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Ubiquitination is a process that involves the covalent at-
tachment of the 76-residue ubiquitin protein through its
C-terminal di-glycine (GG) to lysine (K) residues on sub-
strate proteins. This post-translational modification elicits
a wide range of functional consequences including tar-
geting proteins for proteasomal degradation, altering
subcellular trafficking events, and facilitating protein-pro-
tein interactions. A number of methods exist for identify-
ing the sites of ubiquitination on proteins of interest,
including site-directed mutagenesis and affinity-purifica-
tion mass spectrometry (AP-MS). Recent publications have
also highlighted the use of peptide-level immunoaffinity en-
richment of K-GG modified peptides from whole cell lysates
for global characterization of ubiquitination sites. Here we
investigated the utility of this technique for focused map-
ping of ubiquitination sites on individual proteins. For a
series of membrane-associated and cytoplasmic sub-
strates including erbB-2 (HER2), Dishevelled-2 (DVL2),
and T cell receptor � (TCR�), we observed that K-GG
peptide immunoaffinity enrichment consistently yielded ad-
ditional ubiquitination sites beyond those identified in pro-
tein level AP-MS experiments. To assess this quantitatively,
SILAC-labeled lysates were prepared and used to compare
the abundances of individual K-GG peptides from samples
prepared in parallel. Consistently, K-GG peptide immunoaf-
finity enrichment yielded greater than fourfold higher levels
of modified peptides than AP-MS approaches. Using this
approach, we went on to characterize inducible ubiquitina-
tion on multiple members of the T-cell receptor complex
that are functionally affected by endoplasmic reticulum (ER)
stress. Together, these data demonstrate the utility of im-
munoaffinity peptide enrichment for single protein ubiquiti-
nation site analysis and provide insights into the ubiquitina-
tion of HER2, DVL2, and proteins in the T-cell receptor
complex. Molecular & Cellular Proteomics 13: 10.1074/
mcp.M113.031062, 145–156, 2014.

Ubiquitin is a highly conserved, 8 kDa protein that can be
covalently attached to substrate proteins, leading to changes
in protein stability, subcellular localization, and pathway acti-
vation. Ubiquitination occurs primarily on lysine residues via a
multistep process that requires the concerted action of three
enzymes. First an E1 ubiquitin-activating enzyme uses ATP to
form a high-energy thioester bond with ubiquitin. This
charged E1 can subsequently interact with and transfer ubiq-
uitin to an E2 ubiquitin-conjugating enzyme. E3 ubiquitin-
ligases ultimately provide specificity to the reaction by facili-
tating the transfer of ubiquitin from a charged E2 to the
substrate protein (1). As ubiquitination dictates the fate of
modified proteins, characterizing the residues within specific
proteins that can be modified by ubiquitin provides mecha-
nistic insight into many biological processes.

Dysregulated ubiquitination of critical substrates has been
associated with many human diseases including cancer and
neurodegeneration (2–8). Currently, efforts are underway to
gain a better understanding of factors modulating ubiquitina-
tion on a substrate by substrate basis. Because E3 ligases
confer much of this specificity, many have become attractive
as potential therapeutic targets (9). Understanding the precise
targets of ubiquitination, and the stimuli that elicit this modi-
fication, will play a central role in validating these enzymes
and their modulators as targets (3, 9–12).

A series of biochemical methods are available for detecting
ubiquitination on both endogenous and overexpressed pro-
teins. For endogenous proteins, a common diagnostic for
ubiquitination involves protein-level immunoprecipitation fol-
lowed by Western blot analysis using an antibody recognizing
ubiquitin. Many ubiquitinated proteins have shorter half-lives
and are present at lower levels than their unmodified coun-
terparts. To overcome this challenge, cells overexpressing
substrates of interest are often treated with proteasomal or
lysosomal inhibitors to stabilize ubiquitinated proteins. Al-
though this method is diagnostic for the presence of ubiquiti-
nation, it does not reveal the exact site(s) of ubiquitination. For
this, site-directed mutagenesis is commonly employed to
identify residues that may be ubiquitinated. Lysine residues
are substituted with arginines (individually or in combination)
and the mutant protein is examined by immunoprecipitation-

From the ‡Department of Protein Chemistry, §Department of Mo-
lecular Diagnostics and Cancer Cell Biology, ¶Department of Bioin-
formatics, Genentech, Inc. 1 DNA Way, South San Francisco, Cali-
fornia, 94080

Author’s Choice—Final version full access.
Received May 15, 2013, and in revised form, September 24, 2013
Published, MCP Papers in Press, October 18, 2013, DOI 10.1074/

mcp.M113.031062

Research

Author’s Choice © 2014 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Molecular & Cellular Proteomics 13.1 145



Western blot analysis. In some cases, because of the number
of lysine residues and the size of the protein, this task can be
challenging. Functional redundancy can result in the ubiquiti-
nation of alternative lysines when preferred sites are mutated.
Conversely, mutagenesis can inhibit ubiquitination by block-
ing the ligase-substrate interaction even when the substituted
lysine was not the primary target of the modification.

