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Abstract

Post-translational protein modification by ubiquitin (Ub) and Ub-like modifiers is orchestrated by the sequential
action of Ub-activating, -conjugating, and -ligating enzymes to regulate a vast array of fundamental biological
processes. Unsurprisingly, the dysregulation of the intricate interplay between ubiquitination and
deubiquitination gives rise to numerous pathologies, most notably cancer and neurodegenerative diseases.
While activity-based probes (ABPs) and assay reagents have been extensively developed and applied for
deubiquitinating enzymes, similar tools for the Ub cascade have only recently emerged. Given the recent
efforts to develop inhibitors for the Ub system, the urgency for developing ABPs and assay reagents is
imminent. In this light, we comprehensively discuss the currently available ABPs with a focus on the newly
developed reagents targeting the Ub cascade while illustrating their potential applications.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Ubiquitination, a 76-aa post-translational modifica-
tion, regulates a plethora of fundamental biological
processes [1]. Covalent attachment of ubiquitin (Ub) to
its designated substrate proteins occursby the virtue of
an orchestrated action of three specialized enzyme
classes—E1, E2, and E3 enzymes. Initiation of
ubiquitination commences with the adenylation of the
C terminus of Ub at the expense of ATP by forming a
high-energy E1-Ub thioester. Subsequently, the acti-
vated Ub is transferred by transthioesterification onto
the cysteine residue of the E2 enzyme, which permits
the Ub transfer on a substrate lysine residue by the
means of an E3 ligase (Fig. 1). Ub transfer from the E3
enzyme to the substrate lysine can occur by either
directly utilizing the catalytic cysteine residue (HECT/
RBR class) or indirectly (RING E3s). Additionally,
self-modification of Ub by one of its seven lysine
residues to form Ub chains further modulates the
biological consequence of substrate ubiquitination,
which is counterbalanced by deubiquitinating en-
zymes (DUBs) of the different classes (UCH,USP,
OTU, Josephin, and JAMM/MPN+) and the recently
discovered class of MINDY DUBs [1,2] (Fig. 1). Given
uthors. Published by Elsevier Ltd. This is an
rg/licenses/by/4.0/).
the biological importanceofUb, the necessity for a tight
regulation of this post-translational modification and
maintenance of cellular homeostasis is fulfilled by the
orchestrated interplay of two E1 enzymes, 40 E2s,
around 600 E3 ligases, and 100 identified DUBs
encoded by the human genome [3].
Since both DUBs and E2 conjugating enzymes

and E3 ligases together coordinate ubiquitination
governing the cellular outcome, their aberrant
activity unsurprisingly leads to the dysregulation of
cellular homeostasis, promoting the pathogenesis of
numerous diseases, most notably cancer and neuro-
degenerative disorders [4]. So far, there are only a
handful of drugs targeting the Ub system that have
been FDA-approved or have even entered clinical
trials. The considerable success of proteasome
inhibitors such as bortezomib and carfilzomib has
sparked interest to develop more small-molecule
inhibitors targeting other components of the Ub
system [5]. Due to their participation in a vast array of
biological roles, specific inhibitor development for
the Ub conjugation or deconjugation has proven to
be challenging. E1 enzymes activate Ub in an
ATP-dependent manner; inhibition at the apex of
the Ub/Ubl cascades controls the ubiquitination of
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Fig. 1. Schematic overview of the ubiquitination cascade. Activation of ubiquitin (Ub) as a thioester is catalyzed under
ATP consumption by the Ub-activating enzyme E1 and subsequent transfer to the Ub-conjugating enzyme (E2). Finally,
the activated Ub is covalently attached to the substrate lysine residue with the direct (HECT/RBR class) or indirect (RING
class) participation of an E3 ligase. DUBs cleave or trim ubiquitination and poly-ubiquitination to reverse or modulate the
biological outcome.
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downstream targets. To date, two E1 inhibitors having
reached clinical evaluation are the NAE1 inhibitor
pevonedistat (MLN4924) for the treatment of acute
myeloid leukemia and myelodysplastic syndromes
and, more recently, a UBE1 inhibitor MNL7243 [6–8].
Similarly, only a few small molecules targeting Ub E3
ligases have progressed to clinical evaluation. For
example, the immunomodulatory imide drugs thalido-
mide and its derivatives, which were first introduced as
sedatives, have been demonstrated to modulate the
cullin-RING E3 ligase cereblon and are now approved
for use in hematological malignancies [5,9]. Addition-
ally, several different compound classes exhibiting
inhibitory properties toward the E3 ligase MDM2 have
entered clinical testing [10]. Identifying and understand-
ing the enzymatic activities and substrate specificity of
the Ub- and Ub-like (Ubl) modifier-activating, -conju-
gating, -ligating, and -deconjugating enzymes are
critical for the development of pharmacological inhib-
itors. Although reversed proteolysis and intein chemis-
try were originally used to generate Ub-based reagents
[11], the introduction of effective synthetic procedures
greatly expanded the Ub toolkit. While DUBs have
been identified and extensively characterized utilizing
these reagents, increasing efforts have recently been
made toward developing activity-based probes (ABPs)
to study the conjugating and ligating enzymes of theUb
cascade. ABPs consist of three main elements: a
reactive group, a recognition element, and a retrieval or
detection tag [12]. In contrast to assay reagents, ABPs
react covalently with the active site nucleophile of
specific enzymes, allowing the identification, isolation,
and characterization of active enzymes [13] (Fig. 2b). In
this review, the advances of Ub- and Ubl-based
reagents and probes will be discussed while highlight-
ing the advances of Ub ABPs targeting Ub ligases and
how these ABPs can potentially provide insights on
these molecular processes.
Synthetic and Semi-Synthetic Methods
to Generate Ub ABPs

