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Ubiquitination mediates endocytosis and endosomal sorting of
various signaling receptors, transporters, and channels. However,
the relative importance of mono- versus polyubiquitination and
the role of specific types of polyubiquitin linkages in endocytic
trafficking remain controversial. We used mass spectrometry-
based targeted proteomics to show that activated epidermal
growth factor receptor (EGFR) is ubiquitinated by one to two short
(two to three ubiquitins) polyubiquitin chains mainly linked via
lysine 63 (K63) or conjugated with a single monoubiquitin. Multi-
monoubiquitinated EGFR species were not found. To directly test
whether K63 polyubiquitination is necessary for endocytosis and
post-endocytic sorting of EGFR, a chimeric protein, in which the
K63 linkage-specific deubiquitination enzyme AMSH [associated
molecule with the Src homology 3 domain of signal transducing
adaptor molecule (STAM)] was fused to the carboxyl terminus of
EGFR, was generated. MS analysis of EGFR-AMSH ubiquitination
demonstrated that the fraction of K63 linkages was substantially
reduced, whereas relative amounts of monoubiquitin and K48
linkages increased, compared with that of wild-type EGFR. EGFR-
AMSH was efficiently internalized into early endosomes, but, im-
portantly, the rates of ligand-induced sorting to late endosomes
and degradation of EGFR-AMSH were dramatically decreased. The
slow degradation of EGFR-AMSH resulted in the sustained signal-
ing activity of this chimeric receptor. Ubiquitination patterns, rate
of endosomal sorting, and signaling kinetics of EGFR fused with
the catalytically inactive mutant of AMSH were reversed to nor-
mal. Altogether, the data are consistent with the model whereby
short K63-linked polyubiquitin chains but not multimonoubiquitin
provide an increased avidity for EGFR interactions with ubiquitin
adaptors, thus allowing rapid sorting of activated EGFR to the
lysosomal degradation pathway.

Ubiquitination, a posttranslational modification of proteins by
attachment of the ubiquitin (Ub) polypeptide, is an impor-

tant molecular signal that regulates endocytosis and post-endo-
cytic sorting of membrane proteins (1–3). Ubiquitination is
carried out by the sequential activity of E1, E2, and E3 enzymes;
the latter, E3 ligases, typically determine the substrate specificity
of Ub conjugation (4). Deubiquitinating enzymes (DUBs), a
group of proteases capable of cleaving Ub from conjugates with
target proteins, counteract the activity of the ubiquitination
system (5). Ub is predominantly conjugated to lysine residues
and much more rarely to the amino-terminal methionine or
other amino acids in the substrate. Lysines and the amino-ter-
minal methionine in the Ub molecule can also be conjugated to
another molecule of Ub, leading to the formation of polyUb
chains (6). Depending on the specific residue that links Ubs into
a chain, polyUb chains have different molecular folding, are
recognized by specific Ub-binding domains (UBDs) and have
distinct functions (7). The structure and interaction mechanisms
of lysine 48 (K48)- and K63-linked chains are most well-char-
acterized (8–12). Crystal and NMR structures of K63 di-Ubs
revealed extended, open conformation of two Ubs with high con-
formational freedom, as opposed to closed conformation of K48-
polyUb linkages (reviewed in ref. 11). Therefore, ubiquitination

substrates including endocytic cargo can be mono- and poly-
ubiquitinated by different chains, but the role of these diverse types
of ubiquitination in the regulation of endocytic trafficking remains
incompletely understood.
Epidermal growth factor (EGF) receptor (EGFR) was one of

the first endocytic cargos in mammalian cells that were found to
be ubiquitinated (13). This receptor has the profound role in
eukaryotic development, regulation of various tissues in adult
organisms, and pathogenesis of cancer (14). Therefore, EGFR
has been a prototypic model for studying the mechanisms of
endocytosis and endocytosis-relevant ubiquitination. EGFR is
ubiquitinated by Cbl E3 ligases at the cell surface and after in-
ternalization in endosomes (15–17). The internalization step of
EGFR trafficking is regulated by multiple redundant mecha-
nisms, including ubiquitination, and is not significantly inhibited
in the absence of receptor ubiquitination (18). By contrast,
sorting of the internalized receptor in multivesicular bodies
(MVBs), which leads to its incorporation into intraluminal
vesicles of MVB and degradation in lysosomes, is highly sensitive
to the extent of EGFR ubiquitination (15, 19).
Based on differential recognition by Ub antibodies, EGFR

