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A devastating loss of a colleague, mentor, and friend with broad impact on the ubiquitin and
chemical biology field. Professor Huib Ovaa had the remarkable ability to integrate chemistry across
a seemingly infinite array of biological disciplines, and did so with a contagious enthusiastic, bold,
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education (1987-1993, Middelburg, The Netherlands) he moved
to Leiden to study chemistry at Leiden University (1993-1997).
He commenced with his Ph.D. research at the same institution in
1997 in the laboratory of the late Prof. Jacques van Boom and
spent part of his Ph.D. in the lab of Prof. Blechert at the TU
Berlin, Germany. During this time, he was trained in the use
of organometallic reactions on carbohydrate derived synthons
to construct carbasugars and obtained his doctorate in 2001
with the distinction “Cum Laude.” After his Ph.D., Huib moved
to the lab of Prof. Hidde Ploegh to perform his postdoctoral
research at Harvard Medical School where he, as a fully trained
synthetic organic chemist, became familiar with biochemistry
and immunology and completed his academic formation.

In 2004 Huib returned to the Netherlands and was appointed
Group Leader at the Netherlands Cancer Institute (NKI-AVL) in
Amsterdam, where he started his own chemical biology lab. This
lab was at the basis of many ubiquitin chemistries, proteasome
technologies and MHC-exchange technologies used today and
led to the establishment of the biotechnology spinoff company
UbiQ. In 2011, Huib received the KNCV (Royal Dutch Chemistry
Association) gold medal awarded to the best Dutch chemists
under the age of 40 and was appointed Honorary Professor at
the Leiden Institute of Chemistry (LIC), Leiden University in
2012. In 2016 Huib became Professor in Chemical Biology and
at the same time his “Ovaa lab” moved to the Leiden University
Medical Center (LUMC) to become part of the newly created
department of Cell and Chemical Biology where he, until his
death, supervised his research group and together with Prof.
Jacques Neefjes headed the Chemical immunology groups.

MAJOR CONTRIBUTIONS TO THE
UBIQUITIN AND CHEMICAL BIOLOGY
FIELD

Huib’s interest in chemical biology and eventually the ubiquitin
proteasome system biology grew while he was conducting
his postdoctoral fellowship in the laboratory of Prof. Hidde
Ploegh at Harvard Medical School in Boston, USA. As being
the only chemistry expert in a research environment of
predominantly biologists and immunologists, he was exposed to
many biological problems in antigen presentation in immune
cells. This provided a perfect fertile ground to spark his
interest in applying chemical tools to biological questions.
Hidde Ploegh as his postdoctoral mentor encouraged that kind
of thinking, in particular its application to immunology and
antigen presentation related research. Subsequent discussions
with colleagues with immunology expertise led to the realization
that there was a need to better understand protein degradation,
for antigen processing in the context of MHC class I, but also
class II antigens, the latter through cross-presentation. In cells,
protein degradation is predominantly mediated by ubiquitin
conjugation to protein substrates. At that time, enzymes that
recognize and process ubiquitin such as ubiquitin E3 ligases and
deubiquitylating enzymes (DUBs) were sparsely characterized,
perhaps with the exception of some prominent cases. To better
understand ubiquitin-mediated protein degradation, creative

thinking was required to face the challenges of generating tools
by chemistry-based approaches. DUBs, cleaving ubiquitin chains,
offered themselves as an attractive entry point for chemical
tool development in forms of “molecular probes” through
electrophilic moieties that could trap nucleophilic amino acid
side chains of catalytic residues, such as cysteine. Originally,
molecular principles borrowed from proteasome and cathepsin
probes were transferred to the ubiquitin protein. Initially, the
student project of Anna Borodovsky in the Ploegh lab, achieved
this enzymatically via a reverse trypsin reaction to create 2°I-
labeled radioactive ubiquitin active site probes that were used to
demonstrate functional interdependence between USP14 and the
proteasome proteolytic activity (Borodovsky et al., 2001). With
Huib’s input, this concept was further developed into a panel of
HA-tagged Ub probes with different chemical warheads, which
differentially target cellular DUBs, leading to the discovery of
ovarian tumor domain containing proteases (OTUs) as a novel
subfamily of DUBs (Borodovsky et al., 2002). These studies
yet again confirmed that Huib Ovaa had an extraordinary
scientific talent and was able to link his remarkable chemical
knowledge with relevant biological problems, in particular in the
ubiquitin field.

After Huib’s return to The Netherlands, he continued to make
major contributions in this area. His unusual talent to think
“out of the box” provided the framework for unconventional
directions, occasionally in dispute with his peers, but provoking
some astonishing discoveries.

Boris Rodenko, about the early days in the Ovaa lab: “When Huib
started as a group leader at the NKI, I was lucky enough to join
him as one of his first postdocs. The aptly minted ‘chemical biology’
group at the NKI started with only a couple of people to conquer
the world. Many of the NKI biologists looked at us with suspicious
eyes. “We are not Pharmal” was a phrase often uttered by the NKI
scientists in those days. Huib and the group would just laugh at
this. Little did they know that we had a lot more to offer, but they
would soon find out. With lots of energy Huib, and we in his team,
started to develop the tools that have been making such an impact in
the ubiquitin-proteasome and antigen presentation field ever since.
And Huib had a big part not just in the design of the experiments,
but also in their execution. In the afterhours and weekends, when
the labs were quiet, he would pick a fume hood and started to brew
all sorts of fluorescent reagents and probes to be used by the group or
by collaborators. You would just pray to the heavens that he didn’t
pick your fume hood, as typically it would look like a bright pink
Sfluorescent bomb had exploded there after Huib was done.”

For instance, under his directorship and together with his
colleagues, the full synthesis of Ub/Ubl probes with remarkable
yields was achieved via solid-phase peptide synthesis SPPS (El
QOualid et al., 2010; Mulder et al., 2018). This was at odds with
the status quo at that time on what solid-phase peptide synthesis
technology can achieve, but his trick was to introduce di-amino
acid Fmoc building blocks, thereby getting around challenging
coupling steps.

Moreover, in collaboration with David Komander, with whom
he subsequently has made other landmark contributions to the
ubiquitin field, he discovered that terminal alkynes, currently
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FIGURE 2 | Proposed mechanism for Ub propargyl amine probes via a sterically controlled direct addition reaction with DUBs of the cysteine protease family [Abigail

thought to be poor electrophiles and therefore “orthogonal” to
chemical reactions in biological systems, can react with active-site
cysteine nucleophiles in proteases (Figure 1). Ubiquitin active
site probes carrying a propargyl warhead were shown to be
compatible with thiol mod in DUBs (Ekkebus et al., 2013). This
unexpected reaction involving electron rich alkynes is not yet
completely understood, but perhaps is facilitated by the sterically
correctly placed oxyanion hole in the catalytic center of proteases
such as DUBs, leading to a direct addition reaction yielding a
vinyl thioether as covalent adduct (Figure 2). Again, this was
completely unexpected, at least to occur under physiological
conditions, but also applies for other proteases (Arkona and
Rademann, 2013; Mons et al., 2019).

Another example is the remarkable elegance of oligo-
Ub chain synthesis using a variation of thiolysine chemistry
developed in Huib’s laboratory (Van Der Heden Van Noort
et al,, 2017). This represents an optimized large scale and highly
reproducible route to orthogonally protected y-thiolysine and its

use was demonstrated in the synthesis of bifunctional ubiquitin
monomers (Figure 3). The edge of this approach is that these
ubiquitin synthons are employed in polymerization reactions,
giving access to synthetic poly-ubiquitin chains of defined
linkage. In addition, compared to other efforts in synthesizing
defined ubiquitin chains in the field, these are practically identical
to their native counterparts, even leaving intact iso-peptide bonds
after desulphurization.

Gerbrand van der Heden van Noort says: “Huibs way of mentoring
was letting you run around the lab and do your own thing. Once
in a while he would pop his head around the corner of the lab
and ask if you wanted to have a look at your ongoing projects. If
declined, he would disappear and put recent literature you might
have missed with some unreadable notes on it on your office desk.
Huib taught me to not worry about politics or peer pressure, just
be honest and focus on the science, the rest will fall into place
later’. He was extremely proud on his lab, both on the personnel
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FIGURE 3 | Polymerization reaction of K33 y-thiolysine ubiquitin thioester (Van Der Heden Van Noort et al., 2017) [With permission—Scheme 3].

and facilities he had at his disposal. Having hard-core organic
chemists, peptide chemists, protein chemists, biochemists, structural
biologists, cell biologists and everything in between working side
by side, he applauded every collaboration between his trainees and
often encouraged the ‘lone wolfs’ amongst us to seek and use each
other’s expertise.”

Ubiquitin based probes and defined Ub-chains have enabled
many functional studies in collaboration with other experts
in the ubiquitin field with whom Huib has had the chance
to work productively, such as Ton Schumacher, David
Komander, Titia Sixma, Ivan Dikic, Christopher Lima, Brenda
Schulman, Hans-Peter Knobeloch, Jacques Neefjes, and others.
The demand for high-quality Ub/Ubl tools in ubiquitin-
related research has led to the foundation of the start-up
company UbiQ.

More recent developments initiated by Huib and his team
included breakthroughs in challenging areas such as the first
molecular probes for ubiquitin E3 ligases (Mulder et al,
2016) as well as probes that can target metalloprotease DUBs
(Hameed et al., 2019). The latter, which provides access to
an interesting subset of the DUB enzyme family, has been
attempted previously for many years. It is, however, a reflection
of Huibs remarkable efforts that made a change in this area
by introducing an efficient zinc-chelator moiety at ubiquitin’s
C-terminus (Figure 4).

Additionally, his input into providing probes for
studying DUBs at a cellular level helped to accelerate drug
development targeting relevant DUBs in cancer, immunity, and
neurodegeneration (Harrigan et al., 2018).

Dharjath Shahul Hameed says: “Huib’s lab has been the launching
pad for many students. When 1 joined his lab as a Master-
student intern, I was immediately given the freedom to work on so
many ideas that would otherwise be generally shelved for a later
day. When I got carried away with some ideas, he immediately
reminded me to be practical and pragmatic. He was always up
for challenges. There was a time when we faced strong headwinds

A
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FIGURE 4 | Novel metalloprotease probes (Hameed et al., 2019) [With
permission—Figure 5A]. (A) Schematic representation of pull-down reagents
used in the assay. (B) Western Blot analysis of pull-down from cell lysate of
Hela cells overexpressing GFP-POH1.

in our metalloDUB probe project, and he gave us a big push by
showing us how to combine chemistry and biology to solve one of
the missing pieces of the ubiquitin puzzle. His approach is simple: a
great idea executed in a simple way.

When it comes to dealing with paperwork for foreign employees, he
made sure we were not distracted by such bureaucracy. He always
made sure we focus on research first and let the human resource
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FIGURE 5 | MHC class | peptide loading technology via periodate trigger (Rodenko et al., 2009). [With permission—Figures 1A-C]. (A) Conditional MHC class | is
treated with a trigger, which cleaves the conditional peptide ligand to afford two fragments that no longer meet minimal affinity requirements and dissociate from the
peptide binding groove. The resulting ligandreceptive MHC class | has a short half-life at 37 °C if not stabilized by the binding of a “rescue” ligand. (B) Photocleavage
of a 2-nitrophenyl-containing conditional peptide ligand, triggered by 365 nm UV light. (C) Chemocleavage of a vicinal diol-containing conditional peptide ligand,
triggered by the addition of sodium periodate.

management team worry about our visa and work permits. For
him, science precedes bureaucracy, even in collaborations. For a
foreigner and a student like me, he will remain as one of the best
bosses anyone can wish for.”

Another unconventional contribution that Huib made, in
collaboration with Ton Schumacher, to the field of immunology
and antigen presentation was his clever design of MHC
class I photoreactive peptides to enable efficient peptide
loading (Toebes et al., 2006). The chemical “trick” used
here was to introduce a diol-moiety into the antigenic
peptide backbone that can be efficiently cleaved by sodium
periodate (NalOy), leading to the cleavage and removal of
peptide remnants from the MHC class I peptide groove,
making room for other peptides to bind, yielding MHC
class I—peptide complexes of defined composition (Rodenko
et al., 2009) (Figure5). This elegant technical advance has
provided an enormous boost to prepare MHC-I-peptide
tools for the detection of circulating T-lymphocytes of a
given antigen specificity, extremely relevant to study immune
responses to cancer and infection. More recently, he and
his colleagues expanded on this early work and developed
an efficient method to generate many different MHC-I
multimers in parallel using temperature-mediated peptide
exchange (Luimstra et al., 2018).

Aysegul Sapmaz says: “I came to Huib’s lab as a visiting Ph.D.
student with a hardcore molecular biology background but a novice
in chemistry. During that time, I was excited to use his magical
tools for my Ph.D. study. Even though it was a short stint, I already
realized that I would love to continue working with him. When
I asked for a postdoc position in his lab, he did not hesitate and
immediately said “Yes”. From the moment I started in his lab, he
always encouraged me to believe in my gut feelings and let me
work freely on my own projects even if there was very little overlap
with chemistry. He also encouraged me to provide my biological
expertise in other chemistry-based projects going on in the lab.
This has resulted in several publications in the field of applied
chemistry with many more on the way. Huib always supervised
the people in his lab by trusting and encouraging them to think
out of the box and to do the impossible. When you had interesting
results, he got super excited which put his signature big smile on
his face. He was a great mentor who always supported his team
during difficult times both in their scientific and personal life. He
was always proud of his lab that he meticulously built with trust,
freedom, and encouragement...”

His lab, jointly run with Prof. Jacques Neefjes, has recently
expanded as part of the Chemical Immunology Unit at LUMC,
a tribute to their scientific success. Huib was an extraordinary
scientist who fearlessly extended his research into a very broad
spectrum of the scientific field, as exemplified by one of his
more recent publications (Sapmaz et al., 2019). In collaboration
with Prof. Jacques Neefjes, they revealed the function of a
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previously unidentified DUB, USP32, using molecular biology
and biochemistry approaches. His most recent research was
geared toward the development of small molecule inhibitor
molecules against DUBs as tool compounds and precursors of
drug development (Geurink et al., 2019).

Huib has left us way too early as a colleague and exceptional
scientist. We could have expected so much more coming from
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Editorial on the Research Topic
Probing the Ubiquitin Landscape

Since the pioneering work of Hershko, Ciechanover and their colleagues 40 years ago, our
understanding of one of the most complex and widespread signaling networks in biology has
evolved greatly through genetic, proteomic, biochemical, and cell biological studies (Kliza and
Husnjak). In this Research Topic, we present a salient collection of original research, methods and
review articles that cover novel, promising and recent trends in the ubiquitin(-like) field.

Protein ubiquitination is a powerful post-translational modulator (PTM) as it controls almost
every process in cells. To accomplish this, various ubiquitin (Ub) modifications adopt distinct
conformations, utilizing what is commonly referred to as the “Ub code”, leading to different
cellular functions. Modification by ubiquitin of a target protein is tightly controlled by the action
of hundreds of regulatory enzymes employed in specific combinations involving three main steps:
activation (E1 enzymes), conjugation (E2 enzymes), and ligation (E3 enzymes). To counterbalance
ubiquitination, it can be removed from substrate proteins by deubiquitinating enzymes (DUBs).
Modification of a substrate protein can occur by a single Ub moiety on a single target lysine
(monoubiquitination) or on multiple lysines (multi-monoubiquitination). Additionally, after a
single Ub is transferred to the substrate protein, any of the eight amino groups of the initial
substrate-conjugated ubiquitin (Lys6, Lysl1, Lys27, Lys29, Lys33, Lys48, Lys63, Metl) can be
modified with another Ub molecule, yielding polyubiquitin chains of variable linkage type, length,
and configuration (homo- vs. heterotypic Ub chains). Though the functional significance of cellular
Ub modifications, such as Lys48- and Lys63-linked polyUb chains, are largely known, the biological
significance of other homotypic polyUb chains, collectively referred to as atypical Ub chains, is
still far from being fully understood. While van Huizen and Kikkert comprehensively review the
role of atypical ubiquitin chains in the regulation of antiviral innate immunity pathways, Dittmar
and Winklhofer review a distinct type of ubiquitination—linear (Met1-linked) ubiquitination—a
transient and spatially regulated modification, complexifying their detection and quantification.

