Chapter 14

Systems-Wide Analysis of Protein
Ubiquitylation: We Finally Have
the Tiger by the Tail

Nancy N. Fang, Razvan F. Albu and Thibault Mayor

Abstract Ubiquitylation is a posttranslational modification in which ubiquitin,
a conserved polypeptide, is conjugated to targeted proteins. The human genome
encodes for over a thousand proteins that can either mediate ubiquitylation, remove
the modification, or bind to modified proteins. Hence, the ubiquitin system is
expected to affect a large portion of the proteome. Since its discovery, our under-
standing of the ubiquitin system has come a long way. Great efforts made by sev-
eral prominent members of the scientific community have paid off, with leaps and
bounds being made in areas such as the discovery of ubiquitylated proteins and
ubiquitylation sites. Boosting the success of classical proteomic approaches, the
recent introduction of a new method (by which ubiquitylated peptides are captured
by antibodies) enabled the identification of a large number of ubiquitylation sites.
In this chapter, we will review the different proteomic strategies that have been
established in order to uncover which proteins are ubiquitylated in the cell, and then
further discuss the novel biological insights revealed by these systems-wide studies.
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MHCI  Histocompatibility complex class I
MS/MS  Tandem mass spectrometry
NEDDS8 Neural-precursor-cell-expressed and developmentally down-regulated

gene 8
PSAQ Protein standard absolute quantification
PTM Posttranslational modification

SEPTM  Serial enrichments of different posttranslational modifications
SILAC  Stable isotope labeling with amino acids in cell culture
SUMO  Small ubiquitin-like modifier

TUBEs Tandem ubiquitin-binding entities

UBA Ubiquitin-associated domain

UBD Ubiquitin-binding domain

Ubl Ubiquitin-like protein

1 Introduction: The Ubiquitin System and Ubiquitylation

The proteome is far more complex than the genome from which it is derived due to
alternative splicing and extensive protein posttranslational modifications (PTMs).
Importantly, PTMs fulfill key roles by controlling protein-protein interactions, pro-
tein localization, enzymatic activities, and protein turnover. To date, ubiquitylation
(i.e., modification by ubiquitin conjugation) is one of the most abundantly identi-
fied PTM after phosphorylation, of which there are more than 50,000 reported pro-
tein modification sites (www.phosphosite.org) [1]. The remarkable progress in the
enrichment and proteomic techniques that we will review in this chapter have en-
abled great advancements in the identification of novel ubiquitylation sites, which
now offers a unique opportunity to better understand the ubiquitin system and its
impact on the proteome.

Ubiquitylation stands apart from other PTMs in that a small protein (ubiquitin),
instead of small functional groups (like phosphate and acetyl), is used as the modifi-
er. Ubiquitin was first discovered in 1975 [2] and was named after its ubiquitous ex-
pression in eukaryotes. Ubiquitin is a 76 amino acid, highly structured protein with
a molecular weight of about 8.5 kDa. It is covalently attached to proteins through
the formation of an isopeptide bond between the carboxyl group of its last glycine
residue and, typically, the epsilon amino group of a target lysine residue. There
are also other similar protein modifiers, called ubiquitin-like proteins (Ubls), such
as small ubiquitin-like modifier (SUMO), interferon-stimulated gene of 15 kDa
(ISG15), and neural-precursor-cell-expressed and developmentally down-regulated
gene (NEDDS). These Ubls have both a sequence and a structural homology to
ubiquitin and are attached by similar conjugation mechanisms. However, proteomic
analyses of these modifications will not be reviewed in this chapter.

Three classes of enzymes are required for the ubiquitylation cascade that
leads to substrate modification, namely an ubiquitin-activating enzyme (El), an
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ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3). Prior to substrate
conjugation, ubiquitin first needs to be activated by the El enzyme through an
adenosine triphosphate (ATP)-dependent reaction, in which a thioester linkage is
formed between the C-terminus of ubiquitin and a cysteine residue of the E1 [3, 4].
The E1 then mediates the transfer of ubiquitin to a cysteine residue of an E2 en-
zyme via a trans-thioesterification reaction [5, 6]. Finally, an E3 ligase will recruit
the target substrate for the last ligation step, either by facilitating the direct transfer
of the ubiquitin molecule from the E2 to the associated substrate, or by transiently
accepting the ubiquitin from the E2 prior to transferring it to the substrate [7]. Ubiq-
uitylation mostly occurs on lysine residues of substrate proteins. However, in some
cases the N-terminus of a protein is conjugated instead of a lysine [8—10]. Other
residues, like cysteine, threonine, and serine, have also been reported as possible
ubiquitylation sites [11-13].

Ubiquitylation is a highly dynamic process that relies on a complex and modular
network of proteins which comprise the ubiquitin system. There are more than 600
E3 ligases encoded in the human genome that are assisted by about 40 E2s [14].
To maintain balance of the system, ubiquitylation can also be reversed by a class of
enzymes called de-ubiquitylating enzymes (DUBs), of which around 80 have so far
been identified in humans. DUBs are involved in maintaining ubiquitin homeostasis
by processing newly synthesized ubiquitin and recycling used ubiquitin as well as
controlling or modulating the fate of ubiquitylated proteins [15].

Ubiquitylation is a versatile PTM due to its built-in ability to generate linkages of
diverse architecture, which can each be used in different signalling pathways [16].
Substrate proteins can be modified by a single ubiquitin on a single lysine (monou-
biquitylation) or multiple lysine residues (multi-monoubiquitylation). Alternatively,
lysine residues within ubiquitin itself can be used to covalently attach subsequent
ubiquitin molecules, forming multimeric chains conjugated to a single lysine resi-
due on the targeted protein (polyubiquitylation). The seven lysine residues (K6, 11,
27, 29, 33, 48, and 63) and the amino-terminus (M1) of ubiquitin can be used to
generate ubiquitin chains that are either homogenous (one linkage type throughout),
mixed (with different linkage types), or branched (arising when two ubiquitins are
conjugated to separate lysines on the same ubiquitin moiety, thus creating a branch-
ing point). To make matters even more complicated, ubiquitin chains can also be
built upon other Ubl modifications. For example, the RNF4 E3 ligase specifically
extends the SUMO modification with a poly-ubiquitin chain [17]. To recognize and
distinguish between different ubiquitin modifications, over 20 different families of
ubiquitin-binding domains (UBDs) have evolved, which can be specific either to
mono-ubiquitin or to one type of poly-ubiquitin chain [18-20].

