
REVIEW ARTICLE

Activity-based probes for the ubiquitin conjugation–
deconjugation machinery: new chemistries, new tools, and
new insights
David S. Hewings1,2,3,4 , John A. Flygare1,*, Matthew Bogyo4 and Ingrid E. Wertz2,3

1 Discovery Chemistry, Genentech, South San Francisco, CA, USA

2 Early Discovery Biochemistry, Genentech, South San Francisco, CA, USA

3 Discovery Oncology, Genentech, South San Francisco, CA, USA

4 Department of Pathology, Stanford University School of Medicine, CA, USA

Keywords

activity-based probe; activity-based protein

profiling; chemoproteomics; deubiquitinase;

E1; E3; protease; ubiquitin; ubiquitin–
proteasome system

Correspondence

D. S. Hewings, Discovery Chemistry,

Genentech, South San Francisco, CA 94080,

USA

Tel: +1 650 225 3652

E-mail: hewingsd@gene.com

and

I. E. Wertz, Discovery Oncology,

Genentech, South San Francisco, CA 94080,

USA

Tel: +1 650 225 6222

E-mail: ingrid@gene.com

and

M. Bogyo, Department of Pathology,

Stanford University School of Medicine,

Stanford, CA 94305, USA

Fax: +1 650 725 7424

Tel: +1 650 725 4132

E-mail: mbogyo@stanford.edu

*Present address

Merck, 630 Gateway Blvd, South San

Francisco, CA 94080, USA

(Received 9 November 2016, revised 21

January 2017, accepted 10 February 2017)

doi:10.1111/febs.14039

The reversible post-translational modification of proteins by ubiquitin and

ubiquitin-like proteins regulates almost all cellular processes, by affecting

protein degradation, localization, and complex formation. Deubiquitinases

(DUBs) are proteases that remove ubiquitin modifications or cleave ubiqui-

tin chains. Most DUBs are cysteine proteases, which makes them well sui-

ted for study by activity-based probes. These DUB probes report on

deubiquitinase activity by reacting covalently with the active site in an

enzyme-catalyzed manner. They have proven to be important tools to

study DUB selectivity and proteolytic activity in different settings, to iden-

tify novel DUBs, and to characterize deubiquitinase inhibitors. Inspired by

the efficacy of activity-based probes for DUBs, several groups have

recently reported probes for the ubiquitin conjugation machinery (E1, E2,

and E3 enzymes). Many of these enzymes, while not proteases, also posses

active site cysteine residues and can be targeted by covalent probes. In this

review, we will discuss how features of the probe (cysteine-reactive group,

recognition element, and reporter tag) affect reactivity and suitability for

certain experimental applications. We will also review the diverse applica-

tions of the current probes, and discuss the need for new probe types to

study emerging aspects of ubiquitin biology.
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Ubiquitination: a dynamic
multipurpose post-translational
modification

Since the discovery in the late 1970s and early 1980s

that modification by ubiquitin targets proteins for

degradation by the proteasome, the ubiquitin–protea-
some system (UPS) has emerged as an essential regula-

tor of almost all cellular processes in eukaryotes.

Aside from maintaining proteostasis by degrading

damaged or unwanted proteins, ubiquitination and

subsequent degradation regulates the activity of many

short-lived proteins, including cell cycle regulators and

transcription factors, and produces antigenic peptides

for presentation on the cell surface [1,2]. Ubiquitina-

tion also has many proteasome-independent roles,

including regulating DNA damage repair, receptor

endocytosis, and inflammation [3]. Not surprisingly,

dysregulation of the UPS contributes to many ill-

nesses, including cancer, neurodegenerative diseases,

and immunological disorders.

Ubiquitin (Ub) is a small (8.5 kDa) globular protein

of 76 amino acids that adopts a beta-grasp fold

(Fig. 1A). It is highly conserved and found in all

eukaryotes. Ub is attached to substrates through its

terminal glycine residue, a process referred to as ubiq-

uitination (or ubiquitylation) [4]. Typically, Ub is

attached to proteins via an isopeptide bond to a lysine

side chain, but proteins may also be ubiquitinated on

their N terminus via a peptide bond. Ub itself can be

ubiquitinated (polyubiquitination), giving rise to Ub

chains [5]. This can occur through one of seven Lys

residues (K6, K11, K27, K29, K33, K48, and K63) or

the N-terminal Met residue (M1). K48-linked polyu-

biquitination is the best-known and most-studied mod-

ification, as it targets proteins to the proteasome for

degradation [6]. Other chain types typically have sig-

naling roles: for example, M1-linked (also called lin-

ear) chains are important in several immune signaling

pathways [7,8].

Ubiquitin is the archetypal example of a group of

beta-grasp proteins, referred to as ubiquitin-like pro-

teins (UBLs). In humans, these include the SUMO

(small ubiquitin-like modifier) family of proteins,

NEDD8 (neural precursor cell expressed, developmen-

tally down-regulated 8), and several homologs of yeast

Atg8 (autophagy-related protein 8). Different conjuga-

tion and deconjugation machineries exist for the UBLs

although there appears to be considerable overlap,

with some enzymes functioning on several classes of

UBL [9,10]. Prokaryotes do not encode for Ub, but do

produce Ub-like small protein modifiers that can be

attached enzymatically to target proteins. The function

of these modifiers is not fully understood [11], but in

some instances, such as the prokaryotic ubiquitin-like

protein (Pup) of Mycobacterium tuberculosis, they can

direct proteins for proteasomal degradation [12].

Ubiquitination is a dynamic modification, with a

dedicated system of enzymes responsible for transfer-

ring Ub to substrates, and proteases responsible for

removing it. Ub conjugation requires the sequential

action of three classes of enzymes (Fig. 1B). E1

enzymes initially activate free ubiquitin in a two-step

mechanism. In the first step, the E1 enzyme binds Ub

and ATP, and catalyzes Ub C-terminal acyl-adenylation

to form E1:Ub~AMP. (The tilde [~] is used to indi-

cate a reactive covalent bond, while the colon [:] indi-

cates a noncovalent complex.) In the second step, Ub

is transferred onto a Cys residue to form a thioether

linkage (E1~Ub). Activated Ub is next transferred to

the Cys residue of a Ub-conjugating (sometimes

referred to as Ub-carrier) enzyme, E2, to give

E2~Ub. E2s, together with Ub ligases (E3), then

transfer Ub to the substrate. E3s confer substrate

specify to the E2 enzymes. The cullin-RING ligases,

which are the largest group of E3s, do not form a cova-

lent bond to Ub. However, two smaller groups, the

HECT ligases (~ 30 members) and RBR ligases (~ 12

members) accept Ub from E2s to form a Ub-thioester

(E3~Ub), which then transfers Ub to a substrate

[13,14].

Deubiquitinases (DUBs) are proteases that hydro-

lyze the amide bond between the C-terminal Gly resi-

due of Ub and ubiquitinated proteins, thereby

antagonizing the Ub conjugation machinery [15]. As

well as rescuing proteins from degradation and revers-

ing signaling events induced by ubiquitination, certain

DUBs cleave Ub gene products into individual Ub

monomers prior to activation by E1s [16]. The protea-

some 19S regulatory particle also contains three DUBs

(POH1, USP14, and UCHL5), which ‘recycle’ Ub by

removing it from proteins prior to degradation. POH1

(PSMD14, RPN11) is located close to the entrance to

the 20S core, and promotes substrate degradation by

cleaving entire Ub chains from substrates, allowing the

protein to enter the pore for degradation. By contrast,

USP14 and UCHL5 are located further from the 20S

core and antagonize degradation by removing Ub in a

stepwise manner from the distal end, promoting sub-

strate dissociation from the proteasome [17].

