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Background: Plasma membrane proteins can be degraded by a number of mechanisms.
Results: Turnover rates are determined by endocytosis signals and trafficking to lysosomes, ubiquitination, and ectodomain
cleavage.
Conclusion: Membrane trafficking to lysosomes and proteolysis at the cell surface determine protein half-life.
Significance: Learning how plasma membrane proteins are turned over is critical for understanding protein homeostasis.

Proteins targeted to the plasma membrane (PM) of cells are
degraded at different rates. Sorting motifs contained within the
cytoplasmic domains of transmembrane proteins, post-transla-
tional modifications (e.g. ubiquitination), and assembly into
multiprotein or protein-lipid complexes all may affect the effi-
ciency of endocytosis and recycling and influence the delivery to
degradative compartments. Using the SNAP-tag labeling sys-
tem, we examined the turnover of a model PM protein, the �
chain of the interleukin-2 receptor (Tac). The surface lifetimes
of SNAP-Tac fusions were influenced by their mode of entry
into cells (clathrin-dependent versus clathrin-independent),
their orientation in the PM (transmembrane versus glycosyl-
phosphatidylinositol-anchored), and ubiquitination in their
cytosolic domains. In addition, shedding of SNAP-Tac into the
medium was greatly influenced by its O-linked glycosylation sta-
tus. For a number of PM proteins, delivery to lysosomes and
ectodomain shedding represent distinct parallel mechanisms to
determine protein half-life.

Cells regulate the synthesis and degradation of cellular pro-
teins to maintain physiological homeostasis. For integral mem-
brane proteins at the plasma membrane (PM),2 changes in the
abundance, trafficking, and stability of these proteins, including
nutrient transporters, ion channels, and cell signaling recep-
tors, are important factors in many human diseases (1, 2). Endo-
cytosis appears to play a major role in the stability of PM pro-
teins. Proteins that reside for the most part at the PM are
generally more slowly degraded than proteins that undergo
endocytosis (3). In addition, recycling mechanisms may also
limit the time a protein is exposed to the sorting machinery that
traffics endocytosed proteins to lysosomes for degradation (4).

This relationship between endocytosis and degradation is
often regulated by post-translational modifications such as
ubiquitination. This regulation involves endocytosis through
clathrin-mediated (CME) or clathrin-independent (CIE) path-
ways, selective recognition of cargo for ubiquitination, sorting
of ubiquitinated cargo within endosomes, packaging of ubiq-
uitinated cargo into vesicles that bud into the lumen of the
endosome (forming multivesicular bodies), and fusion of these
endosomes with lysosomes, resulting in cargo degradation (2,
4 –7).

CME has been extensively studied and involves the selection
and rapid internalization of PM proteins that contain distinct
cytoplasmic sorting sequences recognized by adaptor proteins
that are part of the clathrin coat (8). CME is the primary mech-
anism for endocytosis of transferrin receptor, low density lipo-
protein (LDL) receptor, and signaling receptors after ligand
stimulation (9). CIE, by contrast, is a slower non-selective inter-
nalization pathway that appears to lack a distinctive cytoplas-
mic coat and may function as a bulk form of endocytosis (10).
There has been increased interest in CIE because it is the mode
of entry for a number of bacterial toxins and cell surface pro-
teins involved in immune function, ion and nutrient transport,
and cell adhesion (11).

In addition to lysosomal degradation, a number of PM pro-
teins undergo proteolytic cleavage of the luminal domain into
the extracellular space, also known as ectodomain shedding.
Although generally overlooked as a mechanism for protein
turnover, ectodomain shedding is an essential post-transla-
tional mechanism that plays a critical role in development, cel-
lular homeostasis, and immune function and during patholog-
ical conditions in vivo (12–14). Whether turnover of specific
PM proteins represents a balance between lysosomal targeting
and ectodomain shedding and how this may be regulated in
different cell types are unclear. We are interested in factors that
determine PM protein turnover, especially proteins that enter
cells by CIE, and in developing a systematic method to study
this in cells.

To establish a method to analyze PM protein turnover, we
used a chemical labeling approach in which the self-labeling
SNAP-tag was appended to the N terminus of the � chain of the
interleukin-2 receptor, also known as Tac, as well as to a num-
ber of Tac variants that differ only in their mode of internaliza-
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tion (CIE versus CME), anchorage in the PM (transmembrane
versus lipid-anchored), ability to be ubiquitinated, and presence
or absence of juxtamembrane O-linked sugars. Pulse-chase studies
with PM labeled SNAP-Tac chimeras demonstrated the useful-
ness of a model protein that undergoes a variety of trafficking and
cell surface modifications.

EXPERIMENTAL PROCEDURES

Cells, Reagents, and Antibodies—HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Lonza) with 10%
fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin,
and 100 �g/ml streptomycin and grown in a 5% CO2 atmo-
sphere at 37 °C. BG-S-S-488, BG-488, BG-800, and BG-PEG12-
biotin were synthesized as described previously (15, 16). Rabbit
anti-early endosomal antigen 1 (EEA1) and rabbit anti-Lamp1
were purchased from BD Biosciences and Abcam (Cambridge,
MA), respectively. All secondary antibodies were purchased
from Invitrogen Molecular Probes (Eugene, OR). Batimastat
(BB-94) and the O-linked glycosylation inhibitor benzyl 2-acet-
amido-2-deoxy-�-D-galactopyranoside were from Sigma.