Due to high proteomic penetrance, ubiquitylation affects most cellular pathways
in some way. A major function of ubiquitylation is to target substrates for protea-
some degradation. In addition (or in tandem), a plethora of different processes are
regulated by ubiquitylation, including endocytosis, selective macro-autophagy, cell
cycle control, inflammation and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB) activation, deoxyribonucleic acid (DNA) repair, transcrip-
tion, antigen processing, viral infection, and ribosome and peroxisome biogenesis



370 N. N. Fang et al.

[16, 21, 22]. While our general understanding of the enzymatic mechanisms for
ubiquitylation has advanced impressively thanks to detailed biochemical analyses,
a more comprehensive view of the relationships among the different components of
the ubiquitin system is still lacking. Therefore, there is an increasing need to inte-
grate more systems-wide approaches, such as mass spectrometry-based proteomics,
which would offer a broader understanding of this intricate system.

2 Proteomic Approaches for Studying Ubiquitylation

To date, systems-wide analyses of ubiquitylated proteins (hereafter referred to as
the ubiquitome) are mainly based on three major types of proteomic approaches:
mass spectrometry analysis, in vitro protein/peptide arrays, and the newly arising
bioinformatics methods. More and more studies combine two or, indeed, all three of
these methods. In this chapter, we will mainly focus on the study of the ubiquitome
using mass spectrometry and give a brief overview of the other two approaches.

2.1 The Systems-Wide Study of the Ubiquitome by Mass
Spectrometry

Most mass spectrometry-based protein analyses use a bottom up approach in which
proteins are digested into peptides, which are then separated by liquid chromatog-
raphy prior to their analysis by the mass spectrometer. Using tandem mass spec-
trometry (MS/MS), peptides are further fragmented into second order mass spectra,
which act as “fingerprints” that are subsequently searched against a database to
obtain a potential sequence match. The peptides can, in turn, be used to identify the
proteins from which they are derived. Mass spectrometry can thus be used to iden-
tify the protein composition of the analyzed biological sample, and, in some cases,
also to quantify differences between two or more samples [23].

Analysis of PTMs is well suited for mass spectrometry, as in most cases modi-
fied peptides can be characterized by a difference in mass (compared to their un-
modified counterparts) that can be detected by the instrument. In the case of ubiq-
uitylation, a characteristic amino acid “tail” is left on the lysine residue of the sub-
strate peptide, which was first used to detect in vivo ubiquitylation sites by mass
spectrometry in 1993 [24]. Different proteases have been used to generate peptides
with remnant ubiquitin tails for mass spectrometry analysis [24]. However, due to
its robust catalytic activity and cleavage site specificity, trypsin is now the most
commonly used enzyme (among many other applications) for proteomic studies
of ubiquitylation. Trypsin is a serine protease that cuts peptide chains on the car-
boxyl side of lysine and arginine. Because the carboxy-terminal end of ubiquitin has
the amino acid sequence Arg-Gly-Gly, tryptic digestion of ubiquitylated peptides
will generate a “tail” consisting of the last two glycine residues of ubiquitin. This
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di-glycine “tail” (hereafter referred to as the remnant, or diGly tail) adds a signature
mass shift of +114 Da on the modified lysine residues. At the same time, trypsin
is unable to cleave ubiquitylated lysines, and thus modified peptides also contain a
missed-cleavage site (Fig. 14.1). One potential problem is that the same mass shift
of 114 Da can also occur due to the alkylation of lysine residues during sample
preparation when using iodoacetamide (commonly used to protect reduced cysteine
residues prior to mass spectrometry) [25]. This is favored even more when using
high concentrations of alkylating reagents and heat [26]. Therefore, sample alkyla-
tion is commonly performed at no more than room temperature, and iodoacetamide
is substituted by chloroacetamide, which generally does not cross-react as readily.

By the early 2000s, most of the effector-enzymes (Els, E2s, E3s, DUBs) in the
ubiquitin system had been uncovered [27]. However, only a small fraction of their
substrates were characterized. To fill in the gap—and taking advantage of major
progresses in mass spectrometry instrumentation—systems-wide proteomic ap-
proaches were developed. Given the transient, and mostly low-abundant nature of
ubiquitylation in the cell, conjugated proteins and their ubiquitylation sites are diffi-
cult to detect by mass spectrometry analysis without any pre-enrichment. Therefore,
the depth and coverage of the ubiquitome is tightly dependent on the enrichment
method. In this section, we will present the hallmark systems-wide approaches de-
veloped to study the ubiquitome, including the most current methods, with an em-
phasis on the enrichment techniques.

2.1.1 Enrichment of Ubiquitylated Proteins Using Tagged Ubiquitin

Taking advantage of yeast genetics, Steven Gygi and colleagues were among the
first to intracellularly express tagged ubiquitin, enabling them to enrich for ubiq-
uitin conjugates for large-scale analysis of the ubiquitome [28]. The authors used
a yeast strain in which an ectopic 6xHis-myc-ubiquitin was expressed instead of
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wild-type ubiquitin to purify ubiquitin conjugates under denaturing conditions
using nickel-affinity chromatography (Fig. 14.2a). In this landmark study, 1075
proteins were identified by mass spectrometry, including 110 ubiquitylation sites
(i.e., diGly-containing peptides) in 72 proteins. Because a certain level of contami-
nating proteins still co-purified along with the ubiquitylated proteins, even under
denaturing conditions, the identification of ubiquitylation sites using the charac-
teristic remnant ubiquitin tail was key in this study. One concern which could be
raised regarding this method—and several other approaches described below—is
that it is based on the ectopic expression of a tagged ubiquitin, which could result
in the disruption of ubiquitin levels and/or hindrance of its amino terminus, thereby
potentially differentially influencing the ubiquitylation rates in distinct pathways or
substrates (depending on which ubiquitylating enzymes are affected).