Semi-synthetic approaches

Given the importance of understanding Ub con-
jugation and deconjugation for pharmacological inter-
vention, both semi-synthetic and synthetic approaches
to develop these reagents havebeen undertaken.One
of the first approaches to develop Ub-based assay
reagents Ub-AMC used transpeptidation to modify Ub
[14,15]. However, one of the most powerful
semi-synthetic approaches to generate Ub-based
active site probes has been intein-based chemistry
[16]. This methodology relies on protein trans-splicing,
which through a series of acyl shifts forms a thioester
that can react with thiol or amine nucleophiles [17,18].
In the recent years, advances in the genetic incorpo-
ration of unnatural amino acids using genetic code
expansion permitted the incorporation of unnatural
amino acids facilitating the production of Ub-based
reagents [19–21]. Another semi-synthetic approach to
generate fluorogenic Ub-based DUB substrates and
di-Ub mimics exploits the E1-enzyme-mediated
C-terminal amidation of Ub [22].

Synthetic methods

Although efforts to synthesize Ub have been
pioneered by Briand et al. and Ramage et al. in the
late 1980s [23,24], only the introduction of an
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efficient linear Fmoc-based solid-phase peptide
synthesis of Ub and the native chemical ligation
strategy unlocked the potential of these ABPs
through the site-specific installation of a wide variety
of reactive groups, unnatural amino acids, fluores-
cent labels, or pull-down handles [25]. Undoubtedly,
one of the most important methods to generate Ub
chains or ubiquitinated proteins and peptides is
native chemical ligation—a method that relies on the
incorporation of γ- or δ-thiolysine moieties at defined
lysine residues to yield the Ub–isopeptide linkage
[25–27].
The Ub Toolkit—An Assortment Ranging
from DUB Reagents to Di-Ub Probes

The development of a variety of Ub-based probes
targeting the cysteine protease DUB classes has
facilitated their discovery, extensive mechanistic
and biochemical investigation, and structural eluci-
dation. Activity-based probes equipped with the
classical Ub aldehyde, the vinyl methyl ester, the
vinyl sulfone, and the propargyl reactive groups
enabled the crystallization and solution of numer-
ous DUB structures [16,28–30]. With the recent
addition of di-Ub probes featuring a warhead
between the distal and the proximal Ub module to
covalently trap enzymes, the aspect DUB linkage
specificity could be addressed in structural and
biochemical studies [31–36]. Although these di-Ub
probes have led to the characterization of DUBs
[32], they do not allow the study of the DUB S1 and
S2 binding site participation in Ub chain processing.
To study this aspect, Flierman et al. reported
non-hydrolysable di-Ub probes that have been
generated by click chemistry and feature a
C-terminal propargyl warhead [37]. Despite the
broad assortment of ABPs and fluorogenic assay
reagents available for DUBs, corresponding re-
agents to assess Ub conjugation and ligation have
been lacking due to the complexity and dynamics
involved.
Beyond Deubiquitinating Enzymes—
Targeting the Ub Cascade