Plasmid Construction—For all SNAP-Tac chimeras, the sig-
nal peptide of hen egg lysozyme (MRSLLILVLCFLPLAALG)
was introduced just before the second amino acid of the SNAP-
tag (DKDCEMKR . . . ). Following the SNAP-tag, a (GGGGS)2
linker was introduced followed by restriction sites (XbaI and
ApaI) to insert the indicated extracellular, transmembrane, and
cytoplasmic tail domains of Tac. The native signal peptide of
Tac was omitted, and the beginning of the extracellular domain
(1ELCDDD . . . ) followed the linker. For SNAP-Tac-LI, the
sequence ERAPLIRT from the rat lysosomal membrane pro-
tein LimpII (NCBI Reference Sequence NM_054001) was
appended to the cytoplasmic tail of Tac. This contains the
dileucine signal for clathrin adaptor-protein interactions and
internalization via CME (17) but lacks a second acidic residue at
position �5 from LI necessary for binding to the AP-3 adaptor
(18), thus preventing the protein from being directly targeted
from the Golgi complex to lysosomes. For SNAP-Tac-KR, the
single lysine residue in the cytoplasmic tail of Tac was mutated
to an arginine (K246R). For SNAP-Tac-GPI, the transmem-
brane domain and cytoplasmic tail of Tac was replaced by
the glycosylphosphatidylinositol (GPI) anchor sequence from
the low affinity immunoglobulin � Fc region receptor III-B
(CD16b; NCBI Reference Sequence NM_001271037) (19). For
the SNAP-Tac(T3A) glycosylation mutant, threonine resi-
dues corresponding to amino acids 197, 203, 208, and 216 in the
mature Tac protein (20) were replaced by alanine residues. For
truncated SNAP-Tac chimeras containing control and mutated
O-linked glycosylation sites, a 27-amino acid stalk region from
the membrane proximal side of the extracellular domain of Tac
(193LVTTTDFQIQTEMAATMETSIFTTEYQ219 . . . ) was intro-
duced together with the Tac transmembrane domain and cyto-
plasmic tail (amino acids 220 –251) into the SNAP vector
described above. The putative cleavage site that generates the
soluble form of Tac resides immediately prior to the stalk
domain between residues Cys192 and Leu193 (see “Discussion”).
The threonine residues (in bold) were changed to alanine resi-
dues in the glycosylation mutants. All constructs were cloned

into the mammalian expression vector pcDNA3.1 using stan-
dard PCR and cloning techniques and sequence-verified.

Transfections—HeLa cells were grown on glass coverslips
(for immunofluorescence) or 10-cm plates (for degradation and
pulldown assays) and transfected using X-tremeGENE 9
(Roche Applied Science) according to the manufacturer’s
specifications. Experiments were performed 15–18 h after
transfection.

Immunofluorescence and Localization of SNAP Proteins—
Cells expressing the chimeric proteins were labeled with BG-S-
S-488 (1–2 �M) at 4 °C for 30 min in DMEM with 20 mM

HEPES, pH 7.4. The cells were then rinsed two times in Hanks’
buffered saline solution (HBSS) containing calcium and mag-
nesium, transferred to fresh medium, and incubated at 37 °C.
At the indicated time points, cells were incubated with 10 mM

tris(2-carboxyethyl)phosphine (TCEP) for 2 min at 37 °C to
remove excess surface label. After two washes in PBS, cells were
fixed for 10 min in 3% formaldehyde in PBS; rinsed with PBS,
10% fetal bovine serum (FBS); and incubated with rabbit anti-
EEA1 monoclonal antibody in PBS, 10% FBS containing 0.2%
saponin for 1 h followed by Alexa Fluor 594 goat anti-rabbit
secondary antibody (Invitrogen Molecular Probes). Cells were
mounted with Fluoromount G (Southern Biotechnologies, Bir-
mingham, AL).

To monitor trafficking of cargo to lysosomal compartments,
cells were incubated with BG-S-S-488 for 15 min at 37 °C,
rinsed in HBSS, then transferred to fresh medium containing 20
mM NH4Cl and 20 �M BG-NH2 to block subsequent SNAP-tag
labeling, and incubated for 6 –22 h at 37 °C. The cells were
rinsed in PBS, treated or not with TCEP, fixed, stained with
rabbit anti-Lamp1 monoclonal antibody in PBS, 10% FBS con-
taining 0.2% saponin for 1 h, and processed as described above.
All images were obtained using either a 510 or 780 LSM confo-
cal microscope (Zeiss, Thornwood, NY) with a 63� Plan Apo
objective and processed using Adobe Photoshop. The Meta-
Morph colocalization application (Molecular Devices) was
used to quantify colocalization between SNAP-tag cargo and
EEA1 or Lamp-1 acquired as maximum intensity projections.
After separating the confocal images in the two different colors,
individual cells were outlined using the MetaMorph trace
region tool. After thresholding, quantification of the amount of
overlapping fluorescence pixels per cell was obtained after
applying the colocalization function. Data analysis was done
using Excel and Prism software.

Degradation and Extracellular Shedding Assay—HeLa or
COS cells were transfected with plasmids encoding SNAP con-
structs in 10-cm dishes. After 18 h, cells were removed from the
dishes with 10 mM EDTA and replated into 12-well plates to
assure similar levels of expression in each well. The next day,
cells were labeled with BG-800 at 4 °C for 30 min, rinsed, and
then incubated in medium at 37 °C for the indicated time points
in the presence of 20 �M BG-NH2 to block further SNAP label-
ing. At each time point, medium was collected, and cells were
solubilized in 0.25 ml of lysis buffer I (50 mM Tris-Cl, pH 7.4,
0.15 M NaCl, 1.0% Triton X-100) with protease inhibitors
(Roche Applied Science Complete tablets) and 20 �M BG-NH2.
For SNAP-Tac-GPI, cells were solubilized in lysis buffer I con-
taining 1.0% octyl �-D-glucopyranoside instead of Triton X-10.
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Cell media and lysates (in duplicates or triplicates) were run on
12% SDS-polyacrylamide gels and directly scanned and quanti-
fied by the Odyssey infrared scanner (LI-COR Biosciences, Lin-
coln, NE). To determine protein concentration, gels were
stained with Coomassie stain as described (21) and rescanned.
Protein detection was in the 700 nm channel. In brief, after
electrophoresis, gels were stained for 20 min with 0.25% Coo-
massie Blue R-250 (Sigma B-7920) in 50% methanol and 10%
acetic acid. They were then rinsed with 40% methanol and 7%
acetic acid followed by destaining for 30 min to overnight in the
same solution. Bicinchoninic acid (BCA) or other protein quan-
tification assays can be used; however, we found that the values
given by Coomassie staining generated more accurate results as
it directly accounts for protein loading. To measure protein
loading, the intensity for single or multiple protein bands was
determined within each lane. The fluorescence signal for the
protein of interest, as detected by BG-800, was then normalized
to the Coomassie signal. To calculate the fraction shed into
the medium, the values of the media fractions accounted for
volume were divided by the total signal represented by shed
plus cell-associated values. Prism and Excel software were
used to analyze data, generate degradation plots, and calcu-
late half-lives.