Mass-spectrometry-based methods provide a means of
generating direct evidence to demonstrate ubiquitination on a
particular lysine. This can be achieved by immunoprecipitat-
ing the protein of interest, separating the captured proteins by
SDS-PAGE, excising the high molecular weight modified pro-
tein, and performing in-gel tryptic digestion (referred to as the
gel-based method). Tryptic digestion results in the generation
of a di-glycine remnant that remains attached to ubiquitinated
lysine residue. This remnant is derived from the C terminus of
ubiquitin, and results in a mass shift of �114.0429 Da that can
be detected by MS/MS. The use of multiple-reaction moni-
toring (MRM)-initiated detection has been reported to aid in
identification of low abundance ubiquitinated peptides (13).
Although gel-based methods have led to the successful iden-
tification of many ubiquitination sites (14–16), there are in-
stances in which the sensitivity has not been sufficient to
systematically define ubiquitination sites of interest.

Recent publications have demonstrated that peptide level
immunoaffinity enrichment, which takes advantage of anti-
bodies raised against the di-glycine remnant (K-GG)1 motif, is
a powerful approach for cataloging ubiquitinated substrates
from cell lysate (17–19). K-GG peptide immunoaffinity enrich-
ment has been used to identify �5,000 sites from as little as 1
mg of input material in global profiling efforts (19) and to suc-
cessfully map ubiquitination sites on the protein APOBEC3F
(20). Considering the emerging role for this method in investi-
gating ubiquitination on a global scale, we were interested in
assessing its utility in the context of focused ubiquitination site
mapping on individual proteins.

To investigate this, ubiquitination on three different proteins
was characterized: the receptor tyrosine-protein kinase (RTK)
erbB-2 (HER2), Dishevelled-2 (DVL2), and T cell receptor �

(TCR�). For these three likely ubiquitinated substrates, efforts
to map ubiquitination sites using protein level immunoprecipi-
tation methods were each met with limited success. In con-
trast, K-GG peptide immunoaffinity enrichment using compa-
rable amounts of starting material yielded multiple high

confidence ubiquitination site identifications for each sub-
strate. Our results demonstrate the effectiveness of K-GG
peptide immunoaffinity enrichment at identifying ubiquitina-
tion sites not seen by other methods, while in parallel eluci-
dating valuable information regarding the ubiquitination status
in a global manner.

EXPERIMENTAL PROCEDURES

Cell Culture, Reagents, and Plasmids—For TCR� and DVL2 stud-
ies, HEK293T were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS) and 100 �g/ml penicillin/streptomycin and
transfected using Fugene HD (Roche) according to manufacturer’s
instructions. For HER2 studies, BT474 cells were maintained in RPMI
supplemented with 10% FBS and Glutamax. For Jurkat studies,
Jurkat cells were maintained in RPMI supplemented with 10% FBS.

Immunoprecipitations, Coomassies and Western Blots—For over-
expressed TCR� ubiquitination site identification studies, cells were
transfected 48 h before cell lysis with plasmids encoding C-terminally
HA-tagged wild type TCR� (21, 22). 293T were treated with 10 �M

MG132 for 3 h and lysed in RIPA buffer (50 mM Tris-HCl pH 8, 150 mM

NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and 0.1% SDS)
supplemented with Protease inhibitor mixture EDTA-free (Roche Ap-
plied Science, Penzberg, Germany). For HER2 studies, BT474 cells
were treated with 10 nM Trastuzumab (Genentech, Inc., South San
Francisco, CA) for 2 h before lysis in RIPA buffer. Cellular lysates were
quantified using the BCA Protein Assay kit (Pierce, Rockford, IL)
according to manufacturer’s protocol. For immunoprecipitation, 10
mg of protein was incubated with 3 �g of anti-HA (Santa Cruz Bio-
technology, Santa Cruz, CA) antibody for TCR� or 3 �g anti-HER2
(7C2, Genentech, Inc.) for 1 h followed by addition of 100 �l Protein
A/G agarose beads (Santa Cruz Biotechnology) overnight. TCR� was
eluted using 50 �l HA peptide (1 mg/ml in TBS) for 30 min at room
temperature; endogenous HER2 was eluted by boiling the beads in
sample buffer.

For DVL2 ubiquitination site identification, DVL2-FLAG-Myc was
transfected into HEK293T cells, along with HA-ubiquitin. At 48 h
post-transfection, cells were treated with 25 �M MG132 (EMD Bio-
sciences, Danvers, MA) for 2 h. Cells were lysed in Nonidet P-40
buffer (1% Nonidet P-40, 120 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM

EDTA), plus protease and phosphatase inhibitors. Denatured whole
cell lysates were affinity purified with anti-FLAG M2 beads (SIGMA,
St. Louis, MO) overnight, and washed in high salt buffer (20 mM

HEPES pH 7.9, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 25%
glycerol) for 10 min, then in low salt buffer (20 mM Tris-HCl pH 7.4, 300
mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.1% Nonidet P-40) for 10 min
(three repetitions) and overnight. DVL2 protein was then eluted with
500 �g/ml 3 � FLAG peptide and subjected to in-solution tryptic
digestion or to K-GG peptide immunoaffinity enrichment.

Samples were separated on 4–12% Bis-Tris polyacrylamide gels
and transferred to PVDF membrane (10% sample) or stained with
SimplyBlue Safestain stain (Invitrogen, Carlsbad, CA) (90% sample).
Western blots were performed to identify migration patterns of ubiq-
uitin-modified protein (anti-ubiquitin antibody P4D1, Santa Cruz Bio-
technology) and used to guide in-gel tryptic digestion.