was proposed to be conjugated with multiple monoUbs (20).
Moreover, replacement of the cytoplasmic domain of EGFR
with the Ub mutant incapable of polyubiquitination resulted in
EGF-independent endocytosis and degradation of such chimeric
receptor, thus suggesting that monoubiquitination is sufficient
for EGFR endocytosis and MVB sorting (20). Subsequently,
mass spectrometric (MS) analysis demonstrated a significant
amount of EGFR polyubiquitination, mainly by K63-linked
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chains (19, 21, 22). However, whether K63 polyubiquitination
is necessary for EGFR endocytic trafficking remains unknown.
The role of cargo ubiquitination by K63-linked chains has

been proposed in studies of endocytosis and MVB sorting of
yeast permeases (23–27). These studies, however, used an ap-
proach of global elimination of K63 polyubiquitination in the cell
to demonstrate the importance of these chains in endocytic
trafficking. Because numerous proteins, including ESCRT com-
ponents mediating MVB sorting are polyubiquitinated with K63
linkages, the inhibitory effects of the blockade of K63-linked
polyubiquitination on endocytosis and MVB sorting observed in
these studies may be indirect [e.g., not related to cargo ubiq-
uitination (25)]. By contrast, an alternative approach based on
the analysis of genetically engineered chimeric cargo molecules
fused to Ub or a DUB demonstrated that monoubiquitination is
fully sufficient for endocytosis and sorting of several membrane
proteins to the vacuole in yeast (28).
A number of mammalian endocytic cargo is polyubiquitinated

by K63-linked chains (29–31) and, to a lesser extent, with K48
linkages (32–35). Similarly to studies in yeast, the role of these
Ub linkages in mammalian cells was mainly examined by over-
expressing K63R or K48R Ub mutants incapable of forming
corresponding polyUb chains, leading to inhibition of K63 or
K48 polyubiquitination of all cellular substrates (31–33). To test
whether K63 polyubiquitination is required for EGFR endocy-
tosis and endosomal sorting, we analyzed the stoichiometry of
EGFR ubiquitination by MS and generated a chimeric EGFR
fused at the carboxyl terminus to a DUB with the specificity
toward K63 linkages. Analysis of the internalization and post-
endocytic sorting of this chimeric receptor showed that K63
polyUb chains are necessary for the efficient EGF-induced
down-regulation of EGFR.

Results and Discussion
To determine the molar stoichiometry of mono- and polyUb
conjugation of EGFR, receptor ubiquitination was analyzed us-
ing absolute quantification (AQUA)-based method where heavy
isotope-labeled reference peptides standards are used to quan-
tify Ub linkages and EGFR protein (36). Human EGFR con-
stitutively expressed in porcine aortic endothelial (PAE) cells,
lacking endogenous EGFR and other ErbB receptors, was
immunopurified, resolved by electrophoresis, and visualized by
Coomassie blue staining (Fig. 1A). Three gel regions (R1, R2,
and R3) containing EGFR (∼175 kDa) and EGFR that is
posttranslationally modified upon EGF binding (above 175 kDa)
were excised, as shown in Fig. 1A, and digested with trypsin. The
presence of EGFR and Ub peptides was confirmed using qual-
itative MS analysis by liquid chromatography–tandem MS (LC-
MS/MS). The absolute amounts of EGFR, monoUb, and two
major polyUb chain linkages, K48 and K63 (other Ub linkages
represent <3% of total EGFR-associated Ub), in each gel region
were quantified using AQUA as described previously (19, 36).
Representative MS/MS spectra and selective reaction monitor-
ing (SRM) assays are shown in Fig. 1C and SI Appendix, Fig. S1.
Analysis of EGFR from unstimulated cells revealed a low

background level of Ub. Following stimulation of cells with 20
ng/mL EGF for 5 min at 37 °C, conditions of the maximum high
EGFR ubiquitination, the total amount of Ub in EGFR immu-
noprecipitates increased 20- to 40-fold. Quantification of EGFR
using AQUA showed that in cells treated with EGF, 4%, 11%,
and 85% of EGFR protein were detected in R1, R2, and R3,
respectively (Fig. 1B). Calculations of Ub stoichiometry using