Pulldown of Ubiquitinated SNAP-Tac Proteins—This proto-
col is essentially from Eyster et al. (15) with minor modifica-
tions and corrections. HeLa cells (10-cm dishes) were trans-
fected with the indicated SNAP-Tac construct (4 �g/dish) with
HA-ubiquitin (1 �g/dish) and with or without MARCH8-
FLAG (1 �g/dish). After 18 h, cells were labeled with BG-PEG4-
biotin (1–2 �M) for 1 h at 37 °C. Cells were rinsed twice with
PBS, lifted, and pelleted at 300 � g. Cell pellets were incubated
with 100 �M BG-NH2 in 0.05 ml of PBS for 15 min at 4 °C and
then solubilized by adding 0.2 ml of lysis buffer II (50 mM Tris-
Cl, pH 7.4, 0.15 M NaCl, 0.1% Triton X-100) with 10 mM N-eth-
ylmaleimide plus Complete protease inhibitor tablets. The cell
extract was denatured by adding 20% SDS to obtain a 1% final
concentration and boiled for 10 min. The SDS was quenched by
adding 0.02 ml of 20% Triton X-100 and 1.8 ml of lysis buffer I,
and the cell extract was placed on ice for 30 min. The lysate was
centrifuged at 13,000 � g for 5 min, and 0.05 ml of the super-
natant was saved for SDS-PAGE. 0.05 ml of 1:1 slurry of Neu-
trAvidin-agarose resin (Thermo Scientific) was added to the
supernatant and rocked at 4 °C for 1 h. The beads were washed
three times with lysis buffer I and once with water. 20 �l of 3�
SDS sample buffer was added, and the beads were boiled for 10
min before protein separation by SDS-PAGE (6% Tris, glycine
for analysis of ubiquitination; 4 –20% for analysis of MARCH8-
FLAG expression; Novex, Invitrogen), transfer to nitrocellu-
lose, and immunoblotting. HA-ubiquitin was probed with
monoclonal HA.11 (Covance), MARCH8-FLAG was probed
with mouse anti-FLAG (M2 from Sigma), and SNAP-Tac pro-
teins were probed with rabbit polyclonal anti-SNAP (New Eng-
land Biolabs). Species-specific infrared secondary antibodies
were used for subsequent detection. Biotinylated SNAP-Tac
was detected with DyLight 800-conjugated NeutrAvidin
(Thermo Scientific). Membranes were incubated with primary
and secondary antibodies (each for 1 h at room temperature),

then washed three times with 0.1% Tween 20 in PBS, and visu-
alized by scanning with an Odyssey infrared scanner.

Inhibition of Extracellular Shedding—HeLa cells were trans-
fected with SNAP constructs and replated into 12-well plates as
described above. The next day, cells were labeled with BG-800
at 4 °C for 30 min in the presence or absence of 500 nM batimas-
tat (BB-94). Cells were then incubated at 37 °C for 30 min in the
presence or absence of BB-94. Media were collected, and cells
were solubilized in 0.25 ml of lysis buffer I with protease inhib-
itors and 20 �M BG-NH2. Cell media and lysates (in triplicates
or duplicates) were run on SDS-polyacrylamide gels and
directly scanned and quantified by the Odyssey infrared scan-
ner. To determine protein concentration, gels were stained
with Coomassie stain as described above and rescanned. Quan-
tification was described above.

Inhibition of O-Linked Glycosylation—For studies with
inhibitors of O-linked glycosylation, HeLa cells were transiently
transfected for 16 h with SNAP-Tac in 12-well dishes. Where
indicted, GalNAc-O-Bn (Sigma) was added during the over-
night transfection (2 mM final concentration). Cells were
labeled with BG-800 for 15 min at 37 °C, washed with HBSS,
and then incubated with Opti-MEM (0.5 ml) containing 40 �M

BG-NH2. Cells were maintained for 10 min at room tempera-
ture and then shifted to 37 °C. The medium was collected, and
cell lysates were made at 0 and 8 h of chase. Where indicated,
the “sheddase” inhibitor BB-94 was added during the chase (1
�M final concentration). To qualitatively assess the amount of
SNAP-Tac shed into the medium during the overnight incuba-
tion with GalNAc-O-Bn, the medium from control versus Gal-
NAc-O-Bn-treated cells was incubated with BG-800 for 4 h at
4 °C. SDS sample buffer was added, and samples were separated
by SDS-PAGE.

Shedding of SNAP-Tac and Endogenous Proteins in HeLa and
COS Cells—10-cm dishes of subconfluent HeLa or COS cells
were treated with 1 mM EZ-Link NHS-PEG4-biotin (Thermo
Scientific) in HBSS containing 50 mM HEPES, pH 7.4 for 30 min
at room temperature. Cells were rinsed once with HBSS and
then incubated with HBSS containing 50 mM Tris, pH 7.4 for 15
min at room temperature. Cells were then chased for 5 h at
37 °C in serum-free DMEM. Media were collected, and the cells
were rinsed twice with PBS and then solubilized in lysis buffer I
plus protease inhibitors. SDS sample buffer was added, and
samples were heated to 95 °C for 3 min before SDS-PAGE.
Equal amounts of protein were loaded from cell lysates as deter-
mined by BCA assay (Thermo Scientific). Biotinylated proteins
were labeled with DyLight 800-conjugated NeutrAvidin and
then detected on an Odyssey scanner.

RESULTS

The � chain of the interleukin-2 receptor, also known as
CD25 or Tac, is a type I membrane protein with a short,
13-amino acid cytoplasmic tail that lacks known targeting
sequences. It has been used extensively as a reporter protein
onto which cytoplasmic sorting sequences can be appended
to demonstrate the trafficking function of these sequences
(22–26). Tac normally enters cells via CIE (27, 28).

The SNAP-tag is a �20-kDa protein derived from the DNA
repair enzyme alkylguanine-DNA alkyltransferase. The SNAP-
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tag has an active site cysteine residue that covalently binds
O6-benzylguanine (BG) and its synthetic derivatives (29). BG
can be conjugated to a variety of fluorophores and other labels
(30), making it possible to tag and track the protein of interest
directly by a variety of methods such as fluorescence micros-
copy, gel electrophoresis, and in vivo imaging (31–33). The
SNAP-tag has been demonstrated not to affect the function of a
large number of fusion proteins (34, 35) and is an optimal
approach for pulse-chase labeling experiments (34, 36). The
covalent bond between BG and the SNAP-tag, however, makes
fluorescence studies of endocytosis difficult because the probe
cannot be removed from labeled proteins on the cell surface,
concealing the intracellular endocytosed pool. Hence, we intro-
duced a modification into this system that allows for the
removal of the surface label (16). Briefly, a cleavable disulfide
bond is introduced between the BG moiety and Alexa Fluor
488, creating BG-S-S-488, which allows us to remove surface
fluorescence after a brief (1–2-min) treatment with the cell-
impermeable reducing agent TCEP.