Analysis of ubiquitin conjugates is not constrained to single cell model organ-
isms. In order to pull down ubiquitylated proteins from a specific tissue of a whole
animal, Ugo Mayor and colleagues used the GAL4/UAS tissue-targeted expres-
sion system in Drosophila melanogaster [29]. In this study, ubiquitin tagged with
the BirA recognition sequence was over-expressed solely in the nervous system,
together with the Escherichia colibirA gene that encodes a biotin ligase, to bioti-
nylate tagged ubiquitin. Consequently, 48 novel neuronal-specific ubiquitylation
substrates were identified in this pioneering proteomic study conducted in a multi-
cellular organism.

To further reduce the levels of non-specifically bound proteins (binding to the
tag or to the affinity column) during the enrichment of tagged ubiquitin, which is
notoriously problematic with the histidine-tag system, different approaches have sub-
sequently been used. For instance, Peter Kaiser’s group developed a tandem affinity
tag approach by employing a two-step purification, using 6xhistine and biotin tags
[30]. In the second step, the high affinity between biotin and streptavidin allows the
enrichment of targets under very stringent conditions, such as 2% sodium dodecyl
sulfate (SDS) and 8 M urea. Over 150 ubiquitylated proteins were identified under
these conditions. This approach was then applied to mammalian tissue cultures to
identify over 600 ubiquitylated conjugates in HeLa cells [31]. In our lab, we in-
stead utilized an 8xhistidine tag that enabled us to use up to 0.5% SDS for washing
in a single-step purification scheme (Fig. 14.2a) [32]. We performed several con-
trol experiments in which we mixed differentially labeled cells (using either N or
I5N stable isotopes) that expressed (or did not express) the tagged ubiquitin, and we
showed that, under these conditions, most purified proteins were, indeed, specifi-
cally conjugated to the tagged ubiquitin. We identified on average 200 ubiquitylated
proteins within a 4-h mass spectrometry analysis. However, only a small number of
ubiquitylated peptides containing the diGly remnant tail were identified in both of
the above-mentioned studies (mostly derived from ubiquitin and only a few other
proteins). It is not entirely clear why this is the case. One possibility is that the sample
fractionation conditions used in these two studies were not optimal for peptides con-
taining the ubiquitin remnant tail. By contrast, strong cation exchange was used by
Stanley Fields and colleagues in order to further fractionate ubiquitylated peptides
after nickel chromatography (also using a 8xhistidine tagged ubiquitin), as the amino
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Fig. 14.2 Workflow diagram for three different basic enrichment methods. The main advan-
tages and disadvantages of each method are shown below each diagram. a Tandem histidine
tagged-ubiquitin-based enrichment of ubiquitylated proteins. b UBD-based (Ubiquitin-binding
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group of the remnant ubiquitin tail adds an additional positive charge at low pH in
comparison to other peptides [33]. In their study, 870 ubiquitylation sites were identi-
fied among 438 proteins. The number of analyzed fractions may also influence the
output. After tagging ubiquitin with a tandem tag (streptavidin and hemagglutinin,
HA) and separating the purified proteins through gel electrophoresis, Danielsen and
colleagues identified over 700 ubiquitylation sites after analyzing 20 gel fractions
[34]. Overall, due to its relative simplicity, the purification of proteins conjugated to
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histidine-tagged ubiquitin (as well as to other tags) remains widely used, but precau-
tions should be taken in order to avoid contaminating materials.

2.1.2 Enrichment of Ubiquitylated Proteins Using Ubiquitin-binding
Domains (UBDs)

Because of their ability to bind to ubiquitin, UBDs can be employed to enrich for
ubiquitylated conjugates. Since some UBDs specifically bind to distinct types of
ubiquitin chains, these can be further exploited to enrich for a subset of ubiquitin
conjugates. For instance, the yeast proteasome adaptor proteins Rad23 and Dsk2
have ubiquitin-associated domains (UBAs) which have a higher affinity for poly-
ubiquitin chains over free ubiquitin and monoubiquitylated proteins (Fig. 14.2b)
[35].

In 2005, Raymond Deshaies’ group was the first to use UBDs to identify ubiq-
uitylated proteins by mass spectrometry by a two-step affinity purification method
[36]. The aim of this study was to identify proteins that require the non-essential
Rpn10 proteasome receptor for degradation in yeast cells. To enrich for poly-ubiq-
uitylated proteins targeted to the proteasome, recombinant proteins (Rad23 and
Dsk2) that bind to proteasome substrates [37] were used for a first affinity purifica-
tion under native conditions followed by a second purification step under denatur-
ing conditions, using 6xhistine tagged ubiquitin expressed in the cells. One hundred
and twenty-seven proteins were identified as candidate substrates of the proteasome
in wild type cells, and an additional 50 or so proteins were only identified in the
absence of Rpnl0, indicating that they likely require this factor for degradation.
This approach was further developed using isotope labeling to more unequivocally
identify proteasome substrates in the cell [38]. Other proteomic studies used protea-
some adaptor proteins to enrich for ubiquitylated conjugates. For instance, using
this approach, Ron Kopito and colleagues found that the overexpression of a mu-
tated fragment of huntingtin (which has been linked to Huntington’s disease) led to
the accumulation of several poly-ubiquitin chain types in tissue culture cells [39].

The group of Manuel Rodriguez developed tandem ubiquitin-binding entities
(TUBES) in order to enrich for ubiquitylated proteins [40]. Notably, this approach
relies solely on endogenous ubiquitin to identify conjugated proteins. TUBEs were
developed by fusing several UBAs together to increase affinity for proteins conju-
gated to poly-ubiquitin chains (Fig. 14.2b). TUBEs can also inhibit the activity of
DUBs and of the proteasome, preserving ubiquitin chains during the native purifi-
cation process. Using this approach, Rodriguez and colleagues identified a total of
643 proteins in two biological replicates from human breast adenocarcinoma cells
treated with the DNA damage-inducing agent Adriamycin [41]. The ability to enrich
for ubiquitin conjugates without ectopic expression of a tagged ubiquitin has great
potential, especially for animal models.