The human genome encodes for approximately 90

DUBs, which fall into six classes [18,19]. Five classes

are papain-type Cys proteases: the ubiquitin-specific

proteases (USPs), ubiquitin C-terminal hydrolases

(UCHs), ovarian tumor domain proteases (OTUs),

Machado–Joseph disease domain proteases (MJDs or
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Fig. 1. Ubiquitin conjugation and

deconjugation machinery. (A) X-ray crystal

structure of human ubiquitin (PDB: 1UBI).

Lysine side chains are shown in magenta,

N-terminal methionine (M1) shown in cyan,

and C-terminal di-Gly shown in blue; (B)

overview of enzymes involved in Ub

conjugation and deconjugation, with

catalytic Cys residues indicated; (C) the

‘three Rs’ of an activity-based probe (ABP)

—reactive group, recognition element, and

reporter tag—and the reaction of an ABP

with an enzyme containing an active site

Cys residue, such as a Cys protease.
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Josephins), and motif interacting with ubiquitin-con-

taining novel DUB family (MINDY) DUBs. The sixth

class of DUBs, JAB1/MPN/MOV34 (JAMMs, also

known as MPN+), are zinc-dependent metalloproteases.

Enzymes that attach and remove Ub have attracted

significant interest as therapeutic targets. The NEDD8

E1 inhibitor MLN4924 (pevonedistat) is in Phase II tri-

als for leukemia (ClinicalTrials.gov identifier:

NCT02610777), and Ub E1 inhibitor MLN7243 has also

recently entered clinical trials (ClinicalTrials.gov identi-

fier: NCT02045095). Immunomodulatory imide drugs

(IMiDs) such as thalidomide are known to target the

cullin-RING E3 cereblon, and are approved in hemato-

logical malignancies [20]. Several classes of compound

that target the Ub ligase MDM2 are now in clinical tri-

als [21]. These compounds antagonize the interaction of

MDM2 with its substrate, the tumor suppressor p53,

thereby increasing p53 stability. Antagonists of the inhi-

bitor of apoptosis (IAP) family of E3 proteins have also

entered clinical trials [22]. Recently, a DUB inhibitor

(VLX1570) has entered Phase I trials for multiple mye-

loma (ClinicalTrials.gov identifier: NCT02372240).

Tools to study the activity of the Ub conjugation and

deconjugation machinery are therefore valuable not only

to better understand the functions of these enzymes but

also to identify and characterize new inhibitors.

Activity-based probes

Enzyme activity is tightly controlled at a post-transla-

tional level. This allows cells to respond rapidly to

stimuli, and to avoid unwanted activation of enzymatic

activity. Many proteases are secreted in inactive forms

and must undergo activation, either irreversibly (e.g.,

by proteolysis) or reversibly (e.g., by phosphorylation,

formation of complexes with other proteins, pH

change, or change in localization). Protein expression,

as indicated by western blot or proteomics techniques,

cannot therefore be used reliably to infer enzyme activ-

ity. Turnover of the natural substrate provides a direct

measurement of activity but requires detection of the

reaction products, which may be challenging in a com-

plex cellular environment. Additionally, different

enzymes often process the same substrate, making it

difficult to assign activity to a particular enzyme. Activ-

ity-based probes (ABPs) mimic substrate, but rather

than being processed by the enzyme, they become cova-

lently attached to the active site in an enzyme-catalyzed

reaction. As ABPs do not react with inactive enzymes,

the extent of probe labeling is an indirect measure of

enzyme activity. ABPs are particularly well suited for

studying enzymes with nucleophilic catalytic residues,

as a reactive electrophile can be incorporated into the

probe to react covalently with the nucleophile. Conse-

quently, cysteine, threonine, and serine proteases have

been extensively studied with ABPs [23].

An ABP consists of three components—‘three Rs’

(Fig. 1C):

� A reactive group. For enzymes with active site nucle-

ophiles, this is an electrophile, often referred to as a

‘warhead’. The choice of reactive group will affect

both the reactivity and selectivity of the probe.

� A recognition element (targeting group). This con-

fers selectivity toward the target of interest, and

may be a small-molecule inhibitor, a short peptide,

or a full-length protein.

� A reporter tag (also referred to as a handle or label),

for detection of probe-labeled proteins. Fluorophores

facilitate rapid and sensitive detection, while affinity

labels (such as biotin or a peptide epitope) also allow

for isolation and enrichment of labeled proteins.

Alternatively, a small bioorthogonal group [24] such

as an alkyne or azide may be included in the probe to

allow subsequent attachment of a reporter. This is

often referred to as ‘two-step’ labeling, and may be

particularly advantageous when larger tags interfere

with reactivity, selectivity, or physiochemical proper-

ties of the probe. Some large ABPs, particularly the

DUB probes described below, substantially increase

the molecular weight of the target protein, so a mass

shift on an SDS/PAGE gel can be used as an indica-

tion of probe labeling.

Activity-based probes differ from substrate-based

probes, which lack the reactive group that becomes

covalently attached to the active site. Fluorogenic

substrates are frequently used as protease probes, and

as they are turned over by the enzyme, they are very

useful for kinetic studies. However, it is difficult to

assign substrate turnover to the activity of a particu-

lar protease. ABPs overcome this limitation by form-

ing a covalent bond to the target enzyme, and are

therefore a powerful tool to identify and isolate the

labeled protease. This is a major advantage when

studying enzyme families with overlapping substrate

selectivity, such as DUBs. A more detailed compar-

ison of substrate-based and activity-based probes has

been presented in a recent review [23]. Broad-spec-

trum ABPs can be used to study activity of many

members of a protein class simultaneously, a tech-

nique referred to as activity-based protein profiling

(ABPP) [25].

The Ub conjugation and deconjugation machinery

is uniquely suited for study using ABPs, due to the

prevalence of enzymes with active site nucleophiles.

Most DUBs are Cys proteases, and ABPs bearing

1558 The FEBS Journal 284 (2017) 1555–1576 ª 2017 Federation of European Biochemical Societies

Activity-based probes for ubiquitin-editing enzymes D. S. Hewings et al.



Cys-targeting electrophiles have proven to be power-

ful tools to identify DUBs, study the activity and

selectivity of DUB inhibitors, characterize DUB enzy-

matic activity, and determine the physiological roles

of this protease family. Additionally, E1, E2, and

some E3 enzymes employ catalytic Cys residues to

transfer Ub, which has recently been exploited to

develop ABPs. In this review, we will focus on the

design and application of ABPs for DUBs. We will

also discuss the recent development of ABPs for the

ubiquitin-conjugating machinery (E1, E2, and E3

enzymes). Although these enzymes are not proteases,

their probes share many similar features to the DUB

ABPs.

Deubiquitinases

In the 15 years since the development of the first cova-

lent DUB ABP [26], many different probe designs have

been reported, differing in reporter tag and reactive

group, but typically using one or more full-length

ubiquitin moieties as the recognition element. Four

configurations of recognition element, electrophile, and

label have been described (Fig. 2A). The development

of ABPs with such a variety of structures has occurred

concurrently with the development of new techniques

to synthesize modified ubiquitin, which have been the

subject of several excellent reviews [27–30]. Recently, a

DUB ABP employing a small molecule as a recogni-

tion element has been described, and is discussed in

more detail below [31].