Next to Ub, a vast number of ubiquitin-like (UbL) proteins (e.g., SUMO, Nedd8, ISG15,
Ufm1, Fatl0) can also be attached to proteins increasing the complexity and fine-tuning cellular
responses even further. Keiten-Schmitz et al. review the role of SUMO chains in chromatin
dynamics and genome stability networks, whereas Ferndandez et al. describe ISGylation as well as
strategies targeting this PTM for therapeutic applications. Intriguingly, unlike most PTMs such as
acetylation and phosphorylation, ubiquitin itself can be highly customized through further post-
translational modification by other PTMs, thereby expanding the Ub code for distinct cellular
outcomes which either alter the originally encrypted message or encode a completely new one. The
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cross-functionality introduced through additional post-
translational modification of Ub molecules by UbL
proteins, rendering hybrid Ub/UbL chains, is discussed by
Perez Berrocal et al..

Considering the impact of ubiquitination on the regulation of
a vast array of fundamental biological processes, dysregulation
of this intrinsic process gives rise to numerous diseases ranging
from autoimmunity, cancer, and neurodegenerative diseases such
as Alzheimer and Huntington’s disease (Reits and Sap). During
the last few years defects in the ubiquitin-proteasome system
(UPS)—a central player in protein quality control facilitating
elimination of misfolded or otherwise aberrant proteins—
including hampered E3 ligase activity, have been the focus of
many studies. Understanding the mechanism of action, as well
as identifying which substrates are regulated by a given E3 ligase
could provide invaluable knowledge toward the development of
therapeutic strategies. Garcia-Barcena et al. review the generation
and usage of E3 mutants, thereby highlighting the complexity
of this family of enzymes. As the E3 enzymes exhibit different
substrate specificity, determining which E3 enzyme maps to
which substrate is crucial for our understanding of this complex
intrinsic network. Salas-Lloret et al. describe an improved
TULIP2 methodology facilitating mass spectrometry toward the
identification of E3-substrate networks.

While inhibition of the UPS has proven promising in
the treatment of cancer, stimulation of the proteasome
has been proposed as a potential therapeutic strategy
for neurodegenerative disorders. In the pursuit for novel
therapeutics and intervention points, robust assays and tools
are key toward understanding and identification of specific
components of the UPS. Franklin and Pruneda describe a
new assay, UbiReal, that make use of fluorescence polarization
to monitor all stages of Ub conjugation and deconjugation
in real time, making it a candidate for High-throughput
screens (HTS) of activity modulators. In addition, the general
functional status of the UPS in cells can be examined using
reporter substrates as discussed by Gierisch et al.. More recently
technologies have been established that induce targeted protein
degradation by chimeric small molecules as reviewed by
Naito et al.. These technologies, such as Proteolysis Targeting
Chimeras (PROTACs), hijack the cellular machinery for
ubiquitination thereby subjecting the ubiquitinated proteins
to proteasomal degradation. This promoted several drug
development research programs as proteins which had
previously been regarded as “undruggable” by traditional small
molecule therapies can now be degraded by inducing selective
intracellular proteolysis.

With an increased focus on the development of novel
therapeutics ~ of  ubiquitin(-like) ~ system  components,
characterization of their dynamics is imminent. Understanding
the mechanisms of ubiquitin regulation requires the generation

of antibodies or alternative reagents that detect ubiquitin in a
site-specific manner. van Kruijsbergen et al. describe a strategy
and the encountered challenges toward the development of site-
specific ubiquitin antibodies. Together with advances in synthetic
strategies for ubiquitin generation, enabling the development of
a plethora of ubiquitin activity-based probes (ABPs) and assay
reagents, the study of enzymes involved in the complex system of
ubiquitination is now within reach. ABPs react covalently at the
active site on the enzyme, and thus represent a powerful method
to report on specific enzyme activity and to evaluate cellular
and physiological enzyme dynamics and function. Taylor and
McGouran present the developments made in the “traditional”
ubiquitin based ABPs, whereas Conole et al. discuss recent
developments in cell-permeable small molecule ABPs. With
these advances in the ABP field, activity based protein profiling
has emerged as a powerful technique to study these important
enzymes as exemplified by the work of Pinto-Fernandez et al..
Here, they combined advanced mass spectrometry technology
with propargylic-based ubiquitin ABPs to reveal the proportion
of active cellular DUBs adding another layer of information in
addition to their endogenous expression levels.

Further understanding of the ubiquitin signaling pathway
includes the knowhow on how different polyUb chains are
recognized by interacting proteins. Often these interacting
proteins contain a specific ubiquitin-binding domain (UBD) that
bind specifically to polyUb chains, thereby rendering different
cellular outcomes. Hameed et al. report on the synthesis of diUb
chains, fully 15N-labeled on the distal (N-terminal) Ub and
demonstrate their applicability for gaining insights into linkage-
selective ubiquitin recognition of a unique UBD.

We believe that our Probing the Ubiquitin Landscape
Research Topic demonstrates the multidisciplinary nature of
research in the ubiquitin field. Advancement in the field is
dependent on increased understanding through interconnected
research strategies, thereby allowing development of therapeutics
as exemplified in this body of work.
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Enzymes that bind and process ubiquitin, a small 76-amino-acid protein, have been
recognized as pharmacological targets in oncology, immunological disorders, and
neurodegeneration. Mass spectrometry technology has now reached the capacity to
cover the proteome with enough depth to interrogate entire biochemical pathways
including those that contain DUBs and ES3 ligase substrates. We have recently
characterized the breast cancer cell (MCF7) deep proteome by detecting and quantifying
~10,000 proteins, and within this data set, we can detect endogenous expression of
65 deubiquitylating enzymes (DUBs), whereas matching transcriptomics detected 78
DUB mRNAs. Since enzyme activity provides another meaningful layer of information
in addition to the expression levels, we have combined advanced mass spectrometry
technology, pre-fractionation, and more potent/selective ubiquitin active-site probes with
propargylic-based electrophiles to profile 74 DUBs including distinguishable isoforms for
5 DUBs in MCF7 crude extract material. Competition experiments with cysteine alkylating
agents and pan-DUB inhibitors combined with probe labeling revealed the proportion of
active cellular DUBs directly engaged with probes by label-free quantitative (LFQ) mass
spectrometry. This demonstrated that USP13, 39, and 40 are non-reactive to probe,
indicating restricted enzymatic activity under these cellular conditions. Our extended
chemoproteomics workflow increases depth of covering the active DUBome, including
isoform-specific resolution, and provides the framework for more comprehensive
cell-based small-molecule DUB selectivity profiling.

Keywords: deubiquitylating enzymes, mass spectrometry, proteomics, chemical biology, ubiquitin specific
proteases, isoforms

INTRODUCTION

Ubiquitin (Ub) is a conserved, globular protein consisting of 76 amino acids that can be attached
to proteins either in a mono- or polymerized form, impacting on their activity, localization,
interactome, and turnover. The covalent attachment of Ub, most frequently to a e-NH lysine side
chain of protein substrates, is catalyzed by the sequential action of three enzymes: E1 activating
enzyme, E2 conjugating enzyme, and E3 ligase (Hershko and Ciechanover, 1998). Polymers of Ub
can be formed by the addition of one or more monomers to a previously substrate-attached Ub
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molecule. These chains provide a code of functional
modulations including protein degradation and cellular
signaling (Komander and Rape, 2012). Poly-Ub chains can
also include Ub-like modifiers (UBLs) (Cappadocia and
Lima, 2018) and posttranslational modifications (PTMs)
that increase the biological complexity of ubiquitylation
(Swatek and Komander, 2016).

Polymerization of Ub is a reversible process carried out by
deubiquitylating enzymes (DUBs) that catalyze hydrolysis of
Ub-substrate isopeptide bonds (Komander et al., 2009). To date,
there are 102 human DUBs that have been grouped into eight
different sub-families (Komander et al., 2009; Fraile et al., 2012):
Ub-specific proteases (USPs), Ub carboxy-terminal hydrolases
(UCHs), ovarian tumor domain containing proteases (OTUs),
Machado-Joseph disease protein domain proteases (MJDs or
Josephins), JAMM/MPN domain-associated metallopeptidases
(JAMMs), motif interacting with Ub-containing novel DUB
(MINDYs) (Abdul Rehman et al., 2016), the less studied
monocyte chemotactic protein-induced protein (MCPIPs)
(Kolattukudy and Niu, 2012), and the recently discovered
Zn-finger and UFSP domain protein (ZUFSP) (Haahr et al.,
2018; Hermanns et al., 2018; Hewings et al., 2018). Most DUBs
(~80) are classified as cysteine proteases with the exception of
JAMM metallopeptidases and inactive (pseudo) DUBs (Nijman
et al,, 2005; Komander et al., 2009). DUBs have emerged as
key enzymes for deciding the fate of most intracellular proteins
regarding their function and lifespan. Highly selective and
potent DUB inhibitors are now emerging (Kategaya et al., 2017;
Lamberto et al., 2017; Turnbull et al., 2017; Gavory et al., 2018;
Harrigan et al., 2018; Clague et al., 2019), which, in addition to
PROteolysis-TArgeting chimeras (PROTACS) (Mullard, 2019),
are paving the way to explore the Ub system in drug discovery
development programs by modulating the turnover of key
targets in the context of cancer, dementia, and inflammation
(Pinto-Fernandez and Kessler, 2016; Harrigan et al., 2018). DUB
inhibitor development has been accelerated by the application
of Ub activity-based probes (ABPs) (Altun et al., 2011; Turnbull
etal., 2017). ABPs contain a specificity motif that targets them to
the desired enzyme/class of enzymes and a chemical moiety that
reacts covalently with the active site of the enzyme. This has been
applicable to study proteases that have a nucleophilic active site,
mainly serine hydrolases and cysteine peptidases (Sanman and
Bogyo, 2014), but also metalloproteases (Nury et al., 2013; Amara
et al., 2018). For DUBs, many different probe architectures have
been generated and tested with different selectivity toward
DUBs, with those using a molecule of Ub as specificity motif
being the more popular ones (Borodovsky et al., 2001, 2002,
2005; Hemelaar et al., 2004). However, di-Ub ABPs mimicking
the different poly-Ub linkages have been generated and studied
(McGouran et al,, 2013), with the linear di-Ub being highly
selective toward OTULIN (Weber et al., 2017). Finally, thanks
to the utilization of a DUB inhibitor as specificity motif, Ward
et al. (2016) managed to synthesize a permeable ABP reactive
with a number of DUBs. Different C-terminal chemical moieties
enabling Michael additions and nucleophilic displacements
have been explored, and more recently, alkynes that react via a
radical-based mechanism (Ekkebus et al., 2013; Hewings et al.,

2017). To determine the subset of DUBs that directly react
with probe in addition to binding, DUB-probe reaction centric
probes were generated that enrich for Cys-reactive peptides after
enzymatic digestion to map covalent sites within reactive DUBs
(Hewings et al., 2018). Despite these advances, it is unclear to
what extent the entire range of endogenous DUBs expressed that
are active in cells are captured.

To address this, we have developed an advanced “activitomics”
workflow and compared it against the DUB transcriptome
and proteome expressed in MCF7 breast cancer cells. We
discriminate between DUBs reactive to probe and non-reactive
enzyme species through competition at the enzyme’s active-
site cysteine combined with quantitative chemoproteomics. The
range covered by the cellular DUB activitome, transcriptome
(mRNA), and deep proteome (protein) is comparable, revealing
an extended landscape of the cellular DUBome.

We acknowledge that it is challenging to compare proteomics
data because instrumentation, methods, and software are in
constant evolution and all three are quite heterogeneous from lab
to lab. In this particular study, we identified 74 DUBs whereas
most previous studies reported on between 20 and 40 DUBs. A
recent study by Ingrid Wertz’ group reported the identification of
61 DUBs (Hewings et al., 2018). Therefore, our study represents
the most comprehensive coverage reported so far.

MATERIALS AND METHODS

Contact for Reagent and Resource Sharing
Further information and requests for resources and
reagents should be directed to and will be fulfilled by the
corresponding authors, BK (benedikt.kessler@ndm.ox.ac.uk)
and AP-F (adan.pintofernandez@ndm.ox.ac.uk).

Cell Lines and Reagents

Commercially purchased MCF7 (ATCC Nr HTB-22) cells were
cultured in DMEM medium (GIBCO) supplemented with 10%
fetal calf serum (FCS; GIBCO), 100 U/ml penicillin (SIGMA),
and 100 pg/ml streptomycin (SIGMA) and maintained at 37°C
in a humidified atmosphere at 5% CO,. Other reagents used in
this study are listed in Table 1.

Ub-Based ABP Synthesis

The construct pTYB-HAUD, comprising the sequences of the
human Ub (lacking Gly 76), an intein and a chitin binding
domain, plus an HA tag, was used to synthesize HAUb75-MESNa
as described previously (Borodovsky et al., 2002). Briefly, Ub-
intein-chitin domain fusion protein was expressed in Escherichia
coli (18h induction with 0.4 mM IPTG at 17°C). Cell pellets
were resuspended in 50 mM HEPES, pH 7.4, 150 mM NaCl,
and 0.5mM TCEP and lysed in a high-pressure homogenizer.
The cleared cell extract was loaded onto a 15ml chitin bead
(New England Biolabs) column at a flow rate of 0.5 ml/min. The
column was washed with 60 ml of lysis buffer followed by 25 ml
of lysis buffer containing 50 mM B-mercaptoethanesulfonic acid
sodium salt (MESNa) and incubated overnight at 37°C for the
induction of on-column cleavage. HAUb75-MESNa thioester was
eluted with 25 ml of lysis buffer and concentrated: approximately
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TABLE 1 | Cell lines and reagents.

Reagent or resource Source Identifier

ANTIBODIES

Mouse monoclonal antibody Roche #11583816001

HA (12CA5)

USP7 pAb Enzo #BML-PW0540-0100

GAPDH loading control Invitrogen #MAbL-15738

antibody (GA1R)

Monoclonal SIGMA #A2095-1ML

Anti-HA-Agarose antibody

produced in mouse

CHEMICALS, KITS, ENZYMES, AND OTHERS

Trypsin (TPCK-treated) Worthington #.S003740

Acid-washed glass beads SIGMA # G4649

Pierce™ BCA Protein Thermofisher #23225

Assay Kit

Criterion TGX Gel, 4-15%, Bio-Rad #5671084

18-well

Sep-Pak C18 Plus Short Waters # WAT020515

Cartridge, 360 mg Sorbent

per Cartridge, 55-105 um

Particle Size

Chitin resin New England #S6651L
Biolabs

PD-10 columns GE #17-0851-01
Healthcare

2-Bromoethylamine SIGMA #B65705-25G

Propargylamine SIGMA #P50900-5G

EXPERIMENTAL MODELS: CELL LINES

MCF7 cells ATCC HTB-22

Software and Algorithms
MaxQuant Software (version

Open source http://www.coxdocs.org/

doku.php?id=maxquant:

1.5.2) start

Perseus Software (version Open source http://www.coxdocs.org/

1.6.2.3) doku.php?id=perseus:
start

Prism 8 GraphPad https://www.graphpad.
com/scientific-software/
prism/

2.5mg of protein was recovered from a 1-L culture. The N-
terminal Met of the HA-tag was frequently processed off during
expression, resulting in a mixture of two proteins that behaved
identically in labeling experiments.

To synthesize the HA-UbC2Br or HA-UbPA probes, 0.2 mM
of 2-bromoethylamine or 250 mM propargylamine was added to
a solution of HAUb75-MESNa (1-2 mg/ml) in 500 pl of column
buffer, respectively. pH was carefully adjusted to 8 with NaOH,
and after 20 min shaking at 1,400 rpm, at room temperature, 100
il of 2.0 M aqueous HCI was added and the resultant reaction
mixture was promptly transferred to a PD10 gravity column for
buffer exchange, according to the manufacturer’s instructions.

The probe was then aliquoted and frozen at —80°C for
storage (no significant deterioration is observed for several
months of storage except for HA-UbC2Br, which is prone to
hydrolysis). All HA-Ub-derived probes were analyzed by liquid
chromatography mass spectrometry (LC-MS) using a 1290 UPLC

(Agilent) coupled to a 6560 quadrupole time-of-flight (QToF)
mass spectrometer (Agilent) to monitor the reaction and the
product detected by [M+H]" = 10,197.6221, with >90% purity.

