for regulated degradation.

INTRODUCTION

After internalization from the plasma membrane, molecules
are rapidly delivered to early endosomes, also known as
sorting endosomes. Most of the soluble content of sorting
endosomes is delivered to lysosomes for degradation,
whereas the majority of membrane-bound proteins recycle
back to the plasma membrane. Recycling receptors such as
the transferrin receptor and the low-density lipoprotein
(LDL) receptor are segregated into tubular membrane exten-
sions of the sorting endosome and recycle with �99% effi-
ciency, thereby avoiding proteolysis (reviewed in Trow-
bridge et al., 1993; Mellman, 1996). Recycling receptors are
reused many times and are important for nutrient delivery
and scavenging of nonfunctional proteins such as protease/
protease inhibitor complexes and altered glycoproteins. On
the other hand, signal-transducing membrane receptors

such as the epidermal growth factor receptor (EGFR) and the
growth hormone receptor (GHR) are transported together
with their ligand into lysosomes for degradation, a process
often referred to as signal down-regulation. Membrane pro-
teins destined for lysosomal degradation are segregated into
intraendosomal vesicles, which results in the formation of
late endosomes or multivesicular bodies (MVBs), thus pro-
viding a mechanism to remove this class of proteins from the
limiting membrane of the endosome (Felder et al., 1990).
Down-regulation of growth factor receptors is important for
cellular regulation; disrupted internalization or degradation
often results in the loss of cell growth control (reviewed in
Lemmon and Traub, 2000).

The ubiquitin-proteasome pathway controls a multitude
of regulatory processes via ubiquitin-mediated degradation
of essential cytosolic and nuclear proteins. The pathway
comprises ubiquitin, ubiquitin-activating enzyme (E1), ubiq-
uitin-conjugating enzyme (E2), ubiquitin-ligase (E3), and a
multisubunit protease, the 26S proteasome. The enzymes E1,
E2, and E3 act in concert and accomplish the covalent at-
tachment of multiple ubiquitin molecules to the specific
target proteins. Polyubiquitinated proteins are then de-
graded by the 26S proteasome (reviewed in Hershko and
Ciechanover, 1998). In addition to this well-known role in
recognition by the proteasome, ubiquitination is also in-

‡ Corresponding author. E-mail address: strous@med.uu.nl.
Abbreviations used: EGFR, epidermal growth factor receptor;
GH, growth hormone; GHR, growth hormone receptor; LDL,
low density lipoprotein; LRP, LDL receptor-related protein;
MVB, multivesicular body; NGF, nerve growth factor; PDGFR,
platelet-derived growth factor receptor; RAP, receptor-associ-
ated protein; Tf, transferrin; TrkA, receptor tyrosine kinase ac-
tivated by NGF; UbE, ubiquitin-dependent endocytosis.

2556 © 2001 by The American Society for Cell Biology



volved in endocytosis and down-regulation of membrane
receptors, transporters, and channels (reviewed in Hicke,
1999; Strous and Govers, 1999). In yeast it was shown that a
single ubiquitin moiety is sufficient to mediate internaliza-
tion of an activated receptor that lacks all cytoplasmic tail
sequences (Roth and Davis, 2000; Shih et al., 2000). The uracil
permease Fur4p undergoes ubiquitin-dependent internal-
ization and vacuolar degradation with lysine-63 in ubiquitin
serving as a critical residue for ubiquitin chain addition
(Galan and Haguenauer-Tsapis, 1997). Recent evidence sug-
gests that the ubiquitin-proteasome pathway may also reg-
ulate protein sorting after the initial internalization step, at
the level of the endosome. The tyrosine kinase adaptor pro-
tein c-Cbl mediates EGFR ubiquitination and its subsequent
lysosomal and/or proteasomal degradation. c-Cbl does not
accelerate internalization of the EGFR but may function at
the endosome to facilitate sorting of the receptor into the
MVB, thereby attenuating kinase signaling (Levkowitz et al.,
1998). In yeast, the F-box protein Rcy1p is involved in en-
docytic membrane traffic and recycling out of an early en-
dosome. Members of the F-box family of proteins have been
shown to mediate ubiquitination of substrate proteins as
components of SKP1/cullin/F-box ubiquitin ligase com-
plexes (reviewed in Deshaies, 1999). Degradation of the
�-factor receptor and uracil permease is inhibited at a
postinternalization step in Rcy1� mutant cells (Wiederkehr
et al., 2000).

The GHR is a mammalian plasma membrane protein
whose internalization is mediated by the ubiquitin-protea-
some pathway (Strous et al., 1996). A 10 amino acid motif
within the GHR cytosolic tail (the UbE motif; DSWVE-
FIELD) is involved in both receptor ubiquitination and en-
docytosis (Govers et al., 1999). Mutation of residue Phe-327
within this motif to alanine abolished receptor ubiquitina-
tion and ligand internalization and degradation (Govers et
al., 1997). GHR ubiquitination occurs at the cell surface and
coincides with the recruitment of the receptor to clathrin-
coated membrane areas (van Kerkhof et al., 2001). Growth
hormone (GH)-induced internalization of the full-length
GHR is inhibited in the presence of specific proteasome
inhibitors, whereas a receptor truncated at position 369 en-
ters the cells unaffected (van Kerkhof et al., 2000). In addition
to the ubiquitin-dependent endocytosis signal, the cytosolic
tail of the GHR contains a di-leucine motif. On truncation of
the GHR at amino acid residue 349, this di-leucine motif
becomes functional and mediates ubiquitin system-indepen-
dent internalization (Govers et al., 1998). We used this fea-
ture to study the involvement of the ubiquitin-proteasome
pathway in lysosomal targeting. For the GHR truncated at
amino acid 349, both the UbE-motif and proteasomal activ-
ity are required for endosomal sorting of the GH–GHR
complex to the lysosome. In addition, we show that protea-
some inhibitors block the degradation of nerve growth fac-
tor (NGF), the ligand for the receptor tyrosine kinase TrkA,
at a postinternalization step. Transport of the general endo-
cytic marker bovine serum albumin (BSA)-gold and acid-
labile ligands was not blocked under these conditions. To-
gether, these data reveal an important role for the ubiquitin-
proteasome pathway in endosomal sorting of membrane
proteins for lysosomal degradation.