Mono-ubiquitin probes

Reactive group

The first ABPs to be developed for DUBs contain a

single full-length ubiquitin with an electrophile in place

of the C-terminal Gly residue (G76) [26,32]. Ubiquitin-

aldehyde (Ubal) and ubiquitin-nitrile (Ub-CN) were

important tools in early mechanistic studies of DUBs

[33], notably being used to demonstrate that ubiquitin

C-terminal hydrolases form a covalent intermediate

during catalysis [34,35]. Ubal was also used to solve

the first structure of a DUB in complex with Ub [36],

revealing the conformational changes associated with

Ub binding. However, the modification of DUBs by

Ubal and Ub-CN is reversible, and is not compatible

with the strongly reducing conditions of SDS/PAGE

[33].

To overcome the limitations of these probes, Boro-

dovsky et al. developed the first irreversible DUB

ABPs by introducing a C-terminal vinyl methyl sulfone

(VS). The probe labeled DUBs in cell lysates, and

could be detected following SDS/PAGE due to the

presence of an HA tag on the probe [26]. Related Ubl-

VS probes for NEDD8, ISG-15, SUMO-1, GATE-16,

GABARAP, MAP1-LC3, and Apg8L were reported

shortly thereafter [10,37]. A wide range of C-terminal

electrophiles have since been investigated, as summa-

rized in Table 1. Electrophiles are classified according

to the nature of the reaction with the catalytic Cys

(Fig. 2B). Vinyl methyl sulfones and vinyl methyl

esters (VME) have been widely employed, with Ub-
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Fig. 2. (A) DUB probe designs. Almost all

DUB ABPs contain one (designs i and ii) or

two (designs iii and iv) full-length Ub

proteins, with an electrophile (E) positioned

at the site of the scissile bond. The reporter

tag is typically at the N terminus (designs i,

iii, and iv) but may be located at the C

terminus, attached to the electrophile

(design ii); (B) reaction between a DUB

active site Cys and probe electrophiles.

Mechanistically, the reactions can be

classified as direct addition (e.g., Ub-PA),

conjugate addition (e.g., Ub-VS), or

nucleophilic displacement (e.g., Ub-Br2).
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Table 1. Cysteine-reactive electrophiles employed in mono-Ub/Ubl ABPs. Widely employed, commercially available probes are highlighted in

red. Ub implies Ub1–75 (i.e., without the C-terminal Gly), unless otherwise indicated. Note that two probes have been referred to as ‘Ub-CN’.

For some SUMO probes, only short peptides have been used, rather than full-length protein: i: QTGG; ii: FQQQTGG.

Native ubiquitin conjugate

Reaction type Cys-reactive electrophile Structure Abbreviation References

Direct (1,2) addition Aldehyde Ubal [33]

Nitrile Ub-CN [33]

Propargyl amide Ub-Prg/Ub-PA [38,39]

Conjugate (1,4) addition Vinyl methyl sulfone Ub-VS [26,32]

Vinyl phenyl sulfone Ub-VSPh [32]

Vinyl ethylsulfonate Ub-OEtVS [42]

Vinyl methyl ester Ub-VME [32]

Vinyl cyanide Ub-VCN [32]

Thioacrylonitrile Ub-CN [114]

Dehydroalanine Ub-Dha-N-methylamide [123]

Nucleophilic substitution Chloroethylamine Ub-Cl [32]

Bromoethylamine Ub-Br2 [32]

Bromopropylamine Ub-Br3 [32]
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VME showing slightly greater reactivity [32]. Propargyl

amides also react with DUB active site Cys residues,

forming a vinyl thioether [38,39]. This surprising reac-

tion appears to proceed via direct nucleophilic attack

on the internal alkyne carbon, facilitated by stabiliza-

tion of the developing carbanion by the ‘oxyanion

hole’ of the active site [40]. The resulting adduct was

stable to denaturing and reducing conditions, but

could be cleaved in acid, which is useful for proteomic

studies. (An acid-cleavable conjugate formed between

an E1 and an ABP is discussed below [41].) Note that

conjugate addition to electrophiles such as VS or

VME is in principle reversible under basic conditions,

but this does not appear to occur under the conditions

in which these probes are used.

Probes that react with the catalytic Cys by nucle-

ophilic substitution have not been used widely,

although a variety of leaving groups have been investi-

gated [32,42–44]. Alkyl halides label a distinct, though

more restricted, subset of DUBs compared to VS/

VME electrophiles, and were important in the identifi-

cation of OTU DUBs (discussed below) [32]. Acy-

loxymethyl ketones (AOMKs) are more reactive than

VS/VME electrophiles, but show similar activity in

lysate, perhaps due to their instability [42,43]. Consis-

tent with its high reactivity toward Cys nucleophiles,

the AOMK HA-UbTF3BOK labeled many E1, E2,

and E3 enzymes in addition to DUBs [42].

As Ub-electrophile conjugates react with Cys resi-

dues on many non-DUB proteins, should these mole-

cules truly be regarded as ABPs? That is to say, do

they target only active DUBs, or will they label DUBs

regardless of whether the enzyme is in a catalytically

active form? In several instances, DUB reactivity

toward a probe has been shown to change after a stim-

ulus without a change in DUB expression, suggesting

the probe does indeed target only the active subpopu-

lation of the enzyme. For example, treating cells with

hydrogen peroxide reduces the labeling of some DUBs

by Ub-VS or Ub-VME, due to oxidation of the cat-

alytic Cys residue [45,46]. More revealingly, a study by

Naik and Dixit showed that the catalytic activity of

USP9X is activated by phosphorylation upon T-cell

receptor activation. Brief stimulation of T cells

increased the labeling of USP9X by HA-Ub-VS with-

out an increase in USP9X levels, while the phospho-site

Table 1. (Continued).

Native ubiquitin conjugate

Reaction type Cys-reactive electrophile Structure Abbreviation References

Acyloxymethyl ketone (AOMK) Ub-TF3BOK, VEA505i [42,43]

Fluoromethyl ketone SUMO-FMKii [44]

a-Amino-b-lactone Ub-Lac [42]

Chloromethyl ketone – [31]
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mutant, which still possess a potentially reactive active

site Cys residue, was much less reactive toward the

probe following stimulation. Hence, the probe can

distinguish between active and inactive forms of

USP9X [47].

Probe labeling could also give a misleading indica-

tion of activity if the reaction occurs on noncatalytic

residues. In the case of OTUB1, HA-Ub-VS reacts

preferentially at a noncatalytic Cys, so probe labeling

does not indicate deubiquitinating activity [48], but it

is not clear if this is a more widespread phenomenon.

Therefore, when interpreting experiments using Ub-

electrophile conjugates, researchers should be aware of

the possibility of activity-independent labeling arising

from the electrophilic nature of the probe. As such,

the proteins labeled with Ub-electrophile conjugates

are perhaps best referred to as ‘probe-reactive’ rather

than ‘active’.

Reporter tag

Radioiodination [26] or nonspecific biotinylation [49]

of a probe was initially used to detect probe-reactive

proteins. However, preparing the labeled probe is tec-

hnically challenging and gives inhomogeneous label-

ing. Furthermore, radiolabeling does not allow for

retrieval and identification of probe-reactive proteins.