One major issue is that many other proteins may interact with ubiquitylated pro-
teins or the recombinant UBD-containing proteins under native conditions. While
a high salt concentration was used (2 M NaCl) in the first study mentioned above,
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a second step purification was required to further enrich for ubiquitylated proteins
[36]. It is actually challenging to directly circumvent this issue, since the ubiquitin-
UBD interaction is mainly mediated by hydrophobic interactions [19], thus the us-
age of anionic detergents or chaotropic reagents would be detrimental. Therefore,
UBDs may be better suited in the future to analyze subsets of the ubiquitome (tak-
ing advantage of the specificity of the recombinant UBD for a particular chain type)
in combination with a second purification step.

2.1.3 Enrichment of Ubiquitylated Peptides Using a-diGly Antibodies

A major breakthrough was the introduction of antibodies that directly bind to ubiq-
uitylated peptides. After the first 110 ubiquitylation sites identified by Gygi and
colleagues [28], the uncovering of new ubiquitylation sites had largely stalled. One
issue was that in that particular analysis in-depth study required 5 days of mass
spectrometer instrument time, which is difficult to secure with equipment that is
typically oversubscribed. By contrast, identification of phosphorylation sites bene-
fited from tremendous activity starting in 2006, after TiO, beads began to be widely
used to enrich for phosphorylated peptides [42—44]. Fortunately, the ubiquitin field
was not idle, and monoclonal antibodies were soon developed to specifically enrich
for ubiquitylated peptides.

In the antibody-based approach, ubiquitylated peptides of low abundance are
greatly enriched prior to identification by mass spectrometry using antibodies that
recognize the ubiquitin remnant tail left on trypsin-cleaved peptides. The laboratory
of Samie Jaffrey was the first to publish an antibody-based approach to enrich for
diGly peptides in 2010 (Fig. 14.2¢) [45]. In this study, 374 ubiquitylation sites on
236 proteins were identified from HEK293 cells. To generate the antibodies, the
authors synthesized a lysine-rich protein antigen (histone) containing multiple K-¢-
GG that was then injected into mice. In the following year, both Steven Gygi’s and
Chuna Ram Choudhary’s groups successfully and independently conducted notable
large scale studies: around 19,000 ubiquitylation sites in ~5000 human proteins
and ~ 11,000 sites in ~4200 proteins were mapped, respectively [46, 47]. Several
additional studies followed up using the same approach, including analyses of the
ubiquitome in rat brain and murine tissues [48, 49]. In addition, several modifica-
tions have been made in order to increase the yield of this method [50]. One reason
the diGly-antibody approach is so potent is that trypsin digestion essentially abol-
ishes most other protein-protein interactions and, combined with the high-affinity
of the antibody, modified peptides are effectively enriched, despite their low abun-
dance in the cell. Other major advantages are that no extra experimental controls
are required to distinguish ubiquitylated sites from the rest of the identified peptides
in the sample (the detection of the + 114 Da mark is sufficient), it does not rely on
ectopic expression of a tagged ubiquitin, it is applicable to all eukaryotic organisms
or tissues and it is commercially available in the form of a kit.

While the antibody-based approach is very potent and already widely used, it
also has a few shortcomings. Since the NEDDS8 and ISG15 Ubls share the same



376 N. N. Fang et al.

carboxyl-terminal sequence (RGG) with ubiquitin, proteins conjugated to these
Ubls will also generate indistinguishable remnant tails after tryptic digestion.
Therefore, some ubiquitylated peptides may be mis-assigned. Fortunately, levels of
ISG15 are usually undetectable in cells, unless stimulated by interferon (IFN)-o/f
[51]. Furthermore, Gygi’s group determined that more than 95 % of the sites which
they identified were conjugated to ubiquitin and not NEDDS8 (which is mainly con-
jugated to cullins). The monoclonal antibodies against the ubiquitin remnant may
also introduce a bias for some sites, since Choudhary’s group found that these an-
tibodies have a slight sequence preference [49]. Our lab also noted that, using this
approach, proteins ubiquitylated at multiple sites may be less prevalent compared to
proteins conjugated at a single lysine, as peptide ion intensities would be lower (and
thereby possibly not detected by the mass spectrometer) in the former case [52].
Another consideration is that the information regarding the chain linkage on a par-
ticular conjugation site (for poly-ubiquitylation) is lost when using this approach.
In addition, atypical sites (N-terminal, for instance) are also not selected. Neverthe-
less, the antibody-based approach has been the key to the recent advancements and
has now been adopted by many groups around the world.

2.1.4 An Alternative to the Antibody-Based Approach

The price of commercially available antibodies can be an obstacle, prompting re-
searchers to look for more cost-accessible alternatives. One approach which has
shown promise in preliminary trials makes use of the fact that diGly-containing
peptides have two N-terminal primary amines (one from the peptide N-terminus
and the second from the diGly remnant) that can be modified and exploited further
for enrichment. Primary amines can be fluorinated using perfluorinated compounds,
while the e-amino groups of lysines are protected by guanidination [53, 54]. The
doubly labeled (and thus containing a diGly signature) peptides have a significantly
higher affinity than the singly labeled ones for a matrix which retains fluorinated
compounds, thus allowing the separation of the two species by eluting with differ-
ent concentrations of organic solvent [55]. Fluorous affinity tag enrichment was
successfully used to isolate diGly containing peptides from a tryptic digest of pure
poly-ubiquitin chains [56]. Later studies have employed reversed-phase chromatog-
raphy to enrich peptides with large fluorinated moieties attached to cysteine resi-
dues [57, 58], but this approach has not yet been used for diGly enrichment. The
challenge is now to apply this method to the isolation of diGly-containing peptides
from complex samples of biological origin.