In-solution and In-gel Tryptic Digests—For in-gel tryptic digests,
gel pieces were diced into 1 mm cubes and destained in 50 mM Ambic
in 50% ACN (v/v) for 15 min or until clear. Gel pieces were dehydrated
with 30 �l of 100% ACN for 5 min, the liquid removed, and the gel
pieces rehydrated in 5 mM DTT and incubated at 50 °C for 60 min. Gel
pieces were again dehydrated in 100% ACN, liquid was removed and
gel pieces were rehydrated with 12.5 mM iodoacetamide (IAA). Sam-
ples were incubated at room temperature, in the dark for 20 min. Gel
pieces were washed with 50 mM Ambic and dehydrated with 100%

1 The abbreviations used are: K-GG, di-glycine remnant on ubiq-
uitinated lysine residues after tryptic digestion; SILAC, stable isotope
labeling by amino acids in cell culture; PTM, post-translational mod-
ification; LC-MS/MS, liquid chromatography followed by tandem MS
analysis; IP, immunoprecipitation; TCR�, T cell receptor alpha; TCR�,
T cell receptor beta; TCR�, T cell receptor zeta; DVL2, Dishevelled-2;
SNR, signal to noise ratio; POI, protein of interest; AP-MS, affinity-
purification mass spectrometry; Ambic, ammonium bicarbonate;
RTK, receptor tyrosine-protein kinase; ACN, acetonitrile; TFA, Triflu-
oroacetic acid.
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ACN. Gel pieces were rehydrated with 10 ng/�l trypsin resuspended
in 50 mM Ambic on ice for 1 h. Excess liquid was removed and gel
pieces were digested with trypsin at 37 °C overnight. Peptides were
extracted with 50% ACN/0.1% formic acid, followed by 100% ACN/
0.1% formic acid. Peptides were dried to completion and resus-
pended in 2% ACN/0.1% formic acid.

For in-solution tryptic digestion, proteins were eluted from beads
using 50% ACN/0.1% TFA and dried down in a SpeedVac. Proteins
were then reconstituted in HEPES buffer (20 mM, pH 8) containing
4 M urea. Samples were reduced in the presence of 5 mM DTT at
60 °C for 30 min followed by alkylation with 12.5 mM IAA at room
temperature, in the dark for 20 min. Samples were diluted with
HEPES buffer to a final concentration of 2 M urea. Trypsin was
added and digestion was performed at 37 °C overnight. The diges-
tion was quenched with 20% TFA and STAGE tipped (21). A C18

STAGE tip was prepared using two wafers from 3 M Empore Disk
C18, 47 mm. It was washed with 100 �l of 95% ACN/0.1% TFA and
equilibrated with 3 � 100 �l of 0.1% TFA. The digest mixture was
loaded onto the tip followed by 3 � 100 �l of 0.1% TFA washes.
Peptides were then eluted with 2 � 50 �l of 60% ACN/0.1% TFA.
A portion of the eluent (�20%) was analyzed by LC-MS/MS and the
remaining 80% was subjected to ubiquitin enrichment using K-GG
peptide immunoaffinity enrichment.

K-GG Peptide Immunoaffinity Enrichment—Cells were subjected to
immunoaffinity enrichment of ubiquitinated peptides using the
PTMScan® protocol (Cell Signaling Technology, Danvers, MA), as
previously described (22). Briefly, cells were lysed in urea lysis buffer,
lysates were reduced with DTT, alkylated with IAA and digested with
trypsin overnight at room temperature. Resultant peptides were de-
salted and dried. Peptides were resuspended in IAP buffer (Cell
Signaling Technology) and K-GG peptides were immunoprecipitated
using the K-GG motif antibody conjugated to agarose beads for 2 h at
4 °C. Peptides were eluted using 0.15% TFA, desalted using a STAGE
tip, and analyzed by LC-MS/MS.

For endogenous TCR� ubiquitination studies, Jurkat cells were
treated with vehicle, 5 �g/ml tunicamycin (48 h; SIGMA, St. Louis,
MO), 10 �M MG132 (3 h), or tunicamycin and MG132 in combination.
Protein lysate was collected from the four conditions and 35 mg of
protein was subjected to the K-GG peptide immunoaffinity enrich-
ment protocol (see above).

SILAC Analysis—Cells were cultured in SILAC RPMI (Pierce) sup-
plemented with isotopically enriched forms of L-lysine (13C6,15N2 hy-
drochloride; 50 �g/ml) and L-arginine (13C6, 15N4 hydrochloride; 40
�g/ml) (Heavy) or the corresponding unlabeled form of each at the
same concentration (Light). Both Heavy and Light forms of RPMI were
further supplemented with L-Proline (200 �g/ml; to prevent metabolic
conversion of Arg3Pro), L-glutamine (2 mM) and 10% dialyzed FBS
(Pierce). After 1 week of metabolic labeling, cells were lysed, digested
with trypsin, and analyzed by LC-MS/MS to ensure complete incor-
poration of the isotopic label. Light cell lysates (10 mg) were sub-
jected to protein level enrichment, SDS-PAGE, followed by in-gel
tryptic digestion. Heavy cell lysates (10 mg) were subjected to K-GG
peptide immunoaffinity enrichment. Peptides resulting from either
method were dried down separately, reconstituted in 10 �l 2% ACN/
0.1% formic acid and combined together for LC-MS/MS analysis.