These techniques have been supplanted by the use of

N-terminal epitope tags. The HA tag is widely used

and has little effect on Ub recognition [32], but

other epitope tags have been used successfully: for

example, FLAG-NEDD8-VS was used as an ABP

to identify deneddylases, as HA-NEDD8-VS was

insoluble [50].

Epitope tags facilitate both detection and isolation

of labeled proteins. For analysis of DUBs in lysates,

detection of the tag by western blot allows rapid visu-

alization of DUB activity. However, to relate the pat-

terns seen in these blots to the activity of individual

DUBs, proteins labeled in specific bands must be iden-

tified, usually by tandem MS. Additionally, the resolu-

tion of proteins by this technique is poor, and one

apparent labeled protein in a gel may contain many

labeled DUBs. To study the activity of specific DUBs,

investigators frequently take advantage of the

~ 10 kDa increase in MW on probe labeling: by blot-

ting for an individual DUB, and comparing the inten-

sities of the larger (labeled) band to the smaller

(unlabeled) band, the reactivity of the DUB toward

the probe can be inferred. Affinity purification employ-

ing the epitope tag can be used to enrich labeled pro-

teins, facilitating detection and identification of DUBs.

The purified DUBs can be digested in solution and

identified by tandem MS [51], or initially resolved by

SDS/PAGE followed by in-gel digestion and MS iden-

tification [32]. In-solution digestion procedures have

the advantage of improved quantitation and detection

of low-abundance proteins, but require more complex

analysis. A review of MS proteomic techniques in UPS

research has been published recently [52].

Developments in peptide synthesis and protein

chemistry have allowed the incorporation of a range

of labels at both the C and N termini. McGouran

et al. introduced probes containing a fluorophore

(Cy5 or fluorescein) at the C terminus. In-gel fluores-

cence gave better resolution of labeled proteins than

anti-HA immunoblotting, particularly for high MW

proteins, as no transfer step is necessary prior to visu-

alization, but the probe was somewhat less reactive

than unmodified HA-Ub-VME. This was attributed to

the size and charge of the fluorophore, which is posi-

tioned close to the DUB active site [53]. By contrast,

probes with an N-terminal fluorophore, as reported

by de Jong et al. [54], showed the same activity

toward DUBs as unmodified HA-Ub-VME. These

N-terminal conjugates were prepared by total chemical

synthesis, allowing great flexibility in the choice of

modification: a variety of dyes (Cy5 and TMR), affin-

ity tags (HA, His6, and biotin), and linkers (amino-

hexanoic acid, lysine, and photocleavable linker) could

be incorporated by this method. Additionally, dual-

function probes were prepared, for example, contain-

ing both a biotin (for affinity purification of labeled

DUBs) and a Cy5 (for fluorescence imaging). Claessen

et al. devised an alternative strategy for N-terminal

functionalization, which used ‘sortagging’ (i.e., sor-

tase-mediated ligation between appropriately tagged

protein/peptide fragments) to introduce a biotin label.

Additionally, they incorporated a chemically cleavable

linker between biotin and the Ub N terminus. These

linkers allowed elution and MS identification of

probe-reactive proteins after streptavidin–biotin affin-

ity purification [55].

Recognition element

All DUBs must bind Ub close to the catalytic active

site. Therefore, mono-Ub can be employed as the

recognition element in ABPs to target many DUBs,

even those DUBs for which mono-Ub is not the pre-

ferred substrate [32]. Full-length ubiquitin is necessary

for an effective reaction between probe and DUBs.

This is in contrast to ABPs for many proteases, where

only short peptide recognition elements are required.

The requirement for full-length ubiquitin results from

several factors:
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� The catalytic domains of DUBs contain large Ub-

binding surfaces [56]. Many interactions therefore

contribute to the affinity of DUBs for Ub, which

are difficult to mimic with a small recognition ele-

ment;

� There is a short channel leading from the Ub-bind-

ing surface to the active site. This provides selectiv-

ity for the C-terminal tail of Ub and Ubls, but

contributes only weakly to binding. For USP2, both

the Ub ‘core’ and tail are required for binding: Ub

C-terminal peptides or Ub truncation mutants lack-

ing any more than the C-terminal Gly-Gly motif

showed negligible binding to the catalytic domain

[57];

� Structural rearrangements in the DUB catalytic

domain occur upon Ub binding. Many apo DUB

catalytic domains are in catalytically inactive con-

formations [18], and would be unreactive toward

ABPs. Ub binding can bring active site residues into

the correct alignment for catalysis, as occurs for

USP7 [58], or cause the translocation of surface

loops that otherwise block the active site, as seem

for USP14 [59].

Borodovsky et al. have investigated Ub and Ubl C-

terminal peptides as recognition elements for ABPs.

They synthesized a range of VS-containing peptides of

varying lengths, based on the C termini of Ubls.

Labeling in lysate by [125I]-Ub-VS could only be inhib-

ited by preincubation with high concentrations

(> 50 lM) of a 12-mer peptide based on the Ub C ter-

minus, but shorter sequences were ineffective. By con-

trast, short recognition elements may be suitable for

probes of SENP proteases that remove the ubiquitin-

like molecule SUMO from proteins [60]. It is not

immediately apparent why SENP probes would require

a much shorter recognition element than DUB probes.

Borodovsky et al. [60] note that SENPs recognize a

smaller surface area of their substrate in the catalytic

site compared to DUBs, and hence may be able to

bind to shorter peptide sequences.

Cellular permeability

Deubiquitinase/Ubl protease (ULP) ABPs are gener-

ally not cell-permeable, due to their large recognition

elements. Probe treatment must therefore be carried

out on cell lysates. Preferably, DUBs would be labeled

in their native cellular environment, so as not to dis-

rupt subcellular localization, weak protein–protein
interactions, and other factors that may affect DUB

activity. Both pore-forming toxins [55] and electropo-

ration [61] have been used to deliver Ub-containing

probes to cells. Subsequent ABPP experiments were

successful in both cases, but it is not clear whether this

technique is more sensitive than labeling in lysates.

Shorter recognition elements may improve cell perme-

ability, but disappointingly small peptidic AOMK-

based inhibitors for SENPs did not appear to be cell-

permeable [43].

Ward et al. [31] recently described the first cell-

permeable DUB ABP. A high-throughput screen for

DUB inhibitors identified a chloromethylketone-

containing inhibitor of USP activity. To convert this

into an ABP, the authors prepared an alkyne-tagged

analog (Table 1). Competitive ABPP, in which intact

U2OS cells were pretreated with varying concentrations

of the untagged inhibitor followed by labeling with

125 nM of probe, was used to identify specific probe tar-

gets. Twelve USPs were identified, of which nine could

be competed away by excess unlabeled probe. The probe

also labeled several recombinant USPs that are not

expressed in U2OS cells. However, the probe targets

many non-DUB proteins, presumably through non-

specific reaction with reactive Cys residues.

Diubiquitin probes

The mono-Ub ABPs described above rely solely on the

interaction between Ub and the S1 site (which binds

the Ub distal to the scissile bond) for affinity and

specificity. While some DUBs, notably those of the

UCH family, prefer to process Ub with only short C-

terminal extensions, most DUBs cleave Ub from ubiq-

uitinated substrates. These substrates may be ubiquitin

itself, or other proteins. DUBs can display specificity

for position in the Ub chain (exo, endo, or base cleav-

age) or linkage type using additional Ub-binding sites,

which can recognize Ub on the distal side (S1, S2 sites)

or proximal side (in S10 sites) (Fig. 3). Di-Ub APBs

have therefore been developed in order to study activ-

ity and linkage specify for such DUBs. Table 2 sum-

marizes the di-Ub probes reported to date, along with

the linkage types that were studied with each probe

type.