Fig. 1. Stoichiometry of EGFR ubiquitination. (A) PAE/wtEGFR cells were
treated with or without 20 ng/mL EGF for 5 min at 37 °C. EGFR was immu-
noprecipitated, immunoprecipitates were resolved by SDS/PAGE, and the
gels were stained with Coomassie blue. A representative gel is shown, with
red lines indicating regions R1, R2, and R3 containing EGFR that were excised
and analyzed by AQUA-based targeted proteomics as described in Materials
and Methods. (B) Quantification of the number of Ub per EGFR molecule
(Ub/EGFR), number of Ub-conjugated sites in EGFR (Ub’n sites/EGFR), and
number of Ub per chain conjugated to EGFR (Ub/chain) in gel regions R1, R2
and R3 using equations in SI Appendix. Graph bars represent mean values
(±SEM; n = 5). The cartoon illustration below depicts ubiquitinated EGFR
kinase domain and summarizes the stoichiometry of EGFR ubiquitination in
each of these gel regions calculated on the basis of AQUA analysis. 4%, 11%,
and 85% (mean values; n = 5) of total EGFRs are present in R1, R2, and R3,

respectively. All receptors present is R1 and R2 are considered to be EGF-
activated, whereas in R3, ∼15% of total EGFR are EGF-activated (EGF-occu-
pied before cell solubilization). (C) Representative tandem mass spectra of
Ub peptides demonstrating K48-chain and K63-chain ubiquitination. Peaks
matching expected singly and doubly charged (++) b and y ions are labeled.
Insets show representative mass chromatograms for the unlabeled (L) and
isotope-labeled internal standard peptide (H) from the LC-SRM.
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AQUA equations (SI Appendix) (36) revealed that highly ubiq-
uitinated EGFRs in R1 were conjugated with two short (2-3Ubs)
chains (Fig. 1B). R2 contained EGFRs that are mostly conju-
gated at a single site with the di-Ub. The number of ubiquiti-
nated sites per EGFR in R3 was 0.1, indicating that only 10% of
EGFRs in this gel region (8.5% of total EGFR) were conjugated
to either monoUb or di-Ub. [125I]EGF-binding analysis revealed
that 30% of total EGFR were occupied by EGF under con-
ditions of these experiments. Because EGFRs in R1 and R2
(15% of total EGFR) were considered to be EGF-activated
(EGF-occupied before cell lysis), the remaining ∼15% (of total
EGFR) EGF-activated EGFRs were in R3. Therefore, more
than half of these EGF-activated EGFR in R3 were ubiquiti-
nated (8.5% Ub-EGFR compared with total 15% EGFR-acti-
vated), which, in turn, leads to the conclusion that more than
75% of total EGF-activated EGFRs were ubiquitinated (Fig.
1B). Altogether, the data of the quantitative MS analysis dem-
onstrated that EGFR is mostly polyubiquitinated with short
chains or monoubiquitinated. It should be noted that these
experiments provide an estimation of an average Ub:EGFR
stoichiometry. It is possible that longer chains can be conjugated
to EGFR, although the population of such Ub-EGFR species is
predicted to be small. Importantly, multimonoubiquitinated EGFR
species were not detected.
Because the affinity of monomeric interactions of Ub with

UBD is low, the general notion is that ubiquitin-dependent
sorting processes are mediated by multivalent interactions of
ubiquitinated substrates with adaptor proteins containing either

multiple UBDs or an UBD with two ubiquitin-binding sites (37–
39). The multivalency and high avidity of interactions have been
proposed to be achieved through either multimonoubiquitination
or polyubiquitination of the endocytic cargo. The Ub:EGFR
stoichiometry data in Fig. 1 support the model whereby the
predominant mode of cargo (EGFR) interaction with UBD-
containing adaptors involves short polyUb chains rather than
multiple monoUbs.
The bulk of polyUb conjugated to the kinase domain of the