Although a number of ABPs have been developed
for DUBs, the advancement of probes to monitor the
Fig. 2. Overview of currently developed activity-based pro
(a) Mechanism of E1-catalyzed Ub thioester formation. Initially
active-site cysteine of the E1 enzyme, releasing the AMP to yie
(c) ABPs targeting E1-activating enzyme only. (d) Modular E
fluorescent Ub thioester (UbFluor) reagent monitoring transthio
probe that is transferred and simultaneously labels the ac
substrates.
E1-E2-E3 enzyme cascade has been lagging behind
due to challenges of targeting a sequential enzymatic
cascade rather than a single enzyme. Since ABPs
mechanistically utilize an active-site nucleophile, the
current probe developments for E3 ligases target only
the HECT and RBR E3-enzymes. Early attempts
described by Lu et al. toward developing a Ub-based
probe for the E1 enzyme involved a 5′-sulfonyladeno-
sine modification of the C terminus of Ub or a Ubl
modifier [38] (Fig. 2c). This semi-synthetic approach,
which permitted the introduction of an electrophilic trap
through the covalent crosslinking of the E1 enzyme to
the Ub/Ubl probe, allowed the mechanistic study of
these enzymes, that is, insights into E1-catalyzed
adenylation and thioesterification. To generate Ub/
Ubl-AMP probes more efficiently, An et al. later
devised an easier protocol based on the approach by
Lu et al. using native-chemical ligation followed by the
conversion of a cysteine residue to dehydroalanine
(Dha). This allows a covalent bond formation with the
active-site cysteine of theE1enzyme, thereby trapping
the “tetrahedral E1-Ubl-AMP intermediate” [39]
(Fig. 2c). This methodology utilizes Ub/Ubls prepared
by intein-based methods, retaining the “native” se-
quence and permitting E1-mediated chemoenzymatic
synthesis, while in contrast, the approach by Lu et. al
requires changes in the Ub/Ubl sequence [38]. In
contrast to previous Ub/Ubl activity probes, these Ub/
Ubl-AMPprobes (Ub-Probe 2and3) are equippedwith
a tag for the installation of a pull-down handle or a
fluorescent tag to facilitate detection (Fig. 2c). Other
advancements by An and Statsyuk employed a
mechanism-based approach using an AMP-derived
compound (ABP1), which reacts with the E1-Ub/Ubl
thioester intermediate due to its structural resem-
blance to AMP, forming the covalent Ub/Ubl-ABP1
conjugate structurally reminiscent of the Ub-AMP
adenylate [40] (Fig. 2c). One major advantage of this
ABP is its cell permeability, which renders it amenable
to profiling Ub/Ubl E1 enzyme inhibitors in living cells.
Due to cross-reactivity with DUBs such as IsoT
(USP5), utility of the Dha Ub-Probes 2 and 3 are
restricted to monitoring E1 enzyme activity in vitro
[39,40]. A major limitation of these first-generation
ABPs due to their mimicry of the Ub/Ubl-adenylate
intermediate is that they are restricted to the E1 but
cannot be transferred to the downstream E2 and
HECT- and RBR-E3 enzymes. In order to overcome
this obstacle, Pao et al. developed a more advanced
activity probe by generating an azide-functionalized
bes (ABPs) for ubiquitin (Ub) E1, E2, and E3 enzymes.
, the Ub adenylate undergoes a nucleophilic attack by the
ld the thioester. (b) Basic modular structure of an ABP and
2-Ub probe targeting specific HECT/RBR E3 ligases and
lation activity. (e) Cascading E1-E2-E3 mechanism-based
tivating, conjugating, and ligating enzymes but not the
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Ub that was conjugated to an alkyne-modified
tosyl-substituted doubly activated ene (TDAE) by
click chemistry to yield the E2-Ub using an approach
based on E2-TDAE [41,42]. This modified Ub was
reacted with a respective E2 enzyme forming a stable
E2-Ub conjugate that was subsequently used to recruit
the RBR-E3 ligase Parkin and thus monitor the
transthiolation activity of an E3 ligase (Fig. 2d). Using
this approach, the transthiolation activity of this ligase
dependent on the phosphorylation status of both the
ligase and Ub was profiled [42]. Despite the emer-
gence of ABPs to interrogate the Ub-conjugation
cascade, reagents to monitor efficiently the transthio-
lation of HECT- and RBR-E3 enzymes in
high-throughput settings are urgently required. To
address this need, Park et al. demonstrated that a
miminalistic ABP mimicking a Ub thioester in the form
of UbMes (mercaptoethanesulfonate) can react with
catalytically active E3 enzymes in the absence of ATP
and E1 and E2 enzymes in their “Bypassing System”
[43]. In a follow-up study, Krist et al. generated a
fluorescent Ub thioester that permits a direct readout of
both transthiolation and ligation activities of HECT E3
ligases [44] (Fig. 2d). Since monitoring the transthiola-
tion activity of E2/E3 enzymes requires both the
activation and transfer of Ub/Ubl, Mulder et al.
addressed this challenge by developing an ABP that
participates in the sequential transthioesterification
reactions and has the option to covalently react with
the active-site cysteine residues of the E1, E2, or
HECT/RBR-E3 enzyme [45] (Fig. 2e). Replacement of
Gly76 at the C terminus of Ubwith Dhamoiety allows it
to react with active-site cysteine residues in an
ATP-dependent manner reminiscent of the native
transthioesterification or to alternatively form the
covalent thioether adduct (Fig. 2). The ability of
UbDha to participate in the cascade reaction and to
react covalently with the active-site cysteine residue of
the E1, E2, and HECT enzymes was confirmed by
in vitro experiments and proteomics studies. These
features make this the first ligase ABP amenable not
only to biochemistry and structural studies but also
especially to proteomics and in-cell enzymology of the
entire Ub cascade.
Expanding the Scope of E1-E2-E3 ABPs