Preparation of Cell Extracts and Western
Blotting

Protein extracts were prepared as follows: Cells were washed
with ice-cold PBS and collected into a centrifuge tube in either
glass beads lysis buffer (GBL: 50 mM Tris, pH 7.5, 5mM MgCl,,
0.5mM EDTA, and 250 mM Sucrose) or glass beads lysis buffer
plus 0.2% NP-40 (GBLN). One volume of acid-washed glass
beads (Sigma Aldrich, G4649) per 2-3 volumes of ice-cold glass
bead buffer (+1 mM DTT) was added to the tube containing
the cells and buffer followed by vortexing (10 times in 30s
bursts, returning the samples to the ice for 1-2 min in between)
and centrifugation (14,000 g, 4°C, 25min) in order to pellet
the glass beads, nuclei, and membranes. The supernatant was
carefully transferred to fresh Eppendorf tubes and the pellets
were discarded. The protein concentration was determined via
the Thermo BCA protein assay kit. For Western blotting, 25
g of protein was then fractionated on Tris-glycine SDS-
PAGE gradient (4-15% acrylamide) gels, transferred onto PVDF
membranes, and detected with the indicated antibodies using a
LI-COR detection system.

DUB Activity-Based Profiling

At least 500 pg of cell extract (corresponding to approximately
1 x 107 cells) in 300 pl of GBL buffer containing 1 mM DTT were
utilized for the ABP pulldowns. When profiling a DUB inhibitor,
the inhibitor should be added at this point to the desired final
concentration and incubated at 37°C for 1 h. Then, ~10 pg of the
HA-Ub-based ABPs were added per 500 jLg of sample (Note: this
will vary depending on the reactivity of the probe batch and type
and may require optimization for complete labeling of the DUB
of interest) and incubated at 37°C for 45 min. The reaction was
quenched by the addition of SDS to 0.4% (24 pl of a 5% stock per
300 pl) and NP-40 (or IGEPAL CA-630 substitute) to 0.5% (15
pl of a 10% stock per 300 1), and samples were diluted to 1 ml,
0.5 mg/ml, by the addition of 661 pl of NP-40 lysis buffer [pH
7.4, 50 mM Tris, 0.5% (v/v) NP-40, 150 mM NaCl, and 20 mM
MgCl,]. Fifty microliters (25 jg) of sample was aliquoted and
denatured by boiling in SDS Laemmli sample buffer for control
blotting to assess IP efficiency. To bind and pull down DUB-
ABP complexes, 150 pl of anti-HA-Agarose slurry (previously
washed four times with NP-40 lysis buffer) was added to the
samples and incubated on a rotator overnight at 4°C. After a
first centrifugation step (2,000 g, 4°C, 1 min), beads were washed
four times with 500 pl of NP-40 lysis buffer. Protein complexes
were eluted by boiling beads in 110 pl of 2x SDS Laemmli
sample buffer and 10% were analyzed by Western blotting after
SDS-PAGE, as well as lysate controls.

Mass Spectrometry Experiments (Sample
Preparation and Fractionation)
DUB-probe immunoprecipitated sample eluates were diluted

to 175 pl with ultra-pure water and reduced with 5 pl of
DTT (200mM in 0.1M Tris, pH 7.8) for 30min at 37°C.
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Samples were alkylated with 20 ] of iodoacetamide (100 mM in
0.1 M Tris, pH 7.8) for 15 min at room temperature (protected
from light), followed by protein precipitation using a double
methanol/chloroform extraction method (Wessel and Flugge,
1984). Protein samples were treated with 600 pl of methanol,
150 1 of chloroform, and 450 1 of water, followed by vigorous
vortexing. Samples were centrifuged at 17,000 ¢ for 3 min,
and the resultant upper aqueous phase was removed. Proteins
were pelleted following the addition of 450 wl of methanol
and centrifugation at 17,000 g for 6 min. The supernatant was
removed, and the extraction process was repeated. Following
the second extraction process, precipitated proteins were re-
suspended in 50 |l of 6 M urea and diluted to <1 M urea with
250 pl of 20 mM HEPES (pH 8.0) buffer. Protein digestion was
carried out by adding trypsin (from a 1 mg/ml stock in 1 mM
HCI) to a ratio 1:100, rocking at 12 rpm and room temperature
overnight. Following digestion, samples were acidified to 1%
trifluoroacetic acid and desalted on C18 solid-phase extraction
cartridges (SEP-PAK plus, Waters), dried, and re-suspended in
2% acetonitrile and 0.1% formic acid for analysis by LC-MS/MS
as described below.

Off-line  high-pH reverse-phase prefractionation was
performed in a similar fashion as in Davis et al. (2017). Briefly,
digested material was fractionated using the loading pump of
a Dionex Ultimate 3000 HPLC with an automated fraction
collector and a Waters Acquity UPLC Peptide BEH C18, 300
A, 1.7pum, 1mm x 100 mm (part no. 186005593) column over
a 65min gradient using basic pH reverse-phase buffers (A:
water, pH 10 with ammonium hydroxide; B: 90% acetonitrile,
pH 10 with ammonium hydroxide). The gradient consisted
of a 15min wash with 2% B, then increasing to 35% B over
30 min, with a further increase to 95% B in 0.1 min, followed by
a 9.9 min wash at 95% B and then returning to 2% in 0.1 min,
followed by re-equilibration at 2% B for 9.9 min, all at a flow
rate of 100 pl/min with fractions collected every 1min from
0 to 60min. One hundred microliters of the fractions was
dried and resuspended in 20 pl of 2% acetonitrile/0.1% formic
acid for analysis by LC-MS/MS. Fractions were loaded on
the LC-MS/MS following concatenation of 60 fractions into
10, combining fractions in a 10-fraction interval (F1 + FI11
+ F21 4 F31 4 F41 4 F51... to F10 + F20 + F30 + F40 +
F50 + F60).

Liquid Chromatography—-Mass
Spectrometry/Mass Spectrometry
(LC-MS/MS)

LC-MS/MS analysis was performed using a Dionex Ultimate
3000 nano-ultra high-pressure reverse-phase chromatography
coupled on-line to a Q Exactive HF mass spectrometer
(Thermo Scientific) as described previously (Fye et al., 2018).
In brief, samples were separated on an EASY-Spray PepMap
RSLC C18 column (500mm x 75um, 2um particle size,
Thermo Scientific) over a 60 min gradient of 2-35% acetonitrile
in 5% dimethyl sulfoxide (DMSO), 0.1% formic acid at
250 nL/min. MS1 scans were acquired at a resolution
of 60,000 at 200 m/z and the top 12 most abundant

precursor ions were selected for high collision dissociation
(HCD) fragmentation.

Transcriptomics Analysis of MCF7 Cells

A total of 5 x 108 MCF7 cells were grown to ~90%
confluency as described above, harvested by centrifugation
at 1,500 rpm, and resuspended in ice-cold PBS, centrifuged
again, and pellets were kept at —20°C until analysis. RNA
was extracted from cell pellets using the RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions. mRNA
material was further enriched using poly-T oligo column
(Manufacturer). The quality of the mRNA was checked by
OD260/280nm ratio and found to be ~2. The cDNA library was
prepared using a standardized protocol followed by paired end
sequencing using a HiSeq4000 platform (Illumina) at the Oxford
Genomics Center (Wellcome Trust Center for Human Genetics,
Oxford, UK).

Transcriptomics and Proteomics Data

Analysis

For the analysis of transcriptomics data, FASTQ files were
converted to Binary-sequence Alignment Format (BAM) files
using HISAT2 (v2.1.0) and Samtools (v1.3). Subsequently, BAM
files were imported into Perseus software (v1.6.0.2) and genome
annotation was performed using the Human Fasta cDNA
database (http://www.ensembl.org). Reads per kilo per million
(RPKM) values were calculated by a normalization step dividing
by the sum (Normalization —  Divide), followed by dividing
normalized values by gene length, multiplying by 10°, and taking
the log, values (Table S1).

For the analysis of proteomics data, the DUB proteome in
MCF?7 cells was assessed by interrogating the quantified iBAQ
values taken from our previous study (Davis et al., 2017) that were
then matched to the MCF7 transcriptome using Perseus software
(v1.6.0.2) (Table S2). For the DUB activitome, all raw MS data
files from the HA-IP and high-pH fractionation experiments were
analyzed in a combined fashion using MaxQuant (v1.5.5.1) and
searched against the UniProt Human database (92,954 entries).
Intensity values were used to compare against the DUB proteome
and transcriptome (Table S3). Zero values were replaced with the
value of 1 to allow for displaying the data using scatter plots
as shown in Figures 1C, 7. For searches of PTMs, in particular
the HA-UbPA probe adduct (112.06 Da) on cysteine residues,
each raw MS data file obtained per high-pH fraction analyzed
by LC-MS/MS was analyzed using PEAKS software (v 8.5; we
used a 1% FDR at protein and peptide level in PEAKS with
the —10LogP values of 40 for protein and 23.2 for peptide
positive identification) and searched against the UniProt database
(UPR_HomoSapiens_20170215). Search parameters were the
following: parent mass error tolerance: 10 ppm; fragment mass
error tolerance: 0.05 Da; precursor mass search: monoisotopic;
enzyme: trypsin; missed cleavages: 2; variable modifications
(PEAKS PTM, only the most common listed): deamidation
(NQ), oxidation (M), carbamidomethylation (C), acetylation (K),
acetylation (N-term), PA Probe adduct (C), maximal variable
PTM per peptide: 3.
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FIGURE 1 | DUB transcriptome and proteome in MCF7 breast cancer cells. (A) Transcriptome analysis (single experiment data) listing all quantified mRNAs as reads
per Kilobase per million (RPKM) values in descending values. mMRNAs encoding DUBs are indicated according to their families: 56 USPs (red), 5 UCHs (dark green), 16
OTUs (blue), 11 JAMMs (purple), 4 MINDYs (yellow), 4 JOS (light green), and 1 ZUP (black). (B) Proteome analysis (single experiment data) listing all quantified proteins
as intensity-based absolute quantitation (IBAQ) abundances in descending values. DUBs are indicated and colored based on sub-families as stated above. (C)
Scatter Plot showing mRNA (transcriptome, X-axis) and protein (proteome, Y-axis) levels of DUBs (indicated in colors according to sub-families).

Generation of the Human DUB USP16, USP17L1, USP17L2, USP18, USP19, USP20, USP21,
USP22, USP24, USP25, USP26, USP27X, USP28, USP29,
USP30, USP31, USP32_K7EK, USP32_Q8NE USP33, USP34,
[(CYLD, PAN2, USP17L24, USP1, USP2, USP3_HOYMI, USP35, USP36, USP37, USP38, USP39, USP40, USP41, USP42,
USP6, USP7, USPS, USP9X, USP43, USP44, USP45, USP46, USP47, USP48, USP49, USP50,

Phylogenetic Tree

Genes included in this analysis:

USP3_Q9Ye6I, USP4, USPS5,

USP10, USP9Y, USP11, USP12, USP13, USP14, USPI5,

USP51, USP53, USP54), (BRCC3, COPS5, COPS6, EIF3F
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EIF3H, MPND, MYSM1, PRPES, PSMD7, PSMD14, STAMBP,
STAMBPLI1), (ALG13, OTUB1, OTUB2, OTUDI, OTUD3,
OTUD4, OTUD5, OTUD6A, OTUD6B, OTUD7A, OTUD7B,
OTULIN, OTULINL, TNFAIP3, VCPIP1, YODI1, ZRANBI),
(UCHL1, UCHL3, UCHLS5, BAP1), (ATXN3, ATXN3L, JOSD1,
JOSD2), (MINDY1, MINDY2, MINDY3, MINDY4)].

The full-length protein sequences for each DUB were
extracted from UniProt (https://uniprot.org/). The canonical
sequence for each DUB was used as it was determined

by UniProt. The protein alignment was performed using
MUSCLE (multiple sequence alignment with high accuracy and
high throughput). Finally, a constraint ML phylogenetic tree
was generated by RAXML (https://raxml-ng.vital-it.ch/#/). The
constraint tree was created by including DUBs into the seven
known families. The LG Substitution matrix was used. The
best fit model tree was further designed initially in the iTOL
INTERACTIVE TREE OF LIFE (https://itol.embl.de/) where
branched length was ignored, and an unrooted tree style was
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FIGURE 2 | Ub-PA probe chemistry extends DUBome activity-based profiling. (A) Titration of HA-UbC2Br (left panel) and HA-UbPA probe (right panel) in MCF7 breast
cancer cell extracts, followed by SDS-PAGE separation and analysis by anti-HA immunoblotting. Bands correspond to either DUB-probe or E3 ligase-probe adducts

as indicated [based on (Altun et al., 2011) and this study]. (B) Left panel: Chemoproteomics workflow for profiling the active DUBome. HA-UbC2Br or HA-UbPA probe
is incubated with MCF7 breast cancer cell extracts, followed by anti-HA immunoprecipitation, elution, in-solution trypsin digestion, and label-free quantitative analysis

(LFQ) by LC-MS/MS. Right panel: Comparison of HA-UbC2Br and HA-UbPA immunoprecipitated DUBs analyzed by SDS-PAGE and anti-HA, anti-USP7 (positive
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formed. Finally, the Adobe Illustrator software was then used to
finalize the tree.

Data Availability
MCF7 RNA-seq data have been submitted to GEO with the
accession number GSE134954.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al., 2019) partner repository with the data set
identifier PXD014391.

RESULTS AND DISCUSSION

DUB mRNA and Protein Expression
Topology in MCF7 Breast Cancer Cells

To set a baseline, we wished to interrogate the number of DUBs
and their abundance at the mRNA and protein level in MCF7
cells, a cell line originally established from the pleural effusion
of a 69 year-old woman with metastatic disease (Brooks et al.,
1973) and used for breast cancer research for more than 40 years
(Comsa et al., 2015). Based on previous studies from our lab
and others (Borodovsky et al., 2002; Altun et al., 2011; Turnbull
et al., 2017), it appears that MCF-7 has a similar DUB profile
to other immortalized cell lines but there are specific DUBs

that are expressed in some cell lines and not in MCEF-7. For
instance, neuronal cells have high levels of active UCHL-1 [also
seen to vary considerably in immortalized B-cell lines (Ovaa et al.,
2004)], and HEK293 cells (human embryonic kidney) express
a recently discovered DUB called ZUP1 (ZUFSP), whereas we
were not able to detect either, UCHL-1 or ZUPI, in MCEF-
7 cells. Therefore, we feel that using the immortalized breast
cancer cell line MCF7, we represent most of the endogenous
DUBome. To obtain maximal depth, we performed RNA-Seq
and pre-fractionation-based deep proteomics, resulting in 21,352
transcripts and 13,728 identified protein groups from which
8,949 were assigned to genes (Davis et al., 2017). In these data sets,
we detected 78 DUBs by RNA-seq (76% out of 102 assigned DUBs
in the human genome) (Figure 1A) and 65 DUBs at the protein
level (corresponding to 53 genes) (Figure 1B). Interestingly, the
DUBs MINDY1/3/4, ZUFSP, UCHLI, and alternative isoforms
of OTU and USP subsets were detected only at the mRNA level,
whereas others such as USP35, USP30, USP16, UCHL-3, and up
to 12 DUBs were present as proteins only (Figure S1), suggesting
distinct regulatory mechanisms and/or stability of their mRNA
vs. protein. Generally, global mRNA expression levels poorly
correlated with protein levels (Figure 1C), a trait observed in
previously reported studies (Maier et al., 2009; Schwanhausser
etal, 2011; Wang et al., 2019).
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Reactivity of Different Ub Probes Affects