EGF-activated EGFR is represented by K63-linked chains (19).
Consistent with the data in Fig. 1 demonstrating predominant
conjugation of EGFR by di-Ub, K63-linked di-Ub was impli-
cated in endocytosis and sorting of yeast permeases (23). To
directly test the role of K63-linked polyubiquitination of EGFR
in its endocytosis, we used an approach based on the hypothesis
that attachment of a K63-polyubiquitin–specific DUB to the
cytoplasmic domain of EGFR may result in the cleavage of these
chains conjugated to the receptor. Therefore, we generated a
fusion protein, in which AMSH, a DUB that displays strong
preference toward K63-linked polyubiquitin chains (40), was
attached to the carboxyl terminus of EGFR (EGFR-AMSH; Fig.
2A). To control for additional, deubiquitination-independent ef-
fects of AMSH attachment to EGFR, catalytically inactive
AMSH mutant was substituted for the wild-type (wt) AMSH in
the EGFR fusion protein. In previous studies such AMSH mu-
tant (D348N) was used to examine cellular functions of AMSH
(22). However, EGFR chimeric proteins containing the D348N
AMSH mutant were found to be highly unstable as revealed by
the presence of multiple truncated forms of this EGFR chimera.
Therefore, an EGFR fusion with the double mutant of AMSH,
E280A/D309A, which displayed normal protein stability, was
generated (EGFR-AMSH*; Fig. 2A). E280 is important for
normal coordination of Zn ions in the catalytic center of AMSH.
However, D309 has the flexibility to turn in the absence of E280
and bind H2O, which results in normal coordination of Zn ions
(41). Thus, combination of these two mutations was necessary
for inactivating AMSH. EGFR-AMSH and EGFR-AMSH*
were constitutively expressed in PAE cells. Several independent
single-cell clones expressing different levels of wt and chimeric
EGFRs were used in subsequent experiments to account for
clonal variability.
To analyze ubiquitination of EGFR-AMSH fusions, Western

blotting and parallel quantitative MS analysis of EGFR immu-
noprecipitates were performed as in Fig. 1. Because a reduced
level of EGFR-AMSH ubiquitination was expected, the PAE cell
clone expressing a high amount of EGFR-AMSH mutant re-
ceptors was used in these experiments. Western blot analysis of
wtEGFR and chimeric EGFR immunoprecipitates demon-
strated abolished ubiquitination of EGFR-AMSH (if normalized
to the total EGFR), whereas ubiquitination of EGFR-AMSH*
was moderately but consistently increased compared with
wtEGFR (Fig. 2B). Interestingly, distribution of the Ub immu-
noreactivity in the EGFR-AMSH lane was different from that in
wtEGFR and EGFR-AMSH* lanes. The Ub signal overlapping
with the major EGFR-AMSH band (∼230–240 kDa) (pre-
sumably, mostly monoubiquitinated EGFR-AMSH) was in-
creased, whereas the high-molecular-mass smear (presumably
highly ubiquitinated EGFR-AMSH) was decreased (Fig. 2B).
Consistent with this observation, label-free MS-based relative
quantification of ubiquitinated EGFR peptides (listed in SI Ap-
pendix, Fig. S2A) indicated that the amount of Ub adjusted for
the amount of ubiquitinated EGFR is lowest in EGFR-AMSH,
followed by wtEGFR and EGFR-AMSH* (SI Appendix, Fig.
S2B), suggesting that the number of Ubs per ubiquitinated
EGFR is lowest in EGFR-AMSH. The extent of tyrosine phos-
phorylation of wtEGFR, EGFR-AMSH, and EGFR-AMSH*
was comparable, indicative of a normal kinase activity of the
chimeric receptors (Fig. 2B; also see Fig. 5 below).
SRM-based quantitative MS revealed that about 55–60% of

Ub in wtEGFR immunoprecipitates was present in the form of
K63-linked chains (Fig. 2C). The percentage of K63-linked