LC-MS/MS—Peptide mixtures were injected via an auto-sampler
and loaded onto Symmetry® C18 column (1.7 �m BEH-130, 0.1 �
100 mm) at a flow rate of 1.5 �l/min using a NanoAcquity UPLC
system (Waters, Milford, MA) as previously described (23). Peptides
were separated at 1 �l/min using a gradient of 2% Solvent B to 25%
Solvent B (where Solvent A is 0.1% Formic acid/2% ACN/water and
Solvent B is 0.1% formic acid/2% water/ACN) applied over 35 or 60
min with a total analysis time of 60 or 90 min. Peptides were eluted
directly into a Orbitrap XL (DVL2 studies) or Velos-Orbitrap-Elite mass

spectrometer (all other studies) (ThermoFisher, San Jose, CA) at a
spray voltage of 1.4 kV using an Advance CaptiveSpray ionization
source (Michrom BioResources/Bruker, Auburn, CA). Precursor ions
were analyzed in the FTMS at 60,000 resolution. MS/MS was per-
formed in the LTQ with the instrument operated in data dependent
mode whereby the top eight or top 15 most abundant ions were
subjected for fragmentation on the Orbitrap XL or Orbitrap Elite,
respectively.

For peptide identification, ReAdW (v.4.3.1) was used to generate
peaks and MS/MS spectra were searched using Mascot (v.2.3.02)
against a concatenated target-decoy database comprised of human
protein sequences (UniProt Dec. 2011), known contaminants, epitope
tagged-TCR� or -DVL2, and the reversed versions of each (119,247
total entries). For peptide identifications from Jurkat studies on ER
stress, Jurkat specific sequences for TCR� (Gene AAA60626), TCR�
(Gene ADB80116), and TCR� (Gene AAA60394) were appended to the
concatenated target-decoy database using text editor. MS/MS spec-
tra searched by Mascot using trypsin with up to two missed cleav-
ages, a 50 ppm precursor ion tolerance, and 0.8 Da fragment ion
tolerance. Variable modifications were permitted for methionine oxi-
dation (�15.9949 Da), carbamidomethylation (�57.0215) on cysteine
residues and ubiquitin di-glycine remnant (-GG signature) on lysine
residues (�114.0429 Da). No more than three variable modifications
were permitted in a given search. For SILAC experiments, heavy
lysine (�8.0142) and heavy arginine (�10.0083) were also included.
The data were also interrogated for the presence of C-terminal
�114.0429 as a diagnostic for IAA artifacts (17).

Given that single protein analysis offers limited numbers of peptide
spectral matches, peptide assignments were initially filtered to a 5%
peptide level false discovery rate (FDR) using linear discriminant
analysis (24). Following automated filtering, peptide spectral matches
to substrate specific K-GG peptides of interest were manually vali-
dated and filtered data quantified at the peptide level using the
VistaQuant algorithm either in direct or indirect cross-quantification
(XQuant) mode (25, 26). Relative abundance ratios at the protein level
were calculated from summed abundance measurements of peptides
with VistaQuant Confidence Scores � 83 (26, 27).

RESULTS

Methods of Ubiquitination Site Mapping on Individual Pro-
teins—Dishevelled-2 (DVL2) is a cytoplasmic, multimodule
adaptor protein in the Wnt signaling pathway (28) that is
ubiquitinated by the KLHL12-cullin3-ubiquitin ligase (29). On
Wnt stimulation, DVL2 is hyper-phosphorylated by CK1e,
CK2, as well as RIPK4 (30–32). To profile DVL2 ubiquitination
sites, FLAG-tagged DVL2 was overexpressed in HEK293T,
purified by anti-FLAG immunoprecipitation, digested in-solu-
tion with trypsin, and analyzed by LC-MS/MS (Fig. 1B).
Despite observing many unmodified DVL2 peptides (66%
sequence coverage; Fig. 2A), no ubiquitinated DVL2 pep-
tides were detected.

In parallel, we also investigated the ubiquitination status of
the membrane-associated protein TCR�, a component of the
T cell receptor (TCR). TCR� is a model substrate of the
endoplasmic reticulum-associated degradation (ERAD) path-
way that misfolds and is targeted for proteasomal degradation
via the ERAD pathway when expressed in non-T cells lacking
other members of the TCR complex (33, 34). Ubiquitination
and degradation of this protein have been studied for nearly
two decades, although the precise ubiquitination sites have
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only recently been proposed (35). We previously reported
ubiquitination on three lysine residues (K118, K144, and
K178) using a gel-based method; however, because TCR�

is misfolded when ubiquitination occurs, we suspected ad-
ditional lysine residues to also be modified. Using the pre-
viously described approach here (Fig. 1A), two ubiquitina-
tion sites on TCR� were observed in this study (K144 and
K184) (Fig. 2C, Table I).