The first di-Ub ABPs were reported by Iph€ofer

et al., who used short peptides conjugated through Lys

isopeptide bonds to mimic the proximal Ub (structure

1, Table 2) [62]. Probes mimicking K48- and K63-

linked di-Ub showed the expected reactivity toward a

small number of recombinant DUBs, and labeled dif-

ferent sets of DUBs in lysate, as determined by gel-

and MS-based ABPP experiments. It is apparent from

structural studies, however, that some DUBs can make

extensive contacts with proximal Ub in the S10 site

[63]; probes containing short peptides are therefore
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unlikely to recapitulate the reactivity and selectivity of

full-length di-Ub. Subsequent efforts have therefore

focused on making di-Ub probes containing two intact

Ub monomers.

Several groups have recently reported strategies to

make full-length di-Ub probes, either by intein-based

semisynthesis using recombinant protein (structure 2,

Table 2) [64] or total chemical synthesis (structures 4–
6, Table 2) [65–67]. Generally, these probes show the

expected reactivity toward DUBs with known linkage

selectivity: for example, the generally unselective USP

DUBs react with most probes, while the K48-selective

S1

S1´

S1

63

63

63 S1´

Ub

Ub

Ub

Ub

Substrate

48
48

48

Ub

Ub

Ub

Ub

Substrate

Ub Ub Ub
S1́ S1

Ub

Distal

SubstrateUb Ub Ub Ub
Distal

Substrate

S1

S1́    S1  S2

Ub Ub Ub Ub

Distal

Substrate

A

B
BaseEndoExo

Linkage specificity

Position specificity Fig. 3. Deubiquitinases specificity. Ub-

binding sites in the DUB can convey

specificity for: a particular linkage type such

as K63- or K48-linked chains (A); or position

within the Ub chain (B) [18].

Table 2. Designs of di-Ub-based ABPs

Electrophile structure Linkages Reference

1 K48, K63 [62]

2 K48, K63 [64]

3 M1a, K6, K11, K27, K29, K33, K48, K63 [65]

4 M1a, K48, K63 [66]

5 K6, K11, K27, K29, K33, K48, K63 [68]

6 K6, K11, K27, K29, K33, K48, K63 [67]

a Not an effective mimic of linear M1 linkage for DUBs (see discussion in text).
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DUB OTUB1 reacts preferentially with K48-mimick-

ing probes. The activity of most probes was verified in

lysate [62,64,65,67,68].

While it appears these probes can effectively mimic

chains linked via Ub Lys residues, it has proved chal-

lenging to develop probes mimicking M1 linear Ub.

The triazole-containing linkage employed by

McGouran et al. (structure 3, Table 2) was designed to

mimic an isopeptide linkage and is significantly longer

and more flexible than the native M1 peptide linkage.

It did not react with known M1-specific DUB OTU-

LIN, but did react with USP13, USP25, and USP40,

which show little activity toward the M1 chains in vitro

[65]. The dehydroalanine-containing M1 probe

reported by Haj-Yahya et al. (structure 4, Table 2) was

cleaved by the M1-specific DUBs OTULIN and USP2,

rather than reacting covalently with the electrophile.

The dehydroalanine was in the P10 site, and it appears

to be inaccessible to the catalytic Cys [66].

Uses of DUB ABPs

Deubiquitinase and ULP APBs have found extensive

use in a wide variety of studies, but a comprehensive

analysis of all the reported uses of such probes is

beyond the scope of this review. Instead, we summa-

rize the principal applications of these probes, high-

lighting some key publications and recent

developments. In addition to the uses described below,

covalent DUB inhibitors such as Ubal and Ub-VME

have been used in crystallographic studies to determine

the structures of DUBs bound to their substrate

[36,58,69]. However, only the recognition element and

warhead are needed for this application. As a label is

not required, these tools are not considered ABPs and

will not be discussed further here.

Identification of novel DUBs

Activity-based probes have proven to be invaluable

tools to identify new DUBs and ULPs in a variety of

organisms. In one of the earliest applications of ABPs

to identify DUBs, Borodovsky et al. used [125I]-Ubal to

label DUBs in yeast and human cell lysates. The authors

compared labeling in mutants lacking putative DUBs to

identify labeled proteases. Comparison with labeling in

human cells led to the identification of USP14 (the

homolog of yeast Ubp6p) as a proteasome-associated

DUB [26]. However, this approach to identifying DUBs

is cumbersome and requires prior knowledge of candi-

date proteins. The combination of tandem mass spec-

trometry (LC-MS/MS) for protein identification, and

tagged probes for enrichment of labeled proteins, has

allowed DUBs to be identified with high sensitivity in

an unbiased manner. Notably, ABPs were used to iden-

tify the OTU family of DUBs [32,70].

Mono-Ub ABPs have also been widely used to iden-

tify DUBs in pathogenic organisms, including viruses

(Adenoviridae [49] and Herpesviridae [71,72]), bacteria

(Chlamydia trachomatis [55,73], Legionella pneumophil-

ia [74], and Escherichia coli [75]), parasitic protozoa

(Toxoplasma gondii [76] and Plasmodium falciparum

[77]), and nematodes (Trichinella spiralis [78]).

Prokaryotes and viruses, unlike eukaryotic pathogens,

lack their own ubiquitination machinery [79]. There-

fore, pathogens have probably evolved this function in

order to ‘hijack’ the host UPS, although some of these

apparent DUBs may have preferred pathogenic sub-

strates that happen to share some similarity with Ub/

Ubl conjugates.

A recent study by Pruneda et al. [80] has examined

the deubiquitinating activity of multiple bacterial pro-

teases. Using a combination of ABPs (Ub-PA) [38]

and fluorescent substrates [81], the authors verified the

deubiquitinase and/or deneddylase activity of several

previously proposed bacterial DUBs and identified three

novel enzymes (in Rickettsia bellii, Shigella flexneri, and

Xanthomonas campestris). Notably, these bacterial

DUBs all belonged to the CE protease clan, which in

humans is limited to deneddylases and desumoylases.

As bacterial members of the CE clan can also act as

acetyltransferases, it appears that a single catalytic fold

has evolved in different organisms to perform remark-

ably diverse functions.

Characterization of DUB selectivity

Using ABPs to examine DUB selectivity has only

become possible since the development of di-Ub ABPs.

McGouran et al. profiled DUB activity in cell lysate

by tandem MS with a panel of di-Ub probes, but dif-

ferences in geometry between the native isopeptide

linkage and the triazole linkage employed in the probe

(structure 3, Table 2) may alter reactivity [65]. Com-

prehensive MS-based ABPP experiments with newer

di-Ub probes have not yet been reported.

Several recent examples highlight the potential of di-

Ub ABPs to study the linkage selectivity of DUBs.

Studies on substrate selectivity have used di-Ub [82], or

more recently, di-Ub-based ABPs with an internal elec-

trophile (structure 5, Table 2) [83,84]. These substrates

allow analysis of S1–S10 preferences, but do not pro-

vide any information on the effect of S2 sites (Fig. 2A).