MATERIALS AND METHODS

Materials and Antibodies
The polyclonal antibody generated against amino acid residues
271–318 of the cytosolic tail of the GHR (anti-T) was described
previously (van Kerkhof et al., 2000). Human GH was a gift of Eli
Lilly (Indianapolis, IN). MG-132 (carbobenzoxy-L-leucyl-L-leucyl-
L-leucinal) and clasto-lactacystin �-lactone were purchased from
Calbiochem-Novabiochem (San Diego, CA) and transferrin (Tf) was
purchased from Sigma (St. Louis, MO). Human recombinant RAP
was expressed in a glutathione (GST) expression vector and isolated
as described previously (Li et al., 2000). Murine NGF (2.5S) was
obtained from Promega (Leiden, The Netherlands).

Plasmids, Cell Culture, and Transfection
Full-length rabbit GHR cDNA in pCB6 was described (Strous et al.,
1996). The truncated GHR cDNAs GHR(349) and GHR(399) were
subcloned into the CMV-NEO expression plasmid pcDNA3.1 (In-
vitrogen, Gröningen, The Netherlands) as previously described
(Govers et al., 1998). cDNA of mutants GHR(349)(F327A) and
GHR(399)(K271-362R) were constructed as previously described
(Govers et al., 1999). Rat TrkA cDNA was kindly provided by Dr. D.
Holtzman (Washington University School of Medicine, St. Louis,
MO) and subcloned from pDM115 into the CMV-NEO expression
plasmid pcDNA3.1. The construction of mLRP4T100, the mem-
brane-containing minireceptor of LDL receptor-related protein
(LRP) was previously described (Li et al., 2000). The Chinese ham-
ster cell line ts20, bearing a thermolabile ubiquitin-activating en-
zyme E1, was used in this study (Kulka et al., 1988). cDNA con-
structs were transfected into the ts20 cells with the use of the
calcium phosphate transfection procedure. For all constructs stably
expressing clonal cell lines were obtained. The ts20 cells were grown
at 30°C in minimum essential medium � (MEM�) supplemented
with 10% fetal calf serum, 4.5 g/l glucose, 100 U/ml penicillin, 100
�g/ml streptomycin, and 0.45 mg/ml geneticin. For experiments
cells were grown in 60-mm dishes in the absence of geneticin to a
confluence of �75% and 10 mM sodium butyrate was added over-
night to increase GHR expression (Strous et al., 1996). The LRP-null
Chinese hamster ovary (CHO) cell line stably transfected with the
mLRP4T100 cDNA was cultured at 37°C in Ham’s F12 medium (Li
et al., 2000).

Ligand Binding, Internalization, and Degradation
125I-human GH and 125I-RAP were prepared with the use of chlo-
ramine T (Strous et al., 1996). 125I-NGF was prepared with the use of
lactoperoxidase (Sutter et al., 1979). For internalization studies, cells
were grown in 12-well plates, washed with MEM� supplemented
with 20 mM HEPES pH 7.4 and 0.1% BSA, and incubated in a water
bath. 125I-GH (8 nM) or 125I-NGF (1 nM) was bound on ice for 2 h,
the cells were washed free of unbound ligand, and incubated for
0–30 min at 30°C. Membrane-associated ligand was removed by
acid wash (0.15 M NaCl, 50 mM glycine, 0.1% BSA pH 2.5) on ice.
Internalized ligand was determined by measuring the radioactivity
after solubilization of the acid-treated cells in 1 N NaOH with the
use of a LKB gamma counter. For degradation studies, cells were
incubated with 125I-GH (8 nM) or 125I-RAP (5 nM) for 6 min at 30°C.
The medium was aspirated and the cells were washed and incu-
bated in medium without ligand. At the indicated times, the me-
dium was collected and precipitated with 1 volume of ice-cold 20%
trichloroacetic acid (TCA) for 30 min on ice. Acid-soluble radioac-
tivity was determined in the supernatant after centrifugation and
was used as a measurement for degraded ligand. Membrane asso-
ciated and internalized ligands were determined as described
above. Nonspecific degradation was determined in the presence of
excess unlabeled ligand and subtracted.
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Transferrin Recycling
Tf was saturated with Fe3� and labeled with 125I with the use of
iodo-beads (Pierce, Rockford, IL) according to standard procedures.
The ts20 cells were grown in 6-cm dishes and depleted from serum
by 60-min incubation in MEM� supplemented with 20 mM HEPES
pH 7.4 and 0.1% BSA at 30°C. 125I-Tf was added at 2 �g/ml and cells
were incubated in the presence of ligand for 30 min. The medium
was aspirated and cells were washed on ice for 5 min with buffer pH
5 [20 mM 2-(N-morpholino)ethanesulfonic acid pH 5.0, 130 mM
NaCl, 50 �M desferal, 2 mM CaCl2, 0.1% BSA] followed by 10 min
on ice with buffer pH 7.4 (MEM� supplemented with 20 mM HEPES
pH 7.4 and 0.1% BSA). Then cells were incubated in MEM� sup-
plemented with 20 mM HEPES pH 7.4 and 0.1% BSA containing 50
�M desferal at 30°C. At the indicated time points, 200-�l samples
were taken and the amount of released 125I-Tf was measured with
the use of a LKB gamma counter. Background label was determined
in the presence of 200 �g/ml of unlabeled Tf and subtracted. TCA-
precipitation of the medium verified that the released 125I-Tf was
not degraded.