Dubome Selectivity

To better gauge DUB cellular function, we aimed to match DUB
expression with their activity at a global level using an improved
activity-based protein profiling (ABPP)-based workflow (Altun
et al., 2011; Turnbull et al., 2017). A limitation for these ABPP
studies has been the proteomic technique by itself as well as
some DUB targeting selectivity based on the chemical moiety
of the probe (Borodovsky et al., 2002). Recently, more sensitive
mass spectrometry and the use of reactive-site-centric Ub probes
with a vinyl sulfone (VS) or a vinyl methyl ester (VME) revealed
less DUB selectivity dependent on the chemical group used,
but has also shown that some of them tend to react with non-
catalytic cysteine residues, whereas propargylamide (PA)-based
probes seem to react more specifically with catalytic cysteines
(Hewings et al., 2018). This could be due to the unconventional
reactivity of the alkyne in the propargylamide with the thiol

group on the catalytic cysteine, which is unusual as electron-rich
alkynes are generally poor electrophiles. UbPA reacts with DUB
cysteines via direct addition to the terminal alkyne to give a vinyl
thioether through possible radical-based intermediates (Ekkebus
et al.,, 2013). HA-UDbPA is reported to be highly DUB selective,
with the exception of the additional labeling of the E3 Ub ligase
HUWEI (Ekkebus et al., 2013). We decided to compare side by
side Ub probes with the different reactivities by performing an
ABP assay in MCF?7 cell lysates, UbPA (direct addition), UbVME
(conjugate addition), and UbC2Br (nucleophilic displacement)
(Figure S2A). As previously described, the UbC2Br probe has a
different reactivity profile to cellular DUBs when compared to the
VME probe (Borodovsky et al., 2002), in particular with the band
corresponding to OTUBI (theoretical molecular weight: 31,284
Da, ~37 kDa marker). On the other hand, USP14 (theoretical
molecular weight: 56,069 Da, below the 75 kDa marker) is
labeled more efficiently by UbVME as compared to UbC2Br. We
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concluded that the UbPA probe seems to react more efficientty ~ Discrimination Between Active Dubs vs.
with all cellular DUBs as judged by the visualized bands. To Non-active Dubs

further compare the two probes with the broadest labeling g gain more detailed information about cellular DUB activity
profiles, we performed an ABPP by immunoprecipitating HA- captured by our ABPP assay, it was necessary to determine
tagged UbPA and UbC2Br probes after labeling MCF7 crude  which fraction of enzymes directly reacted with probe and were
extracts, confirming the greater breadth of cellular DUB labeling ot enriched only through affinity binding. We addressed this
with the UbPA probe (Figure 2A). We also analyzed probe- through two experimental approaches. First, we interrogated our
captured material by quantitative mass spectrometry (Figure 2B gata for the presence of Ub-probe adducts, which confirmed
and Table S4). Both Western blotting and mass spectrometry  the direct reactivity of UCHL3 Cys95, OTUB1 Cys91, OTUD3
results confirm the superior reactivity of the UbPA probe over Cys76, OTUD4 Cys45, and OTUD6B Cys158 (Figure 4 and
the UbC2Br (Figure 2A and Figure S2A), being able to identify Figure S3). MS/MS analysis revealed potentially more UbPA
44 DUBs with the former and 37 with the latter (Figure $2Band  probe adduct sites, also on non-catalytic Cys residues as well as
Table S4). non-DUB proteins, but systematic manual inspection of these

. . revealed insufficient confidence of assignment. It appears that the
Improved ABP Using Advanced Proteomics reactivity of the probe propargyl moiety within DUBs critically
Methodology Expands the Dubome depends on the correct positioning identical to the scissile
Since the number of identified DUBs using UbPA in ABPP, isopeptide bond, which reduces potential “off-target” reactions
although improved, was still not in the range of DUBs expressed  observed with Ub-probes carrying Michael acceptors or alkyl
in MCF7 cells (Figure 1), we decided to explore a more advanced  halides (Hewings et al., 2018). Despite the clear assignment
proteomic methodology in order to expand the active DUBome.  for some DUBs, this approach did not yield a comprehensive
To this end, we implemented a high-pH pre-fractionation in  overview of DUBs reactive to probe as there were experimental
our classical ABPP workflow after the digestion step (Figure 2B)  limitations in the detection of tryptic peptides harboring the
in order to reduce the sample complexity in an orthogonal =~ DUB’s catalytic Cys residue, as for most DUBs, the peptide
dimension prior to LC-MS/MS analysis (Wang et al., 2011; Davis  length is unsuitable for LC-MS/MS detection. To overcome
et al,, 2017). This yielded an increase in the number of DUB  this, probe variants with redox release mechanisms have been
identifications from 39 to 74 protein groups, corresponding to  developed to selectively release probe reactive DUBs, but this
65 DUB genes, greatly expanding the number observed in the  was also restricted to a subset of DUBs (de Jong et al., 2017).
conventional ABPP-MS workflow (>92%) [Figure 3 (inset) and  In our case, we reasoned that probe reactive DUBs could be
Figure S2B]. The number of DUBs detectable via the ABP-MS  displaced through a direct competition using cysteine-reactive
assay is now comparable to the number of expressed DUBs in the ~ agents such as N-methylmaleimide (NEM) or the pan-DUB

same cell line. inhibitor PR-619 (Altun et al., 2011; Kramer et al., 2012).
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FIGURE 5 | Active vs. non-active DUBs. Volcano plots showing a discrimination between cysteine-reactive and non-reactive DUBs by active-site labeling with
HA-UbPA in the presence and absence of N-ethylmaleimide (NEM, Left panel) and PR-619 (Right panel) (data from two biological replicates run in technical
duplicates). Displaced reactive DUBs are located in the upper left compartment ([probe alone]—[probe + NEM or PR619]), whereas non-reacting DUBs are left in the
lower center area.
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DUB-probe competition could be captured by a quantitative
ABP-MS experiment. To this end, ABP assays were performed
using HA-UbPA probe exposed to MCF?7 cell extracts previously
treated with excess NEM, PR-619, or DMSO control, followed
by enrichment of labeled DUBS and quantitative LC-MS/MS
analysis (Figure 5). Most cysteine protease DUBs were competed
by NEM and PR-619, indicated by their location on the left
in the volcano plot with the exception of USP13, USP39,
and USP40. As expected, DUB members of the JAMM family
were not affected and therefore not displaced. Interestingly, we
observe that components of the 26S (e.g., PSMD7) and ATXN
network (ATXN2/2L/10) were unchanged, although DUBs that
are part of these complexes such as USP14 and ATXN3 are
competed away, suggesting flexible complex dynamics. As a

specificity control, we did not observe competition of other non-
Ub cysteine proteases within the same experimental conditions
(Figure S4). We concluded that some USPs may have low
or no enzymatic activity under these cellular conditions, as
can be monitored by our ABPP assay. For instance, USP13
may not directly react to the UbPA probe via an active
cysteine and that it only binds via the Ub scaffold in a non-
covalent fashion. Our results suggest that, at least under these
circumstances, USP13 appears to be mostly inactive (at least
toward the HA-UbPA probe) in an endogenous context where
cells are not activated in a particular way, although USP13
was shown to deubiquitylate RAP80 in the context of the
DNA damage response (Li et al., 2017). USP39 is a DUB in
which the catalytic residue Cys 234 is replaced by an Asp,
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His 513 by Ser, and Asp 530 by a Glu. Its role in pre-mRNA
splicing and regulation of Aurora mRNA seems therefore not
dependent on catalytic activity (van Leuken et al., 2008). USP40
appears to be catalytically inactive in vitro despite having all
the catalytic residues proposed to be important for the catalytic
activity (Quesada et al, 2004). To gain further insight, we
examined how activity correlates with expression. To do this,
we compared the different data sets (Figure 6). DUBs identified
from 5,761 quantified protein groups that directly matched
to genes and mRNA transcripts (Table S1) were compared
to the expanded DUB “activitome” (Table S2), resulting in a
three-way comparison of DUB probe-based activity levels with
their mRNA (Figure 6A) and protein level (Figure6B and
Table S3). Interestingly, DUB proteome intensities correlated
relatively well with the ones from the active DUBome. This
is perhaps due to the high affinity of the probe to the target,
meaning that more abundant enzymes will have better/faster
access to the probe, and they will probably react with it even
when their activity is not as high as other less abundant

enzymes. Comparing our expanded ABPP approach to the
DUB proteogenomic data sets, we could identify six DUBs
that were not present in the deep proteome data (CYLD,
OTUDI1, OTUD7A, USP12, USP2, and USP45; Figures S1, S2B),
highlighting the importance of studying the active DUBome
over regular expression studies. On the other hand, no members
of the MINDY and ZUFSP families and most metalloprotease
DUBs (JAMMS) are present in our active DUBome data. JAMMSs
DUBs are not supposed to react with the ABP probes utilized
due to the incompatibility of the reaction mechanism of the
probe to metalloproteases, and MINDY and ZUFSP proteins do
not seem to be expressed in the studied cell line. Since adding
a pre-fractionation step helped to get a better representation
of the DUBs, we also were able to obtain information about
different DUB isoforms. For instance, for USP28, three isoforms
produced by alternative splicing have been described (UniProt),
from which unique tryptic peptides were assigned to isoform
1 and 2 (Figure S5). For OTUD4, four isoforms have been
described to be produced by alternative splicing (UniProt). We
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hundred and two DUBs of the ubiquitin specific protease (USP), ubiquitin C-terminal hydrolases (UCH), ovarian tumor domain (OTU), JAMM, MINDY, JOS, and ZUP1
families are shown. In bold are the DUBs detected in the cellular proteome by active-site labeling, indicating cellular activity. *indicates inactive DUBs, in part because
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TL132-like (USP32P1), LOC339799 (EIF3FP3), ZRANB1 (TRABID), PSMD14 (RPN11/POH1), USP17L2 (DUBS), OTUDEB (DUBAS5, CGI-77), and PAN2 (USP52). In
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have detected unique peptides for isoforms 1 and 2, suggesting
that they are expressed at the protein level. Interestingly, at the
transcriptomics level, an OTUD4P1 pseudogene was detected
at high levels, but not the original OTUD4 mRNA (Figure 1
and Table S1). USP15 has been characterized as expressed in
four isoforms, from which isoforms 2 and 4 were confirmed
at the protein level. USP47 isoform 1 shares peptides with the
other forms and so was not distinguishable, but transcriptomics
confirms expression of its cognate mRNA (Table S1). USP48 is
expressed as eight isoforms generated by alternative splicing,
from which we confirm the detection of unique peptides
corresponding to isoform 1 and a shorter version referred to
as AOAOAOMRS6-1 (UniProt) (Figure S5). The biological role
of these isoforms is not currently understood, but mutations in
USP48, potentially affecting the different isoforms differently,
have been associated with Cushing’s disease (Chen et al., 2018).
The function of different DUB isoforms can be quite distinct,
such as USP35, whose isoform 1 is an anti-apoptotic factor
that inhibits staurosporine- and TNF-related apoptosis-inducing
ligand (TRAIL). In contrast, USP35 isoform 2 associates to the
endoplasmic reticulum (ER) and is also present at lipid droplets
(Leznicki et al., 2018). Another case is USP7, for which two
isoforms USP7/USP7S were described that differentially bind to
Herpes virus protein and are also phosphorylated not in the same
manner, affecting the degradation rate of USP7S independently
of USP7 (Khoronenkova et al., 2012). For neither USP35 nor
USP7 can we detect unique peptides that would discriminate
between these isoforms at the protein level. Together, when
we combine the sets of DUB proteomic, transcriptomic, and
activitomic profiles, we are extending the global cellular DUB
landscape in terms of expression and evidence for enzymatic
activity (Figure 7). Generally, DUB active-site labeling was better
reflected by protein abundance as compared to mRNA levels.
Marked exceptions were OTUD4, USP35, USP2, USP21, and
CYLD that were all detected by probe labeling, but not at
the protein level, indicating very low levels of expression.
The extended ABPP profiles provide deeper insights, such as
detecting low abundant DUBs, such as USP2, USP21, USP12,
USP46, and USP35 that have previously been challenging
to be within the detection range (Table S3 and Figure S2B).
Our study sets the framework for a better understanding of
how physiological and pharmacological interferences affect the
DUB enzyme family and their biological pathways at a global
scale. Furthermore, it will help to accelerate the development
of high-throughput ABP assays with a greater breadth of
selectivity panel and to monitor critical DUBs relevant for human
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Protein modification by Ubiquitin or Ubiquitin-like modifiers is mediated by an enzyme
cascade composed of E1, E2, and E3 enzymes. E1s, or ubiquitin-activating enzymes,
perform ubiquitin activation. Next, ubiquitin is transferred to ubiquitin-conjugating
enzymes or E2s. Finally, ubiquitin ligases or E3s catalyze the transfer of ubiquitin to the
acceptor proteins. E3 enzymes are responsible for determining the substrate specificity.
Determining which E3 enzyme maps to which substrate is a major challenge that is
greatly facilitated by the TULIP2 methodology. TULIP2 methodology is fast, precise,
and cost-effective. Compared to the previous TULIP methodology protocol, TULIP2
methodology achieves a more than 50-fold improvement in the purification yield and
two orders of magnitude improvement in the signal-to-background ratio after label
free quantification by mass spectrometry analysis. The method includes the generation
of TULIP2 cell lines, subsequent purification of TULIP2 conjugates, preparation, and
analysis of samples by mass spectrometry.

Keywords: ubiquitin, E3 enzymes, proteomics, post-translational modifications, mass spectrometry

INTRODUCTION

The development of liquid chromatography tandem mass spectrometry (LC-MS/MS)-based
proteomics technology has boomed in the past years, and, recently, a new strategy termed UbiSite,
enabled the identification of around 63,000 unique sites for ubiquitination at endogenous levels
of more than 10,000 proteins, including N-terminal ubiquitination (Akimov et al., 2018). The
identification of additional ubiquitination sites seems to be a matter of repeating the UbiSite
strategy with samples from different sources.

Determining which E3 enzyme is responsible for modifying which substrate is challenging.
Different strategies have been proposed for identification of specific E3 substrates. Many
of these strategies are based on indirect evidence. For example, investigating differences
in the ubiquitin proteome upon overexpression or depletion of a specific E3 (Song
et al, 2011; Sarraf et al., 2013; Thompson et al, 2014). Proteins that are enriched or
depleted, respectively, in their ubiquitination levels are considered putative ubiquitination
substrates for the specific E3 under investigation. However, the complexity of full ubiquitin
proteomes is high (Akimov et al., 2018), and low abundant ubiquitination targets might be
missed. Furthermore, results obtained from overexpression-based screens might be due to
overexpression artifacts. In the case of the knock down-based screens, E3 ligases can be
redundant on their targets, and some targets might be missed because their ubiquitination
is still performed by another E3 enzyme. E3 enzyme cascades exist, and the absence of
a specific ubiquitinated protein might be a result of an epistatic effect. Thus, every target
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has to be very carefully verified. As a consequence, indirect
approaches are unable to find E3-specific substrates in a
reliable manner.

A proposed direct approach is the employment of ubiquitin-
activated interaction traps, UBAITs (O’Connor et al., 2015),
which work both for Really Interesting New Gene (RING) and
Homologous to E6AP C-Terminus (HECT)-type E3 enzymes.
The UBAIT approach is based on the utilization of E3 enzyme-
ubiquitin fusions. The rationale behind this technique is that,
if a linear fusion between a specific E3 and ubiquitin is made,
the E3 will be prone to use this ubiquitin to conjugate it
to its ubiquitination target. Therefore, the E3 will remain
covalently bound to its target after ubiquitination, which allows
the later purification of the E3 together with its ubiquitination
target. Enabling subsequent identification by LC-MS/MS analysis
(Figure 1). The main pitfall of the UBait approach is that the
purification of the conjugates is based on epitope-antibody
interaction, which excludes the possibility of using denaturing
buffers. This disadvantage makes it difficult to distinguish
between ubiquitination targets and other potential strong
interactors of the E3s. Additionally, it is based on overexpression
of the constructs, so the occurrence of overexpression-derived
artifacts is a possibility.

Nevertheless, using the UBAIT as a base, we optimized and
designed a systematic methodology which we termed Targets
of Ubiquitin Ligases Identified by Proteomics (TULIP) (Kumar
et al., 2017). TULIP methodology employs 10xHIS nickel-based
purification, which allows the use of harsh denaturing buffers,
solving the drawback of being unable to distinguish between
ubiquitination targets and interactors of the E3. Moreover,
TULIP methodology is lentiviral based, employing an all-in-one
doxycycline-ON system followed by Gateway® cloning cassette
and puromycin as selection marker for infected cells. TULIP
methodology enables the generation of stable-inducible cell lines
where the expression levels can be titrated to near-to-endogenous
levels, minimizing the probability of obtaining results due to
overexpression. The C-terminal GlyGly motif of ubiquitin is
required for conjugation to a target. TULIP plasmids where
ubiquitin lacks the C-terminal GlyGly motif (TULIP-AGG) are
also available as negative controls. Furthermore, catalytically-
dead mutants of the E3 enzymes are used as an additional
negative control.

In this article, we describe an improved version of the
TULIP methodology (Kumar et al., 2017), which we have termed
TULIP2. TULIP2 introduces an extra 10xHIS N-terminal tag
preceding the Gateway® cloning cassette. The addition of the
extra 10xHIS tag results in an average improvement of more
than 50 times in terms of purification efficiency of the TULIP
conjugates and an improvement of two orders of magnitude
in the signal-to-background ratio after mass spectrometry and
Label Free Quantification (LFQ) analysis for the SUMO-Targeted
Ubiquitin Ligase (STUbL) RNF4.