To examine how different cytoplasmic sorting motifs affect
the trafficking and turnover of cell surface proteins, different
cytoplasmic tails were appended onto a reporter protein,
SNAP-Tac. These modifications include an ERAPLIRT exten-
sion to generate a clathrin internalization signal (SNAP-Tac-
LI); replacement of the transmembrane domain of Tac with a
GPI anchor (SNAP-Tac-GPI); and mutation of the single lysine
residue in the cytoplasmic tail of Tac (SNAP-Tac-K246R), a
mutant expected to lack cytoplasmic sequences for ubiquitina-
tion (Fig. 1A) (see “Discussion”).

Endocytosis of SNAP-Tac Fusion Proteins—We first exam-
ined the trafficking itinerary of SNAP-Tac proteins in cells
using the cleavable BG-S-S-488 ligand. HeLa cells expressing
SNAP-Tac, SNAP-Tac-LI, SNAP-Tac-KR, or SNAP-Tac-GPI
were labeled at 4 °C with BG-S-S-488 for 30 min, then placed in
fresh medium, and incubated at 37 °C for 10 min to allow endo-
cytosis to occur. After 10 min, SNAP-Tac was still primarily at
the cell surface, but some internal punctate structures could
also be observed (Fig. 1B, top row). The internal pool of SNAP-
Tac was revealed after the addition of TCEP, and it was found
that these endosomes colocalized with EEA1, a marker for sort-
ing endosomes (Fig. 1B, top row, right panels). In contrast to
SNAP-Tac, after 10 min, most of the total labeled SNAP-Tac-LI
was observed in endosomes that labeled with EEA1 (Fig. 1B,
second row), leaving a little surface label behind that could be
removed with TCEP. This rapid and efficient entry of SNAP-
Tac-LI is consistent with its ability to enter cells via CME and
was observed previously for Tac-LI (27). SNAP-Tac-KR and
SNAP-Tac-GPI were internalized similarly to SNAP-Tac for
which internal endosomes, which colocalized with EEA1, were
only revealed after removal of the surface label with TCEP (Fig.
1B, third and fourth rows, respectively). Colocalization of inter-
nalized SNAP-Tac cargo variants with EEA1 after 10 min of
internalization is shown in Fig. 1C. Delivery of SNAP-Tac-GPI
to EEA1-positive compartments was significantly reduced
when compared with SNAP-Tac and SNAP-Tac-LI. Whether
this reflects reduced endocytosis of SNAP-Tac-GPI or reduced
sorting to EEA1-positive endosomes is unclear. Non-ionic
detergents extracted SNAP-Tac, -LI, and -KR, whereas SNAP-

Tac-GPI resided in detergent-resistant lipid rafts similar to its
parent protein, Tac-GPI (data not shown) (27).

Next, we wished to follow these cargo proteins for longer
periods of time to monitor their trafficking to late endosomal
and lysosomal compartments marked by the presence of
Lamp1. To do this, ammonium chloride was added to the
medium to inhibit lysosomal degradation. After 6 h, SNAP-Tac
was observed in compartments that colocalized with Lamp1, a
marker for lysosomes, whereas some was still observed at the
cell surface (Fig. 1D, top row). The lysosomal pool of SNAP-Tac
was more readily observed after treatment with TCEP to
remove the surface pool (Fig. 1D, top row, right panels). In con-
trast, after 6 h, nearly all of the SNAP-Tac-LI colocalized with
Lamp1 structures (Fig. 1D, second row), and little if any surface
SNAP-Tac-LI remained. Thus, uptake via CME results in the
efficient delivery to lysosomes compared with SNAP-Tac cargo
that enters cells by CIE. At 6 h of uptake, localization of SNAP-
Tac-KR (Fig. 1D, third row) and SNAP-Tac-GPI (Fig. 1D, fourth
row) appeared similar to that of SNAP-Tac. Quantification of
SNAP-Tac cargo colocalized with Lamp-1 after 6 h of uptake is
shown in Fig. 1E and showed no significant differences in
SNAP-Tac cargo delivery to lysosomes. However, after longer
than 10 h of internalization, most of the SNAP-Tac had cleared
the surface (observable without TCEP) and accumulated in
Lamp1-positive compartments, whereas a significant amount
of SNAP-Tac-KR and SNAP-Tac-GPI still remained on the
surface (data not shown). This suggests that SNAP-Tac fusion
proteins incapable of being ubiquitinated resided longer at the
cell surface.

Pulse-Chase Analysis of SNAP-Tac Cargo Proteins—To ana-
lyze the turnover of labeled SNAP-Tac fusion proteins, we
designed a degradation assay taking advantage of the covalent
labeling of the SNAP-tagged protein by BG (34, 37). We labeled
cells with BG-800, which allowed us to run total cellular lysates
on gels and quantify protein bands directly on an infrared scan-
ner with built-in software to quantify protein bands. We used a
Coomassie staining protocol to normalize for total protein con-
tent (see “Experimental Procedures”).

We found that the surface pool of SNAP-Tac was degraded
with a half-life of 5.5 h, which was extended to 11 h in the
presence of lysosomal inhibitors (Fig. 2, A, B, and C). SNAP-
Tac-LI, in contrast, was degraded more rapidly with a half-life
of 3.2 h, consistent with its rapid entry by CME and routing to
late endosomes (Fig. 2, A, B, and C). Degradation of SNAP-
Tac-LI was also impaired in the presence of ammonium chlo-
ride (t1⁄2 of 8 h), indicating that this degradation also occurred in
lysosomes. These results are consistent with previous findings
of turnover for Tac and Tac-LI using surface biotinylation
assays (27), confirming that addition of the SNAP-tag to the
extracellular portion of these proteins does not alter their traf-
ficking or degradation.