Metabolic Labeling
Cells were grown in 60-mm dishes and incubated in methionine-
and cysteine-free MEM. Then [35S]methionine (3.7 MBq/ml Tran35S
Label, 40 Tbq/mmol; ICN, Costa Mesa, CA) was added and the
incubation was continued at 30°C in a CO2 incubator. The radioac-
tivity was replaced with medium containing 100 �M unlabeled
methionine, 0.1% BSA, and 16 nM GH and chased for 0–60 min.
Cells were lysed and samples were immunoprecipitated (see be-
low). Radioactivity was determined with the use of a Storm imaging
system (Molecular Dynamics, Sunnyvale, CA) and quantified with
Molecular Dynamics Image QuaNT software, version 4.2a.

Cell Lysis and Immunoprecipitation
Immunoprecipitations were performed as described previously
(Strous et al., 1996). For GHR immunoprecipitations, cells were
lysed on ice in 0.3 ml of lysis buffer containing 1% Triton X-100, 1
mM EDTA in phosphate-buffered saline (PBS), containing 50 mM
NaF, 1 mM Na3VO4, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 2 �M
MG-132, and 1 mM phenylmethylsulfonyl fluoride. Immunopre-
cipitation of the supernatant was carried out in 1% Triton X-100,
0.5% SDS, 0.25% sodium deoxycholate, 0.5% BSA in PBS with the
various inhibitors. The lysates were incubated with the indicated
antibodies for 2 h on ice and immune complexes were isolated with
the use of protein A-agarose beads (Repligen, Cambridge, MA). The
immunoprecipitates were washed twice with the same buffer and
twice with 10-fold diluted PBS. Immune complexes were subjected
to SDS-PAGE and immunoblotting as described (Govers et al., 1997).

Electron Microscopy
BSA was coupled to 5-nm gold particles and dialyzed overnight
against PBS at 4°C. Cells were incubated for 1 h in MEM� � 0.1%
BSA in the presence or absence of 20 �M MG-132. After addition of
BSA-gold at a final optical density of 5 at 520 nm, cells were further
incubated for 1 h to label the entire endocytic pathway. After
washing, cells were fixed in 2% paraformaldehyde and 0.2% glu-
taraldehyde in 0.1 M phosphate buffer pH 7.4 for 30 min on ice,
followed by 3 h at room temperature. Further processing for ultra-
thin-cryosectioning was done as described previously (Slot et al.,
1991). To pick up ultrathin cryosections, a 1:1 mixture of 2.3 M
sucrose and 1.8% methylcellulose was used (Liou et al., 1996).

Semiquantitative Analysis of BSA-Gold
Distribution
To establish the distribution of internalized BSA-gold, per condition
50 cell profiles with a visible nucleus were analyzed at magnifica-

tion of 25,000�. The number of gold particles located over a specific
compartment was expressed as a percentage of total gold. The
various endocytic compartments were distinguished by morpholog-
ical criteria, which were deduced as a general concept from studies
on the endocytic pathway of a large variety of cells (Klumperman et
al., 1991, 1993; Kleijmeer et al., 1997; De Wit et al., 1999). Primary
endocytic vesicles and tubules were recognized by size (80–90 nm)
and electron lucent lumen. Recycling vesicles and tubules had an
electron dense lumen and were 60 nm in diameter. Early or sorting
endosomes were recognized as elongated, irregular-shaped vacu-
oles with an electron lucent content and few internal vesicles. Late
endosomes or MVBs were characterized by their numerous internal
vesicles, whereas lysosomes were defined by their electron dense
content with the occasional appearance of membrane sheets. Clath-
rin-coated pits were defined as invaginations of the plasma mem-
brane positive for clathrin, which was recognized by its electron
dense appearance. Clathrin-coated vesicles near the plasma mem-
brane were counted as a separate category, but part of these might
in fact be connected to the plasma membrane, out of the plane of
sectioning. Noncoated, flask-like, and sometimes branched invagi-
nations were designated as caveolae. Membranes located in the
vicinity of the trans-side of a Golgi stack were assigned as trans-
Golgi area.

RESULTS

GHR Amino Acid Phenylalanine 327 Is Required for
Both Receptor and Ligand Degradation
GHR endocytosis is mediated by the ubiquitin-proteasome
pathway via a 10 amino acid internalization motif (UbE
motif; DSWVEFIELD) (Strous et al., 1996; Govers et al., 1999).
Previously, we identified a di-leucine motif in the cytosolic
tail of the receptor, which upon truncation at amino acid 349
[GHR(349), Figure 1], is activated and mediates internaliza-
tion in an ubiquitin system-independent manner (Govers et
al., 1998). Mutation of phenylalanine residue 327 to alanine
in the UbE motif abolished ubiquitination of both full-length
and truncated GHR (Govers et al., 1999) but did not influ-
ence the internalization of the truncated GHR(349) (Figure
2A). To determine whether the truncated receptor can direct
its ligand to the degradation pathway, cells were incubated
with 125I-GH and chased for various time points in the
absence of ligand after which the amount of TCA soluble
radioactivity in the medium was analyzed, indicating
125I-GH degradation. In the GHR(349) transfected cells, 50–
75% of the ligand was found intracellularly within the first
15 min (Figure 2B, left). Thereafter, the amount of intracel-
lular ligand decreased rapidly with a concomitant increase
of degraded ligand as acid-soluble radioactivity in the me-
dium (Figure 2B, right). Endocytosis of ligand by the
GHR(349)(F327A) mutant (Figure 1) was comparable to
GHR(349) during the first 15 min. However, upon pro-
longed chase times, only a minor decrease in intracellular
ligand was measured and almost no degraded ligand was
detected in the medium, which is in striking contrast to what
was observed with GHR(349). Thus, mutation of phenylal-
anine 327 in the UbE motif of the truncated GHR(349) has no
effect on GH internalization but interferes significantly with
its degradation.