Fig. 2. AMSH attachment to EGFR results in impaired K63 ubiquitination of
the receptor. (A) Schematic representation of EGFR-AMSH chimeric proteins.
(B) PAE cells expressing wtEGFR, EGFR-AMSH (clone 10), or EGFR-AMSH*
(clone 27) were treated or not with 20 ng/mL EGF for 5 min at 37 °C and
lysed, and EGFRs were immunoprecipitated. Immunoprecipitates were re-
solved by SDS/PAGE and probed with Ub, phosphotyrosine, and EGFR anti-
bodies. Note that Ab1005 poorly recognize activated EGFR. (C) PAE cells
expressing wtEGFR, EGFR-AMSH (clone 10), or EGFR-AMSH* (clone 27) were
treated with 20 ng/mL EGF for 5 min at 37 °C and lysed, and EGFRs were
immunoprecipitated. Absolute amounts (femtomole quantities) of total Ub
and K48 and K63 polyUb-chain linkages were measured by SRM-based MS.
The data are presented as percentages of polyUb linkages to the total
amount of Ub in the combined three gel regions R1, R2, and R3 of EGFR
staining that was excised similarly to Fig.1A.
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polyubiquitination of EGFR-AMSH was decreased two times
but not changed in the control chimera containing inactive
AMSH. In contrast, the relative amount of Lys48 polyUb chains
was higher in EGFR-AMSH than in wtEGFR and EGFR-
AMSH* (Fig. 2C). Correspondingly, the proportion of monoUb
was the highest in EGFR-AMSH. These data suggest that
AMSH attached to the EGFR carboxyl terminus efficiently and
specifically removes K63 polyUb linkages conjugated to the ki-
nase domain of EGFR.
EGFR ubiquitination is implicated in the regulation of two

steps of the EGFR traffic: (i) internalization from the cell sur-
face to endosomes; and (ii) sorting from endosomes to lyso-
somes. Therefore, first, internalization rates of wtEGFR and
chimeric proteins were compared. When low concentration of
[125I]EGF was used, conditions that favor EGFR internalization
via clathrin-mediated endocytic pathway, the rates of wtEGFR
and EGFR-AMSH were not statistically different (Fig. 3A). In-
ternalization of EGFR-AMSH* was slightly increased compared
with that of wtEGFR and EGFR-AMSH (Fig. 3A), likely because
of low expression levels of EGFR-AMSH* in all clones generated.
These data are consistent with the previous studies demon-
strating that ubiquitination is not essential for clathrin-mediated
internalization of EGFR and represents one of the redundant
internalization mechanisms (18). When saturating concentration
of EGF is used, both clathrin-dependent and -independent
pathways contribute to EGFR internalization. Incubation of cells
with 100 ng/mL EGF conjugated to rhodamine (EGF-Rh) for 10
min resulted in accumulation of wt and chimeric EGFRs in early
endosomes containing EEA.1 (Fig. 3B). The extent of endo-
somal accumulation of wtEGFR and EGFR-AMSH in early en-
dosomes was similar, whereas internalization of EGFR-AMSH*
was slightly increased (Fig. 3C). These data suggest that reduced
K63 polyubiquitination of EGFR does not significantly affect the
internalization step of receptor trafficking.
To examine the role of K63 polyubiquitination of EGFR in

ligand-induced receptor degradation, several single-cell clones
expressing wtEGFR or chimeric EGFRs were incubated with

EGF at a saturating concentration, and the amounts of the
EGFR protein were measured by Western blotting. As shown in
Fig. 4, activated wtEGFR was degraded with the half-life time of
about 1 h. By contrast, EGF-activated EGFR-AMSH was very
slowly degraded regardless of its expression level in several single
cell clones. Interestingly, EGFR-AMSH* was degraded even
more rapidly than wtEGFR, presumably because of increased
ubiquitination and relatively low expression levels of this chimera.
Altogether, these data indicated that K63 polyubiquitination is es-
sential for the maximally rapid EGF-induced degradation of EGFR.