Despite all the recent advances in the development
of ligase activity probes, their applicability for drug
discovery still remains to be demonstrated. E3 ligases,
which are beginning to emerge as drug targets
especially in oncology, are commonly tested for
inhibition by assaying the ubiquitination of a substrate,
which is usually overexpressed together with a ligase
[5]. Although this approach has led to the discovery of
several inhibitors, its largest caveat is that the
substrates need to be known. Additionally, overexpres-
sion may lead to biological alterations that may not
reflect the endogenous situation, not to mention that
this methodology is labor intensive. Utilizing ABPs
capable of monitoring the activity of the entire cascade
would simplify assays for drug screening by enabling
high-throughput screens and providing information on
the E2 and E3 enzyme activity. However, this
necessitates the generation of specific ABPs and
assay reagents for probing E3 ligase functions, for
example, by combining phage display with synthetic
strategies. In a recent study, Zhang et al. demonstrate
the generation of specific Ub variants reactive toward
specific HECT E3 ligases, enabling the discovery of
novel biological functions for these enzymes [46]. As
the current ligase ABPs either are limited to a modular
approach (E2-Ub conjugates) or broadly target only
HECT- and RBR-type E3 ligases, specificity of these
tools could be introduced by combining this strategy
with synthetic efforts to yield a powerful platform for
unraveling theE3 ligase biology and for drug discovery.
While modular approaches, such as the Ub-TDAE
probe, have been applied to biochemically assess the
effect of mutations of Parkin, UbDha is the first ABP
facilitating the chemoproteomic study of the Ub
cascade in the context of diverse perturbations (i.e.,
silencing, bacterial and viral infections, inhibitors, etc.).
This opens up the possibility of exploring new avenues
of studying HECT/RBR E3-ligase activity in a complex
biological context, for example, the effect of mutations
in a specific HECT/RBR E3 ligase activity [42,45].
Concluding Remarks

In comparison to phosphorylation, the temporal,
spatial, and substrate context of ubiquitination dictating
the biological outcome is extremely intricate, present-
ing challenges in the development of specific ABPs
and warranting careful evaluation of drug intervention.
For instance, direct inhibition of Ub E3 enzyme activity
could abrogate auto-ubiquitination, which regulates
both enzymeand substrate stability [5] and thus directs
that inhibition could lead to substrate accumulation that
adversely affects cellular homeostasis [47]. Given
these ramifications, can a single pharmacological
inhibitor for such a complex post-translational modifi-
cation be the answer? To facilitate the discovery of
effective yet tailored pharmacological intervention
strategies, we must further explore the dynamic
interplay and crosstalk in the ubiquitination system by
exploiting the available tools for assaying these
enzyme activities and by obtaining structural insights
and proteomic data. Given that ubiquitination relies on
the highly orchestrated action of all enzymes in the Ub
cascade, both conjugation and deconjugation aspects
must be regarded in evaluating potential pharmaco-
logical intervention strategies to effectively counterbal-
ance aberrant ubiquitination. However, design of such
pharmacological perturbations requires the accessibil-
ity of novel advanced tools to elucidate and exploit the
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dynamic nature of the Ub system in vitro and even
more importantly in vivo. In the light of this increasing
demand for effective inhibitors for the Ub conjugation
cascade,weanticipate that novel tools to studyE1, E2,
and E3 enzymes will emerge in the coming years.
Additionally, application of existing tools reviewed here
for addressing biochemical, structural questions, and
chemoproteomics will shed light into the complexity of
theUb systemand potentially advancedrug discovery.
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