Next, we analyzed the turnover of the truncated receptor
itself with the use of pulse-chase labeling with [35S]methi-
onine. The receptor is synthesized as a glycoprotein precur-
sor (Figure 2C, p) and converted in the Golgi apparatus to
the complex glycosylated mature form (Figure 2C, m). For
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the truncated GHR(349) we observed a rapid disappearance
of the mature form after prolonged chase times in the pres-
ence of GH, indicating a fast degradation of the receptor.
Although the maturation of the mutated GHR(349)(F327A)
was somewhat delayed compared with GHR(349), quantifi-
cation showed that the half-life of the mature mutant recep-
tor was approximately fivefold prolonged. Together, these
results show that residue phenylalanine 327 in the truncated
GHR(349) is required for efficient degradation of both ligand
and receptor. As the degradation of the ligand occurs in
lysosomes (Murphy and Lazarus, 1984; Yamada et al., 1987),
we conclude that the GHR UbE motif is required for endo-
some-to-lysosome sorting of both receptor and ligand.

Proteasomal Activity Is Required for Degradation
of a Truncated GHR and Its Ligand
Because the UbE-motif is involved in GHR ubiquitination,
we investigated the role of the ubiquitin-proteasome path-
way in the degradation of GH, with the use of proteasome
inhibitors. The peptide aldehyde MG-132 is a substrate an-
alog and a reversible inhibitor of the chymotrypsin-like ac-
tivity of the proteasome. Because peptide aldehydes might
inhibit certain lysosomal cysteine proteases and the calpains,
it is important to show that similar biological effects occur
with other proteasome inhibitors. Lactacystin and its deriv-
ative clasto-lactacystin �-lactone are structurally different

from the peptide aldehyde and act as a pseudo substrate that
becomes irreversibly linked to the active site threonine of the
proteasome �-subunits (Rock et al., 1994; Lee and Goldberg,
1998). Lactacystin shows high specificity for the proteasome
but can also inhibit cathepsin A (Ostrowska et al., 1997).
GHR(349)-transfected cells were used to compare the effect
of two specific proteasome inhibitors, MG-132 and clasto-
lactacystin �-lactone (Craiu et al., 1997), on 125I-GH degra-
dation. After a short incubation with 125I-GH, cells were

Figure 1. Schematic representation of the wild-type and mutant
GHRs. For the GHR mutants, truncated at residue 399, all cytoplas-
mic lysines and lysine mutations are indicated. For GHR mutants
truncated at residue 349, Phe327 or Ala327 and Leu347, Leu348 are
indicated. The black square represents the transmembrane domain.
The numbered boxes represent box 1 and box 2, corresponding to
the conserved homology domains within members of the cytokine
receptor family. DSWVEFIELD indicates the position of the UbE
motif, which is important for ubiquitination and endocytosis. Figure 2. Phe327 is required for degradation of the truncated

GHR(349). (A) GHR(349) or GHR(349)(F327A) expressing ts20 cells
were incubated for 2 h on ice with 8 nM 125I-GH. Unbound label was
removed and the cells were incubated at 30°C for the indicated
times. The amounts of internalized 125I-GH are plotted as a percent-
age of the cell-associated radioactivity after binding on ice. Each
point in the graph represents the mean value of two experiments
performed in duplicate � SD. F, GHR(349); �, GHR(349)(F327A).
(B) GHR(349) or GHR(349)(F327A) expressing ts20 cells were incu-
bated for 6 min at 30°C with 8 nM 125I-GH. The ligand was removed
and the cells were incubated for the indicated times at 30°C. At each
time point, the amount of cell surface, internalized, and degraded
ligand was determined as explained in MATERIALS AND METH-
ODS. The amount of 125I-GH is plotted as a percentage of total
radioactivity. Each point in the graph represents the mean value of
two experiments performed in duplicate � SD. (Left) Intracellular
125I-GH. (Right) Degraded 125I-GH in the medium. F, GHR(349); �,
GHR(349)(F327A). (C) GHR(349) or GHR(349)(F327A) expressing
ts20 cells were labeled with [35S]methionine for 20 min at 30°C and
chased in the absence of radioactivity for the indicated times. GHR
was immunoprecipitated with anti-GHR antibody (anti-T). p, pre-
cursor GHR (50 kDa); m, mature GHR (70 kDa).
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chased for 45 min, whereafter the amounts of intracellular
and degraded ligand in the medium were determined (Fig-
ure 3). In untreated cells (control), 45% of the ligand was
found intracellular and about the same amount was de-
graded. In cells treated with either of the proteasome inhib-
itors, the amount of intracellular GH was markedly in-
creased compared with the control cells, however,
degradation was almost completely inhibited. Because the
two proteasome inhibitors showed a similar effect on ligand
internalization and degradation, a more detailed analysis
was performed with only MG-132 (Figure 4). In Figure 4A
the effect of MG-132 on the uptake of 125I-GH after binding
on ice was determined. Both in control and MG-132-treated
GHR(349) cells, �75% of the ligand was internalized after 10
min, indicating that the proteasome inhibitor has no effect
on endocytosis. For the control cells it has been shown
(Figure 2) that internalized GH is rapidly degraded, starting
after �15 min of chase. However, in the presence of protea-
some inhibitor, the degradation of GH was almost com-
pletely inhibited (Figure 4B). To monitor the effect of the
proteasome inhibitor on the fate of the truncated receptor, a
pulse-chase labeling experiment with [35S]methionine was
performed. As seen in Figure 4C, the mature form of the
receptor was rapidly degraded upon prolonged chase times.
In the presence of MG-132, the maturation of the truncated
GHR(349) was unaffected while degradation was almost
completely inhibited, which is in line with the effect of the
proteasome inhibitor on the degradation of GH. These re-
sults clearly indicate an involvement of the ubiquitin-pro-
teasome pathway in the degradation of the truncated
GHR(349) and its ligand at a postinternalization step.