2.1.5 Systems-Wide Analysis of Ubiquitin Linkages Using Selective Reaction
Monitoring (SRM)

In addition to identifying substrate ubiquitylation sites, it is also important to deter-
mine the modification type (i.e., mono- vs. poly-ubiquitylation). One particularly
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effective approach utilizes selective reaction monitoring (SRM) to determine, for
instance, which chain linkages are present in a cell extract, or synthesized by a giv-
en E3 ligase in an in vitro experiment. In SRM, the mass spectrometry instrument is
set up to specifically monitor one or several preselected peptide(s), greatly improv-
ing both the sensitivity and identification rate from complex biological samples
[59-63]. In combination with SRM, artificial peptides (of known concentration)
can be added in for absolute quantification (AQUA) [64]. The synthetic peptides are
identical to the endogenous peptides of interest, but carry a specific isotopic mark
(typically “heavy” lysine or arginine residues, giving a +8 or + 10 Da mark, respec-
tively). The AQUA peptides co-elute with their counterparts within the sample, and
their intensities can be compared to calculate the concentrations (or the absolute
quantification) of the peptides of interest. To quantify chain type, typically three
peptides are required for each of the seven lysine residues of ubiquitin: one longer
peptide, which includes the ubiquitylated lysine with a remnant diGly tail, and two
peptides corresponding to the N- and C-terminal parts of the former, on either side
of the (in this case non-ubiquitylated) lysine. In this way, a quantification of the
relative amounts of modified and unmodified peptide is possible (Fig. 14.3).

The AQUA approach was pioneered in the workgroup of Steven Gygi [65] and
has since then been successfully used to quantify ubiquitin chain linkages under
a variety of conditions and model systems. For instance, it was used to determine
which ubiquitin chains were conjugated in vitro onto the cell cycle-regulated pro-
tein cyclin B1 [66]. The method was used in numerous studies to quantify in vivo
ubiquitin chain linkages in yeast cells [67], in cultured mammalian cells [68—70]
and in mice [71]. Notably, AQUA and related methods have helped to explore the
role of ubiquitin chain linkages whose biological role were not well understood
(see below in Sect. 3.2). These methods have been adopted and further developed
by numerous groups. However, implementation of this approach on each proteomic
platform and instrument still required dedicated researchers to perform those types
of experiments.

Kopito’s group developed an interesting, closely related method that employed
spiked-in proteins for Protein Standard Absolute Quantification (PSAQ) [70]. Com-
pared to AQUA, this method comes with a twist, namely that the spiked “standards”
are differentially labeled ubiquitins instead of peptides. This allows the monitoring
of a different pool of proteins within a sample, namely free ubiquitin, monoubiq-
uitylated and poly-ubiquitylated proteins. Using this approach, the authors were
able to show that the majority of conjugated proteins in the cell are, surprisingly,
monoubiquitylated and not poly-ubiquitylated.

2.1.6 Systems-Wide Analysis of the Ubiquitome Using Approaches
that are Not Based on Mass Spectrometry

Protein array technology can also be used to perform proteomic analysis of the ubiq-
uitin system. One major task is to delineate the substrate specificity of the different
enzymes involved in ubiquitylation. This is often difficult to tackle in vivo, because



378 N. N. Fang et al.

K63 chains GG GG
K48 chains PR : —l— —l—
1\ Tryptic dlgestlo? s P
j /V GG GG
AQUA _Kas K63
peptides
a (+13C/*N)
F 3
1 T K48 chains
1 | ] ‘ .
- m/z o~ m/z
2 F'y = & A K63 chains
b m/z m/z "

Fig. 14.3 The absolute quantification (AQUA) peptide-SRM (selective reaction monitoring)
approach to the quantification of ubiquitin chain linkages. a A mixture of different ubiquitin
chains obtained from a biological sample is digested along with known amounts of absolute quan-
tification (AQUA) peptides. The AQUA peptides are isotopically labeled ('*C/'>N) to distinguish
them from their endogenous counterparts. Three peptides are monitored for each linkage type: the
diGly-containing peptide and the N- and C-terminal parts of the former that occur by tryptic diges-
tion of an non-ubiquitylated parent peptide. b Tandem mass spectrometry through which only spe-
cific charge-to-mass (m/z) ratios are monitored—termed selected reaction monitoring (SRM)—is
used in order to obtain a ratio between the endogenous peptides and the artificial standards. By
using AQUA peptides that cover both the modified (diGly containing) and the unmodified states,
an absolute quantification of the amount of a particular linkage, as well as the comparison between
different linkage types, is possible

of the diversity of the ubiquitin system and the transient nature of ubiquitylation
(due to de-ubiquitylation). The recent development of protein arrays containing
purified recombinant proteins from a variety of organisms, ranging from yeast to
human, allows researchers to take an in vitro approach in a systems-wide man-
ner. So far, this strategy has been applied to the study of substrates of ligases such
as Rsp5 in yeast [72, 73], Nedd4—1 and Nedd4—2 and the anaphase-promoting
complex (APC) in humans [74, 75], and a panel of human DUBs [76]. Its cell-free
nature endows the in vitro protein microarray analysis with a number of advan-
tages, but it also has the weakness of decoupling the ubiquitylation reactions from
a cellular context (e.g., localization, physiological concentration). In a recent study,
Marc Kirschner and colleagues used protein arrays incubated with a cell extract
to identify which proteins are conjugated to ubiquitin and other probed Ubls (e.g.,
SUMO, NEDDS8, and ISG15) [77]. Surprisingly, almost entirely distinct subsets of
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proteins were targeted by each conjugation system. Apart from proteins, peptide
arrays have also been used to identify substrate candidates, as many E3s rely on
distinct domains to recruit their targets, like the ligand of Numb protein-X (LNX)
E3 ligase that contains a PDZ domain [78]. Additional genome-wide approaches
have also been developed that do not rely on protein arrays. For instance, Stephen
Elledge and colleagues have used a green fluorescent protein (GFP)-fusion library
in tissue culture cells to identify substrates of cullin-based E3 enzymes, which form
a major ligase family [79].