The half-lives of surface-labeled SNAP-Tac-KR (t1⁄2 of 7.9 h)
and SNAP-Tac-GPI (t1⁄2 of 12.1 h) were significantly longer than
that of SNAP-Tac (Fig. 2, B and C). Although lysosomal inhib-
itors significantly extended the half-life of SNAP-Tac-KR (t1⁄2 of
12 h), the half-life of SNAP-Tac-GPI was extended only for an
hour. The reason for this is unclear. SNAP-Tac-LI that also
contains the K246R mutation is degraded with a similar half-life
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FIGURE 1. Endocytosis of SNAP-Tac chimeras. A, schematic representation of various SNAP-Tac constructs. TM, transmembrane domain. B, HeLa cells
expressing SNAP-Tac fusion proteins were labeled with BG-S-S-488 at 4 °C for 30 min and then incubated for 10 min at 37 °C. Cells were not treated (left panels)
or treated (right panels) with 10 mM TCEP for 2 min at 37 °C to remove the surface label and then fixed. After fixation, cells were immunolabeled with antibodies
to EEA1 followed by species-specific secondary antibodies to detect EEA1-positive endosomes. The insets illustrate colocalization between internalized
SNAP-Tac proteins and EEA1. C, colocalization analysis between SNAP-Tac chimeras and EEA1. One-way analysis of variance followed by Tukey’s post hoc
multiple comparison test was used to compare colocalization values. Error bars represent mean � S.E. **, p � 0.05; ***, p � 0.001. D, HeLa cells expressing
SNAP-Tac fusions were labeled with BG-S-S-488 at 37 °C for 1 h and then transferred to media containing 25 mM NH4Cl to block lysosomal degradation. After
6 h, cells were treated or not with 10 mM TCEP and fixed as above. After fixation, cells were immunolabeled with antibodies to Lamp-1 followed by species-
specific secondary antibodies to detect Lamp1-positive lysosomes. The insets illustrate colocalization between internalized SNAP-Tac proteins and Lamp1. E,
one-way analysis of variance was used to compare colocalization values between SNAP-Tac chimeras and Lamp-1 as above. No significant colocalization
differences were observed between various constructs. Bars, 10 �m.
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as SNAP-Tac-LI (data not shown). This may be due to the dom-
inant lysosomal targeting of SNAP-Tac-LI. These findings
demonstrate that the turnover rate of our SNAP-Tac proteins is
determined by sequences in their cytoplasmic tails that affect

the mode of endocytosis (CIE versus CME) and the orienta-
tion in the membrane (transmembrane versus lipid-linked)
coupled to the likely presence of a lysine, which is subject to
ubiquitination.
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SNAP-Tac and SNAP-Tac-LI, but Not SNAP-Tac-KR or
SNAP-Tac-GPI, Are Polyubiquitinated by MARCH8—We have
assumed that mutating the single lysine residue in the cytoplas-
mic tail of Tac would prevent its ubiquitination, hence explain-
ing its longer half-life. To formally test this, we transfected our
SNAP-Tac constructs with HA-ubiquitin and MARCH8, a
ubiquitin ligase known to ubiquitinate a number of CIE cargo
molecules (15). SNAP-tagged proteins were surface-biotiny-
lated with BG-PEG12-biotin and recovered under denaturing
conditions (see “Experimental Procedures”). In the presence of
MARCH8, but not in its absence, a slower migrating ladder of
HA-ubiquitin can be observed above SNAP-Tac and SNAP-
Tac-LI but not with SNAP-Tac-KR or SNAP-Tac-GPI (Fig. 3).
Four ubiquitin bands could be seen for both SNAP-Tac and
SNAP-Tac-LI, which also labeled with antibodies to the SNAP
protein, thus ruling out nonspecific binding of ubiquitinated
proteins. Thus, SNAP-Tac is polyubiquitinated by MARCH8
on its one lysine residue. The proportion of ubiquitinated
SNAP-Tac and SNAP-Tac-LI in the presence of MARCH 8 is
similar (data not shown), demonstrating that overexpressed
MARCH8 does not discriminate CIE from CME cargo. In cells
not overexpressing MARCH8, the faster rate of degradation of
SNAP-Tac-LI is likely due to its faster inherent rate of internal-
ization (see Fig. 1, B and C) and rapid delivery to lysosomes via
its LI motif. No ubiquitination of SNAP-Tac-GPI was observed
as expected (Fig. 3). Thus, the slower turnover of surface-la-
beled SNAP-Tac-KR and SNAP-Tac-GPI is likely due to their
lack of ubiquitin modifications.

Extracellular Domain O-Linked Glycosylation Protects Tac
from Proteolytic Shedding—In addition to cytosolic determi-
nants, multisubunit interactions and post-translational modifi-
cations on the extracellular domain may also affect protein half-
life. Tac is a monomeric protein with two asparagine-linked
(Asn70 and Asn89) glycosylation sites and a number of O-linked
glycosylation sites in the stalk region near the transmembrane
domain (20, 38) (Fig. 4A). To investigate whether these sites for
carbohydrate modification could affect the itinerary and turn-
over of SNAP-Tac, we mutated four threonine residues (at
amino acids 197, 203, 208, and 216 of the mature Tac protein)
proposed to be O-glycosylated (20) to alanine residues (SNAP-
Tac(T3A)) (Fig. 4A). We also created a truncated version of
SNAP-Tac in which the bulk of the luminal domain of Tac was
deleted, but its 27-amino acid juxtamembrane stalk region as
well as its transmembrane domain and cytoplasmic tail (SNAP-
Tac trunc) was included. A threonine mutant variant of this
construct was also generated (SNAP-Tac trunc(T3A)) (Fig.
4A). A SNAP-Tac construct with two asparagine-linked (Asn70

and Asn89) glycosylation sites mutated to serine residues had no
effect on protein delivery to the cell surface or its turnover and
will not be described further (data not shown).

We examined the trafficking of these proteins by fluorescence
microscopy. After labeling with non-cleavable BG-488 on ice, sur-
face staining was observed for all of the constructs (Fig. 4, B–E, top
panels). After 30-min incubation to allow endocytosis, surface
labeling was still observed for SNAP-Tac and SNAP-Tac trunc
(Fig. 4, B and D); however, surface staining was gone from cells that
were transfected with the threonine mutants SNAP-Tac(T3A)
and SNAP-Tac trunc(T3A) (Fig. 4, C and E). Not only was the
surface label lost, but also there was only a small amount of label,
possibly in endosomes, associated with these cells.