Lysine Residues in Cytoplasmic Domain of GHR
Are Not Required for Degradation
The preceding experiments indicate that the ubiquitin-pro-
teasome pathway is involved in directing the GHR and its

ligand to the degradative pathway. Next, we addressed the
question whether ubiquitination of the receptor itself is re-
quired for this sorting step. Previously, with the use of a
GHR truncated at amino acid 399 in which all the 10 cyto-
plasmic lysine residues were mutated to arginine
[GHR(399)(K271-362R); Figure 1], we have shown that GHR
ubiquitination is not required for internalization at the
plasma membrane. By replacing phenylalanine 327 for ala-

Figure 3. Effect of proteasome inhibitors on GH degradation.
GHR(349) expressing ts20 cells were incubated with 20 �M clasto-
lactacystin �-lactone (2 h), 20 �M MG-132 (1 h), or solvent alone
(control) then 8 nM 125I-GH was added and the incubation was
continued for 6 min at 30°C. The ligand was removed and the cells
were incubated for 45 min at 30°C. The amount of cell surface,
internalized and degraded ligand was determined as explained in
MATERIALS AND METHODS. The amount of 125I-GH is plotted as
a percentage of total radioactivity. Each bar represents the mean
value of one experiment performed in duplicate � SD.

Figure 4. MG-132 inhibits the degradation of the truncated
GHR(349) and its ligand. (A) GHR(349)-expressing ts20 cells were
incubated for 1 h with 20 �M MG-132 or solvent and put on ice for
2 h with 8 nM 125I-GH. Unbound label was removed and the cells
were incubated at 30°C in the absence or presence of MG-132 as
indicated. The amount of internalized 125I-GH is plotted as a per-
centage of the cell-associated radioactivity after the 2-h binding on
ice. Each point in the graph represents the mean value of two
experiments performed in duplicate � SD. F, control; �, MG-132.
(B) GHR(349) expressing ts20 cells were incubated for 1 h at 30°C
with 20 �M MG-132 or solvent (control) then 8 nM 125I-GH was
added and the incubation was continued for 6 min. The ligand was
removed and the cells were incubated at 30°C as indicated. At each
time point the amount of cell surface, internalized, and degraded
ligand was determined as explained in MATERIALS AND METH-
ODS. The amount of 125I-GH is plotted as a percentage of total
radioactivity. Each point in the graph represents the mean value of
two experiments performed in duplicate � SD. (Left) Intracellular
125I-GH. (Right) Degraded 125I-GH in the medium. F, control; �,
MG-132. (C) GHR(349) expressing ts20 cells were labeled with
[35S]methionine for 20 min after preincubation for 1 h with or
without 20 �M MG-132. Cells were chased in the absence of radio-
activity for the indicated times. GHR was immunoprecipitated with
anti-GHR antibody (anti-T). p, precursor GHR (50 kDa); m, mature
GHR (70 kDa).
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nine in this mutant, we could show that the internalization
is controlled by the UbE motif (Govers et al., 1999). Here, we
have used cell lines stably expressing GHR(399) or trunca-
tion mutant GHR(399)(K271-362R) to measure the degrada-
tion of 125I-GH. Both cell lines showed comparable amounts
of intracellular ligand after incubation with 125I-GH, again
indicating that there is no effect on internalization if the
GHR tail lacks attachment sites for ubiquitin (Figure 5A,
left). After prolonged incubation, the percentage of intracel-

lular ligand decreased, due to the degradation of the 125I-
GH, as can be seen in the Figure 5A, right. Degradation of
GH in the case of the lysine-less GHR was only slightly less
efficient compared with the lysine-containing truncation,
strongly indicating that ubiquitination of the GHR itself is
not required for its degradation. The degradation of the
truncated receptors was monitored with the use of a pulse-
chase labeling with [35S]methionine (Figure 5B). As shown
by immunoprecipitation of the GHR, the signal for the ma-
ture form decreased rapidly upon prolonged chase times,
for both GHR(399) and GHR(399)(K271-362R) (Figure 5C).
From these experiments we conclude that ubiquitination of
the GHR itself is not required for the ubiquitin-proteasome
pathway-dependent sorting to the degradative pathway.

Proteasome Inhibitors Inhibit Degradation of TrkA-
bound NGF at Level of Endosomes
Internalization and degradation of the GHR depends on the
UbE motif in its cytoplasmic tail. Next, we addressed the
question whether the degradation of a receptor, which is
sorted into the degradative pathway but does not contain an
obvious UbE motif, is also regulated by the ubiquitin-pro-
teasome pathway. Similar to other receptor tyrosine kinases,
TrkA, the receptor tyrosine kinase for the neurothrophin
NGF, dimerizes upon ligand binding, which in turn results
in an activation of the intracellular kinase domain and rapid
internalization (Grimes et al., 1997). With the use of Chinese
hamster ts20 cells stably transfected with TrkA we found
that the ubiquitin-proteasome pathway is not involved in
the endocytosis of this receptor (Alves dos Santos and
Strous, unpublished results). We used these cells to deter-
mine the effect of proteasome inhibitors on the degradation
of NGF. As seen in Figure 6, left, the internalization of the
ligand was not inhibited in the presence of MG-132. After
prolonged incubation, the intracellular amount of 125I-NGF
decreased in the control cells and could be detected as
TCA-soluble radioactivity in the medium (Figure 6, right). In
the MG-132-treated cells, the label remained intracellular
during the chase with no measurable degradation of NGF.
This result indicates an involvement of the ubiquitin-protea-
some pathway in lysosomal transport of NGF bound to
TrkA.

Figure 5. Degradation of GHR and ligand is independent of lysine
residues. (A) GHR(399)- or GHR(399)(K271-362R)-expressing ts20
cells were incubated for 6 min at 30°C with 8 nM 125I-GH. The
ligand was removed and the cells were incubated for the indicated
times at 30°C. At each time point the amount of cell surface, inter-
nalized, and degraded ligand was determined as explained in MA-
TERIALS AND METHODS. The amount of 125I-GH is plotted as a
percentage of total radioactivity. Each point in the graph represents
the mean value of two experiments performed in duplicate � SD.
(Left) Intracellular 125I-GH. (Right) Degraded 125I-GH in the me-
dium. F, GHR(399); � GHR(399)(K271-362R). (B) Cells were labeled
with [35S]methionine for 20 min at 30°C and chased in the absence
of radioactivity for the indicated times. GHR was immunoprecipi-
tated with anti-GHR antibody (anti-T). p, precursor GHR (60 kDa);
m, mature GHR (80 kDa). (C) Amounts of radioactivity of the total
lanes were determined with the use of Image Quant software and
were expressed as percentages of the radioactivity incorporated in
the lanes at 0 min. F, GHR(399); �, GHR(399)(K271-362R).