Fig. 3. Internalization of EGFR-AMSH chimeric proteins. (A) Internalization
rate constants (ke) of [

125I]EGF (1 ng/mL) were measured in several single cell
clones of cells stably expressing wtEGFR, EGFR-AMSH, or EGFR-AMSH*. *P <
0.05 (EGFR-AMSH* relative to EGFR-AMSH). (B) Cells stably expressing similar
levels of wtEGFR, EGFR-AMSH, or EGFR-AMSH* were incubated with EGF-Rh
(100 ng/mL) for 10 min at 37 °C. After fixation, the cells were stained with
antibody to EEA.1 followed by secondary Cy5-conjugated antibody. A z stack
of confocal images were acquired although 561 nm (EGF-Rh, red) and 640
nm (EEA.1, green) channels. Confocal sections through the middle of the cell
are shown. “Yellow” signifies the overlap of rhodamine and Cy5 fluorescence.
(Scale bars: 10 μm.) (C) The relative amount of EGF-Rh in EEA.1-containing
endosomes was calculated from two independent experiments performed as
in A). Data represent values averaged from 10 cells (± SEM).

Fig. 4. Slow degradation and lysosomal targeting of EGFR-AMSH. (A) Sev-
eral individual single-cell clones of cells expressing wtEGFR, EGFR-AMSH, and
EGFR-AMSH* were serum-starved and incubated with EGF (100 ng/mL) for
the indicated times before lysis in the absence of OV and NEM. EGFR was
detected with antibodies 1005. (B) The amount of EGFR immunoreactivity
was quantitated from five to six experiments for each variant, and the
mean values (± SEM) for each type of EGFR/mutant-expressing cells were
plotted against time. (C) Cells were preincubated with leupeptin and then
incubated with EGF-FITC (100 ng/mL) for 2 h at 37 °C, including with
LysoTrackerRed for the last 30 min of this incubation with EGF-FITC. After
fixation, a z stack of images were acquired although 561-nm (LysoTrack-
erRed) and 488-nm (EGF-FITC) channels. Confocal sections through the
middle of the cell are shown. “Yellow” signifies the overlap of red and green
fluorescence. Arrows indicate examples of colocalization of EGF-FITC and
LysoTracker. (Scale bars: 10 μm.) (D) The percentage of EGF-FITC located in
vesicles containing LysoTrackerRed relative to the total cell-associated EGF-
FITC was calculated from two experiments performed as in C. Each data
represents value averaged from 10 cells (± SEM). *P < 0.05 (EGFR-AMSH
relative to wtEGFR and EGFR-AMSH*).
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After 2 h of cell incubation with labeled EGF (EGF-FITC),
wtEGFR could be readily detected in compartments with in-
creased acidity (late endosomes and lysosomes) labeled with
LysoTrackerRed (Fig. 4). By contrast, a very low level of EGF-
FITC colocalization with LysoTracker was observed in clone 17
of cells expressing EGFR-AMSH at a similar level as wtEGFR
clone 15. Significant amount of this chimera was detected in
EEA.1 containing early endosomes after 2 h of continuous en-
docytosis (SI Appendix, Fig. S3). The EGFR-AMSH* protein
was efficiently targeted to acidic compartments (Fig. 4). These
data indicate that sorting of EGFR to late endosomes/lysosomes
correlates with the extent of K63-linked polyubiquitination. Sort-
ing of EGFR in MVB involves interaction of ubiquitinated re-
ceptors with hepatocyte growth factor-regulated substrate (Hrs)
and, possibly, signal-transducing adaptor molecule (STAM), which
have been proposed to be regulated themselves by ubiquitination
(42, 43) (reviewed in ref. 3). However, expression of EGFR-
AMSH did not decrease Hrs-associated ubiquitination or af-
fected cellular concentrations of Hrs, STAM1, and STAM2
compared with that in wtEGFR- and EGFR-AMSH*–expressing
cells (SI Appendix, Fig. S4), suggesting that slow lysosomal tar-
geting of EGFR-AMSH is not attributable to decreased ubiq-
uitination of these adaptor proteins.
Because EGFR-AMSH chimera was very slowly down-regu-

