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Ubiquitin is an essential, highly-conserved small regulatory pro-
tein in eukaryotic cells. It covalently modifies a wide variety of 
targeted proteins in the forms of monomer and polymers, alter-
ing the conformation and binding properties of the proteins and 
thus regulating proteasomal delivery, protein activities and lo-
calization. Mass spectrometry has emerged as an indispensable 
tool for in-depth characterization of protein ubiquitination. Ubi-
quitinated proteins in cell lysates are usually enriched by affin-
ity chromatography and subsequently analyzed by mass spec-
trometry for identification and quantification. Ubiquitin-con-
jugated amino acid residues can be determined by unique mass 
shift caused by the modification. Moreover, the complex struc-
ture of polyubiquitin chains on substrates can be dissected by 
bottom-up and middle-down mass spectrometric approaches, 
revealing potential novel functions of polyubiquitin linkages. 
Here I review the advances and caveats of these strategies, em-
phasizing caution in the validation of ubiquitinated proteins 
and in the interpretation of raw data. [BMB reports 2008; 41(3): 
177-183]

INTRODUCTION

In almost all cellular events, cells generate and relay versatile 
signals through post-translational protein modifications, such 
as phosphorylation and ubiquitination. Ubiquitin (Ub) is a 
highly conserved protein of 76 amino acids, which modifies 
substrates by a cascade of enzymatic reactions through Ub-ac-
tivating enzyme (E1), Ub-conjugating enzyme (E2), and Ub li-
gase (E3) (1-3). As a result, the carboxyl group of Gly76 of 
ubiquitin forms an isopeptide bond with, most typically, the ε- 
amine group of a lysine residue within substrates. In some cases, 
the N-terminal amine groups (4) or even Cys residues (5) in pro-
teins are used as alternative docking sites for ubiquitination. In 
addition to monoubiquitination, polyubiquitin (polyUb) chains 

with various lengths are often assembled by successive attach-
ment of ubiquitin to any of the seven lysine residues of pre-
viously conjugated ubiquitin (6). On the other side, protein 
ubiquitination is a reversible process through the action of a 
large number of deubiquitinating enzymes (DUBs) (7, 8). In 
the human proteome, whereas only a few E1 enzymes and 
∼50 different E2s are present, more than 500 E3 ligases and 
∼150 DUBs are proposed to modify thousands of substrates 
under pathophysiological conditions (9).
    A central question in ubiquitination is how to generate, rec-
ognize and eliminate ubiquitin signals under certain cellular 
conditions. The high specificity is primarily achieved by sub-
strate recognition by E3 ligases, interaction between ubiquitin 
moieties (monoUb or polyUb) and Ub receptors (10), and pos-
sibly ubiquitin removal by specific DUBs (8), as well as sub-
cellular localization. The Ub signal is recognized and trans-
mitted through Ub-binding proteins. At least 15 families of 
ubiquitin-binding domains (UBD) have been characterized in 
the context of different sequences of at least 250 human pro-
teins (11, 12), suggesting of the capacity and complexity of 
ubiquitin-based network in cells.
    Large-scale characterization of endogenous ubiquitinated 
species has been virtually impossible, until recent development 
of mass spectrometry-based sequencing technologies with fem-
tomolar to even subfemtomolar sensitivity (13, 14). The level 
of ubiquitinated proteins is usually too low to be detected 
without enrichment. In recent years, a number of strategies 
have been developed to isolate Ub-conjugates, including ubiq-
uitin antibodies, ubiquitin-binding proteins, and epitope-tagged 
ubiquitin (e.g., FLAG, HA, Myc, His, and biotin). Ubiquitination 
sites in modified proteins are identifiable by tandem mass 
spectrometry according to related mass shift (6, 15, 16). More-
over, activity-based proteomics methods have been used to 
identify novel DUBs and to investigate mechanisms regulating 
the DUB activity (17, 18). The strategies have been applied to 
multiple organisms and greatly expanded the scope of protein 
ubiquitination. As this topic has been extensively reviewed 
(19-22), I update recent implementation in the methods, dis-
cuss the advances and caveats in the approaches and under-
score caution in data analysis.
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Fig. 1. Enrichment and validation strategies for ubiquitinated proteins. (A) Two types of contaminated proteins that are co-purified with Ub-con-
jugates during affinity chromatography. Whereas one type of contaminants binds to affinity matrix nonspecifically, the other type of impurities
is resulted from specific association with Ub-conjugates. (B) The analysis of a purified Ub-conjugate sample by geLC-MS/MS. (C) Virtual Western
blotting images of a genuine Ub-conjugate and a co-isolated unmodified protein. The images were reconstituted from the data of geLC-MS/MS.
The relative abundance of proteins in every gel band was accessed by spectral counts and indicated by the darkness of protein bands.