Flierman et al. used di-Ub ABPs with a terminal elec-

trophile (structure 6, Table 2) in combination with

di-Ub substrate probes with a terminal fluorophore to
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study the effect of S2 sites [67]. They observed signifi-

cant differences between S1–S10 and S1–S2 selectivity

for OTU DUBs. For example, OTUD2 is fairly

promiscuous in cleaving di-Ub substrates, but shows a

preference for the K11-linked di-Ub terminal ABP,

suggesting that the S2 pocket refines the selectivity of

this DUB toward K11-linked chains. OTUD3 can

cleave both K6 and K11-linked di-Ub, but only reacts

with the K11 di-Ub probe. Kinetic studies using di-Ub

substrate probes (di-Ub-AMC) suggested that the

selectivity of OTUD2 for longer K11-linked chains is

driven by affinity (lower KM), while for OTUD3, it

appears to be driven by vmax, hinting that binding of

K11 chains to OTUD3 may optimally reorganize the

active site for catalysis. As the authors note, different

selectivities across the S1–S10 and S1–S2 sites suggest

that the preferred endogenous substrates for these

DUBs may be heterotypic chains. Testing this hypothe-

sis will require the development of tri-Ub reagents with

mixed linkage types.

A similar influence of S1–S2 preference is observed

in the papain-like protease of severe acute respiratory

syndrome coronavirus (SARS PLpro). The enzyme is

known to cleave K48-linked polyubiquitin chains with

a minimal preferred substrate of three Ub units, lead-

ing to the accumulation of diUbK48 [85]. To explore

this striking selectivity, B�ek�es et al. compared reactiv-

ity of the enzyme toward K48-linked di-Ub probes

with either an internal (structure 5, Table 2) or a distal

electrophile (structure 6, Table 2), and a mono-Ub-PA

probe [86]. The enzyme reacted rapidly with the distal

K48-linked di-Ub probe, slowly with Ub-PA and very

slowly with the internal di-Ub probe. This led the

authors to conclude that SARS PLpro recognizes the

K48 linkage between two distal Ub (S1 and S2), while

cleaving between S1 and S10. (K48 specificity across

S1–S10 is much weaker than across S1–S2.) The distal

K48-linked di-Ub probe was subsequently used in

structural studies to understand how SARS PLpro

binds K48-linked di-Ub. Taken together, these studies

highlight the value of using ABPs in combination with

other tools, including substrate probes, to study the

complexities of DUB selectivity.

Profiling DUB activity across different conditions or

stimuli

Deubiquitinase ABPs can be used to identify changes

in DUB activity under different conditions or in differ-

ent cell types. Some of the first studies employing

DUB APBs profiled DUB activity in tumor, normal,

and virus-infected cells [87], and in pairs of normal

and tumor biopsies from cervical carcinoma patients

[88]. However, identifying consistent changes in the

patterns of DUB activity was challenging, and the bio-

logical significance of the observed differences was

unclear. Other studies have taken a more focused

approach: applying a stimulus to cells, monitoring

changes in DUB activity, identifying DUBs with large

changes in activity, then validating their role in the

system of interest. A notable example of this strategy

is the identification of USP7 as a regulator of adipoge-

nesis [89]. HA-Ub-VS was used to monitor changes in

DUB activity in an in vitro adipogenesis model, which

identified a substantial increase in USP7 activity. Fur-

ther experiments confirmed that USP7 was required

for adipogenesis, and that it exerted its effect through

the deubiquitniation and stabilization of the acetyl-

transferase Tip60, a key regulator of adipocyte differ-

entiation.

This approach has also been used to study the

effects of infection on host DUBs. Kummari et al. [90]

used HA-Ub-VS to profile DUB activity in Sal-

monella-infected chicken macrophages, and identified

several DUBs that change substantially in activity fol-

lowing infection. UCHL3 activity decreased (although

protein levels remained similar), while the proteasome-

associated DUB UCHL5 increased in both activity

and protein level. The authors went on to demonstrate

that UCHL5 expression increases IL-1b secretion, and

increases the levels of caspase-1, a key member of the

inflammasome that processes pro-IL-1b into its active

form. This study, and others [91], point toward a role

for DUBs such as UCHL5 in the innate immune

response to bacterial infection, through modulation of

inflammasome formation, cytokine section, and pyrop-

tosis. The molecular mechanisms underlying the possi-

ble role of UCHL5 in inflammasome regulation,

including the targets of deubiquitinase activity, are as

yet unclear.

The studies highlighted here demonstrate the poten-

tial of ABPP to identify DUBs involved in cellular

processes, exemplified here by differentiation or the

innate immune response. ABPP offers an alternative

approach to functional genomics techniques, such as

overexpression [92] or siRNA [93] screens for DUBs.

(Notably, overexpression screens have also identified

USP7 as a Tip60 deubiquitinase [94], and have identi-

fied DUBs involved in inflammasome formation [95].)

As ABPP measures endogenous DUB activity, it

avoids the problems introduced by artificially overex-

pressing or reducing gene expression, such as changes

in viability or off-target effects. ABPP also has the

advantage of experimental simplicity, as no transfec-

tion is required and DUB activity is measured in a sin-

gle experiment, either a gel-based assay or tandem
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MS. However, the activity of many DUBs may change

between experimental and control conditions, and

identifying those that are functionally relevant can be

challenging. Additionally, ABPs are not equally reac-

tive toward all DUBs, and so changes in activity of

DUBs that are unreactive toward the probe (such as

the metalloprotease JAMM/MPN+ family) will be

missed.

DUB inhibitor screening

Activity-based protein profiling is widely used to assess

inhibitor selectivity [96]. In a typical experiment, often

referred to as competitive ABPP, cells are incubated

with compounds of interest, then lysed and treated

with an HA-tagged APB. (Compound treatment can

also be performed using lysate [97].) Comparison with

an untreated control indicates the level of inhibition.

As with experiments to profile DUB activity in cells,

gel-based methods provide a rapid readout [97], but

this approach is at best semiquantitative, and identify-

ing the compound’s targets is challenging. Quantitative

MS can overcome these limitations, at the expense of

experimental simplicity [51].

Notably, ABPP has been used to assess selectivity

during the development of VLX1570, the only DUB

inhibitor so far to progress to clinical trials [98]. The

hit compound b-AP15 was initially identified as an

inducer of the lysosomal apoptosis pathway [99], and

was subsequently shown to inhibit the proteasome

[100]. Gel-based analysis of labeling by HA-Ub-VS

showed little global effect of this compound on DUB

activity at 1 lM, but labeling of the isolated 26S pro-

teasome or 19S regulatory particle was inhibited. The

19S regulatory particle contains two Cys-protease

DUBs, USP14 and UCHL5, both of which are inhib-

ited by this compound, with slightly greater inhibitory

activity toward USP14 [100]. VLX1570 showed similar

selectivity toward USP14 and UCHL5, a finding con-

firmed by conventional inhibition assays using recombi-

nant DUBs and a fluorogenic substrate [101]. b-AP15

(and presumably VLX1570) are believed to be reversi-

ble inhibitors of proteasomal DUBs; nonetheless, they

are able to inhibit labeling by irreversible Ub-VS

probes [102]. It should be noted that reversible and

irreversible inhibitors behave quite differently in com-

petitive ABPP experiments: the degree of inhibition by

irreversible inhibitors will be sensitive to the time

between inhibitor treatment and labeling, while reversi-

ble inhibitors will be affected by changes in concentra-

tion between inhibitor treatment and labeling. For a

detailed discussion of DUB inhibitors and their selec-

tivity, several recent reviews are available [103–106].