Another approach to deciphering the ubiquitome is based on bioinformatic site
prediction. The first algorithm, called UbiPred, was developed by Ho’s group in
2008. Itused 531 physicochemical properties and a limited training set of 157 ubiq-
uitylation sites and 3676 putative non-ubiquitylation sites from 105 proteins for
building the prediction algorithm [80]. Recent advances in experimental investiga-
tion have helped to develop several additional ubiquitylation site prediction pro-
grams, such as UbPred, weighted passive nearest neighbor algorithm (WPNNA),
and composition of k-spaced amino acid pairs (CKSAAP) UbSite, Ubiprober [81—
84]. These prediction algorithms have an overall reasonable accuracy. However,
due to the fact that there is no universal target sequence for ubiquitylation sites,
their usage may be limited. It may be more appropriate to use these approaches to
identify candidate substrates for a given ubiquitin ligase. For instance, several algo-
rithms can be used to predict substrates of the APC E3 ligase based on the presence
of specific motifs [85, 86]. In one case, a combination of both mass spectrometry
and bioinformatics analyses was used to narrow down a list of candidate substrates
for the Fbw7 cullin-based E3 ligase [87]. More general computational approaches
have increasingly been used to probe the ubiquitome in the past few years, as re-
searchers began to obtain more and more data. We will highlight several of these
studies in the next section.

3 Contributions of Systems-Wide Proteomic Approaches
to Gaining Insights into the Ubiquitin System

The diverse systems-wide approaches which we have described so far have led
to a significantly better understanding of the ubiquitin system, often by providing
unique information that could not have been obtained by other means. We will re-
view several key contributions in the last section of this chapter.

3.1 Ubiquitylation Sites

As mentioned earlier, there is no specific motif that directs ubiquitylation. How-
ever, several residues are more frequently present (or absent) at certain positions
near to the ubiquitylation sites. The absence of a universal ubiquitylation motif can
be explained by the fact that there is a large variety of different E3 ligases, each
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of which are likely to recognize their target in a distinctive way. In addition, E3
ligases do not directly bind to the ubiquitylation sites, but typically to motifs that
are adjacent to the conjugated lysine residues. Because the lysine residue directs the
nucleophilic attack that leads to its conjugation, nearby residues may chemically in-
fluence the reaction. Indeed, Kim and colleagues found that several acidic residues
were enriched while basic residues were instead depleted in the vicinity of ubiq-
uitylation sites [46]. Cysteine residues were also less prevalent, since they would
likely compete as ubiquitin acceptor residues. Ubiquitylation sites are also slightly
more conserved than unmodified sites and, interestingly, often appeared earlier in
evolution (i.e., prior to the adoption of ubiquitylation) [88]. The latter observation
indicates that the ubiquitin system likely accommodates preexisting sites rather than
triggering the appearance of new sites. Intriguingly, ubiquitylation sites were also
often found in ordered regions in contrast to phosphorylation sites that are more
prevalent in regions predicted to be disordered (i.e., without a specific secondary
structure) [89]. It will be important to reexamine some of these observations in the
near future as more data is generated.

3.2 Ubiquitin Chains and the Ubiquitin Code

Ubiquitylation supports numerous cellular responses or functions, and the forma-
tion of different chain types has long been thought to play a major role in directing
conjugates to their final intracellular fates. The targeting of short-lived proteins for
degradation is a major function of the ubiquitin system [90], and the K48-linked po-
ly-ubiquitin chain was the first chain type associated with the turnover of these pro-
teins [91]. In contrast, K63-linked ubiquitin chains have distinct cellular functions,
like DNA repair and endocytosis [92, 93]. These first landmark studies were key to
laying down the now well-accepted hypothesis that chain linkage types determine,
at least partially, the fate of the substrates. However, major questions remain unan-
swered: What is the function of the other chain types (apart from K48 and K63)?
and How do chain linkage amounts fluctuate in the cell, especially in response to
stress? As these questions are difficult to investigate solely by using conventional
approaches (e.g., ubiquitin mutants that cannot form certain chain types), the devel-
opment of new proteomic approaches will potentially open up new horizons.
Several chain types participate in proteasome degradation. Gygi’s group dem-
onstrated for the very first time that all seven lysines in ubiquitin contribute to the
assembly of poly-ubiquitin chains in vivo [28]. Subsequently, it was also found that
linear ubiquitin chains (linked via the ubiquitin amino terminus; M 1) were present
in mammalian cells [94]. Using a SRM-based method, Peng and co-workers first
determined the presence of each chain linkage type in yeast cells and found that
K11 chains were almost as prevalent as K48 chains [67]. To assess the role of each
chain type in proteasomal degradation, the authors then inhibited the proteasome
and found out that all chain types rapidly accumulated in the cell, except for K63
chains, and K27 and K33 were affected to a lesser extent. To confirm the role of
K11 in proteolysis, they also showed that K11-linked chains were important for
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the endoplasmic reticulum-associated degradation (ERAD) pathway, which targets
misfolded endoplasmic reticulum (ER) proteins [67]. K11 linkages were also found
to be important for the proteasomal degradation of cell cycle-regulated proteins in
an independent study [95]. However, this linkage is less prevalent in mammalian
tissue culture cells [69]. Indeed, in higher eukaryotes, K48 linkages make up about
80 % of the poly-ubiquitin chains targeted to the proteasome, while K29, K11 and
possibly K6 were found (in this order) in decreasing concentrations [69]. Nonethe-
less, K11 chains further accumulate in brain tissues from patients suffering from
Alzheimer’s disease (as do K48 and K63 chains, albeit to a lesser extent), thus
confirming that these chain types play a prevalent role in the cell. Furthermore, the
function of K11 linkages may not be limited to proteasomal degradation. For in-
stance, the major histocompatibility complex class I (MHC I) was found conjugated
to both K11- and K63-linked ubiquitin chains that are involved in the endocytosis of
MHC 1[96, 97]. In another study, the presence of K33-linked chains was confirmed
by mass spectrometry on T cell receptor-zeta, another membrane protein that is reg-
ulated by endocytosis [98]. This is intriguing, because endocytosis was originally
thought to be mediated by mono- and K63-linked poly-ubiquitylation. While these
studies greatly expanded our knowledge, one question that remains is whether more
complicated chain architectures (i.e., branched chains) are also present in the cell.
New techniques will have to be developed to answer this question, as this informa-
tion is lost with current sample preparation methods.