Identification, validation and quantification of 
ubiquitinated proteome

In general, endogenous ubiquitinated proteins in cells have 
been isolated from cell lysate by affinity chromatography, and 
then analyzed by selected mass spectrometric platforms. The 
most reliable method is to purify ubiquitinated substrates un-
der denaturing conditions that inhibit the activities of DUBs 
and reduce protein binding. The first large-scale analysis was 
performed using a yeast strain expressing only His-tagged 
ubiquitin, revealing ∼1,000 ubiquitinated candidates (6, 23). 
To further increase the purity of enrichment, a tandem tag con-
taining double 6xHis motif and a biotin domain was designed 
to isolate yeast ubiquitinated proteins in two denaturing steps, 
leading to the identification of ∼250 candidates (24). More re-
cently, a transgenic mouse line expressing 8xHis-FLAG-Ub was 
generated for capturing and identifying ∼120 Ub-modified 
candidates in the heart (25). However, the tag-based approach 
is not compatible with biological samples without genetic ma-
nipulation (e.g. clinical specimen). To alleviate this problem, 
ubiquitin antibodies (26, 27) and Ub-binding proteins (28-31) 
were adapted for affinity purification with some success. The 
combination of Ub-binding proteins and His tag was also re-
ported for isolating ubiquitinated components in yeast (32). 
    One of the challenges in purifying native Ub-conjugates is 
to restrain the cleavage activities of DUBs during purification, 
because DUBs are associated with ubiquitin molecules and it 
is difficult to fully inactivate DUBs even under denaturing con-
ditions (e.g. 8 M urea). It is critical to optimize experimental 
conditions, including the amount of resins and input, and the 
conditions for loading, washing and eluting. The parameters 
are adjusted to balance the purity and yield of Ub-conjugates, 

and to minimize co-purified contaminants. In addition, it is im-
portant to carry out the experiments rapidly and to freeze puri-
fied samples intermediately. 
    No matter which types of affinity matrix are selected for puri-
fication, a difficult and recurring problem is that some con-
taminants that are not conjugated by ubiquitin are co-purified 
in the process and also identified by mass spectrometry. 
Although the concentration of contaminants may be reduced to 
low level, the number of contaminants could be large, espe-
cially when mass spectrometry is highly sensitive to detect mi-
nute amount of proteins. Theoretically, there are two forms of 
contaminants found in the procedure of affinity chromatog-
raphy (Fig. 1A): (i) matrix-associated contaminants, such as His- 
rich proteins during nickel purification (6); (ii) Ub-associated 
contaminants that interact with the moieties of Ub-conjugates 
bound to the affinity matrix. The matrix-associated contaminants 
could be determined by performing negative control experi-
ments (e.g. cell lysate without tagged ubiquitin) and then re-
moved from the list of ubiquitinated candidates. In contrast, the 
Ub-associated contaminants are more challenging to distinguish. 
This form of contaminants is greatly reduced under denaturing 
conditions in which proteins are unfolded to limit protein-pro-
tein interactions, but the denaturing conditions cannot com-
pletely eliminate Ub-associated contaminants. Therefore, it is 
essential to validate whether MS-identified proteins are genuine 
Ub-conjugates or co-isolated contaminants, prior to subsequent 
functional analysis that often demands considerable efforts. 
    The status of ubiquitination can be validated by direct map-
ping of ubiquitination sites through MS/MS or by Western blot-
ting analysis of individual proteins (6). However, complete 
mapping of modification sites requires almost 100% coverage 
of peptides "sequenced" by MS/MS, which is not possible in 
"shotgun" proteomics. In the yeast large-scale analysis, only a 



Proteomic strategies for ubiquitinated proteins
Junmin Peng

179http://bmbreports.org BMB reports

Fig. 2. The scheme for analyzing ubiquitinated residues in proteins. (A) Trypsin specifically cleaves peptide bonds at the C-termini of Arg 
or Lys unless followed by a Pro residue. During tryptic digestion, ubiquitin is trimmed to a small -GG tag that adds unique mass to 
modified residues. Moreover, the modified Lys residues are not accessible to trypsin proteolysis, leading to a miscleavage in peptides. It is 
questionable if the miscleavage at Lys72 in ubiquitin occurs. (B) The list of flanking amino acids that could be misassigned as -GG tag. 
Whereas "X" represents any amino acids, "n" and "m" indicates certain number of residues in the peptides. The cleavage positions are 
shown in dots. The number of "n" is usually small, and no major breakage occurs in the region during fragmentation. Thus, the computer 
software cannot distinguish the listed possibilities.