Figure 6. Effect of MG-132 on degradation of 125I-NGF. TrkA-
expressing ts20 cells were incubated for 2 h with 20 �M MG-132 or
solvent and put on ice for 1 h with 1 nM 125I-NGF. Unbound label
was removed and the cells were incubated at 30°C in the absence or
presence of MG-132 as indicated. The amounts of 125I-NGF are
plotted as a percentage of the cell-associated radioactivity after 2-h
binding on ice. (Left) Intracellular NGF. (Right) Degraded NGF.
Each point in the graph represents the mean value of two experi-
ments performed in duplicate � SD. F, control; �, MG-132.
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Dissociating Ligands and an Endocytic Marker Are
Transported to Lysosomes in Presence of
Proteasome Inhibitors
Most of the soluble content of sorting endosomes is deliv-
ered to lysosomes for degradation, while the majority of
membrane proteins recycle from the endocytic pathway
back to the plasma membrane. To address the question
whether proteasome inhibitors interfere with general mech-
anisms in membrane transport, we examined their effect on
the recycling pathway and on the degradation of a ligand
that dissociates from its receptor upon endosome acidifica-
tion. To this end, ts20 cells were loaded with 125I-Tf in the
absence or presence of MG-132 after which the amount of
recycling was measured by determining the release of inter-
nalized Tf into the medium. As can be seen in Figure 7A,
recycling of Tf was unaffected in the presence of the protea-
some inhibitor.

The LRP is an endocytic receptor that belongs to the LDL
receptor gene family (Herz et al., 1988). Ligand interactions
with LRP can be antagonized by a 39-kDa receptor-associated

protein (RAP). The recombinant form of RAP has been used
extensively in the study of ligand–receptor interactions. Endo-
cytosis of cell-surface bound RAP is rapid and the internalized
ligand is delivered to lysosomes while the receptor recycles to
the cell surface (Iadonato et al., 1993; Czekay et al., 1997). In this
study we used an LRP-null CHO cell line, stably transfected
with the LRP minireceptor mLRP4T100, which mimics the
function and trafficking of LRP (Li et al., 2000). Cells were
incubated for a short time with 125I-RAP in the presence or
absence of MG-132. After prolonged incubation in the absence
of labeled ligand, the amount of internalized and degraded
125I-RAP was determined as described in MATERIALS AND
METHODS (Figure 7B). As seen in the left panel, most of the
ligand was already intracellular after 6 min of incubation, both
in the absence or presence of MG-132. The amount of intracel-
lular ligand decreased rapidly, accompanied by increased lev-
els of TCA-soluble radioactivity in the medium (right). Degra-
dation of RAP was less efficient in MG-132-treated cells, an
effect that was also found in ts20 cells transfected with
mLRP4T100 (van Kerkhof, unpublished results). MG-132 in-
hibited RAP degradation threefold, whereas both GH and
NGF degradation was 16–17-fold decreased. Even although
MG-132 affects RAP degradation, the effect differs in magni-
tude from the effect on GH and NGF degradation: once inter-
nalized, all RAP molecules are completely degraded, be it
somewhat later (Figure 7B). This is not the case for NGF,
neither for GH, if taken up via GHR(349)(F327A) or in the
presence of MG-132: they are probably forced into the recycling
pathway, escaping degradation. Additional evidence for this
was provided by experiments with GHR(349)(F327A)-express-
ing cells, which were continuously incubated with 125I-GH:
cell-associated radioactivity increased linearly with the GHR
rate of synthesis, whereas no soluble radioactivity was released
from the cells (van Kerkhof, unpublished results). Why MG-
132 had a moderate affect on RAP degradation is unclear at the
moment. One reason might be that the inhibitor slows down
lysosomal degradation.

To investigate a possible general effect of proteasome
inhibitors on the lysosomal pathway, we visualized trans-
port along the endocytic tract with internalized BSA-gold
(Slot et al., 1988). After 1-h uptake, significant amounts of
BSA-gold reached the lysosomes in both control (Figure 8A)
and MG-132-treated cells (Figure 8B). Quantitative analysis
of the relative distribution of BSA-gold over the distinct
endocytic compartments (for detailed definitions, see MA-
TERIALS AND METHODS) revealed nearly identical distri-
bution patterns (Figure 8C). Of particular interest in this
respect, in control cells 36 and 26% of total gold was found
in late endosomes and lysosomes, respectively, whereas in
MG-132-treated cells these figures amounted to 34 and 27%.
These data are a strong indication that transport of BSA-gold
to lysosomes is unaltered in the presence of proteasome
inhibitors. The low amount of BSA-gold in TGN and recy-
cling vesicles and tubules is in agreement with the notion
that this marker mainly follows the degradative pathway.
Together, the data demonstrate that transport of an endo-
cytic marker is unaltered and that degradation of a dissoci-
ating ligand is only slightly inhibited after incubation with
MG-132, and indicate that proteasome inhibitors block a late
step in lysosomal transport of selected membrane proteins
but not in transport of soluble proteins.