We also investigated the ubiquitination status of the endog-
enous, membrane-associated protein HER2. HER2 is a mem-
ber of the epidermal growth factor receptor family that plays
an essential role in the pathogenesis and progression of cer-
tain aggressive types of breast cancer. HER2 is the target of
the antibody-therapeutic trastuzumab (Herceptin®). It was
previously reported that HER2 trafficking and degradation are
associated with K48 and K63-linked poly-ubiquitination (36),
although the precise ubiquitination sites on HER2 remain
unknown. Additionally, inhibition of the chaperone HSP90 has
been reported to induce ubiquitination and depletion of HER2
in a breast cancer cell line (37). We were interested in mapping
endogenous HER2 ubiquitination sites in a breast cancer
model and in characterizing the effect of trastuzumab treat-
ment on HER2 ubiquitination patterns and protein stability. In

this study, endogenous HER2 was immunoprecipitated from
cellular lysates made from the BT474 HER2� breast cancer
cell line. Elutions were subjected to SDS-PAGE and the gel
region from 175 kDa to the top of the gel, containing ubiquitin-
modified HER2, was excised and subjected to in-gel tryptic
digestion. Despite identification of many unmodified HER2
peptides, ubiquitination sites were not observed using this
method (Fig. 2B, Table I).

In parallel with each of the DVL2, TCR�, and HER2 studies
above, K-GG peptide immunoaffinity enrichment was per-
formed. With DVL2, ubiquitination was observed on K343,
K477, and K484 (nine unique peptides, 20 total PSMs, with
mass errors ranging from two to eight ppm) (Fig. 2D, Table I,
and supplemental Fig. S1). Two of these sites, K477 and
K484, flank one of the RIPK4 phosphorylation sites in the DEP
domain. Although further experiments are required to eluci-
date the coordination of phosphorylation and ubiquitination
on DVL2, the proximity of these sites to one another is rem-
iniscent of the phosphodegrons observed in certain cell cycle
substrates and in growth factor receptor signaling (38, 39). For
TCR�, K-GG peptide immunoaffinity enrichment led to the
identification of ubiquitination on seven lysine residues: K74,
K80, K86, K118, K144, K178, and K184 (30 unique peptides,

FIG. 1. Methods to map ubiquitination sites. A, Schematic of the gel-based method for identifying ubiquitination sites on proteins of
interest (POI). Proteins are immunoprecipitated using an immunoaffinity tag or with an antibody specific for a POI followed by SDS-PAGE
analysis. Anti-ubiquitin Western blots are used to confirm the location of ubiquitinated POI and Coomassie stained gel bands are cut
accordingly. In-gel tryptic digestions are performed, peptides are extracted, and then analyzed by LC-MS/MS. This example shows a
representative Western blot and Coomassie from the HA-tagged TCR� studies. B, In solution digestion method on a POI. This is the same as
(A) except trypsin digestions are performed immediately post-IP (in the presence of the IP antibody) and no SDS-PAGE analysis is performed.
C, Schematic of the K-GG peptide immunoaffinity enrichment method for mapping ubiquitination sites on a POI. Whole cell lysates are digested
with trypsin and the resultant peptides are immunoprecipitated with an antibody against the K-GG remnant left on ubiquitinated lysine residues.
Peptides are eluted and analyzed by LC-MS/MS.
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204 total PSMs, with mass errors that ranged from �8 to �2
ppm) (Fig. 2F, Table I, and supplemental Fig. S3). Similarly for
HER2, K-GG peptide immunoaffinity enrichment of BT474
whole cell lysates yielded 11 ubiquitination sites: K150, K175,
K716, K724, K736, K747, K753, K762, K765, K854, and K860
(17 unique peptides, 57 total PSMs, with mass errors that

ranged from �8 to �2 ppm) (Fig. 2E, Table I, and supplemen-
tal Fig. S2).

Among the HER2 ubiquitination sites observed, five had not
been previously reported (K716, K762, K765, K854, and
K860), including four within the kinase domain. Ubiquitination
was observed at these sites in untreated, dividing cells and

FIG. 2. Ubiquitination site mapping on DVL2, HER2 and TCR�. Coverage reports obtained for (A) DVL2 using the in-solution digestion
method, (B) HER2, and (C) TCR� using the gel-based method of ubiquitination site mapping. Representative spectra for ubiquitinated peptides
from (D) DVL2, (E) HER2, and (F) TCR� using the K-GG peptide immunoaffinity enrichment method.
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remained unaltered by trastuzumab treatment (data not
shown). The presence of ubiquitination sites within the kinase
domain of an RTK has previously been shown to control
agonist-dependent internalization and has been observed for
many other kinases (18, 40–43). HER2 is known to form
homo-dimers and hetero-dimers with the epidermal growth
factor receptor (EGFR) and the structure of the HER2 kinase
domain was recently solved (44). Nine of the ubiquitinated
lysine residues identified in this study cluster on one side of
the kinase domain (Fig. 3A, 3B) (18, 42). More experiments are
required to determine how ubiquitination of the HER2 kinase
domain affects protein dimerization and kinase activity as well
as its impact on HER2-driven tumors and metastasis.