small fraction of ubiquitination sites were identified, matching 
to less than 10% of identified proteins. During Western blot-
ting, immunoprecipitated Ub-conjugates are confirmed by two 
principles: (i) ubiquitination causes dramatic increase in appa-
rent molecular weight (MW), as Ub-conjugates display an in-
crease of approximately 8 kDa after mono-ubiquitination and 
an even more precipitous increase after poly-Ub events; (ii) 
ubiquitination often generates heterogeneous modified sub-
strates that display as a ladder on the Western blot. To mini-
mize co-immunoprecipitation of other ubiquitinated proteins, 
highly stringent condition (e.g. SDS) should be included. How-
ever, immunoprecipitation and Western blotting become im-
practical for the validation of large-scale studies in which hun-
dreds to thousands of candidates are identified. 
    More recently, the principles of Western blotting have been 
used to develop a simple strategy for large-scale confirmation 
of ubiquitination by computing virtual Western blot for every 
identified protein (33). The protein sample was analyzed by 
one-dimensional SDS gel followed by liquid chromatography- 
tandem mass spectrometry (GeLC-MS/MS, Fig. 1B). Experimental 
molecular weight of each Ub-conjugate candidate was recon-
structed from spectral count intensity and distribution in the gel 
using a Gaussian curve fitting approach, whereas the unmodified 
counterpart in cell lysate was also analyzed. Comparison of im-
ages before and after affinity purification enabled the discrim-
ination of Ub-conjugates from contaminants (Fig. 1C). The opti-
mized filtering cutoff incorporated the mass of ubiquitin and 
experimental variances. Surprisingly, only ∼30% of ＞ 1,000 
identified proteins in the Ub-conjugate sample were accepted 
after the filtering, despite that the purification was carried out 
under denaturing condition. Compared with the validation 

method based on identification of ubiquitinated sites, ∼95% of 
proteins with modification sites displayed an obvious shift on 
the virtual Western blots, indicating the consistency of both 
methods. However, the virtual Western blot strategy has cer-
tain bias toward polyubiquitinated proteins, and some mono- 
ubiquitinated species may not be affirmed due to limited mass 
resolution of the SDS gel. Nevertheless, the results emphasized 
the importance of validation to control data quality, and sug-
gested that false discovery rate in previously published datasets 
of ubiquitinated proteome may be underestimated.
    Beyond the identification of Ub-conjugates, the availability of 
such technologies makes it possible to compare ubiquitinated 
proteome under different treatments. For example, numerous 
membrane-associated ubiquitin substrates in endoplasmic retic-
ulum-associated degradation were identified in this manner 
(34). In the experiments, a yeast strain that lacks two central 
genes in the pathway was compared to isogenic wild type strain 
by subtractive proteomics, uncovering a total of 83 potential 
substrates involved. Recently, the combination of stable-isotope 
labeling and Ub-affinity isolation provides a better tool for quan-
titative analysis. The method was used to illustrate specific ubiq-
uitinated substrates that are recognized by a ubiquitin receptor 
Rpn10 (S5a) in ubiquitin-proteasome system in yeast (35).