METHODS

Materials, Reagents, and Antibodies
Dulbecco’s modified Eagle’s medium, penicillin/streptomycin
solution, trypsin-EDTA solution were acquired from Life

Technologies (Carlsbad, CA, USA). Fetal bovine serum was
from Biowest (Nuaillé, France). Di-sodium hydrogen phosphate
dihydrate (Na,HPO4e2H,0) was from VWR chemicals
(Radnor, PA, USA). Sodium dihydrogen phosphate monohydrate
(NaH,PO4eH,0), sodium chloride, trifluoroacetic acid, tween-
20, puromycin dihydrochloride and imidazole were acquired
from Merck (Darmstadt, Germany). Sodium dodecyl sulfate
(SDS), MOPS running buffer and Guanidine hydrochloride
99.5+% were acquired from Thermo Fisher Scientific
(Waltham, MA, USA). Nonidet P-40, formic acid (LC-MS
grade), methanol (chromasol HPLC), acetonitrile (HPLC grade),
MG132 (Z-leu-leu-leu-al) >90% HPLC, doxycycline, ponceau-
S, polyethylenimine (PEI), urea, ammonium bicarbonate,
polybrene, B-mercaptoethanol, and Triton X-100 were from
Sigma Aldrich (St. Louis, MO, USA). C18 (Octadecyl) matrix for
STAGE-tips was from Bioanalytical Technologies 3M Company
(St. Paul, MN, USA). Phosphate-Buffered Saline (PBS) was
from Fresenius Kabi (Bad Homburg, Germany). TRIS-Base was
from Roche (Basel, Switzerland). Velocity DNA polymerase
was from Bioline (London, UK). Elk milk powder was from
Campina (Zaltbommel, The Netherlands). Rabbit-anti-RNF4
(Eurogentec, custom made, Vyas et al., 2013), HRP-conjugated
Donkey-anti-Rabbit secondary antibody was from Thermo
Fisher Scientific. Western Bright Quantum Western blotting
detection kit was from Advansta (Menlo Park, CA, USA).

Generation of the TULIP2 Toolbox

For the construction of the TULIP2 plasmids, using the
previous TULIP plasmid (Kumar et al., 2017), a 1.7 Kbp
fragment was amplified by PCR with Velocity DNA polymerase
using either FW-Nhel-H-TULIP2: AGCTAGCATGCATCAC
CATCATCACCACCACCACCATCACCAATCAACAAGT
TTGTACAAAAAAGCTGAACG or FW-Nhel-HF-TULIP2:
AGCTAGCATGCATCACCATCATCACCACCACCACCATC
ACGATTACAAGGATGACGACGATAAGCAATCAACAA
GTTTGTACAAAAAAGCTGAACG as forward primer for
H-TULIP2 and HF-TULIP2, respectively, and RV-TULIP2:
AGAATTCCGGATGAGCATTCATCAGG as PCR
fragment was digested with Nhel and Agel restriction enzymes
and cloned between the Nhel and Agel sites within the
TULIP plasmids.

reverse.

Generation of TULIP2 Lentiviral Plasmids
TULIP2 plasmids are generated by Gateway® cloning (Thermo
Fisher Scientific) according to vendor instructions. LR reactions
are performed using a donor plasmid containing an E3 enzyme
c¢DNA without stop codon and a TULIP2 plasmid (Figure 2) as
destination vector. cDNAs from several E3 enzymes without stop
codon can be obtained from repositories such as DNASU (Seiler
et al,, 2014) or the CCSB Human ORFeome Project (Lamesch
et al., 2007). Additionally, cDNAs can also be subcloned into
donor vectors by Gateway® cloning BP reactions (Thermo Fisher
Scientific). In this article, we use pDONR207-RNF4, which was
previously described (Kumar et al., 2017).

Cell Culture
293T and U20S were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% Fetal Bovine Serum
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A HECT E3s B RING E3s

Denaturing Denaturing
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FIGURE 1 | Rationale of the TULIP2 methodology. Rationale is depicted for both HECT (A) and RING (B) E3 enzymes. (A) Activated ubiquitin linearly fused to a HECT
ES of interest will be conjugated to its respective E2 and transferred from the catalytic cysteine of the E2 to the catalytic cysteine of the HECT E3. Next ubiquitin will be
transferred from the catalytic cysteine of the E3 to the acceptor lysine of the E3-target protein. Ubiquitination target will remain covalently bound to the E3, enabling

the purification of the E3 together with the target protein. (B) Similar to A, but in this case the RING E3 catalyzes the transfer of its attached ubiquitin directly from the
catalytic cysteine of its respective E2 to the ubiquitination target. Hexagons represent non-covalent interactors of the E3s.
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FIGURE 2 | TULIP2 Constructs. Schematic representation of the TULIP2
cloning cassette including the TRE promoter, 10xHIS and tandem
10xHIS-FLAG tag, Gateway cloning cassette, linker containing 10xHIS and
active ubiquitin. *AGG constructs lack the C-terminal GG motif.

*
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(FBS) and 100 U/mL penicillin/100 pg/mL streptomycin at 37°C
and 5% CO2 unless specifically specified. The cells were regularly
tested for mycoplasma contamination.

TULIP2 Lentivirus Production

293T cells were seeded at 30% confluency in a T175 flask
containing 16 mL of DMEM + 10% FBS and allowed to attach
overnight. Next, a 2mL transfection mixture was prepared in
150 mM NaCl containing 7.5 pg pMD2.G (#12259, Addgene),
11.4 ng pMDLg-RRE (#12251, Addgene), 54 png pRSV-REV
(#12253, Addgene), 13.7 ng TULIP2 plasmid and 114 pL of
1 mg/mL Polyethylenimine (PEI) solution. All the components
were mixed by vortexing and incubated 10min at room
temperature. Subsequently, the transfection mix was added to the
cells. The day after transfection, culture medium was replaced
by fresh DMEM/FBS/Pen/Strep. Three days after transfection,
lentiviral suspension was filtered by passing through a 0.45 pm
syringe filter (PN4184, Pall Corporation). Lentiviral particle
concentration was determined using the HIV Type 1 p24 antigen
ELISA Kit (ZeptoMetrix Corporation).

TULIP2 Cell Lines

U20S cells were seeded in 15cm diameter plates at 10%
confluency (2 x 10° cells) and allowed to attach overnight.
Next day, cell culture medium was replaced with cell culture
medium containing 3.2 pg of lentiviral particles and polybrene
8 ug/mL final concentration. Twenty-four hours later, medium
was replaced with fresh medium. Three days after lentiviral
transduction, TULIP2 construct-positive clones were selected by
adding puromycin 3 pg/mL to the culture medium.

Purification of TULIP2 Conjugates

A method overview of TULIP2 methodology is provided in
Figure 3. Five 15 cm diameter plates of U20S cells were grown
up to 60-80% confluence and the expression of TULIP2 construct
was induced with 1 pg/mL doxycycline for 24 h. Next, cells were
treated for 5 h with proteasome inhibitor MG132 (Sigma Aldrich)
at 10 uM. Subsequently, cells were washed twice with ice-cold
PBS, scraped and transferred to a 50 mL tube. Cells were spun
down 5 min at 500 x g, supernatant was discarded and cells were
transferred to a 15 mL tube with 5 mL PBS. At this point, a 100 L

aliquot was taken to serve as input sample. After spinning down
1 min at 500 x g and discarding supernatant, input sample cells
were lysed in 100 L SNTBS buffer (2% SDS, 1% NP-40, 50 mM
TRIS pH 7.5, 150 mM NaCl). Rest of the sample was centrifuged
3 min at 500 x g and the supernatant discarded.

Cell pellet was lysed in 10 mL Guanidinium buffer (6M
guanidine-HCl, 0.1M Sodium Phosphate, 10 mM TRIS, pH 7.8).
Samples were homogenized at room temperature by sonication
using a tip sonicator (QI125 Sonicator, QSonica, Newtown,
USA). Sonication was performed at 80% amplitude during
5s. Subsequently, protein concentration was determined
by BiCinchoninic Acid (BCA) Protein Assay Reagent
(Thermo Scientific) and sample total protein content was
equalized accordingly.

Lysates were supplemented with 5mM B-mercaptoethanol
and 50 mM Imidazole pH 8.0. 100 L of nickel-nitrilotriacetic
acid-agarose (Ni-NTA) beads (QIAGEN), were equilibrated
with Guanidinium buffer supplemented with 5mM B-
mercaptoethanol and 50 mM Imidazole pH 8.0, added to
the cell lysates and incubated overnight at 4°C under rotation.

After lysate-beads incubation, samples were centrifuged 5 min
at 500 x g and the supernatant was discarded. Ni-NTA beads
were transferred with 1mL Wash buffer 1 (6 M Guanidine-
HC], 0.1 M Sodium Phosphate, 10 mM TRIS, 10 mM Imidazole,
5mM PB-mercaptoethanol, 0.2% Triton X-100, pH 7.8) to
an Eppendorf LoBind tube (Eppendorf). Centrifuged again,
supernatant discarded, and moved to a new LoBind tube with
Wash buffer 2 (8 M Urea, 0.1 M Sodium Phosphate, 10 mM
TRIS, 10 mM imidazole, 5mM p-mercaptoethanol, pH 8). Same
procedure was repeated with Wash buffer 3 (8 M urea, 0.1 M
Sodium Phosphate, 10 mM TRIS, 10 mM imidazole, 5mM B-
mercaptoethanol, pH 6.3). Next, beads were washed twice with
Wash buffer 4 (8 M urea, 0.1 M Sodium Phosphate, 10 mM
TRIS, 5mM p-mercaptoethanol, pH 6.3). In every wash step,
beads were allowed to equilibrate with the buffer for 15min
under rotation.

The steps for the purification of the TULIP2 conjugates are
indicated in a simplified manner in (Supplementary Protocol 1).

Trypsin Digestion

After second wash with Wash buffer 4, Ni-NTA beads were
separated from the buffer by passing through a 0.45pum filter
Ultrafree-MC-HV spin column (Merck-Millipore) which had
been previously equilibrated with 250 wL of ABC buffer (50 mM
ammonium bicarbonate). Using 400 L of ABC buffer, Ni-NTA
beads were transferred to a new Eppendorf LoBind tube and 500
ng of sequencing grade modified trypsin (Promega) were added
to the ABC buffer-beads suspension. Digestion was performed
overnight at 37°C while shaking at 1,400 rpm.

Electrophoresis and Immunoblotting

0.1% of the whole-cell extract (Inputs) and 5% of the HIS-purified
proteins (TULIP and TULIP2 conjugates) were separated on
Novex 4-12% gradient gels (Thermo Fisher Scientific) using
NuPAGE® MOPS SDS running buffer (50 mM MOPS, 50 mM
TRIS-base, 0.1% SDS, 1mM EDTA pH 7.7) and transferred
onto Amersham Protran Premium 0.45 NC Nitrocellulose
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are desalted by C18 STAGE-Tipping and analyzed by LC-MS/MS.
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FIGURE 3 | TULIP2 methodology overview. Cells stably containing the E3-TULIP2 expression cassettes are cultured up to 60-80% confluency. The expression of the
E3-TULIP2 constructs is induced for 24 h and then they are lysed in Guanidinium buffer and incubated overnight with Ni-NTA beads. Subsequently, beads are washed
with different washing buffers and on-the-beads digestion of TULIP2 conjugates with trypsin is performed overnight at 37°C while shaking. Next, digested peptides

blotting membrane (GE Healthcare) using a Bolt Mini-Gel
system (Thermo Fisher Scientific), which was used for both the
gel electrophoresis and the protein transfer to the membrane
according to vendor instructions.

Membrane was stained with Ponceau-S (Sigma Aldrich) to
determine total amount of protein loaded. Next membrane was
de-stained with PBS + 0.1% Tween-20 and, subsequently, was
blocked with Blocking solution (8% Elk milk, 0.1% Tween-20 in
PBS) for 1 h. Next, membrane was incubated overnight with 2 ml
of a 1:2500 dilution of anti-RNF4 antibody in blocking solution.
Next day, membranes were washed 3 times 10 min with PBS +
0.1% Tween-20. Subsequently, membranes were incubated for
1 h with a 1:5000 dilution of HRP-conjugated Donkey-anti-rabbit
secondary antibody in blocking solution and washed another 3
times 10 min with PBS+-0.1% Tween 20.

Chemiluminescence reaction was initiated with Western
Bright Quantum Western blotting detection kit and measured in
a ChemiDoc™ imaging system (BIO-RAD, Hercules, CA, USA).
The quantification of the signal corresponding to the TULIP
and TULIP2 constructs was done using FIJI software (Schindelin
etal., 2012).

Mass Spectrometry Sample Preparation
Trypsin-digested peptides were separated from the beads by
filtering through a 0.45 pm filter Ultrafree-MC-HYV spin column
(Merck-Millipore) which had been previously equilibrated
with 250 pL of ABC buffer. Flow through was collected
in an Eppendorf LoBind tube and acidified by adding
2% TriFlourAcetic (TFA) acid. Subsequently, peptides were
desalted and concentrated on STAGE-Tips as previously
described (Rappsilber et al., 2007). STAGE-Tips were in-
house assembled using 200 L micro pipet tips and a
C18 matrix. STAGE-Tips were activated by passing through
100 pL of methanol. Subsequently 100 pL of Buffer B
(80% acetonitrile, 0.1% formic acid), 100 pL of Buffer A
(0.1% formic acid), the peptide sample, and two times
100 pL Buffer A were passed through the STAGE-tip.
Elution was performed in 50 pwL of 50% acetonitrile, 0.1%
formic acid.

Samples were vacuum dried using a SpeedVac RC10.10
(Jouan, France) and stored at —20°C. Prior to mass spectrometry
analysis, samples were reconstituted in 10 pL 0.1% Formic acid
and transferred to autoload vials.
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LC-MS/MS

All the experiments were performed on an EASY-nLC 1000
system (Proxeon, Odense, Denmark) connected to a Q-
Exactive Orbitrap (Thermo Fisher Scientific, Germany) through
a nano-electrospray ion source. The Q-Exactive was coupled
to a 25 cm silica emitter (FS360-75-15-N-5-C25, NewObjective,
Woburn, MA, USA) packed in house with 1.9pm C18-
AQ beads (Reprospher-DE, Pur, Dr. Manish, Ammerbuch-
Entringen, Germany).

Twenty percent of the sample was injected in a 100 min
chromatography gradient from 0 to 30% acetonitrile and then
increasing to 95% acetonitrile prior to column re-equilibration
with flow rate of 200 nL/min. The mass spectrometer was
operated in a Data-Dependent Acquisition (DDA) mode with
a top-10 method and a scan range of 300-1,600 m/z. Full-scan
MS spectra were acquired at a target value of 3 x 10° and
a resolution of 70,000, and the Higher-Collisional Dissociation
(HCD) tandem mass spectra (MS/MS) were recorded at a target
value of 1 x 10° and with a resolution of 17,500, an isolation
window of 2.2 m/z, and a normalized collision energy (NCE) of
25%. The minimum AGC target was 1 x 10*. The maximum MS1
and MS2 injection times were 250 and 60 ms, respectively.

The precursor ion masses of scanned ions were dynamically
excluded (DE) from MS/MS analysis for 20 s. Ions with charge 1,
and >6, were excluded from triggering MS2 analysis.

Mass Spectrometry Data Analysis

All raw data were analyzed using MaxQuant (version 1.6.7.0)
as described previously (Tyanova et al., 2016a). We performed
the search against an in silico digested UniProt reference
proteome for Homo sapiens including canonical and isoform
sequences (27th May 2019). Database searches were performed
according to standard settings with the following modifications.
Digestion with Trypsin/P was used, allowing 4 missed cleavages.
Oxidation (M), Acetyl (Protein N-term), and GlyGly (for
ubiquitination sites) were allowed as variable modifications
with a maximum number of 3. Carbamidomethyl (C) was
disabled as a fixed modification. Label-Free Quantification was
enabled, not allowing Fast LFQ. All peptides were used for
protein quantification.

Output from MaxQuant Data were exported and processed
in MS Excel for further filtering, processing of the data,
and visualization.