Using Stable Isotope Labeling in Cell Culture (SILAC) to
Compare Gel-based Methods of Ubiquitination Site Mapping
to K-GG Peptide Immunoaffinity Enrichment—Given the con-
sistent performance of K-GG peptide immunoaffinity enrich-
ment relative to protein-level immunoprecipitation, we set up
a SILAC experiment to directly compare the abundance of
individual K-GG peptides between the two approaches. To
assess the abundance of K-GG-peptides, cells were grown in
either media containing isotopically heavy lysine (13C6

15N2)
and arginine (13C6

15N4) or in isotopically light media. Cells
were lysed and 10 mg of heavy protein lysate was subjected
to K-GG peptide immunoaffinity enrichment. In parallel, 10 mg
of light protein lysate was subjected to protein level immuno-
precipitation, followed by SDS-PAGE, and in-gel tryptic di-
gestion. Before LC-MS/MS analysis, peptide elutions from

both methods were dried down separately and reconstituted
in an equal volume. Samples were then combined together in
a 1:1 ratio to compare the relative abundance of individual
K-GG peptides derived from matching amounts of starting
material (Fig. 4A). This analysis was carried out for both ec-
topically expressed TCR� in HEK293T cells and for endoge-
nous HER2 from BT474 cells.

In this SILAC approach, the identification of a single mem-
ber of a SILAC pair is sufficient to quantify the abundance of
a peptide in both conditions. Doing so permits the quantifi-
cation of low abundance precursor ions that were present but
did not trigger data-dependent MS/MS in one of the two
conditions. For HER2, a series of heavy peptides stemming
from K-GG peptide immunoaffinity enrichment were identified
by MS/MS. Among these, the precursor ions for three out of
the four remained undetectable in the light sample derived
from protein level IP (Table II). For one ubiquitinated peptide
detected by both methods (K747), the heavy ion precursor
was four times more abundant in the heavy K-GG peptide
immunoaffinity enrichment method than in the light gel-based
method (Fig. 4B). Likewise, ubiquitinated peptides identified
from TCR� were between 16 and 100 times more abundant in
the heavy K-GG peptide immunoaffinity enriched samples
than the light gel-based samples (Fig. 4C, Table III).

One consideration was that pre-enrichment at the protein
level might improve the performance of K-GG peptide immu-
noaffinity enrichment by substantially reducing the number of
other K-GG peptides competing for binding to the anti-K-GG

FIG. 3. K-GG peptide immunoaffinity
enrichment reveals ubiquitination
sites on the kinase domain of HER2.
A, The main structure of the kinase do-
main is labeled in yellow and lysine res-
idues identified as ubiquitin carriers are
labeled in blue in the left panel. The
structure is rotated 180 degrees in
the right panel. B, Same as A except the
structure is shown in the context of
the HER2 kinase domain homo-dimer.
One monomer is labeled in yellow and
one monomer is labeled in green for
clarity.

TABLE I
Identification of ubiquitination sites by various methods

* Observed in a previous analysis.
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FIG. 4. K-GG peptide immunoaffinity enrichment out-performs conventional methods of ubiquitination site mapping on single
proteins. A, Cells grown in heavy media were lysed and 10 mg of protein was subjected to the K-GG peptide immunoaffinity enrichment
method; cells grown in light media were lysed and 10 mg of protein was subjected to the gel-based method. Peptides eluted from each method
were reconstituted separately in equal volumes. Samples were combined at a 1:1 ratio and examined by LC-MS/MS to compare the relative
abundance of ubiquitinated peptides from our protein of interest isolated from each method. An example of a representative ubiquitinated
peptide from (B) HER2 or (C) TCR� is shown. The top left panel shows the total ion chromatogram followed by the extracted ion
chromatograms for ions corresponding to the heavy and light peptides (light ion on top, heavy ion on bottom). The middle panel is a narrow
range full-MS scan depicting the relative intensity of the SILAC pair and the MS/MS spectrum for the ubiquitinated peptide is on the left panel.
Heavy ions are labeled in green and light ions are labeled in red. b- and y- fragment ions are denoted by blue and red respectively. N.L. is the
normalized level of the base peak for each ion.
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antibody. To test this, a double IP strategy was implemented
to examine the impact of protein pre-enrichment before K-GG
peptide immunoaffinity enrichment. Elutions from HA-TCR�

IPs were directly subjected to K-GG peptide immunoaffinity
enrichment (isotopically light) and compared with K-GG pep-
tide immunoaffinity enrichment alone (isotopically heavy).
Again, performing the K-GG peptide immunoaffinity enrich-
ment method in isolation yielded more ubiquitinated TCR�

peptides. Nine ubiquitinated TCR� peptides were quantified
from the K-GG peptide immunoaffinity enrichment, whereas,
only five peptides from the double IP method had intensities
great enough to quantify (Table IV). Of the peptides that were
quantifiable from the double IP method, all were present at
least fourfold higher in the K-GG peptide immunoaffinity en-
richment method sample. This result suggests that pre-en-
richment at the protein level provided no advantage and in-
stead decreased the recovery of K-GG peptides for individual
substrates of interest.

Detection of ER Stress-induced Ubiquitination Events Using
K-GG Peptide Immunoaffinity Enrichment—Using K-GG pep-
tide immunoaffinity enrichment, we set out to extend our
findings from exogenously expressed TCR� and examine
whether ER stress in T-cells elicited similar ubiquitination of
the endogenously expressed TCR� protein. Protein level en-
richment of endogenous TCR� is complicated by the fact that
the human proteome contains an enormous level of sequence
diversity within the TCR� protein (45). However, because
K-GG peptide immunoaffinity enrichment relies on an anti-
body targeted against the K-GG epitope, it is possible to
investigate ubiquitin modifications on a cell line-specific TCR�

without the need to identify or produce an antibody that works
for protein-level enrichment.