Determination of ubiquitination sites by tandem mass 
spectrometry

Ubiquitin-modified specific residues can be mapped by tan-
dem mass spectrometry after trypsin digestion, as trypsin trims 
the attached ubiquitin molecule to a di-glycine remnant (GG 
with monoisotopic mass of 114.043 Da, Fig. 2A) (6, 15, 16). In 
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addition, the GG peptides contain a missed tryptic cleavage at 
the modified lysine sites. Based on the characteristics, ubiquitin 
modification sites are identified by unique MS/MS spectra of the 
GG peptides during database searching. But some ubiquitin- 
like proteins (e.g. Nedd8 and ISG15) also generate the same 
GG peptides by trypsin digestion, and therefore it is pre-
requisite to separate those proteins from ubiquitinated samples 
by pre-fractionation. Moreover, chemical modification at N-ter-
mini may expedite the identification of GG-modified peptides 
(36), and alternative digestion with Glu C was also tested to 
map ubiquitination sites (37).
    During database matching of MS/MS spectra, the number of 
ubiquitination sites identified may be inflated by false assign-
ment. For instance, peptides can be mismatched as ubiquiti-
nated if containing internal Lys residue(s) and adjacent N- or 
C-terminal residues that have similar mass to GG modification 
(Fig. 2B). The residues consist of GG themselves, Leu, Ile, Asn 
and Asp residues, provided that the mass of precursor and 
product ions is still within selected mass tolerance range dur-
ing database search. This type of mismatches could be caught 
by determining tryptic state of the peptides, as the mismatched 
peptides have only one tryptic end (i.e. partially tryptic). Filtering 
with high mass accuracy is also effective to find the error 
caused by the flanking Leu, Ile or Asp residues (Fig. 2B). In ad-
dition, ubiquitinated peptides could be simply generated by 
random mismatching, especially when a large number of MS/ 
MS spectra are used to search again a small database.
    Although it was reported that miscleavage at Arg74 in the 
ubiquitin sequence could generate a longer tag (LRGG) (37), 
we have rarely identified reliable ubiquitinated peptides carry-
ing this large tag in a number of systematic analyses of Ub- 
conjugates. Indeed, Arg74 residue is readily cleaved at high ef-
ficiency under native or denaturing condition (36, 38). Thus, 
the LRGG modified peptide matches should be validated by 
manual examination with caution.
    In some cases, when a mono-ubiquitinated peptide contains 
several lysine residues, computer algorithms may assign the 
GG modification to a wrong Lys residue, such as the C-termi-
nal lysine, because incomplete fragmentation cannot generate 
sufficient product ions for unambiguous assignment. This led 
to a questionable conclusion that trypsin is capable of digest-
ing at the C-terminus of GG-modified Lys sites (39). To test this 
idea, an experiment was performed to cleave the reported syn-
thetic GG-peptide, and the result was negative, suggesting that 
the C-terminal GG-tagged lysine is likely to be an artifact dur-
ing database search (33).

Analysis of polyUb topologies by bottom-up and 
middle-down approaches

The strategy for mapping ubiquitination sites is equally applied 
to determine Ub lysine residues involved in polyUb assembly. 
Systematic analysis of yeast Ub-conjugates uncovered startling 
complexity of polyUb chains: all seven lysine residues can be 

used for the formation of Ub-Ub linkages (6). Further analysis 
of ubiquitination proteins in mammalian cells also confirmed 
the complexity of chain linkages (38, 40). Indeed, signaling 
outcome of ubiquitination may rely on the linkage of modified 
ubiquitin chains (10). Conventional K48-polyUb chains are the 
principle signal for targeting substrates for proteasomal degra-
dation, whereas polyUb chains linked through K63 have 
non-proteolytic role in a wide range of other processes. The 
physiological roles of other linkages are poorly characterized. 
Development of novel MS tools to analyze polyUb structures 
is crucial to the investigation of their functions.
    To quantify polyUb linkages on substrates, stable isotope la-
beling has been employed by synthesizing all seven internal 
standards corresponding to ubiquitinated GG peptides (38, 
41). The labeled standards for seven linkages are spiked into a 
protein mixture that is then digested with trypsin to produce 
native GG peptides from polyUb chains. The native peptides 
and internal standards are co-eluted during chromatography, 
but separated in a mass spectrometer. The instrument is set to 
the mode of selected reaction monitoring (SRM, also termed 
MRM, multiple reaction monitoring) in which native peptides 
and internal standards are selected for fragmentation to gen-
erate product ions. Pairs of product ions are monitored and 
their ratios allowed for measurement of linkages in the original 
sample (Fig. 3A). Using this method, linkages of total Ub-con-
jugates were measured, revealing that the ratio of K6:K11:K27: 
K29:K33:K48:K63 linkages was 11%:35%:7%:4%:1%:30%:11% 
in yeast (38). Surprisingly, unconventional linkages, in partic-
ular K11 linkage, are highly abundant in cells in spite of little 
knowledge of the function. The Gygi’s group used the approach 
to quantify polyUb topologies attached to EGF receptor (40) 
and cylin B1 (41). EGF receptor is modified with different 
lengths and linkages including ∼49% mono-Ub, 40% K63, 
6% K48, 3% K11 and 2% K29 linkages, consistent with the 
role in protein sorting. Cyclin B1 is conjugated by mono-Ub 
and short polymers linked by K11, K48 and K63 during in vi-
tro ubiquitination, and unexpectedly the modified cyclin B1 is 
effectively degraded by proteasome in vitro. Once established, 
the bottom-up quantitative approach has been widely applied 
to many other cases (31, 42-45). 
    The MS strategy circumvents the requirement of specific an-
tibodies to detect proteins in complex mixtures. However, in 
the above protocol, the labeled synthetic GG-peptides are add-
ed into Ub-conjugate samples after affinity purification, and 
experimental variation could be generated during the isolation 
step. If metabolically labeled cells are used as internal stand-
ard and added in during the first step of harvest, quantitative 
errors are greatly reduced (46) (Fig. 3A, Xu and Peng, un-
published data).
    Since seven lysine residues and N-terminal amine group in 
ubiquitin could be used for polyUb chain elongation, the 
chain structure may be much more diverse than previously an-
ticipated, with the complexity rising exponentially with the 
length of the chains. For example, Ub dimer would display 
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Fig. 3. In-depth analysis of polyUb chains by bottom-up and middle-down mass spectrometry. (A) During the bottom-up strategy, the timing
that internal standards are added has impact on experimental variation. If peptide standards are used, they are spiked in during trypsin digestion.
Alternatively, labeled cells are mixed in when harvesting cell culture, which greatly minimizes the variation of sample processing. (B) In the
middle-down analysis, native ubiquitin is digested only at a single R74 site by trypsin, resulting in the production of an almost full-length ubiq-
uitin (UbR74) and linkage-specific GG-tagged UbR74, such as UbR74-1GG-K48 (one GG tag through K48 residue). The abundance ratio of the
two large Ub fragments can be predicted from the structure. (C) Anticipated products during partial digestion of a forked Ub trimer.