lated, we hypothesized that the signaling activity of this receptor
is prolonged. To compare the kinetics of EGFR activation, cells
were stimulated by supraphysiological concentration of EGF (10
ng/mL) for 5 min, washed, and then incubated without EGF to
monitor the decay of the receptor activity. Under these con-
ditions, only a pool of EGFR was occupied by EGF, and,
therefore, no significant down-regulation of the total EGFR
protein was observed. The amount of tyrosine phosphorylated
wtEGFR and EGFR-AMSH* was rapidly decreased during the
chase incubation, whereas EGFR-AMSH remained to be highly
phosphorylated for at least 2 h (Fig. 5). Similarly, EGF-induced
activity of extracellular growth factor regulated kinase (ERK) 1/2
was prolonged in cells expressing EGFR-AMSH compared with
cells expressing wtEGFR or EGFR-AMSH* (Fig. 5). Some de-
cay in ERK1/2 phosphorylation in EGFR-AMSH–expressing

cells could be attributable to EGF-induced up-regulation of
ERK1/2 phosphatases (44).
In summary, we propose that K63-linked polyUb chains are

necessary for rapid lysosomal degradation of EGF-activated
EGFR based on (i) observation of the predominant ubiquitina-
tion of the receptor by short K63 linkages and absence of mul-
timonoubiquitinated receptors; and (ii) slow degradation of the
EGFR-AMSH chimeric protein with impaired K63-linked poly-
ubiquitination. This model appears to disagree with studies using
linear cargo-Ub fusion proteins in yeast and similar EGFR-Ub
fusions in mammalian cells, which proposed that monoUb is the
fully sufficient sorting signal (20, 28, 45). It should be noted,
however, that studies of cargo-Ub chimeras in yeast typically
measured the end point of the sorting process, and it is possible
that the kinetics of endocytosis and/or vacuole targeting of these
chimeric proteins is slower than that of natively polyubiqui-
tinated transporters and receptors. Likewise, the rates of endo-
cytosis and degradation of EGFR-Ub chimera were two times
lower than those rates of wtEGFR (20). Another important con-
sideration is that all molecules of engineered cargo-Ub fusions
bear Ub at all steps of endocytosis and intracellular sorting, thus
maintaining constantly high concentration of cargo capable of
weak interactions with Ub adaptors. By contrast, the extent of
ubiquitination of endogenous cargo depends on the opposing
activities of ubiquitination and deubiquitination systems. There-
fore, only a limited pool of total cellular cargo protein is ubiq-
uitinated and capable of interaction with UBD adaptors at
a given stage of endocytosis. We postulate that in higher eukary-
otic cells with evolving of the large family of ubiquitinated cargo,
such as receptor tyrosine kinases, K63 chains provide an ad-
vantage for the efficient sorting of these signaling receptors over
monoUb in competing for binding to Ub adaptors in endosomes,
thus allowing physiological down-regulation of these receptors
upon their activation.

Materials and Methods
Reagents. EGF-Rh, EGF-FITC, and LysoTrackerRed were purchased from
(Invitrogen). Monoclonal antibody to phosphotyrosine (PY20) conjugated to
horseradish peroxidase and monoclonal antibody to EEA.1 were from BD
Transduction Laboratories; monoclonal antibody to EGFR (Ab528) was from
American Type Culture Collection; mouse monoclonal antibody to Ub (P4D1)
and polyclonal antibody to EGFR (Ab1005) were from Santa Cruz Bio-
technology; and monoclonal antibody to EGFR phosphotyrosine 1068,
polyclonal antibodies to AMSH and ERK1/2, and monoclonal antibody to
phosphorylated ERK1/2 were from Cell Signaling Technology. Rabbit poly-
clonal antibody to actin and GFP were from Sigma and Abcam, respectively.
Mouse monoclonal antibody to Hrs and rabbit polyclonal antibodies to
STAM1 and STAM2 were from Santa Cruz Biotechnology. Heavy isotope-
labeled synthetic peptides for Ub and EGFR were purchased from Cell Sig-
naling Technology and ThermoFisher Scientific, respectively.

Plasmid Constructs and Point Mutations. The full-length human AMSH cDNA
was kindly provided by Daniel Devor (University of Pittsburgh). The EGFR-
AMSH chimeric construct was generated by replacing the GFP sequence with
the AMSH sequence in the EGFR-GFP construct described previously (46)
between SacII and NotI restriction sites. Point mutations in the constructs
were generated using the QuikChange mutagenesis kit (Stratagene Cloning
Systems) according to the manufacture protocol.