Jurkat T-cells were used to investigate the ubiquitination
status of endogenous TCR� in response to chemically in-
duced ER stress caused by tunicamycin. Tunicamycin is a
nucleoside antibiotic that functions by blocking synthesis of

TABLE II
SILAC comparison of identification of HER2 ubiquitinated peptides. (SNR) is signal to noise ratio

Peptide K# Heavy SNR Light SNR Log2 (H-SNR/L-SNR)

R.SLTEILK*GGVLIQR.N 150 3.36 N.D. N.Q.
K.VLGSGAFGTVYK*GIWIPDGENVKIPVAIK.V 736 5.7 N.D. N.Q
K.GIWIPDGENVK*IPVAIK.V 747 31.30 7.24 2.11
R.NVLVK*SPNHVK.I 854 2.46 N.D. N.Q.

TABLE III
SILAC comparison of identification of TCR� ubiquitinated peptides; gel-based method vs. K-GG peptide immunoaffinity enrichment.

(SNR) is signal to noise ratio

Peptides K# Heavy SNR Light SNR Log2 (H-SNR//L-SNR)

R.GSLINLFYLASGTK*ENGR.L 74 1724.45 7.47 7.85
R.LK*STFNSK.E 80 731.98 1.42 N.Q.
K.STFNSK*ESYSTLHIR.D 86 814.43 9.75 6.38
R.LKSTFNSK*ESYSTLHIR.D 86 517.96 1.37 N.Q.
R.ATGGNNK*LTFGQGTVLSVIPDIQNPEPAVYQLK.D 118 117.81 2.08 5.82
K.LTFGQGTVLSVIPDIQNPEPAVYQLK*DPR.S 144 664.00 1.80 N.Q.
K.TMESGTFITDK*TVLDMK.A 178 103.55 4.05 4.66
K.TMESGTFITDKTVLDMK*AMDSK.S 184 43.98 N.D. N.Q.
K.TVLDMK*AMDSK.S 184 632.88 0.77 N.Q

TABLE IV
SILAC comparison of identification of TCR� ubiquitinated peptides; double IP vs. K-GG peptide immunoaffinity enrichment.

(SNR) is signal to noise ratio

Peptides K# Heavy SNR Light SNR Log2(H-SNR//L-SNR)

R.GSLINLFYLASGTK*ENGR.L 74 1724.45 7.47 7.85
R.LK*STFNSK.E 80 731.98 1.42 N.Q.
K.STFNSK*ESYSTLHIR.D 86 814.43 9.75 6.38
R.LKSTFNSK*ESYSTLHIR.D 86 517.96 1.37 N.Q.
R.ATGGNNK*LTFGQGTVLSVIPDIQNPEPAVYQLK.D 118 117.81 2.08 5.82
K.LTFGQGTVLSVIPDIQNPEPAVYQLK*DPR.S 144 664.00 1.80 N.Q.
K.TMESGTFITDK*TVLDMK.A 178 103.55 4.05 4.66
K.TMESGTFITDKTVLDMK*AMDSK.S 184 43.98 N.D. N.Q.
K.TVLDMK*AMDSK.S 184 632.88 0.77 N.Q
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N-linked glycosylation on proteins leading to an accumulation
of misfolded proteins. Without glycosylation, misfolded pro-
teins are shuttled through the ERAD pathway in a manner
similar to exogenously expressed TCR� in non-T-cells. Jurkat
cells were left untreated, treated for 48 h with 5 �g/ml tuni-
camycin, treated for 3 h with 10 �M MG132 to block the
proteosome, or treated for 48 h with 5 �g/ml tunicamycin and
10 �M MG132 for the final 3 h to induce protein misfolding and

prevent degradation of ubiquitinated proteins via the protea-
some. Cells were lysed and subjected to K-GG peptide im-
munoaffinity enrichment and analyzed by LC-MS/MS. Fig. 5A
illustrates the ubiquitination sites found on TCR� in the four
different conditions. Although no peptide-spectral matches
(PSMs) were detected in the untreated sample, levels of ubiq-
uitinated peptides representing five distinct sites on TCR�

were highly induced by treatment with the combination of

FIG. 5. K-GG peptide immunoaffinity enrichment identifies ubiquitination sites on endogenous T-cell receptor components during
ER stress. Jurkat T-cells were untreated, treated with tunicamycin, treated with MG132 or treated with a combination of tunicamycin and
MG132. 35 mg of cellular lysate for each condition was digested with trypsin and subjected to K-GG peptide immunoaffinity enrichment. Area
under the curve was quantified using the VistaQuant algorithm in XQuant mode. Protein coverage is represented by blue lines and individual
ubiquitination sites for TCR� (A), TCR� (B), or TCR� (C) are represented as red circles on a linearized version of the protein. The area of the
circle indicates the relative abundance among conditions on a logarithmic scale.
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tunicamycin and MG132. Only one PSM representing ubiq-
uitinated TCR� was observed following tunicamycin treat-
ment alone; likely because of the protein’s short half-life (�30
min) when misfolded (33). As expected, detection of these
K-GG peptides by LC-MS/MS required concurrent inhibition
of the proteasome to stabilize ubiquitinated intermediates.
After quantifying areas under the curve in cross-quant
(XQuant) mode, low abundance ubiquitinated TCR� peptides
were detected in both untreated and after MG132 treatment
alone. XQuant mode infers the identity of unmatched peaks
using retention times and high-resolution precursor ion
masses from the list of confidently identified K-GG (48). This
allows a more accurate comparison of the relative abundance
of ubiquitinated peptides across multiple samples by includ-
ing peptides that were not abundant enough to trigger
MS/MS.