To examine this rapid loss biochemically, we performed the
degradation assay on these proteins using BG-800. We found
that the turnover of SNAP-Tac and SNAP-Tac trunc was sim-
ilar with half-lives of 4 –5 h (Fig. 5, A, C, and E). Thus, the
turnover of SNAP-Tac was not influenced by the absence of
the bulk of its extracellular domain. By contrast, within 30
min, the cell-associated protein levels for both threonine to
alanine mutants, SNAP-Tac(T3A) and SNAP-Tac trunc
(T3A), were down to 10% of initial surface label (Fig. 5, B, D,
and E). This rapid loss from the cell seems incompatible with
lysosomal degradation, and given that Tac can be shed from
the surface of some cells (39), we examined whether these
proteins were shed into the media. Whereas only about 20%
of SNAP-Tac and truncated SNAP-Tac were detected in the
media by 4 h (Fig. 5, A, C, and F), over 80% of the glycosyla-
tion mutants were found in the media by 30 min of incuba-
tion (Fig. 5, B, D, and F). Shedding was confirmed by a shift in
molecular weight seen between the bands in the cell-associ-
ated and media fractions. Lysosomal inhibitors did not pre-
vent shedding (data not shown). A SNAP-Tac-GPI(T3A)
construct was also rapidly shed into the medium, demonstrating
that shedding does not require the Tac transmembrane or cyto-
plasmic tail domains (data not shown). Thus, the lack of O-linked
glycans on the juxtamembrane stalk of SNAP-Tac sensitizes the
protein to proteolytic cleavage on the PM.

Matrix metalloprotease-9 (MMP-9) has been implicated in
the shedding of Tac from the cell surface (40). We used bati-
mastat (BB-94), a broad spectrum MMP inhibitor, to see
whether we could inhibit the release of SNAP-Tac and SNAP-
Tac(T3A) into the media. We found that, after 30 min, shed-
ding of both SNAP-Tac (Fig. 6A, lanes 5 and 6) and SNAP-
Tac(T3A) (Fig. 6B, lanes 5 and 6) was completely prevented by
batimastat. In addition, the loss of cell-associated SNAP-
Tac(T3A) was also reversed by batimastat (Fig. 6B, lanes 7 and
8). These results were quantified for both cell-associated and shed
proteins (Fig. 6, C and D). These observations suggest that the
extracellular juxtamembrane stalk of Tac provides a potential rec-
ognition site for cleavage by a batimastat-sensitive protease and
that O-linked sugars in this region protect Tac from this cleavage.
Thus, glycosylated Tac should be resistant to shedding, whereas

FIGURE 2. Pulse-chase analyses of SNAP-Tac proteins. HeLa cells were pulse-labeled with BG-800, blocked with cold BG-NH2, and then chased for various
time points before cells were harvested. A, examples of turnover of BG-800-labeled SNAP-Tac (left) and SNAP-Tac-LI (right) from a representative experiment.
Top panels show the BG-800 signals, and the bottom panels show the Coomassie signals from stained gels. Duplicate or triplicate independent samples are
shown in the different lanes. The migration of prestained molecular mass markers (in kDa) is shown. B, quantification of fluorescent signals from gels of
SNAP-Tac (n � 13), SNAP-Tac-LI (n � 8), SNAP-Tac-KR (n � 6), and SNAP-Tac-GPI (n � 4) where n is the number of independent experiments, each done in
triplicate. Graphs show the BG-800 signal remaining at different time points as a percentage of the signal at time 0. The means � S.D. (error bars) are indicated
for untreated samples (circles) and in the presence of lysosomal inhibitors (lys inh) (triangles). For time points without error bars, the means of two independent
experiments are shown. Data are fitted to a single exponential decay equation. C, one-way analysis of variance analysis was used to compare t1⁄2 values for
SNAP-Tac, SNAP-Tac-LI, SNAP-Tac-KR, and SNAP-Tac-GPI. Error bars represent average t1⁄2 �S.D. *, p � 0.05; ***, p � 0.001.
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Tac lacking O-linked sugars might be more sensitive. To test this,
SNAP-Tac-expressing cells were treated overnight with an
O-linked glycosylation inhibitor, GalNAc-O-Bn, a competitive
inhibitor of N-acetylgalactosamine (41). SNAP-Tac showed an
increased mobility in cells treated overnight with GalNAc-O-Bn
compared with untreated cells (see Fig. 6E, compare lanes 1 and 2
with lanes 3 and 4), suggesting that O-glycans are not added. When
shedding was examined in GalNAc-O-Bn-treated cells, an
increased proportion of SNAP-Tac was cleaved from the cell sur-
face and released into the medium (Fig. 6 E, compare lanes 15 and
16 with lanes 17 and 18). This shedding was BB-94-sensitive (Fig.
5E, lanes 19 and 20). In addition, enhanced labeling of shed SNAP-
Tac with BG-800 was observed from the conditioned medium
derived from cells treated overnight with GalNAc-O-Bn (Fig. 6F).
These data confirm that the presence or absence of O-linked sug-
ars added to the membrane-proximal domain of Tac protects or
sensitizes Tac from shedding activities to prolong or shorten its
cellular half-life.

A higher rate of shedding of SNAP-Tac was observed in COS
cells as compared with HeLa cells both by fluorescence labeling
and biochemically (Fig. 7A). This suggests that COS cells may
have increased surface levels or activities of proteases respon-
sible for shedding. To examine this, HeLa and COS cells were
surface-biotinylated, and the release of biotinylated proteins
into the medium was monitored during a chase. Both cells were
extensively labeled by the biotinylation procedure, but COS
cells released considerably more proteins into the medium
compared with HeLa cells (Fig. 7B). Thus, for particular PM
proteins, turnover is likely determined by a combination of
shedding from the surface as well as delivery to lysosomes, the
proportion of which may differ in different cell types.

DISCUSSION

Here we developed a model system to identify features of cell
surface proteins that determine cellular half-life. We used SNAP-
Tac, a simple type I transmembrane protein and CIE cargo mole-
cule, as a reporter protein. We modified selected regions of the
protein to analyze protein turnover via entry by CME, replacing
the cytoplasmic and transmembrane sequences with a GPI
anchor, preventing ubiquitination via removal of the sole cytoplas-
mic lysine in Tac, and eliminating O-linked glycosylation. Protein
half-life was affected by each of these modifications.