eight forms, whereas Ub trimer would display two classes of 
configurations: branched chains with 64 types (i.e. 8 × 8 pos-
sibilities) (Fig. 3B) and forked chains with 28 types (i.e. 8 × 7/2 
possibilities) (Fig. 3C). In the bottom-up mass spectrometric 
analysis described above, some structure information is lost 
during trypsin digestion. For instance, in a tri-Ub sample with 
both K29 and K48 linkages, it is difficult to know if two Ub 
molecules are attached to different Ub molecules, or to the same 
Ub molecule as in a forked chain. Indeed, forked polyUb chains 
have been identified in multiple MS analyses (6, 24, 47).
    To address this problem, a "middle-down" technology (48, 
49) was utilized to partially digest ubiquitin polymers under 
native condition, in which trypsin cleaves ubiquitin at only 
one site (R74) in the C-terminal tail, as other tryptic sites in the 
sequence are generally inaccessible owing to compact ubiq-
uitin folding (36). Therefore, it would be simple to monitor 
how many GG-tags co-modify a single Ub molecule by mass 

shift. In the case of a K48-linked Ub dimer (Fig. 3B), it is ex-
cised into equal amount of two large peptides, UbR74 (amino 
acid M1 to R74) and UbR74-1GG-K48 (UbR74 with one -GG 
tag at the K48 site). A Ub trimer with forked K29 and K48 link-
ages (Fig. 3C) is digested into two large fragments (UbR74: 
UbR74-2GG-K29K48) with 2:1 ratio. The molar ratio between 
UbR74 and UbR74-GG indicates the length of homogeneous 
polyUb chains (i.e. 1:1 for dimer, 1:2 for trimer, 1:3 for tet-
ramer, and so on). Furthermore, lysine residues in ubiquitin 
used for chain linkages are detectable by MS/MS and MS/MS/ 
MS of large GG-tagged Ub fragments (50). With the mid-
dle-down strategy, it is possible to directly monitor the change 
of forked polyUb chains in biological samples.

Conclusions

In recent years, analytical approaches to protein ubiquitination 
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have been rapidly developed in parallel with the evolution of 
modern mass spectrometry. The large-scale proteomics analy-
ses of ubiquitination have expanded the ubiquitin territory, in-
cluding the scope of substrates and the diversity of polyUb 
chains. Different polyUb chain linkages may play important 
regulatory roles in synthesis by E1/E2/E3, recognition by Ub- 
binding proteins, and disassembly by DUBs. At current stage, 
the methodology in mammal is not as mature as that in yeast. 
Further refinement of Ub-affinity strategy is required for routine 
high-throughput analysis of ubiquitinated proteome. Moreover, 
seamless combination with quantitative MS approaches will 
provide powerful tools to profile dynamics of ubiquitinated 
proteome under different cellular conditions and genetic back-
grounds. In addition, many of the strategies discussed will be 
adapted to analyze protein substrates modified by numerous 
ubiquitin-like proteins (51).
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