3.3 Protein Quality Control and the Ubiquitin Proteasome
System

A major function of the ubiquitin proteasome system is to eliminate misfolded and
damaged proteins from the cell with the assistance of several protein quality control
pathways [99]. One striking observation is that the majority of proteins targeted
for degradation are newly synthesized [46]. It has already been shown that a large
fraction (up to 30%) of newly translated proteins in tissue culture cells is rapidly
degraded by the proteasome, presumably because these proteins were not properly
folded [100]. A recent study from Jon Huibregtse’s group confirmed that about 12 %
of nascent polypeptides are ubiquitylated [101]. The ubiquitylation of these nascent
polypeptides occurs on both stalled and actively translating ribosome complexes.
To further characterize these conjugates, an elegant approach was used, in which
tandem affinity purification of ubiquitylated nascent polypepides was achieved
from purified polysomes by using both flag-tagged ubiquitin and biotinylated puro-
mycin, which forms a covalent bond with the carboxyl terminus of nascent polypep-
tides prior to releasing them from ribosomes. Using mass spectrometry, the authors
found that the majority of these ubiquitylated nascent polypeptides corresponded to
cytosolic proteins [101].

The impairment of the ubiquitin proteasome system has been associated to
many aggregation-related disorders, especially neurodegenerative diseases [102,
103], which typically feature ubiquitin-containing aggregates [104]. We found that
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inhibition of the proteasome can cause the formation of large ubiquitin-containing
aggresomes (which are amorphous structures mainly composed of misfolded pro-
teins) even in the absence of disease specific proteins (e.g., mutated cystic fibrosis
transmembrane conductance regulator, CFTR, involved in cystic fibrosis) [105]. To
further characterize these ubiquitin-containing protein aggregates induced by pro-
teasome inhibition, we combined a biochemical isolation method with quantitative
proteomic analysis using stable isotope labeling with amino acids in cell culture
(SILAC) [106]. We identified more than 500 proteins in these aggregates, including
the p62/sequestosome, several E3s and DUBs, and chaperones. One possibility is
that, in addition to those involved in the aggregation process, many of these proteins
are aggregation-prone and would normally be efficiently eliminated by the protea-
some.

The different protein quality control pathways form an intricate network and
keep the proteome in check. While many studies at the time relied on the assess-
ment of a few model substrates, we instead focused on the effect of the heat-stress
response on the ubiquitinome in a systems-wide manner. Heat shock that causes
protein misfolding has long been known to cause an increase in poly-ubiquitylation
in the cell [107]. However, we only recently found that proteins ubiquitylated after
heat shock were cytosolic and in part targeted by the Hul5 ubiquitin ligase [32]. By
using bioinformatics tools to further analyze our proteomic datasets, we found that
several features were shared by the heat-induced ubiquitylated proteins [52]. Nota-
bly, these proteins are longer on average and contain fewer hydrophobic residues.
Interestingly, intrinsically disordered proteins (that contain large regions predicted
not to fold in a specific secondary structure) are also prominently identified among
proteins ubiquitylated upon heat shock [52]. We also found that these proteins while
generally not essential and less abundant in the cell, contain more predicted interac-
tion motifs in their disordered regions. Presumably, these proteins are ubiquitylated
upon heat shock due to the loss of interactions with their binding partners. It is
not clear whether this is triggered by a specific protein quality control pathway, or
whether these disordered proteins may themselves also be important for the heat-
shock response. In addition to heat-shock response, the study of the ubiquitome
may be particularly interesting when assessing client proteins of a given chaperone
protein. In absence of the chaperone’s activity, its client proteins should misfold and
at least a portion of them will be ubiquitylated for proteasome targeting.

3.4 The Quest to Find Ubiquitin Ligase Substrates

One of the major challenges to the study of the ubiquitin proteasome system is
to assign substrates to ubiquitin ligases. Several proteomic approaches have been
developed in which individual E3s—or components of E3s—are pulled down to
identify their substrates, a method that was notably championed by the group of
Michele Pagano [108—114]. In each case, follow-up studies are required to verify
that the interacting proteins are indeed E3 targets. To further enrich for substrates,
inactive E3 ligases were also employed [115]. In another case, the E3 ligase was
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re-engineered to modify its specificity and conjugate NEDDS instead of ubiquitin
[116]. Alternatively, the substrates of a specific E3s could be identified by analyz-
ing which proteins are no longer ubiquitylated upon the inhibition or deletion of
the investigated ligase. For instance, Kim and colleagues monitored changes in the
ubiquitome to identify substrates of cullin-RING ubiquitin ligases by comparing
cells with and without treatment with the MLN4924 inhibitor that blocks NEDD8
conjugation (neddylation is required to maintain cullin-RING ligases in an active
state) [46]. They consequently identified over 4000 ubiquitylation sites that were
dependent on cullin-RING ligase activity.

However, cullin-RING ligases form the largest family of E3s. Therefore, the
identified proteins may be targeted by any of the 350 or so E3s. Our lab instead
focused on identifying candidate substrates of a single ubiquitin ligase, the yeast
HECT ligase Hul5. By comparing wild-type and deletion mutant yeast cells, we dis-
covered over 90 putatively misfolded substrates of Hul5, and thereby revealed that
this ubiquitin ligase plays an important role in cytosolic protein quality control [32].

More recently, the Parkin-dependent ubiquitome was analyzed under different
stress conditions [117]. The Parkin ubiquitin ligase has been linked to Parkinson’s
disease (PD) and several Parkin mutations are associated to a familial and early-
onset form of PD. In this study, ubiquitylated peptides were enriched using the
anti-diGly antibodies prior to quantitative mass spectrometric analysis to compare
cells that either did or did not express Parkin under mitochondrial depolarization
conditions. The study revealed that Parkin expression dramatically altered the ubiq-
uitylation status of the mitochondrial proteome [117], consistent with its role in
mitophagy [118]. These studies illustrate the great potential of analyses of the ubiq-
uitome in linking components of the ubiquitin machinery to their functional roles
and biological substrates.