E1, E2, and E3 enzymes

Activity-based probes for the E1, E2, and E3 enzymes

have received much less attention than ABPs for

DUBs. It has been suggested that it is more difficult to

trap the active E1, E2, and E3 enzymes with elec-

trophiles due to the lower reactivity of the catalytic

Cys residue [61], but it is difficult to compare the rela-

tive reactivity of Cys residues across different enzymes.

There are also many fewer E1 and E2 enzymes than

DUBs, so there may be less interest in studying the

activity of all members of the enzyme class simultane-

ously. For E3s, only the HECT and RBR ligases have

a catalytic Cys residue, and so most E3s cannot be

studied using ABPs. Nonetheless, recent ABPs for the

Ub conjugation machinery have provided insights that

would have been difficult to obtain using more con-

ventional techniques. Furthermore, the entry of E1

inhibitors and E3 antagonists and inhibitors into the

clinic provides additional motivation for developing

techniques to study the activity of these enzymes.

E1

Prior to the development of ABPs for E1 enzymes,

tools were designed for use in structural studies to cap-

ture the covalent intermediates in the E1 reaction

mechanism. This closely parallels the use of Ubal to

obtain Ub-bound DUB structures, prior to the devel-

opment of DUB ABPs. In an elegant study, Olsen

et al. developed a SUMO~AMP mimic to trap the

tetrahedral intermediate (E1~SUMO~AMP) formed by

the catalytic Cys residue (Fig. 4A) [107]. In this com-

pound, SUMO1-AVSN, the acyl-phosphate linkage of

SUMO1~AMP is replaced with a vinyl sulfonamide.

They also developed an unreactive SUMO~AMP

mimic incorporating an unreactive acyl-sulfamide

(SUMO1-AMSN). Structures of SUMO E1 bound to

the two compounds revealed major differences in pro-

tein architecture. The initial E1:SUMO-AMSN com-

plex adopts an ‘open’ conformation, in which the

active site is organized for ATP binding and the

catalytic Cys is buried and far from the SUMO adeny-

late. By contrast, the covalent complex E1~SUMO-

AVSN adopts a ‘closed’ conformation with a radically

different active site: residues involved in catalyzing the

first step have been ‘swapped’ for those required for

the transesterification reaction. Therefore, E1 enzymes

appear not to have two spatially distinct active sites;

rather, the region around the SUMO C terminus and

AMP is remodeled after the adenylation reaction in

order to catalyze transesterification. These synthetic

SUMO adenylate mimics were vital for crystallizing
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the E1 enzymes in otherwise transient states, illuminat-

ing the complex dynamics of these enzymes during

catalysis. Similar probes will also react with and inhi-

bit Ub E1 enzymes [108].

Despite the utility of SUMO1-AVSN in trapping the

tetrahedral intermediate in the E1~SUMO~AMP com-

plex, it has several drawbacks as a broadly applicable

ABP, including lengthy synthesis, a requirement for a

fixed, non-native sequence at the C terminus of the

Ubl, and a lack of a label for detection. To overcome

these limitations, An and Statsyuk developed an alter-

native probe design which used a dehydroalanine (Dha)

moiety in place of a vinyl sulfone to trap the cat-

alytic Cys, simplifying synthesis and preserving the

C-terminal sequence of the Ubl (‘Ub-Probe3’, Fig. 4A)

[109]. Additionally, they incorporated an alkyne tag

into the adenine moiety for detection. A wide variety of

Ubl-containing probes could be prepared by their

method, and they validated the reactivity of Ub- and

LC3-containing probes toward the relevant E1 enzymes

(UBA1 and ATG7). Unfortunately, a Ub-containing

probe was cleaved by the DUB IsoT (USP5). The reac-

tivity of other Ubl-containing probes toward ULPs was

not investigated, but this may limit their applicability in

studies where DUBs/ULPs are present.

In a separate publication, An and Statsyuk reported

an ABP for E1 enzymes that labels the substrate (Ub/

Ubl) rather than the enzyme [41]. The probe, referred

to as ABP1 (Fig. 4B), takes advantage of the

reversibility of the transthiolation step, in which the

E1:AMP~Ub complex transfers Ub to the catalytic

Cys to form E1~Ub + AMP (Fig. 1B). The authors

designed an AMP mimic which would react with the

E1~Ub complex to form a stable AMP~Ub analog. As

both the adenylation and transthiolation steps must

have occurred prior to probe reaction, formation of

the AMP~Ub analog reports on E1 activity. ABP1 is

an analog of pevonedistat (MLN4924), an inhibitor of

the NEDD8 E1 enzyme NAE which is currently in

clinical trials [110] (Fig. 4B). ABP1 differs from

pevonedistat in showing pan-E1 reactivity, and addi-

tionally includes an alkyne for detection or enrichment

(though ‘click’ reactions to fluorophore-azide or bio-

tin-azide, respectively). The probe will react with a

variety of E1 enzymes in vitro, in the presence of their

cognate Ub/Ubl protein and ATP. Significantly, ABP1

is cell-permeable, and was used to characterize the

intracellular potency and selectivity of E1 inhibitors. A

close analog of ABP1, ABP3, selectively labeled Ub

and NEDD8 over other Ubls, suggesting selectivity

toward the Ub and NEDD8 E1 enzymes [111]. An

unexpected advantage of these probes is that the N-

acylsulfamate linker, formed between the Ub/Ubl and

the probe, is cleaved under acidic conditions. This

facilitates subsequent proteomic studies, as proteins

can be eluted under relatively mild conditions after

biotin–streptavidin affinity purification, reducing back-

ground from nonspecifically bound proteins [112,113].

The probes described above are useful for studying

the Ub-activating activity of E1 enzymes. However, E1

enzymes are also involved in a second process, the

transfer of Ub to E2 enzymes. Stanley et al. [114] have

developed ABPs to profile this E1-E2 transthiolation

reaction, which consist of an E2 enzyme tagged with a

electrophile on the catalytic Cys. These probes

undergo a proximity-dependent reaction with the cat-

alytic Cys of active E1 enzymes (Fig. 4C). A probe

derived from the E2 UBE2N selectively labeled the E1

UBA1 in cell lysate, and could be used in a competi-

tive ABPP experiment to test E1 inhibitors. Perhaps

surprisingly, E2-derived probes did not label E3s. The

authors suggest that Ub in E2~Ub is required to

induce a transthiolation-competent conformation of

the E3. Indeed, the authors have subsequently reported

probes containing a Ub moiety as RBR ligase ABPs

[115], which are discussed below.

E3

Although the majority of E3 ligases do not form a

covalent intermediate with Ub, those of the HECT

and RBR families accept Ub from E2 enzymes in a

transthiolation reaction, and subsequently transfer it

to substrates in an aminolysis step. The covalent nat-

ure of the intermediate makes the HECT and RBR

E3s suitable candidates for the development of ABPs.