Cytoplasmic sequences affected protein turnover by regulating
the mode of entry and intracellular itinerary. Dileucine motifs
allow entry by CME and rapid targeting to lysosomes (8, 27). Con-
sistent with this, the rapid turnover of SNAP-Tac-LI (t1⁄2 of 3.2 h)
contrasts with the degradation of SNAP-Tac, which enters by CIE
and has a longer cell surface lifetime (t1⁄2 of 5.5 h). Tac that lacks its
single cytoplasmic lysine, a modification that prevents ubiquitina-
tion, still enters by CIE but now has a reduced turnover rate (t1⁄2 of
7.9 h). SNAP-Tac-LI that also contains the K246R mutation is
degraded with a similar half-life as SNAP-Tac-LI (data not shown).
This may be due to the dominant lysosomal targeting of SNAP-
Tac-LI. The longest cell surface lifetime (t1⁄2 of 12.1 h) is achieved
when Tac has a GPI anchor. SNAP-Tac-GPI resides in detergent-
resistant lipid raft domains similar to its parent molecule, Tac-GPI,
and enters cells via CIE (19). The extended cellular half-life of
SNAP-Tac-GPI may be due to the absence of cytoplasmic domain

FIGURE 3. Ubiquitination of SNAP-Tac proteins. HeLa cells were transfected
with the indicated SNAP-Tac construct together with HA-ubiquitin and MARCH8-
FLAG where indicated. Cells were labeled with BG-PEG12-biotin for 1 h at 37 °C
and then harvested for denaturing pulldown with NeutrAvidin-agarose and sub-
sequent immunolabeling. A, immunoblot from pulldown with anti-HA and
detection with DyLight 800 goat anti-mouse secondary antibody. B, immunoblot
(IB) pulldown with anti-SNAP and detection with Alexa Fluor 680 goat anti-rabbit
secondary antibody. C, merged image. D, immunoblot of MARCH8 expression
from the cell lysate (1⁄75 of the total volume) with anti-FLAG. The migration of
prestained molecular mass markers (in kDa) is shown to the left of each panel.
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for ubiquitination and/or may be due to its residence in a particular
membrane lipid environment. Using a biotinylation/recovery
assay, Hare and Taylor (3) demonstrated that proteins that were
endocytosed had, in general, a shorter stability than proteins
restricted to the cell surface. Quantitation of internalization and
recycling rates of the various SNAP-Tac proteins will better define
this relationship between internalization and degradation (16).
Another issue regarding the longer half-lives of SNAP-Tac-KR
and SNAP-Tac-GPI is whether, in the absence of ubiquitination,
these proteins fail to be packaged into intraluminal vesicles of mul-
tivesicular bodies, which may reduce their susceptibility to lyso-
somal hydrolysis, thus extending their apparent lifetimes (2).

Recently, Trono and co-workers (34) used the SNAP-tag
technology to measure the half-life of fusion proteins in cul-
tured Jurkat T cells and Jurkat tumors in living mice. The half-
life of surface-labeled unstimulated SNAP-CD4 was 5.2 h,
which is similar to that of wild-type SNAP-Tac observed here (5
h). Surprisingly, in Jurkat cells, SNAP-GPI had a half-life of
3.8 h, which is considerably shorter than what we observed for
SNAP-Tac-GPI (t1⁄2 of 12 h). One possibility is that the different
structures of the two proteins affect their turnover rate. SNAP-
Tac-GPI contains the O-glycosylated stalk domain from Tac,
which may prolong its lifetime by reducing its trafficking to
lysosomes or its susceptibility to lysosomal hydrolysis. The
sequence of SNAP-GPI from Bojkowska et al. (34) was not pro-
vided but likely contains the extracellular SNAP-tag fused

directly to a GPI anchor targeting sequence. Alternatively, Jur-
kat cells may have a higher endogenous sheddase activity than
HeLa cells similar to what we have observed in COS cells. The
medium was not analyzed in Bojkowska et al. (34). GPI-an-
chored proteins usually have long half-lives due to their inclu-
sion in lipid rafts and entry by CIE (11, 42); however, different
GPI anchors within the same cell type can dramatically affect
the amounts of shedding of these proteins (43).

Tac was chosen as a model reporter construct for a number of
reasons. First, Tac is targeted to the plasma membrane by default
and has been extensively used to delineate cytoplasmic sorting sig-
nals (22, 25, 26, 44). Tac itself is a model CIE protein whose inter-
nalization and trafficking kinetics mimic those of endogenous CIE
cargo such as major histocompatibility complex class I (MHCI)
(27). Second, except in immune cells where Tac is associated with
� and � chains of the interleukin 2 receptor (38), it is not stably
associated with other endogenous molecules that may affect its
trafficking and turnover kinetics. In contrast, when we measured
the turnover rates of another CIE cargo, SNAP-CD98 (15), which
associates covalently at the PM with the large neutral amino acid
transporter 1 (LAT1), the heterodimeric form of the molecule
(SNAP-CD98/LAT1) was stabilized compared with monomeric
SNAP-CD98.3 Thus, assembly into multisubunit complexes can
influence PM protein turnover.

3 D. Karabasheva, N. B. Cole, and J. G. Donaldson, unpublished observations.

FIGURE 4. Mutation of O-linked glycosylation sites results in rapid loss of SNAP-Tac and SNAP-Tac trunc from the cell surface. A, schematic of SNAP-Tac
and SNAP-Tac trunc together with their Thr3 Ala mutants. The numbering system reflects the amino acids from the mature Tac protein. B–E, HeLa cells were
labeled for 30 min at 4 °C with BG-488 and either fixed directly or chased for 30 min at 37 °C before fixation. Representative images for SNAP-Tac (B),
SNAP-Tac(T3A) (C), SNAP-Tac trunc (D), and SNAP-Tac trunc(T3A) (E) are shown. DAPI staining shows cell nuclei. Bars, 10 �m.
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It is generally thought that ubiquitin tagging of cytoplasmic
domains either at the cell surface or on endosomes targets them
to late endosomes/lysosomes for degradation. Deubiquitinat-

ing activities may permit them to avoid ultimate destruction
and recycle back to the cell surface (4, 45). For proteins that lack
cytoplasmic sequences (e.g. GPI-anchored proteins) or have

FIGURE 5. Mutation of O-linked glycosylation results in shedding of SNAP-Tac into the medium. HeLa cells were transfected with SNAP-Tac, SNAP-
Tac(T3A), SNAP-Tac trunc, or SNAP-Tac trunc(T3A) and labeled with BG-800 for 30 min on ice in serum-free DMEM. Cells were chased for 30 min, 2 h, and 4 h
in serum-free DMEM containing excess BG-NH2. Media and lysates were collected and run on SDS-polyacrylamide gels. Duplicate or triplicate independent
lysate samples were loaded in individual lanes. For the media samples only, one sample is loaded per time point. Coomassie staining was used to determine
total protein loaded. A–D, representative gels from the indicated full-length or truncated constructs. The full-length proteins and shed products are indicated
(in A and B, m represents medium). In B, the fourth lane is empty. Quantification of cell-associated (normalized to time 0) (E) and shed (the fraction of the total
signal shed into the medium; see “Experimental Procedures”) (F) SNAP-Tac proteins is shown. Bar graphs represent data averaged from three independent
experiments �S.D. (error bars). The migration of prestained molecular mass markers (in kDa) is shown to the left of each panel.
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mutations that block ubiquitination, degradation still occurs,
albeit with reduced kinetics, at least for the proteins we have
examined here. Whether this is via a bulk flow mechanism in
which a fractional proportion of endocytosed membrane
reaches lysosomes by default or these proteins are subject to an
undefined surveillance mechanism is not known.