For the statistical analysis of RNF4-TULIP2 samples, output
from the analysis in MaxQuant was further processed in the
Perseus computational platform (v 1.6.7.0) (Tyanova et al,
2016b). LFQ intensity values were log2 transformed. Potential
contaminants and proteins identified by site only or reverse
peptide were removed. Samples were grouped in experimental
categories and proteins not identified in 3 out of 3 replicates
in at least one group were also removed. Missing values were
imputed using normally distributed values with a 1.8 downshift
(log2) and a randomized 0.3 width (log2) considering whole
matrix values. Statistical analysis was performed to determine
which proteins were significantly enriched in the wild type RNF4
samples compared to the AGG samples (¢-test with permutation-
based False Discovery Rate (FDR) = 0.05 and SO = 0.1).

RESULTS

TULIP vs. TULIP2

Previously, TULIP methodology was employed to identify
the SUMO Targeted Ubiquitin Ligase (STUbL) RNF4 specific
ubiquitination targets (Kumar et al., 2017). In order to compare
the new TULIP2 methodology with the previous TULIP
methodology version, we cloned the RNF4 into the H-TULIP2
plasmids. Next, we generated lentiviral particles containing the
RNF4-TULIP2 constructs and used them to stably introduce
the RNF4-TULIP2 constructs in U20S cells by lentiviral
transduction. Positive clones were selected with puromycin.

Cells expressing RNF4-TULIP and RNF4-TULIP2 constructs
were grown in equal amount, induced for the same time and
treated for 5h with the proteasome inhibitor MG132. Next, cells
were lysed and the RNF4-TULIP and RNF4-TULIP2 conjugates
were purified in parallel following the TULIP methodology
protocol (Gonzalez-Prieto and Vertegaal, 2019) or the TULIP2
method introduced in this article, respectively (Figure4A).
Next, whole cell extracts and 5% of the HIS-pulldown samples
were analyzed by immunoblotting using an anti-RNF4 antibody
(Figure 4B). While the RNF4-TULIP2 constructs were expressed
relatively higher than their RNF4-TULIP counterparts by a factor
of 1.7, the amount of RN4-TULIP2 conjugates purified were
52.2 times higher compared to the amount of RNF4-TULIP
conjugates while using the same amount of starting material
(Figure 4C).

Next, we decided to perform a comparison using three
biological replicates of RNF4-TULIP2 samples and the RNF4-
TULIP samples from Kumar et al. (2017) both generated
after treating with the proteasome inhibitor MG132. In both
cases, 20% of the RNF4-TULIP or RNF4-TULIP2 samples
were injected in the mass spectrometer and analyzed using
the same chromatography gradients. All three biological
replicates of each sample set were grouped together for
performing comparisons. Signal corresponding to RNF4
was more than 8 times higher in the TULIP2 samples
compared to TULIP samples when looking at Intensity
or iBAQ MaxQuant output values and more than 5 times
in the case of the values of the Label Free Quantification
intensity (Figure 4D).

Previously, using TULIP methodology, we identified
components of the sumoylation machinery and other proteins
such as TOP2A, SLFN5, RADI18, and RNF216 as the most
important SIM- and MG132-dependent RNF4 targets. Using
TULIP2 methodology we were able to increase the number of
peptides, the percentage of sequence coverage, intensity, iBAQ,
and LFQ intensity values and the number of spectral counts
for all these RNF4 direct ubiquitination targets (Figure 4E,
Supplementary Dataset 1).

While TULIP methodology allowed us to identify SUMO E3s
and E2 as ubiquitination targets for RNF4, TULIP2 methodology
also identified the SUMO E1 enzyme (SAE1/UBA2) as an RNF4
ubiquitination target, indicating that, upon SUMOylation, all
the members of the SUMOylation machinery, including E1, E2,
and E3 enzymes, are targeted for degradation in an RNF4-
dependent manner.
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FIGURE 4 | TULIP vs. TULIP2. (A) Experimental design to compare TULIP vs. TULIP2. (B). U20S cells containing either RNF4-TULIP or RNF4-TULIP2 expression
cassettes were induced overnight with doxycycline, lysed and TULIP/TULIP2 conjugates purified according to TULIP or TULIP2 methodology, respectively. The
efficiency of the expression and the purification was analyzed by immunoblotting. Ponceau-S is provided as loading control. (C) Quantification of the intensity from the
immunoblotting analysis performed in (B). Intensity of the signal in TULIP samples is normalized as 1. (D) Graph depicting the log2 difference between RNF4-TULIP2
and RNF4-TULIP samples for RNF4 after mass spectrometry analysis in terms of Intensity, iBAQ or LFQ intensity. (E) Table indicating the values for number of
peptides, sequence coverage, log2 difference of intensities after LC-MS/MS analysis and spectral counts of top RNF4-specific ubiquitination targets comparing
RNF4-TULIP and RNF4-TULIP2 samples.
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Next, in order to generate a new list of RNF4 ubiquitination
targets by using TULIP2 methodology, we performed a second
analysis including RNF4-TULIP2 samples and RNF4-TULIP2-
AGG samples as negative control. We performed 3 biological
replicates of each construct in order to perform statistical
comparisons. Comparison between the RNF4-TULIP2 and
RNF4-TULIP2-AGG identified 409 RNF4-TULIP2 conjugated
proteins (Figure 5, Supplementary Dataset 2). Moreover, mass
spectrometry analysis also allowed to identify 372 specific
ubiquitination sites in 209 proteins (Supplementary Dataset 3),
including many members of the sumoylation machinery and the
previously identified as main ubiquitination targets targeted for
degradation by RNF4 in a SUMO-dependent manner.

DISCUSSION, ADVANTAGES, AND
PITFALLS

In this article we have performed a comparison between our
previously published TULIP methodology (Kumar et al., 2017)
and an improved version, which we have termed TULIP2
methodology. Compared to previous version, for the STUbL
RNF4, it achieves a more than 50 times improvement in terms of
purification efficiency (Figures 4B,C). This methodology can be
implemented in any laboratory interested in the identification of
the ubiquitination targets of a given E3 of interest. Furthermore,
the simplification of the protocol by suppressing the elution
and size exclusion filter-based sample concentration results in a
reduction of the execution costs of the experiments. Moreover,
the introduction of the HIS-FLAG TULIP2 plasmids allow the
employment of an anti-FLAG tag antibody when a good specific
antibody for immunoblotting is not available for the E3 enzyme
of interest or for unambiguous identification respect of the
endogenous E3 enzyme. Together, all these improvements enable
the implementation of the TULIP2 methodology in any research
group with access to a mass-spectrometry facility. To facilitate the
implementation of the TULIP2 methodology in any laboratory
we have included an annotated step-by-step protocol from the
induction of the expression of the TULIP2 constructs until the
isolation of the trypsin-digested peptides corresponding to the
TULIP2 constructs and conjugates.

The improvement achieved by TULIP2 allowed us not
only to have a better coverage of the RNF4 ubiquitination
targets after mass spectrometry analysis, but also to
identify new RNF4 ubiquitination substrates (Figures 4E, 5,
Supplementary Datasets 1, 2). Moreover, we could determine
the specific ubiquitination sites of many of the identified RNF4
targets (Supplementary Dataset 3). While previous TULIP
methodology allowed us to identify 31 ubiquitination sites on 16
proteins (Kumar et al., 2017), these numbers increased to 372
and 209, respectively, using TULIP2 methodology.

The improvement achieved by TULIP2 methodology
facilitates the identification of specific substrates for other E3
enzymes which are less stable, their ubiquitination targets less
abundant and/or have a lower ubiquitination activity than
RNF4. The identification of the E3-specific ubiquitination
substrates using TULIP methodology was still challenging and
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FIGURE 5 | RNF4-TULIP2 ubiquitination targets. Volcano plot depicting
RNF4-TULIP2 conjugates comparing to RNF4-TULIP2-AGG samples. Each
dot represents a protein. Green dots represent proteins that are statistically
enriched in the RNF4-TULIP2 samples compared to RNF4-TULIP2-AGG
samples for an FDR = 0.05 and SO = 0.1. Purple labeled dots represent
proteins relates to the SUMOylation machinery or top main ubiquitination
targets previously identified by TULIP methodology.

very large amounts of cells needed to be lysed to obtain the
minimum amounts of TULIP conjugates to allow identification
by mass spectrometry. TULIP2 methodology solves this major
drawback. TULIP2 is straightforward and enables the systematic
identification of the specific ubiquitination targets of virtually
every HECT- and RING-type E3 enzyme. Using Gateway cloning,
any E3-ligase cDNA can be cloned into the TULIP2 plasmids.

Nevertheless, the TULIP2 methodology still shares some
limitations with the previous version of the method (Kumar et al.,
2017). Some E3-TULIP2 constructs might not be functional due
to steric hindrance and the size of the E3 to be cloned into
the TULIP2 plasmids is limited by the capacity of the lentiviral
particles. As an indication, we have been able to clone E3 enzymes
with ¢cDNA sizes up to 6 kilobase pairs. Some E3-TULIP2
constructs might be very rapidly targeted for degradation by the
proteasome via autoubiquitination given that the already present
ubiquitin moiety is a signal for ubiquitin chain lengthening.
Thus, inhibition of the proteasome might be required to be
able to purify sufficient amount of TULIP2 conjugates to secure
identification by mass spectrometry.

It is also worth noting that, although TULIP2-attached E3s
represent a bulky tag that hamper the utilization of the attached
ubiquitin by other E3s to ubiquitinate their targets, potentially
ubiquitin moieties from the TULIP2 constructs can still be
used by other E3s. Thus, including catalytically dead mutants
of the E3s of interest as an additional negative control to the
AGG TULIP2 constructs might be advantageous. Finally, the
probability of success in identifying the specific ubiquitination
substrates for a given E3 enzyme highly depends on the sensitivity
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of the mass spectrometry equipment employed and the amount
of sample injected. The signal corresponding to the TULIP2
conjugates is commonly below the signal corresponding to the
common unspecific binders to Ni-NTA beads, making good
enrichment is critical for successful identification.
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A High-Throughput Assay for
Monitoring Ubiquitination in Real
Time

Tyler G. Franklin and Jonathan N. Pruneda*

Department of Molecular Microbiology and Immunology, Oregon Health & Science University, Portland, OR, United States

Protein ubiquitination is a highly orchestrated process that controls diverse aspects
of human biology. Dysregulation of this process can lead to various disease states
including cancer, neurodegeneration, and autoimmunity. It is the correction of these
dysregulated pathways, as well as the enticing ability to manipulate protein stability, that
have instigated intense research into the therapeutic control of protein ubiquitination.
A major bottleneck in the development and validation of small molecule modulators
is the availability of a suitable high-throughput assay for enzyme activity. Herein, we
present a new assay, which we term UbiReal, that uses fluorescence polarization to
monitor all stages of Ub conjugation and deconjugation in real time. We use the assay
to validate a chemical inhibitor of the E1 ubiquitin-activating enzyme, as well as to
assess the activities and specificities of E2s, E3s, and deubiquitinases. The sensitivity and
accessibility of this approach make it an excellent candidate for high-throughput screens
of activity modulators, as well as a valuable tool for basic research into the mechanisms
of ubiquitin regulation.

Keywords: ubiquitin, high-throughput screen, fluorescence polarization, ubiquitin ligase, deubiquitinase

INTRODUCTION

Post-translational regulation through attachment of the small protein modifier ubiquitin (Ub) is
a conserved and essential process among all eukaryotic life. Protein ubiquitination can regulate
diverse cellular processes including proteasomal degradation as well as protein trafficking, cell
cycle regulation, and immune signaling (Komander and Rape, 2012). Ub is typically attached via
its carboxy-terminus to a lysine residue on a target protein, resulting in a monoUb modification.
The vast diversity of Ub signaling roles arises from additional customization of the monoUb signal.
Unlike binary post-translational modifications such as phosphorylation or acetylation, Ub itself is a
protein and can thus be further post-translationally modified by e.g., ubiquitination. Ubiquitination
of Ub can occur at any of eight classical sites (seven lysine positions and the amino-terminus),
creating an array of polymeric Ub (polyUb) chains. MonoUb as well as each polyUb chain type
are believed to serve distinct signaling roles, for example chains linked through K48 are the classic
proteasomal degradation signal, whereas Metl-linked polyUb serves a specialized role in innate
immune signaling (Komander and Rape, 2012; Swatek and Komander, 2016). Additionally, target
proteins can be ubiquitinated at multiple sites, further diversifying the versatility of Ub signaling.
In humans, the Ub system is controlled by hundreds of regulatory proteins (Clague et al., 2015).
Ubiquitination occurs via a cascade of Ub “writing” enzymes that include an E1 Ub-activating
enzyme, an E2 Ub-conjugating enzyme, and an E3 UbD ligase (Figure 1A). The E1 Ub-activating
enzyme (of which there are two in humans) consumes ATP to activate the Ub carboxy-terminus

Frontiers in Chemistry | www.frontiersin.org

36 December 2019 | Volume 7 | Article 816


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00816
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00816&domain=pdf&date_stamp=2019-12-04
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:pruneda@ohsu.edu
https://doi.org/10.3389/fchem.2019.00816
https://www.frontiersin.org/articles/10.3389/fchem.2019.00816/full
http://loop.frontiersin.org/people/570590/overview
http://loop.frontiersin.org/people/819522/overview

Franklin and Pruneda Ubiquitination in Real Time

@

“A” “B” “C” “D” “E’!
MonoUb E1~Ub E2~Ub PolyUb Hydrolyzed
8.5 kDa 125 kDa 25 kDa Rising Falling

FP signal

220

200 -

0 50 100 150
Cycle #

FIGURE 1 | Overview of the UbiReal approach. (A) Schematic depicting the sequential states of ubiquitin conjugation that are monitored using UbiReal. Circled
numbers indicate the addition of protein and correspond to the data in part (B). Letters in quotations indicate the state of the ubiquitin complex and also correspond
to the changes in FP signal observed in (B). Approximate molecular weights of the complexes are provided and reflect the amplitude of the expected FP signal.
“Rising” in “D” corresponds to the rising FP signal from the ligation of chains by the E3 enzyme, and “falling” in “E” corresponds to falling FP signal from the activity of a
DUB enzyme. (B) Data representing the ability of UbiReal to comprehensively monitor the sequential steps of the ubiquitination pathway. Numbers and letters
correspond to protein additions and the states of ubiquitin complexes, respectively, as described in (A). For clarity, data are presented as cycles separated by 30s. In
this representative assay, “1” is the E1 UBE1, “2” is the E2 UBE2DS, “3” is the E3 NleL, “4” is WT Ub, and “5” is the DUB USP21. Graph is the average of two
identical, parallel experiments and representative of multiple other UbiReal experimental curves.

onto an E1 active site cysteine, creating a high-energy thioester Finally, Ub signals can be “erased” by specialized proteases
linkage (E1~Ub). Next, through a transthiolation reaction the termed deubiquitinases (DUBs, of which there are ~100 in
Ub is transferred from the E1 to the active site cysteine of an humans) that can edit or recycle the Ub signal back to its
E2 Ub-conjugating enzyme (of which there are ~35 in humans), =~ monomeric state (Figure 1A).
forming the E2~Ub conjugate. At this stage, the Ub can either In total, approximately 5% of human genes encode regulators
be transferred directly onto a substrate lysine in a reaction of Ub signaling. This significant evolutionary investment is
catalyzed by E3 ligases of the RING/U-box family (of which  illustrative of the strict regulation maintained over Ub signaling
there are hundreds in humans), or via one additional thioester ~ across its broad involvement in cellular processes. Perhaps
intermediate in the cases of the HECT and RBR families of E3 ~ unsurprisingly, breakdown of this regulation can often lead to
ligases (28 and 14 examples in humans, respectively) which utilize ~ disease (Popovic et al., 2014). Defects in Ub signaling are linked
their own active site cysteine to receive and transfer Ub onto a  to many cancers, as the dysregulation of E3 ligase or DUB
substrate. The resulting Ub signals are discriminately interpreted ~ activities can directly impact the stabilities of tumor suppressors
by Ub binding domains (of which there are >150 in humans) that ~ or oncogene products (Kirkin and Dikic, 2011). Ub proteasome
specifically “read” the modification and direct cellular outcomes. ~ system defects are also linked to neurodegenerative disorders,
which arise from an inability to degrade toxic protein aggregates
Abbreviations: Ub, ubiquitin; FP, fluorescence polarization; DUB, deubiquitinase; (Zheng et al, 2016)‘ In addition to affecting protein StabﬂitY’
HTS, high-throughput screen; T-Ub, TAMRA-Ub; F-Ub, Fluorescein-Ub. aberrant ubiquitination can result in constitutive activation of
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signaling pathways such as NF-«B, leading to autoimmune
diseases or tumor formation (Hu and Sun, 2016).