Only recently have the first ABPs for the transthiola-

tion step been described [115], which build on the E2-

derived probes for E1-E2 transthiolation described

above [114]. In those probes, the E2 active site was

Fig. 4. Activity-based probes for the Ub conjugation machinery. (A) E1 probes that label the enzyme active site (Ubl~AMP shown for

comparison): Ubl-AVSN resembles Ubl~AMP but reacts with E1 to form a covalent mimic of the E1:Ubl~AMP complex; Ubl-AMSN is an

unreactive Ubl~AMP analog [107,108]; Ub-Probe3 reacts in a similar way to Ubl-AVSN, but incorporates an alkyne tag for detection [109]; (B)

an E1 ABP, ABP1 [41], which labels Ub, and the NEDD8 E1 inhibitor MLN4924 (pevonedistat) which shares a similar structure and

mechanism; (C) transthiolation probes for the E1-E2 reaction [114] and the E2-E3 reaction [115]; (D) ‘cascading’ ABP Ub-Dha, which can

label E1, E2, and some E3 enzymes [61].
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modified to trap cognate E1 enzymes, but they did not

react with E3s, which additionally require E2-bound

Ub to activate E3 enzymes for transthiolation. Pao

et al. extended these probes with a Ub moiety to gen-

erate an E2~Ub conjugate with an internal electrophile

(Fig. 4C). For ease of detection, the E2 enzyme could

be prepared with a His6 epitope tag and an alkyne tag,

allowing conjugation to a fluorophore for rapid detec-

tion of labeled species by in-gel fluorescence. A

UBE2L3-containing probe labeled the E3 ligase par-

kin, a member of the RBR family encoded by the

PARK6 gene, which is mutated in an autosomal-reces-

sive form of Parkinson’s disease (PD). The authors

tested the transthiolation activity of recombinant par-

kin mutants derived from patients with PD, and found

that 10 of 12 mutants tested had reduced transthiola-

tion activity. The probes were also used to investigate

parkin activation in cells. Mitochondrial depolariza-

tion activates the kinase PINK1 (encoded by PARK6),

which in turn activates parkin. In cells derived from

PD patients with mutations in PARK2 or PARK6,

chemical induction of mitochondrial depolarization

did not activate parkin (as detected by probe labeling),

in contrast to the activation observed in wild-type

cells. While the number of samples tested here was

small, this observation suggests the possibility of using

these probes to diagnose familial forms of PD in which

the PINK1/parkin pathway is mutated.

We anticipate that the E3 ligase probes described

by Pao et al. will find applications beyond the

detailed dissection of a single E2-E3 interaction. For

example, the probes could be used to identify novel

E3s that interact with a given E2, or could be used

in competitive ABPP experiments to identify inhibi-

tors or activators of E2-E3 transthiolation. With the

increasing sophistication of techniques to produce

modified or fusion proteins, and to introduce reactive

functionality, we expect that new methods to study

E1, E2, and E3 enzymes will emerge over the next

few years.

Probes to study multiple members of the Ub

conjugation/deconjugation machinery

Deubiquitinase ABPs such as HA-Ub-VME cross-react

with E1, E2, and E3 enzymes, and for one HECT E3

ligase, this reaction was shown to occur on Cys resi-

dues [42]. A Ub-VS probe has been used to infer reac-

tivity of a HECT E3 [115], but clearly these probes are

not optimized for studying multiple types of enzyme

from the UPS simultaneously. Mulder et al. recently

published an elegant method to target E1, E2, and E3

enzymes with a single ABP [61]. The probe, Ub-Dha

(Fig. 4D), can be activated by E1 enzymes in the same

manner as Ub and passed sequentially along E2 and

E3 enzymes. At each transthiolation step, the probe

also has the option of reacting irreversibly with the

active site Cys. Importantly, the probe does not

become conjugated to target proteins, and appears

rather unreactive toward DUBs. The probe could be

labeled with a fluorophore or biotin, the latter being

used to enrich labeled proteins for proteome-wide pro-

filing of the Ub conjugation machinery by tandem

MS. The authors also delivered the probe to cells by

electroporation, potentially overcoming the limitations

of performing labeling experiments in lysate, where

disruption of intracellular structures and dilution of

the cytosol may well reduce the ability of the probe to

rapidly label many proteins in the Ub conjugation

machinery.

Perspective

There now exists an extensive ‘toolbox’ of ABPs for

DUBs, and ABPs for E1, E2, and E3 enzymes have

recently been reported. Nevertheless, several challenges

remain:

� Cell permeability. Most ABPs for DUBs probes

and the Ub conjugation machinery are not cell-

permeable. Studies on the proteasome have shown

substantial differences between labeling in lysate

and labeling in live cells. Cell-permeable DUB and

E1-E3 ABPs would open up substantial new oppor-

tunities, including the exciting possibility of study-

ing the activity of these enzymes in living

organisms. Ward et al. have recently reported a

cell-permeable ABP for USP DUBs by modifying a

covalent DUB inhibitor [31], and this approach

could be extended by attaching reporter tags to

other inhibitors [104,106].

� Subtype selectivity of DUB probes. Broad-spectrum

DUB probes are extremely useful for ABPP experi-

ments, but more selective probes would be useful to

study a single enzyme or small subset of enzymes, for

example, when examining the pharmacodynamics of

a DUB inhibitor. Substrate-selective DUB probes are

likely to have increased sensitivity, and deconvolu-

tion of individual proteins becomes unnecessary.

Selective small molecules or engineered Ub variants

[116,117] could provide suitable recognition ele-

ments.

� M1-linked di-Ub probes. There is an increasing

interest in M1-linked chains and their correspond-

ing deubiquitinases, which have important roles in

inflammation [118,119]. ABPs for M1-specific

1570 The FEBS Journal 284 (2017) 1555–1576 ª 2017 Federation of European Biochemical Societies

Activity-based probes for ubiquitin-editing enzymes D. S. Hewings et al.



DUBs would be valuable tools for studying this

physiologically intriguing linkage.

� Probes for JAMM/MPN+ DUBs. The JAMM/

MPN+ family DUBs are zinc-dependent metallo-

proteases, and so do not form a covalent interme-

diate with the substrate. It is therefore challenging

to develop ABPs that become covalently attached

to the enzyme. Several groups have reported

strategies to develop ABPs for metalloproteases:

Cravatt incorporated a photocrosslinker and

alkyne tag into a metal-chelating inhibitor [120],

while we have introduced a Cys residue into the

protein of interest that could react with an elec-

trophile on the probe [121]. Similar strategies

could be applied to develop covalent ABPs for

JAMM/MPN+ DUBs.

� E2 probes. Aside from the ‘cascading’ ABP

reported by Mulder et al., there are no ABPs for

E2 enzymes. E2-based probes for the transthiolation

activity of E1 and E3 enzymes have been described

[114,115] (Fig. 4C), and analogous probes based on

E1 or E3 enzymes may be useful to study the

transthiolation activity of E2s.

� Effect of post-translational modification of Ub.

Recent studies have shown that Ub can be modified

by phosphorylation or acetylation, with significant

biological consequences (reviewed in [122]). How-

ever, the mechanisms by which these modifications

affect the function of Ub are poorly understood.

Synthetic and semisynthetic methods to produce

homogeneously modified Ub or Ub chains have

been reported [29] but have not yet been applied to

ABPs. Probes for the Ub conjugation or deconjuga-

tion machinery incorporating defined modifications

could provide insights into how modification of Ub

affects its function.

Ubiquitination is a versatile process, and corre-

spondingly versatile techniques are required to study

it. ABPs, by physically coupling protein to probe in

an enzyme-catalyzed reaction, are especially suited

for studying the ubiquitinating and deubiquitinating

enzymes. By recognizing what features are shared

between enzymes (e.g., nucleophilic Cys residues, a

Ub-binding site close to the catalytic center), and

what features differ (e.g., number of Ub-binding

sites), probes have been developed which can interro-

gate specific components of the ubiquitination/deu-

biquitination system. New probes will no doubt

continue to emerge, inspired both by innovative

methods in protein chemistry, and the fascinating

biology and clinical importance of ubiquitin modifica-

tion.
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