The extracellular domains of a number of transmembrane pro-
teins are released from the cell surface as soluble proteins through
a regulated proteolytic mechanism called ectodomain shedding
(46, 47). Only about 2% of cell surface proteins are released from
the surface by ectodomain shedding, indicating that cells selec-
tively shed their protein ectodomains (46). Cleavage often occurs

in a juxtamembrane stalk region adjacent to the membrane anchor
(47–49) and may require an unstructured or extended stalk of
minimal length (50). In addition to a compactly folded stalk that
may protect membrane protein from proteolysis, proteins such as
the LDL receptor (51, 52), transferrin receptor (53, 54), and decay
accelerating factor (55) have relatively short juxtamembrane stalk
sequences that are O-glycosylated, and when these sites are either
mutated or the proteins are expressed in a mutant Chinese
hamster ovary (CHO) cell line defective in mucin-type
O-glycan synthesis (ldlD), they are proteolytically shed. Con-
versely, stalk O-glycosylation of angiotensin-converting
enzyme increases susceptibility to proteolysis (47).

FIGURE 6. O-Linked glycosylation protects SNAP-Tac from ectodomain cleavage. HeLa cells expressing SNAP-Tac or SNAP-Tac(T3A) were labeled on ice
with BG-800 for 30 min in the presence or absence of 500 nM BB-94, a broad spectrum MMP inhibitor. All experiments were performed in serum-free media.
Media (med) and lysates (lys) for the 0-min time point were collected, and the rest of the cells were incubated at 37 °C for 30 min in the presence or absence of
500 nM BB-94. A, gel from SNAP-Tac-expressing cells. B, gel from SNAP-Tac(T3A)-expressing cells. Note that BB-94 inhibits the shedding of both proteins at 30
min (lanes 5 and 6) and prevents the loss of rapidly shed SNAP-Tac(T3A) from the lysate fraction (lanes 7 and 8) (64). Quantification of cell-associated proteins
(normalized to time 0) (C) and shed (the fraction of the total signal shed into the medium) (D) SNAP-Tac proteins is shown. Bar graphs represent data averaged
from three independent experiments �S.D. (error bars). E, SNAP-Tac-expressing cells were pulse-labeled with BG-800 on ice for 30 min and then chased for 0
or 8 h in the presence of excess BG-NH2. Where indicated, the MMP inhibitor BB-94 was added during the labeling period and the chase. Also, where indicated,
an O-linked glycosylation inhibitor was included in the medium during the overnight transfection as well as the pulse and chase periods. Note that treatment
with this inhibitor produces a faster migrating, presumably O-linked sugar-depleted, SNAP-Tac protein (compare lanes 1 and 2 with lanes 3 and 4). During the
chase, an increase in shed SNAP-Tac is also observed (compare lanes 15 and 16 with lanes 17 and 18) that is prevented with BB-94 (lanes 19 and 20). For lanes
9 –20, the sensitivity of the image was enhanced 2-fold so that the minor signal from lanes 19 and 20 could be seen. F, conditioned medium from SNAP-Tac-
transfected cells was labeled with BG-800. Note the increase in shed SNAP-Tac when cells were treated with the O-glycosylation inhibitor. The migration of
prestained molecular mass markers (in kDa) is shown to the left of each panel.
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Normally, little Tac is expressed on unstimulated lymphoid
cells. Rubin et al. (39) demonstrated that activated normal
peripheral blood mononuclear cells and certain lines of T and B
cell origin release a soluble form of Tac into the culture
medium. Significant increases in both Tac and the soluble form

of Tac are seen in autoimmune diseases, organ transplant rejec-
tion, and in many T cell and B cell neoplasms (56, 57). Although
Tac has been known to be O-glycosylated for years (20, 38), the
relationship between O-glycosylation and shedding has not
been addressed. For the SNAP-Tac protein studied here,
removal of four (of a possible five) (20) O-glycosylation sites
resulted in shedding soon after SNAP-Tac reached the cell sur-
face. This effect was mimicked with wild-type SNAP-Tac in the
presence of the O-glycosylation inhibitor benzyl 2-acetamido-
2-deoxy-�-D-galactopyranoside and was inhibited by the gen-
eral MMP inhibitor batimastat (BB-94). The loss of cell-associ-
ated Tac observed in ldlD CHO cells (58) may, therefore, be due
to proteolytic shedding. Structural analysis revealed that cleav-
age of Tac occurs in the extracellular domain between Cys192

and Leu193 in the mature protein (59). Although this region
contains no consensus site for proteolytic cleavage, studies have
indicated that MMP-9, a member of the MMP family, has the
ability to cleave Tac (Refs. 40 and 60, but also see Ref. 61).
MMPs are important proteolytic enzymes involved in cancer
metastasis, hydrolysis of the extracellular matrix, invasion, and
immune cell development (62, 63). Interestingly, we observed
that COS cells had an elevated shedding activity compared with
HeLa cells both with SNAP-Tac and when total surface pro-
teins were biotinylated. Whether this is a result of differences in
the structure of O-glycans synthesized in the Golgi complex or
increased surface MMP activity in COS cells is not known.

We have used a model PM protein to discover that parallel
processing pathways exist to regulate the turnover of PM pro-
teins, endocytosis and trafficking to lysosomes, and proteolytic
shedding. The extent of each of these pathways was protein-
and cell type-specific and dependent upon a number of factors,
including whether the proteins were endocytosed by clathrin-
dependent or -independent pathways, whether they were ubiq-
uitinated, and whether they contained structural motifs that
could be recognized by PM proteases. The labeling methods
used here can be extended to PM proteins found in multisub-
unit complexes and those that are involved in ligand-dependent
cell signaling pathways.
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