3.5 Chasing Lost Ubiquitylation Events and DUB Functions

DUBs that cleave off the C-terminal carboxyl group of ubiquitin from the g-amino
group of lysine side chains or the a-amino group of conjugated proteins are es-
sential to the ubiquitin system [15]. There are over 80 genes in the human genome
predicted to have de-ubiquitylating activity. Because of their role in processing
ubiquitin precursors and recycling ubiquitin, DUBs play a key role in maintaining
ubiquitin homeostasis. In addition, many DUBs display specificity both for par-
ticular ubiquitin chain types, as well as to certain substrates. Altered DUB activity
has been linked to several diseases, such as the Machado-Josephdisease (MJID),
microcephaly-capillary malformation (MIC-CAP) syndrome, and coronary artery
disease(CAD), as well as numerous forms of cancer [119—121]. Therefore, DUBs
are considered to have great therapeutic potential as drug targets [122] and the iden-
tification of the substrate repertoires and functions of DUBs is urgently needed.
Mass spectrometry has been applied to the study of DUBs in a systems-wide
manner. For instance, Wade Harper and colleagues expressed and pulled down 75
human DUBs to identify their interacting partners by mass spectrometry [123]. A
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similar study was performed with the 20 DUBs of Saccharomyces pombe [124].
More recently, Gardner’s group used in vivo cross-linking prior to co-immunopre-
cipitation of the yeast DUB Ubp10 in order identify transiently interacting proteins,
including ribonucleic acid (RNA) polymerase I, which was later confirmed to be a
substrate of Ubp10 [125]. Alternatively, the change in proteome composition was
analyzed by quantitative mass spectrometry to identify potential DUB substrates
accumulating upon deletion of each of the 20 yeast DUBs [126].

Another approach consists in trapping DUBs using so-called suicide substrates,
in which a thiol-reactive group is placed at the C-terminus of ubiquitin to ligate
it irreversibly to the DUB’s active site cysteine. Kessler and colleagues used this
method to identify DUBs and their interacting proteins by mass spectrometry from
mouse tissue [127]. This method, together with quantitative mass spectrometry, was
also used to characterize chemical DUB inhibitors to gauge their selectivity, as in-
hibition of a specific DUB results in less binding to the activity-based probe [128].
One of the tested compounds, P22077, was selective to Ubiquitin-specific-process-
ing protease 7 (USP7), thereby causing a lower rate of association of USP7 to the
suicide substrate. Using TUBEs and mass spectrometry, Kessler and colleagues
then identified potential substrates of USP7 upon its inhibition [128]. However,
researchers have not yet taken full advantage of newly developed proteomic ap-
proaches to study DUBs and deubiquitylation in vivo. In the near future, combining
SRM and diGly approaches to examine ubiquitin chain linkages and ubiquitylated
proteins upon the inhibition or down-regulation of a specific DUB (or, conversely,
its over-expression) will help greatly with building a comprehensive knowledge
base of DUBs.

3.6 Cross-Talk Between Ubiquitylation and Other PTMs

Multiple PTMs may occur on the same protein and the cross-talk between different
functional modulators may be important for protein activity, function, and localiza-
tion. Histone tails are a well-known example: Being particularly lysine-rich amino
acid sequences, they are subjected to a variety of modifications, such as acetyla-
tion, methylation and ubiquitylation (on lysine), methylation of arginine, and phos-
phorylation of serine and tyrosine residues. Different combinations of these PTMs
generate the “epigenetic code” and have distinct functions in regulating chromatin
organization and accessibility. Thus, the modifications are set in a highly controlled
manner [129]. Similarly, the selectivity of the ubiquitin ligases for their substrates
is also tightly regulated. In many cases, substrates first need to be modified to trig-
ger their recognition by an E3 ligase and phosphorylation plays a prominent role in
this process.

The group of Steven Carr recently established a method (called serial enrich-
ments of different posttranslational modifications, SEPTM) for the serial enrich-
ment of PTMs, such as phosphorylation, ubiquitylation, and acetylation, from the
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same sample [130]. Phosphorylated peptides were first isolated using the IMAC
phosphor-enrichment method followed by the diGly antibody-based method for
ubiquitylation enrichment. The same sample was then subjected to the enrichment
of acetylated peptides, also using an antibody-based approach. SEPTM enabled
the identification of more than 20,000 phosphorylation, 15,000 ubiquitylation, and
3000 acetylation sites from around 8000 proteins and provides a unique opportunity
to study the cross-talk between these three different PTMs. Using quantitative mass
spectrometry, the authors analyzed changes incurred by proteasome inhibition and
showed that the number of phosphorylation sites, as well as the number of ubiqui-
tylation sites, were highly increased. These results confirmed that phosphorylation
plays a major role in regulating proteolysis. Similar data were obtained in an inde-
pendent study from Villen’s group [131]. Here the authors first enriched ubiquity-
lated proteins using His-tagged ubiquitin followed by the isolation of diGly-con-
taining peptides and phosphorylated peptides. Using this approach, they identified
a total of 466 proteins that were ubiquitylated and phosphorylated. While the non-
ubiquitylated forms of these proteins were also found to be phosphorylated, proteins
that are both ubiquitylated and phosphorylated, and accumulate upon proteasome
degradation, have, on average, shorter half-lives, indicating that phosphorylation is
likely involved in the regulation of their turnover. By contrast, the acetylome ana-
lyzed in the former study was not significantly affected by proteasome inhibition.
However, around 400 of the acetylation sites were also found to be ubiquitylated,
indicating that cells contain distinctly modified populations of the same proteins.
Therefore, cross-talk can be cooperative (multiple PTMs on the same molecule)
or competitive (modifying the same site). It will be interesting to further integrate
additional PTMs to identify which other modifications may impact ubiquitylation
positively or negatively.

4 Concluding Remarks

In summary, systems-wide analyses of the ubiquitome have uniquely contributed
to and shaped our understanding of the ubiquitin system. Within a few years, we
gained tremendous insights into the ubiquitome. A broad panel of different methods
is now available to the scientific community. The further integration of these meth-
ods will undoubtedly play an important role in deciphering disease mechanisms
linked to ubiquitylation, and potentially make great contributions towards future
therapeutic development.
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