In addition to identifying ubiquitination sites on TCR�, we
also identified ubiquitination of TCR� on seven lysine residues
in cells treated with tunicamycin and MG132 (Fig. 5B). How-
ever, similar levels of TCR� ubiquitination was also observed
in response to treatment with MG132 alone and at lower
levels, in cells untreated or exposed to tunicamycin alone.
These results suggest that TCR� protein folding differs from
TCR� and may be more sensitive to chemical perturbation. In
contrast to TCR� and TCR�, ubiquitination on TCR� was
relatively unchanged in response to treatment with MG132,
tunicamycin, or the combination of both drugs (Fig. 5C). This
result is expected because unlike TCR� and TCR�, which are
heavily glycosylated, TCR� is not glycosylated and therefore
should not be directly affected by treatment with tunicamycin.

Although our focused K-GG enrichment study revealed in-
ducible ubiquitination of the T-cell receptor proteins of inter-
est, additional information regarding the ubiquitination status
of Caspase-3 and key mediators of the ER stress pathway
(e.g. IRE1 and ATF6) was obtained ( supplemental Fig. S4,
supplemental Fig. S5, supplemental Table S1). These results
demonstrate that the sensitivity of this method is sufficient to
detect changes in ubiquitination levels across multiple sam-
ples and provides additional information regarding the ubiq-
uitination status of other proteins that can be useful for inter-
rogating pathway specific biology.

DISCUSSION

During the course of independent investigations of Wnt
signaling, HER2 trafficking, and ERAD, we characterized
ubiquitination on a series of overexpressed or endogenous
proteins and were struck by the effectiveness of K-GG pep-
tide immunoaffinity enrichment for characterizing individual
proteins. Across three separate projects (DVL2, HER2, and
TCR�), K-GG peptide immunoaffinity enrichment resulted in
identification of more ubiquitination sites than protein level
immunoaffinity enrichment. Using SILAC, a side-by-side com-
parison demonstrated that higher yields of ubiquitinated pep-
tides for HER2 and TCR� were obtained using K-GG peptide

immunoaffinity enrichment over methods involving protein
level enrichment. This work was extended to T-cells where
K-GG peptide immunoaffinity enrichment revealed that drug-
induced changes in ubiquitination of the endogenous TCR�

protein could be obtained as part of the global ubiquitination
profile. The K-GG immunoaffinity enrichment strategy pro-
vided greater coverage of ubiquitination sites on substrates of
interest in the absence of substrate specific pre-enrichment,
despite the abundance of other K-GG peptides captured.
These observations underscore difficulties associated with
the presence of abundant, unmodified peptides, enrichment
efficiency, and sample losses inherent to protein-level, gel
based methods.

Gel-based methods have been a highly effective approach
for identifying ubiquitination sites, owing to the separation of
substoichiometric modified proteins from their unmodified
counterparts. That said, these methods themselves have in-
herent limitations. One is that gel-based methods involve
many steps where sample losses can occur. From the initial
lysis step, methods involving protein level enrichment are at a
disadvantage because most detergent based lysis buffers are
only partially denaturing and therefore retain certain deubiq-
uitinase (DUB) and protease activities (data not shown, (46)).
For endogenous proteins, this can be compounded by the
lack of available antibodies, especially for proteins like TCR�

that have high variability across cell lines and samples. Fur-
thermore, recovery of tryptic peptides from polyacrylamide
gels can vary by peptide in ways that affect yield overall (46,
47).

These data suggest that K-GG peptide IPs are advanta-
geous because they separate modified from unmodified pep-
tides while avoiding the caveats associated with protein im-
munoprecipitation and gel based methods. One explanation
may be that samples lysed in highly denaturing urea buffers
display greater inhibited deubiquitinase activity. For three
substrate proteins examined for this study, K-GG peptide
immunoaffinity enrichment resulted in a greater depth-of-cov-
erage from moderate amounts of starting material and mini-
mal mass spectrometry instrument time. An additional benefit
of this approach is that direct K-GG peptide immunoaffinity
enrichment provides information regarding the ubiquitination
status of proteins other than the protein of interest that can
complement single substrate efforts, as was the case in our
T-cell studies. That study identified a total of 896 proteins,
including TCR�, that were inducibly ubiquitinated in response
to ER stress (supplemental Figs. S4, S5, supplemental Table
S1). This additional information provides context to interpret
the results for TCR�, and serves as a valuable resource for
other studies involving ubiquitination dynamics during ER
stress. Although it remains challenging to capture low abun-
dance, endogenous proteins, this is the case for both protein
and peptide enrichment strategies and will likely require more
extensive fractionation and enhanced LC-MS sensitivity to
overcome.
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This approach of employing motif-directed antibodies
against post-translational modifications for single substrate
studies may likewise be beneficial for other PTMs including
phospho-Tyr, acetylation or methylation. Extending the use of
this existing technique will be valuable as we seek both
breadth and depth in our understanding of how modifications
regulate proteins, pathways and cellular processes.
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