The Ub system is a major focus of recent pharmaceutical
research as it offers the opportunity to “drug the undruggable,
for example by stabilizing tumor suppressors or inducing the
degradation of oncogene products (Huang and Dixit, 2016). The
posterchild of successful therapeutics targeting the Ub system
is bortezomib (Velcade), which blocks proteasomal degradation
of ubiquitinated substrates and is an effective treatment for
multiple myeloma (Hideshima et al., 2001). Other efforts have
instead targeted the stability of individual proteins. For example,
inhibitors of the E3 ligase MDM2 show great promise in
preventing p53 ubiquitination, thus rescuing it from degradation
(Vassilev et al., 2004). Inhibitors have also been designed to
specifically block USP7, a deubiquitinase that would otherwise
protect MDM2 from Ub-mediated degradation (Kategaya et al.,
2017; Lamberto et al.,, 2017; Pozhidaeva et al., 2017; Turnbull
et al., 2017; Gavory et al, 2018). In an alternative approach,
protein-targeting chimeric molecules (PROTACs) can be used to
induce the degradation of target proteins by recruiting an E3 Ub
ligase (Coleman and Crews, 2018). Thus, we are entering a new
era of biomedical research centered around controlling the Ub
system as a means to correct disease states.

The development of small molecule modulators of
ubiquitination activities hinges upon the availability of robust
high-throughput screens (HTS) (Macarron and Hertzberg,
2009). Currently, screens for DUB activity are much more
advanced than those for Ub conjugation. The most widely
used substrates for high-throughput DUB assays are Ub-AMC
or Ub-Rhodamine, which fluoresce only after cleavage (Dang
et al., 1998; Hassiepen et al., 2007). Newer classes of mono- or
di-ubiquitin substrates contain a bona fide isopeptide linkage
and allow for reaction monitoring through either fluorescence
polarization (FP) or FRET (Ye et al,, 2011; Geurink et al,, 2012,
2016; Keusekotten et al., 2013). Still, the available DUB substrates
for HTS are very simplified, and do not always accurately
reflect the genuine ubiquitinated substrate. In the case of Ub
conjugation, screens are much less standardized. It seems that
no single method can be applied universally to measure the
activities of E1, E2, or E3 enzymes (Sun, 2005; Krist et al., 2016;
Foote et al., 2017; Park et al., 2017). Further, most assays require
a development step which precludes any kinetic measurement
in real time (Sun, 2005; De Cesare et al., 2018). A robust and
universal HTS to monitor inhibition or activation along each
point in the E1-E2-E3 enzyme cascade would be extremely
enabling for both mechanistic studies of Ub transfer as well as
small molecule modulator screens.

We present a simple HTS, which we term “UbiReal,” that can
track all stages of Ub conjugation and deconjugation in real time.
Using fluorescently-labeled Ub, we show that every step of the Ub
cascade can be measured by FP in a low volume, high-throughput
format. Specifically, we demonstrate the utility of UbiReal for
measuring E1 activation, E2~Ub discharge and specificity, E3-
dependent Ub chain formation, and DUB-dependent hydrolysis.
We highlight the utility of UbiReal for studying small molecule
modulators by recapitulating the ICsq value of the E1 inhibitor
PYR-41 (Yang et al,, 2007), as well as for answering basic

biochemical questions such as E2-E3 pairing and Ub chain
specificity. With minimal adjustment, we are confident that this
assay could be applied to any E1/E2/E3/DUB system across both
Ub and Ub-like (e.g., NEDD8 or SUMO1/2/3) signaling systems,
enabling real time measurement of enzyme activities.

METHODS

Protein Expression and Purification
Fluorescein-Ub (F-UDb), labeled at all primary amines, was
purchased from Boston Biochem (U-590). TAMRA-UD (T-Ub),
labeled only at the amino-terminus, was a kind gift from P.
Geurink (Leiden University Medical Centre). Wild-type and
mutant Ub proteins were prepared according to Pickart and
Raasi (2005) with slight modifications. Briefly, Ub was expressed
from the pET-17b vector by autoinduction at 37°C for 48h.
Cells were resuspended in 25 mM Tris (pH 8.0), 200 mM sodium
chloride and lysed by sonication. The clarified lysate was acidified
with perchloric acid to a final concentration of 0.5% v/v. Some
Ub mutants were more sensitive to acid precipitation, and in
these cases the acid content was limited to 0.2%. The soluble
fraction from the acid precipitation was dialyzed into 50 mM
sodium acetate (pH 5.0), loaded onto a HiPrep SP FF 16/10 ion
exchange column (GE Life Sciences), and eluted with a linear
gradient to 500 mM sodium chloride. Ub-containing fractions
were pooled, concentrated using an Amicon centrifugal filter (3K
MWCO, EMD Millipore), and further purified with a HiLoad
Superdex 75 pg size exclusion column equilibrated in 25 mM
sodium phosphate (pH 7.4), 150 mM sodium chloride. Purified
Ub fractions were pooled, concentrated, and flash frozen for
storage at —80°C.

Human E1 (UBE1) was purified by activation to a GST-Ub
column, according to Gladkova et al. (2018). UBE2D3, UBE2L3,
UBE2N, and NEDDAL were purified from the pGEX6P-1 vector
following overnight induction at 18°C with 0.2 mM IPTG. Cells
were resuspended in 25mM Tris (pH 8.0), 200 mM sodium
chloride, 2 mM f3-mercaptoethanol and lysed by sonication. The
clarified lysate was applied to glutathione agarose resin (Pierce)
and washed according to the manufacturer’s recommendations.
E2s were eluted from the resin by overnight cleavage with GST-
3C protease at 4°C, and the resulting protein was dialyzed
into 25mM sodium phosphate (pH 7.4), 150 mM sodium
chloride, 1 mM DTT, flash frozen, and stored at —80°C. NleL
was purified according to Hospenthal et al. (2013). E4BU was
purified according to Nordquist et al. (2010). USP21 was purified
according to Ye et al. (2011) with the SUMO tag left intact.
OTUBL1* and AMSH* were purified according to Michel et al.
(2015). ChlaDUB1 was purified according to Pruneda et al.
(2016). All proteins were quantified by absorbance at 280 nm.

General Assay Parameters

T-Ub assays were monitored using fluorescence polarization (FP)
on a BMG LabTech ClarioStar instrument using settings suitable
for the TAMRA fluorophore with an excitation wavelength
of 540nm, an LP 566nm dichroic mirror, and an emission
wavelength of 590 nm. F-Ub assays were similarly monitored,
with an excitation wavelength of 482 nm, an LP 504 nm dichroic
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mirror, and an emission wavelength of 530 nm. FP experiments
were typically 1-2h in length and FP values were read every
30-60 s with 20 flashes per sample well, unless otherwise noted.
FP experiments were performed using Greiner 384-well small-
volume HiBase microplates, with samples in 25mM sodium
phosphate (pH 7.4), 150 mM sodium chloride, 10 mM MgCl, at
a final volume of 20 L unless otherwise noted.

Generally, depending on the assay, a master starting solution
was prepared with each component shared by all samples in the
assay (e.g., E1, MgCly, T-UDb), and distributed to each sample well.
The master solution components were calculated so that desired
concentrations would be achieved in a final 20 wL volume and
a volume of <20 wL master solution could be added to each
well. Then, the experimental components (e.g., inhibitors, E2s,
ATP, etc.) or buffer were added to sample wells such that the final
desired volume of 20 WL was achieved.

Complete UbiReal Curve Generation

T-Ub at a final concentration of 100nM in 25mM sodium
phosphate (pH 7.4), 150 mM sodium chloride, 10 mM MgCl,
and 5mM ATP was monitored for 17 cycles. After cycle 17, E1
was added to a final concentration of 125nM and monitored.
After cycle 34, UBE2D3 was added to a final concentration of
300 nM and monitored. After cycle 57, NleL was next added to
a final concentration of 700 nM and monitored. After cycle 78,
unlabeled WT Ub was added to a final concentration of 25 uM
and monitored. Finally, after cycle 124, USP21 was added to
a final concentration of 250nM and monitored to cycle 150.
FP readings were paused prior to the addition of protein, and
resumed after protein had been added to the sample wells. The
UbiReal curve shown is the average of two identical sample wells
and is representative of several experiments.

E1 Inhibition

0.5 pL of E1 inhibitor PYR-41 (Sigma-Aldrich, N2915) dissolved
in DMSO at various dilutions was added to sample wells
containing 125nM El1 and 100nM T-Ub to final PYR-41
concentrations of 75, 50, 33, 25, 20, 16, 10, 8, 6, 2.5, or 0.5 WM.
FP was briefly monitored for 10 cycles before initiating the
E1~Ub charging reaction with a 1 pL addition of ATP to a
final concentration of 5mM. FP was continuously monitored
for approximately 1h, at which point it had stabilized. An
uninhibited control sample that received 0.5 wL of DMSO instead
of PYR-41 was used to determine the maximal E1~Ub charging
FP signal.

To determine the inhibition of the E1, the FP values for each
PYR-41-treated sample were normalized to its starting FP signal
before ATP addition (0% activity), and to the final signal of the
uninhibited DMSO control, which served as the maximum FP
signal in the assay (100% activity). The initial signal in each
sample was determined by averaging the 10 values before ATP
addition, and the final signal for each sample was determined
by averaging the final 10 values. Each sample was prepared in
triplicate, and the experiment was performed separately 3 times.

To construct the ICsg curve, the unnormalized FP values were
used. The final 10 FP values for each sample were averaged

and this was used as the final value to plot against the PYR-
41 concentration. This was done for each of the 3 separate
experiments as before, giving 3 values at each concentration
except the 33 WM PYR-41 sample, which had 2 final values. The
non-linear regression calculation in GraphPad Prism was used to
fit the curve and calculate the final ICs value.

E2 Amino Acid Reactivity

Master solutions resulting in final concentrations of 25mM
sodium phosphate (pH 7.4), 150 mM sodium chloride, 100 nM F-
Ub, 10 mM MgCly, 125nM E1 and either 5mM ATP or no ATP
were incubated at RT for 10 min before addition to sample wells.
FP was monitored for 5 cycles before addition of either UBE2D3
or UBE2L3 to a final concentration of 300 nM, while a subset of
UBE2D3 samples also received an addition of E4BU to a final
concentration of 2.5 WM. Samples next received an addition of
either no amino acid (buffer alone), lysine, or cysteine to a final
concentration of 0, 37.5mM, or 37.5 mM, respectively. Samples
were monitored by FP for approximately 2 h.

E3 Ligase Assay

A master solution resulting in final concentrations of 25mM
sodium phosphate (pH 7.4), 150 mM sodium chloride, 10 mM
MgCl,, 100 nM T-Ub, 125 nM E1, 2 uM E2 (UBE2D3 or UBE2N)
and 2 uM E3 NEDDA4L, or a master solution lacking E3 NEDD4L
as a control, was added to sample wells. Samples then received
a 3 puL addition of either 250 M WT Ub, lysine-less Ub,
methylated Ub, one of the seven Ub K-only mutants, or one of
the seven K-R Ub mutants, resulting in a final concentration of
37.5 M unlabeled Ub in each sample well. The control lacking
NEDDA4L received WT Ub. FP was monitored for 5 cycles, before
initiating the Ub cascade with a 1 pL addition of ATP to a
final concentration of 5 mM. FP was monitored for an additional
75 cycles over the course of approximately 2h. Each sample
was prepared in triplicate, with the FP values averaged at each
timepoint. The FP value at each time point was normalized to the
average of the sample’s initial 5 FP values before ATP addition
(0% activity), and to the final 5 FP values of the WT Ub sample
(100% activity).

DUB Treatment

Ub chains were created in a master solution resulting in final
concentrations of 25 mM sodium phosphate (pH 7.4), 150 mM
sodium chloride, 10 mM MgCl,, 100 nM T-Ub, 125nM E1, 2 uM
E2 UBE2D3, 2puM E3 NEDDA4L, 50uM WT Ub, and 5mM
ATP, or a master solution lacking ATP as a control. The master
solutions were incubated at 37°C for 1h while shaking at 500
rpm, and then distributed into sample wells containing a final
concentration of 10 mM DTT. FP signal was monitored for 10
cycles before DUB addition.

DUBs were incubated at room temperature for 15min in
25mM sodium phosphate (pH 7.4), 150 mM sodium chloride,
10mM DTT, and 30 mM EDTA. After incubation, DUBs were
added to the sample wells containing NEDD4L-generated Ub/T-
Ub ubiquitination products. In this assay AMSH had a final
concentration of 250 nM, while ChlaDUB1, OTUB1, OTULIN,
and USP21 had final concentrations of 600 nM. Following DUB
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addition, deubiquitination was monitored for approximately
2h. The FP values at each timepoint were normalized to the
sample’s averaged FP value prior to DUB addition (0% activity),
and to a corresponding control sample that contained all
components except for ATP, representing an unconjugated Ub
signal (100% activity).

Data Analysis

Data was first analyzed using the MARS data analysis software
from BMG LABTECH. The fluorescence polarization values were
calculated by the MARS software using the equation:

-
I+L

FP = 1000 x (1)

where || and L are the measured values from the parallel
and perpendicular channels, respectively, both in units of mP.
Averages and standard deviations of FP data were calculated and
plotted using GraphPad Prism.

7' values were calculated for each assay according to
the equation:

_ (304 + 30.-)

et — te—]|

Z =1 (2)

where 4+ and p— are the means of the positive and negative
controls, respectively, and o.y and o._ are the standard
deviations of the positive and negative controls, respectively.

RESULTS

FP is a sensitive measure of a molecule’s tumbling behavior in
solution. Though primarily used to study protein-protein
interactions, previous studies using FP to discriminate
monomeric Ub from polyUb chains (Ye et al., 2011; Keusekotten
et al.,, 2013; von Delbriick et al., 2016; Mot et al., 2018) led
us to reason that FP could be used to monitor the passage
of fluorescent Ub through the entire ubiquitination cascade
(Figure 1A). Using Ub labeled with tetramethylrhodamine
(TAMRA) at its amino-terminus (T-Ub), we could show that
conjugation onto the E1 active site resulted in a large shift in FP
(Figure 1B, step 1). Addition of the E2 Ub-conjugating enzyme
UBE2D3 led to rapid formation of the E2~Ub conjugate,
with an intermediate molecular weight and corresponding FP
value (Figure 1B, step 2). Subsequent addition of the bacterial
HECT-type E3 ligase NleL resulted in a modest increase in FP
(Figure 1B, step 3), which dramatically increased over time
following the addition of excess unlabeled Ub into the system
(Figure 1B, step 4). These Ub modifications (most likely polyUb)
could then be removed with the nonspecific DUB USP21, which
was evident by a decrease in FP value with time (Figure 1B,
step 5). Thus, the entire Ub conjugation and deconjugation
cycle could be observed in real time simply by tracking the
FP of labeled Ub. Our subsequent work with this method
focused on analyzing the discrete steps of Ub conjugation and
deconjugation to evaluate the utility of UbiReal for measuring
activity and specificity.

Focusing first on Ub activation, we measured E1 activity in
response to increasing concentrations of the previously described
chemical inhibitor PYR-41 (Yang et al., 2007). By incubating
El with PYR-41 and subsequently initiating the reaction with
ATP (Figure 2A, step 1), EI~T-Ub complex formation could
be monitored over time (Figure2A). Data were normalized
to FP values before ATP addition (0%) and to the endpoint
of the DMSO-only control (100%). Effects of PYR-41 addition
could be observed as a loss in activity ranging from no to
complete inhibition (Figure 2A). We noted a moderate degree
of variability in our FP measurements, possibly arising from
the addition of DMSO, but still calculated an overall Z* value
of 0.59 [a measure of signal-to-noise in HTS where values in
the range of 0.5-1.0 are considered “excellent” (Zhang et al.,
1999)]. E1 activities reported by our assay showed a logarithmic
trend with increasing concentration of PYR-41 (Figure 2B).
Using a non-linear regression, an ICs value for inhibition of
E1~Ub conjugation by PYR-41 under our assay conditions
was determined to be 9.15uM (Figure 2C), in agreement with
previously reported values (Yang et al., 2007).