Cell Culture and Transfections. PAE cells were grown in F12 medium con-
taining 10% (vol/vol) FBS, antibiotics, and glutamine. PAE cell lines stably
expressing wt EGFRs were described previously (18, 19). Other cell lines were
obtained by transfection of cells with EGFR-AMSH or EGFR-AMSH* plasmids,
followed by single cell clone selection with 0.4 mg/mL G418 (Invitrogen).

Mass Spectrometric Analysis of EGFR Ubiquitination. EGFR immunoprecipitation
and MS analysis was performed as described previously (19). Briefly, PAE cells
stably expressing wt or mutant EGFR grown in 150-mm dishes were untreated
or treated with 20 ng/mL EGF for 5 min at 37 °C, washed and lysed in Triton
X-100/glycerol/Hepes solubilization buffer containing 1% sodium deoxycholate,
1 mM ortho-vanadate (OV), and 10 mM N-ethyl-maleimide (NEM). EGFR was
immunoprecipitated with antibody Ab528, and the precipitates were washed

Fig. 5. Signaling by EGFR-AMSH chimeric proteins. (A) Cells expressing
wtEGFR, EGFR-AMSH, or EGFR-AMSH* were serum-starved, treated with
10 ng/mL EGF for 5 min at 37 °C, washed, and further incubated for the
indicated times (Chase Time) without EGF. The cells were lysed in the pres-
ence of OV and NEM. The cell lysates were probed for active EGFR (antibody
pY1068), total EGFR, phosphorylated ERK1/2, and total ERK1/2. The experi-
ment is representative of three independent experiments. (B) Mean amounts
of active ERK1/2 normalized to total ERK1/2 from three experiments (± SEM)
plotted against chase time are presented on the graphs.
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with 0.5 M NaCl to minimize coprecipitation of other proteins. The precipitates
were resolved on 7.5% SDS/PAGE. The gels were stained by Coomassie blue.

Gel regions were excised as indicated and processed for tryptic digestion as
described previously (36). Heavy isotope-labeled synthetic peptides were
spiked in after digestion, and the resultant peptide mixtures were analyzed
using MS. Qualitative LC-MS/MS analysis was carried out using a nano-LC
(nanoACQUITY UltraPerformance LC; Waters) coupled with an LTQ Orbitrap
Velos mass spectrometer (ThermoFisher Scientific). A more detailed de-
scription of the qualitative LC-MS/MS analysis can be found in SI Appendix.
AQUA-based quantitative MS analysis presented in this work was a com-
bined effort of the S.G. laboratory at the Harvard Medical School and the
Biomedical Mass Spectrometry Center at the University of Pittsburgh (PITT).
The LC-SRM analysis by the S.G. laboratory was carried out as described (36).
The SRM analysis by PITT was performed on a TSQ quantum ultra (Thermo-
Fisher) coupled with a nanoflow Dionex Ultimate 3000 LC system as described
(47). Skyline software (48) was used to facilitate targeted SRM assay method
development and data analyses. The transitions of the targeted peptides were
preliminarily selected based on human tandem spectrum library downloaded
from PeptideAtlas (www.peptideatlas.org) and subsequently optimized on
the TSQ. The list of targeted Ub and EGFR peptides and transitions, together
with peptide concentrations, is presented in SI Appendix, Table S1.

Immunoprecipitation and Western Blotting. Western blot analysis of EGFR im-
munoprecipitates and lysates to examine ubiquitination, tyrosine phosphory-
lation of EGFR, EGFR degradation, and ERK1/2 phosphorylation was per-
formed as described (19). See SI Appendix for details.

[125I]EGF Internalization. Mouse receptor-grade EGF (Collaborative Research)
was iodinated, [25I]EGF internalization rates were measured, and the specific
rate constant for internalization ke was calculated as described previously (18).

Fluorescence Microscopy. Analysis of EGFR localization in the cells using
confocal fluorescence microscopy was performed as described (19) with the
modifications listed in SI Appendix.
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