Figure 7. Effect of MG-132 on transferrin recycling and degrada-
tion of 125I-RAP. (A) ts20 cells were serum depleted for 1 h with or
without 20 �M MG-132 and then loaded with 2 �g/ml 125I-Tf for 30
min at 30°C. Cells were chilled on ice, plasma membrane-bound
125I-Tf was removed, and the cells were incubated at 30°C in me-
dium containing 50 �M desferal in the absence or presence of
MG-132. The release of 125I-Tf was determined and expressed as a
percentage of the total amount of radioactivity loaded in the cells. F,
control; �, MG-132. (B) LRP-null CHO cells stably transfected with
mLRP4T100 were incubated for 1 h at 37°C with or without 20 �M
MG-132 before 5 nM 125I-RAP was added. The incubation was
continued for 6 min, after which the unbound radioactivity was
removed and the cells were incubated at 37°C in the absence of
ligand with or without MG-132 for the time points indicated. At
each time point the amount of cell surface, internalized, and de-
graded ligand was determined as explained in MATERIALS AND
METHODS. The amount of 125I-RAP is plotted as a percentage of
total radioactivity. Each point in the graph represents the mean
value of two experiments performed in duplicate � SD. (Left)
Intracellular 125I-RAP. (Right) Degraded 125I-RAP in the medium. F,
control; � MG-132.
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DISCUSSION
Accumulating evidence suggests a role for ubiquitination
in regulating protein sorting in the endosomal system. In
this study, we used several models to address the role of
the ubiquitin-proteasome pathway in sorting of internal-
ized proteins at the level of the endosome. First, degra-
dation of GH bound to GHR, a receptor that is ubiquiti-
nated dependent on its UbE motif, was compared with
degradation of NGF bound to TrkA, a receptor without an

UbE motif. Both receptors remain bound to their ligand in
endosomes. Proteasome inhibitors completely blocked the
degradation of GH and NGF. In contrast, degradation of
RAP, which needs to dissociate from its recycling receptor
for targeting to lysosomes, was only slightly inhibited in
the presence of the proteasome inhibitor, and transport of
an general endocytic marker to the lysosome was unaf-
fected. Together, the data suggest that proteasome inhib-
itors block the sorting of a select set of membrane proteins

Figure 8. Transport of BSA-gold is not altered by a proteasome inhibitor. (A and B) Ultrathin cryosections of wild-type GHR-expressing ts20
cells, which were incubated for 1 h with BSA coupled to 5-nm gold. (A) In control cells, BSA-gold was found in the entire endocytic tract.
Here localization in a late endosome (LE) and a lysosome (L) is shown. (B) In the presence of MG-132 transport of BSA-gold in the
endosomal-lysosomal pathway is not affected, as illustrated by the presence of BSA-gold in early endosomes (EE) as well as in lysosomes.
N, nucleus; p, plasma membrane. Bars, 200 nm. (C) Relative distribution of internalized BSA-gold particles over distinct endocytic
compartments was established as explained in MATERIALS AND METHODS and expressed as percentage of the total number of
gold-particles counted (3803 and 3580 in control and MG-132-treated cells, respectively). ccp, clathrin-coated pits; ccv, clathrin-coated
vesicles; end.ves, primary endocytic vesicles and tubules; EE, early endosome; LE, late endosome; Lys, lysosome; TGN, trans-Golgi network;
rec ves, recycling vesicle; cav, caveolae. �, control; f, MG-132.
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to the degradative pathway without interfering with
transport of soluble proteins.

The GHR UbE motif is important for ubiquitination of the
full-length receptor and its truncations. The truncated
GHR(349) is internalized from the plasma membrane inde-
pendent of the ubiquitin system by a C-terminally located
di-leucine motif. Here, we corroborated the finding that
mutation of residue phenylalanine 327 in the UbE motif of
GHR(349) did not interfere with initial internalization from
the plasma membrane and provide novel evidence that this
mutation abolished subsequent degradation of both receptor
and ligand. Therefore, we conclude that the UbE motif is not
only involved in endocytosis of the GHR but also in its
subsequent sorting to the lysosomes. The data also indicate
that the di-leucine motif, which is involved in endocytosis of
this GHR truncation, does not mediate the sorting to the
degradative pathway. The finding that one motif can medi-
ate different transport steps is in itself not new. For tyrosine-
based motifs it has been reported, that they can function at
different sorting steps (Peters et al., 1990; Prill et al., 1993) and
also the di-leucine motif can act as an internalization motif
and in lysosomal targeting (reviewed in Hunziker and
Geuze, 1996). The role of the ubiquitin-proteasome pathway
in intracellular sorting to the lysosome was corroborated by
the use of specific proteasome inhibitors. Because the use of
pharmacological inhibitors could be a potential problem
with regard to specificity, we used two different inhibitors:
�-lactone and MG-132; both were able to inhibit degradation
of GH and GHR to the same extent (75–90%, Figure 3; Van
Kerkhof et al., 2000). Although these inhibitors are structur-
ally different, it cannot be excluded that part of the inhibition
is due to an inhibitory effect on lysosomal hydrolases. The
GH–GHR complex dissociates at a pH below 3, indicating
that receptor and ligand remain associated in the endosomal
system. A common localization throughout the endocytic
pathway was shown for EGF and EGFR and similarly a pool
of intact platelet-derived growth factor (PDGF)–PDGFR and
NGF–TrkA receptor complexes could be detected in endo-
somes (Sorkin and Waters, 1993). We show that the degra-
dation of NGF, internalized via its receptor, TrkA, is inhib-
ited in the presence of proteasome inhibitors. Proteasome
inhibitors were also shown to inhibit the degradation of the
PDGFR (Mori et al., 1995) and the Met tyrosine kinase re-
ceptor (Jeffers et al., 1997). Furthermore, it was shown that
proteasome inhibitors inhibit the down-regulation of the
EGFR (Levkowitz et al., 1998) and the lysosomal degradation
of interleukin-2 internalized by the interleukin-2 receptor
(Yu and Malek, 2001), suggesting a possible role for the
proteasome in regulating trafficking to the lysosome.

Do proteasome inhibitors interfere with trafficking to the
lysosome or with the activity of lysosomal enzymes? Deg-
radation of GH and NGF, which remain associated with
their receptor, was inhibited 16-fold, whereas degradation of
RAP, which dissociates from its receptor, was inhibited only
threefold in the presence of MG-132. This difference in mag-
nitude, together with the observation that mutation of the
UbE motif causes comparable inhibition of GH degradation
in the absence of MG-132, suggests a role of the ubiquitin-
proteasome pathway in the delivery of GH and NGF to the
lysosome. The most likely scenario is that inhibition of the
ubiquitin-proteasome pathway induces recycling of the li-
gand–receptor complex: 1) More GH is associated with the

cell surface after incubation with proteasome inhibitors (Fig-
ure 3.). 2) Proteasome inhibitors do not interfere with trans-
ferrin recycling (Figure 7A). 3) Morphological quantification
data, with the use of the GHR(349)(F327A) mutant, showed
colocalization of GH with transferrin receptor in recycling
vesicles (Sachse and Klumperman, unpublished results). 4)
Continuous uptake of 125I-GH in this mutant resulted in
accumulation of radioactivity, both intracellular and at the
cell surface, suggesting recycling of the mutant receptor–
ligand complex. Why is the degradation of RAP inhibited
while the morphological data show that transport of the
endocytic marker BSA-gold is unaltered in the presence of
MG-132? One possible explanation is that the proteasome
inhibitor inhibits lysosomal hydrolases to some extent,
which would result in a delayed degradation. Another pos-
sibility is that proteasome inhibitors interfere with the dis-
sociation of receptor and ligand in the sorting endosome,
resulting in recycling of RAP together with the receptor.
This should result in more receptor and ligand at the cell
surface, although the complex will be reinternalized very
efficiently once it reaches the plasma membrane. Consistent
with this, we detect more RAP (9 versus 4%) at the cell
surface in the presence of proteasome inhibitors.

What is the molecular mechanism that regulates endoso-
mal sorting to the lysosome? For a number of ligand-stim-
ulated receptor tyrosine kinases, the tyrosine kinase adaptor
c-Cbl is involved. Overexpression of c-Cbl increases ligand-
induced ubiquitination and down-regulation of EGFR,
PDGFR, and colony stimulating factor-1 receptor (Levkow-
itz et al., 1998; Miyake et al., 1998; Lee et al., 1999). For the
EGFR, down-regulation depends on its intrinsic kinase ac-
tivity and involves the trans-phosphorylation of the c-Cbl
adaptor. For the GHR, the mechanism is unknown but must
be different, because although the receptor is tyrosine phos-
phorylated upon addition of GH, no phosphorylation of
c-Cbl could be detected (van Kerkhof, unpublished results).
Possibly, the GHR UbE motif may serve, directly or via
adaptor proteins, as an anchoring site for the ubiquitinating
enzymes, leading to coated pit localization, internalization,
and subsequent endosomal sorting. It was recently sug-
gested that the ubiquitination state of proteins at the late
endosome might help concentrate them in regions that will
invaginate and form the internal vesicles (Amerik et al.,
2000). The results with the truncated GHR without intracel-
lular attachment sites for ubiquitin [GHR(399)(K271-362R)]
show that ubiquitination of the receptor itself is not required
for lysosomal sorting. Which proteins do need to be ubiqui-
tinated is unclear at present, possibly it is the receptor that
brings the ubiquitination machinery in proximity to the
sorting machinery that is regulated by ubiquitination. Dy-
namic ubiquitination/deubiquitination of components of
the endocytic machinery could play a role in the subsequent
transport steps along the endocytic pathway. Ligand-in-
duced ubiquitination was shown for Eps15, a clathrin-coated
pit-associated protein required for EGFR uptake (van Delft
et al., 1997) and genetic data implicate the product of the
Drosophila liquid facets gene, epsin, which binds to Eps15, as
a target for the fat facets deubiquitinating enzyme (Cadavid
et al., 2000). From recent data it appeared that the yeast Doa4
deubiquitinating enzyme localizes reversibly with the late
endosome/prevacuolar compartment along with a group of
proteins essential for targeting of membrane proteins to the
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vacuole and it was proposed that Doa4 is responsible for
deubiquitination events at the late endosome (Amerik et al.,
2000).

An important question that remains is what is the target
protein for the proteasome? It is not clear whether the down-
regulated receptors are degraded in lysosomes, or by the
proteasome, or both. However, because GH and NGF are
also not degraded in the presence of proteasome inhibitors,
this would favor a model in which one of the components of
the endocytic sorting machinery is the target for the protea-
some. Inhibition of degradation of (part of) this component
would then lead to inhibition of assembling the sorting
machinery and possibly result in recycling of the receptor–
ligand complex. In the case of GHR sorting, a direct role for
both the ubiquitin system and the proteasome is anticipated,
although the target of the proteasome is probably not the
GHR cytosolic tail. It remains to be seen whether receptors,
in which c-Cbl plays a role in lysosomal sorting, are direct
targets of the proteasome. It is also possible that there is no
direct role for the proteasome. Use of proteasome inhibitors
bears the risk of exhausting the cells of free ubiquitin
(Swaminathan et al., 1999), which might lead to reduced
ubiquitination of the target protein and reduced endosomal
sorting. Recently, ubiquitin was implicated in retrovirus
assembly and budding, a process in which the host machin-
ery for endocytosis or MVB formation could play a role
(Patnaik et al., 2000; Schubert et al., 2000). The late domain in
the retroviral Gag protein was shown to recruit ubiquitin
ligases to the site of viral assembly, and it was suggested
that the engagement of the ubiquitin conjugation machinery
plays a crucial role in the release of retroviruses. Proteasome
inhibitors caused defects in virus budding, possibly through
depletion of the pool of free ubiquitin, suggesting that there
is no direct role for the proteasome.

In conclusion, the results of this study point to a specific
role of the ubiquitin-proteasome pathway in the regulated
sorting of specific sets of membrane proteins. Based on our
observation that ubiquitination of the GHR itself is not re-
quired for this sorting, we speculate that a specific mem-
brane protein recruits a ubiquitin ligase, which then directly
or via ubiquitination of target proteins recruits the sorting
machinery to accomplish its subsequent degradation.
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