Gel-based Ub discharge assays have been used previously to
measure the ability of E2 enzymes to transfer Ub onto free amino
acids as a simplified model for substrates (Wenzel et al., 2011;
Pruneda et al., 2012; Buetow et al., 2018). Using Ub labeled with
fluorescein at all primary amines (F-Ub), amino acid reactivity
and specificity were measured for the E2 enzymes UBE2D3 and
UBE2L3 (Figure 3A). Using activated E2~F-Ub as a starting
material, the free amino acids Cys and Lys were added and
discharge was measured as the return to unconjugated F-Ub
FP values over time (Figures 3B,C). As expected from previous
work (Wenzel et al., 2011), UBE2D3 demonstrated the ability
to transfer F-Ub to both Cys and Lys amino acids (Figure 3B),
whereas UBE2L3 was largely Cys-specific (Figure 3C), indicating
that it cannot directly ubiquitinate substrate Lys residues but
must act through a HECT/RBR E3 intermediary. As an E2 that
can directly ubiquitinate Lys residues, UBE2D3 functions with
RING/U-box E3 ligases to efficiently transfer Ub. Addition of the
U-box E3 ligase E4BU to the UBE2D3~F-Ub conjugate already
promoted discharge of the thioester linkage (Figure 3B, step 1),
and in the presence of free Lys resulted in an enhanced rate
of Ub transfer (Figure 3B, step 2) as observed in previous gel-
based assays (Pruneda et al., 2012). Overall, the UbiReal method
provided a straightforward approach for observing the specificity
and activation of E2 Ub-conjugating enzymes.

E3 ligases traditionally facilitate the final transfer of Ub onto
a substrate, but even in the absence of substrate, E3s will often
autoubiquitinate themselves or form free Ub chains in vitro.
Gel-based assays typically report this activity as a “smear” of
Ub modifications in the high molecular weight range that is
difficult to reliably quantify. As shown in Figure 1B, the UbiReal
approach can be used to monitor E3 ligase activity, particularly
after the addition of excess unlabeled Ub that continually builds
high molecular weight products that contain T-Ub. Using a
different HECT-type E3 ligase, NEDDA4L, we could again show
robust ubiquitination activity that builds with time (Figure 4A).
Importantly, this activity was dependent upon known E2-E3
specificity (Kamadurai et al., 2009), as UBE2D3 could generate
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all PYR-41 inhibition experiments. (B) Inhibition of E1~T-Ub complex by
PYR-41 represented using the end-point FP values at each PYR-41
concentration. The dashed lines represent the approximate PYR-41
concentration at which 50% E1~T-Ub complex inhibition occurs. Data are
normalized as in (A). Data are from 3 separate experiments that each include 3
technical replicates for all PYR-41 concentrations (see section Methods). Data
are reported as Mean + SD. (C) ICsy graph generated using the end-point FP
values as in (B). Data was fitted and an ICsq value was calculated using a
non-linear regression in GraphPad Prism. Data are from the same experiments
as (B), with data reported as Mean + SD.
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large ubiquitinated products with NEDD4L but not UBE2N,
an E2 that typically functions with UBE2V2 and RING/U-box
ligases (Figure 4A).
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UBE2N monitored over time using UbiReal. Reactions are initiated with ATP at
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FIGURE 4 | time 0. Data for each sample is normalized to its starting FP value
before ATP addition (0% activity) and to the final values of the
NEDDA4L+UBE2D3+WT Ub sample (100% activity). Data are reported as the
Mean from an experiment with 3 technical replicates, with representative error
reported as Mean + SD for the NEDD4L+UBE2D3+WT Ub sample. Data for
this and subsequent panels were collected together, and the UBE2D3 and
T-Ub data are included as positive and negative controls, respectively, in the
panels to follow. (B) Monitoring polyUb vs. monoUb formation by NEDDA4L and
UBEZ2DS3 over time. Reactions are initiated with ATP at time 0. KO Ub is a
mutant lacking all Lys; Me-Ub is methylated at each primary amine. Data are
reported and normalized as in (A). (C) Ub chain ligation by NEDD4L and
UBE2DS3 over time using a mutant KR Ub panel that has individual Lys
residues mutated to Arg (K63R has every Lys except K63, etc.). Reactions are
initiated with ATP at time 0. Data are reported and normalized as in (A), with
representative error reported as Mean =+ SD for some samples. (D) The same
experiment as (C). but using a mutant Ko Ub panel that contain only a single
Lys residue, with all other Lys mutated to Arg (K630 contains only K83, etc.).
Data are reported and normalized as in (A), with representative error reported
as Mean + SD for some samples.

NEDDA4L, as a HECT-type E3 ligase, controls the context of
the final ubiquitinated product, i.e., mono- vs. polyubiquitination
as well as the Ub chain specificity (Kim and Huibregtse, 2009). As
the bulk of the ligase-dependent ubiquitination signal develops
after an influx of unlabeled Ub, we sought this opportunity
to instead supplement mutated Ub that could inform on
the type of Ub modification. By supplementing the reaction
with KO Ub (in which all seven Lys residues are mutated
to Arg) or Me-Ub (in which all primary amines have been
methylated), the FP signal rose to only 50% of that observed
with WT Ub (Figure 4B). Interestingly, this result suggested
that approximately half of the FP signal originated from mono-
or multi-mono-autoubiquitination, with the remaining activity
originating from chain-building activity of NEDDA4L.

To probe the type of polyUb chain formation observed
in the NEDDAL reaction, two additional sets of mutated Ub
were used. The first set consists of all possible Lys-to-Arg
mutants, each eliminating one potential site of chain linkage
(e.g., K63R). As expected for the K63-specific ligase NEDDAL,
addition of the K63R mutant Ub decreased the ubiquitination
signal to levels consistent with the KO Ub control, whereas
most other Lys-to-Arg mutants had little effect on product
formation (Figures 4B,C). Interestingly, the K27R mutant Ub
also produced less ubiquitination signal and could indicate a
local disruption in the Ub structure (K27 is the most buried of
all Lys) or in some interaction with the conjugation machinery.
The second set consists of Ub K-only mutants, in which six
of the seven Lys residues have been mutated to Arg leaving
only one behind (e.g., K630). With this panel, only the K630
mutant could generate a ubiquitination signal similar to WT,
whereas all other mutants behaved like the KO Ub control
(Figures 4B,D). Together, these experiments confirm the K63
specificity of NEDD4L (Maspero et al., 2013) and illustrate the
utility of the UbiReal approach for studying E3 ligase activity.

In our initial experiments addressing the measurement of
DUB activity, we observed an incomplete reduction in FP signal
using the DUB USP21 (Figure 1B, step 5), though we expected
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the non-specific activity of USP21 toward both mono- and
polyubiquitination (Hospenthal et al., 2015) to return the FP
signal to unconjugated T-Ub values (Figure 1A) To understand
the discrepancy, several control experiments were prepared to
observe the behavior of USP21 under our assay conditions.
The Ub conjugation assay components (T-Ub, E1, UBE2D3,
NEDDA4L, and WT Ub) were incubated with or without ATP, and
this was used as the starting substrate to which each DUB was
added. Interestingly, when combined with the —~ATP sample that
could not support Ub conjugation, the USP21-treated sample
increased in FP over time, most likely a result of noncovalent
interactions between T-Ub and USP21 (Figure 5A). The +ATP
sample treated with USP21 decreased to the same FP value as
the —ATP sample by the end of the time course, indicating
that complete deubiquitination had occurred (Figure 5A). For
other DUBs like ChlaDUBI, an effector protein from Chlamydia
trachomatis that preferentially cleaves K63 chains (Pruneda et al.,
2016), the background present in the —~ATP samples was not as
significant as for USP21 (Figure 5A), but a —ATP sample was
prepared nonetheless for each DUB in subsequent experiments
to control for potential background binding. These experiments
established a key foundation for the following DUB assays,
but also suggest that USP21 most likely suffers from product
inhibition resulting from a high affinity for free Ub, as has
previously been shown for USP2 (Renatus et al., 2006).
UbiCRest is a powerful method that has been used to
determine the type of ubiquitination present in a sample
through treatment with Ub chain-specific DUBs (Hospenthal
et al,, 2015). Though normally interpreted using a gel-based
readout, we applied the UbiCRest strategy to NEDD4L-generated
ubiquitination in order to detect DUB activity through the
release of T-Ub. Using AMSH, an endosome-associated DUB
that preferentially cleaves K63 chains, cleavage of the NEDD4L
assembly was observed to approximately 40% remaining FP
signal, and when combined with USP21, complete cleavage was
observed (Figure 5B). This result suggested that while AMSH
can cleave the K63-linked polyUb, it cannot remove monoUb
modifications which likely account for the ~40% remaining
signal (consistent with Figure 4B). ChlaDUBI alone cleaved
the Ub assembly to around 20% remaining, and together with
USP21 could completely remove all modifications (Figure 5B).
This suggested that ChlaDUBI, unlike AMSH, appears to be
more promiscuous toward monoubiquitination. K48-specific
OTUB1 and Metl-specific OTULIN were used as negative
controls that should not have deubiquitinating activity toward
NEDD4L-generated chains, and the slight drift observed in
these samples could be an experimental artifact or low-level
cleavage (Figure 5B). Taken altogether, the UbiCRest approach
for characterizing ubiquitination in our assay was effective at
identifying both the amount and type of polyUb present.

DISCUSSION

In an effort to address a longstanding need for a robust HTS
for Ub conjugation, we have designed and tested UbiReal as
a real-time assay for monitoring all ubiquitination activities.
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FIGURE 5 | DUB activity and UbiCRest analysis of polyUb chain types. (A)
Monitoring deubiquitination over time with DUBs USP21 and ChlaDUB1 using
UbiReal. Curves show the raw FP signal of USP21 or ChlaDUB1 activity
against samples containing a NEDDAL ligation mixture + ATP. +ATP samples
represent DUB activity against NEDD4L-generated chains while —~ATP samples
represent background FP signal where no ligation activity could occur.
Reactions were initiated by addition of the DUB at time 0. +ATP samples are
reported as the Mean of 3 technical replicates while ~ATP samples are a
representative single sample. (B) Monitoring deubiquitination over time with
DUBs USP21, OTUB1, OTULIN, ChlaDUB1 + USP21, and AMSH + USP21.
The polyUb and monoUb brackets indicate the observed contributions of
monoUb and polyUb in the NEDDAL ligation mixture. Data are from the same
assay as (A). and are reported in the same manner, with representative error
reported as Mean + SD for the ChlaDUB1+USP21 sample.

UbiReal uses commercially-available fluorescently-labeled Ub
to track the progression through El, E2, and E3 enzymes by
the molecular weight and resulting fluorescence polarization
changes associated with each step. Using this approach,
ubiquitination activities can be observed in a highly parallel
manner that consumes remarkably little material (on the
order of 10 ng of labeled Ub per reaction). Unlike other more
specialized approaches, UbiReal offers a universal method
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that allows the user to directly observe each consecutive step
of Ub conjugation, from the El through to the E2, E3, and
substrate ubiquitination. Furthermore, the ubiquitination
products assembled using this method provide a more
complex, realistic substrate that can be used to monitor
DUB activity. In our trials, we found that UbiReal was able
to provide both quantitative measurements of activity as well
as qualitative insights into mechanisms and specificities of
Ub transfer.

As a test of its power to assay small molecule modulators,
we used UbiReal to monitor the inhibition of E1 Ub-activating
function in response to the PYR-41 inhibitor. In a dose-response
experiment, we determined the ICsy of PYR-41 to be 9.15 uM,
consistent with the reported estimation of <l0pM from a
radioactive gel-based assay (Yang et al., 2007) and a fluorescent
activity-based probe assay (An and Statsyuk, 2013). We chose to
analyze this experiment as an endpoint assay as PYR-41 is an
irreversible inhibitor, but the same experiment provides kinetic
information as well and could easily be used to measure effects of
competitive inhibitors on initial velocity. From our experimental
control data, we determined Z’ values in the range of 0.59-
0.95 for all of our directed UbiReal experiments measuring
El, E2, E3, and DUB activities, indicating that under these
conditions UbiReal provides excellent signal-to-noise ratios that
are compatible with HTS. With minor adjustments, we expect
that the UbiReal approach could be an effective HTS for any
regulator of ubiquitination.

The UbiReal method was also useful for determining
several qualitative aspects of Ub conjugation and deconjugation.
Simplified amino acid reactivity assays provide a straightforward
measure of E2 enzyme activity, and we showed that UbiReal
is able to recapitulate both the reactivity profiles of several E2
enzymes as well as the reactivity enhancement mediated by
RING/U-box E3 ligases. By supplementing the reaction with
unlabeled Ub, we observed robust E3 ligase activity in the form of
autoubiquitination. By changing the nature of the supplemented
Ub, we were able to distinguish mono- vs. polyubiquitination as
well as determine the preferred Ub chain type. To corroborate
this chain type determination, we applied a simplified UbiCRest
approach to our assay in order to observe which chain-specific
DUBs could reduce the FP of our samples back to a monoUb
value. Just as in the gel-based UbiCRest approach, by treating
with DUBs singly or in combination, we observed complete,
partial, or negligible collapse of FP values that indicate both the
chain type and mono- vs. polyUb architecture present in our
complex ubiquitinated sample. These proof-of-principle studies
indicate the applicability of UbiReal across the entire Ub cascade.
Though we focused on aspects of Ub transfer specificity, the same
approach could be used to study the mechanisms of Ub transfer,
for example by incorporating structure-guided mutations. As
an alternative to conventional gel-based assays, UbiReal can
provide quantitative information in less time with less material.
Furthermore, by separating each stage of Ub transfer, in one assay
the user can isolate the precise step (e.g., E2~Ub formation vs.
discharge) that is affected by perturbations such as mutations or
small molecule modulators.

Existing HTS for Ub conjugation have primarily focused on
observation of the final ubiquitinated substrate. The bulk of
these methods rely on either direct detection of Ub following
enrichment of substrate (e.g., ELISA), or detection of Ub in
close proximity to substrate (e.g., FRET or AlphaScreen). Because
these assays are specialized for detecting ubiquitinated substrate,
they are not well-suited for monitoring each stage of Ub
conjugation separately. Fluorescence polarization provides the
unique opportunity to track Ub based on its tumbling rate in
solution vis-a-vis its molecular weight. This approach has been
used to track different aspects of the Ub system before. By
either placing the label on the substrate or the Ub itself, E2-
or E3-mediated polyUb chain formation has been observed by
increasing FP (von Delbriick et al,, 2016; Mot et al., 2018).
Specialized Ub substrates can also be used to directly monitor
the activities of HECT- or RBR-family E3 ligases by FP, in the
absence of E1 or E2 enzymes (Krist et al., 2016; Park et al., 2017).
DUB activities have been measured using defined, fluorescently-
labeled Ub chains (Ye et al., 2011; Keusekotten et al., 2013).
Interestingly, FP has even been used to track the proteasomal
degradation of ubiquitinated substrates (Bhattacharyya et al.,
2016). It is based on these observations that we developed
UbiReal as a generalized approach to observe all consecutive steps
of both Ub conjugation and deconjugation in real time.

As with any method, UbiReal does have certain caveats.
The most glaring is the dependence on large differences in
molecular weight that are required for significant changes in
FP. In particular, size similarities between E2, E3, or substrate
proteins could pose challenges. One solution to this problem
could be to incorporate protein tags, such as GST, to shift
molecular weights. A second caveat to our approach is the
location of the fluorophore. Though labeling the amino-terminus
is routine practice and practically inert for most purposes, it
obviously precludes the formation of Metl-linked polyUb. In
this case, we expect that the label could instead be conjugated
through maleimide chemistry to a Cys residue introduced at,
for example, position 20 (von Delbriick et al, 2016). Our
tests with two varieties of fluorescent Ub (F-Ub and T-Ub)
suggest that other dyes and sites of attachment will also be
amenable to UbiReal. Lastly, we recognize that our ability to
track fluorescent Ub through each stage of the conjugation
process requires a molar excess of conjugating enzymes, which
may preclude certain applications of the method. However,
if the desired readout does not depend on observing each
transfer event (e.g., E2~UDb formation vs. polyUb formation), the
concentrations of each enzyme component can be tuned to suit
the reaction requirements.

In sum, we present a simple method that addresses a
need for a universal HTS for Ub conjugating activity. UbiReal
requires no specialized reagents, only a fluorescently-labeled Ub
which is readily available in multiple forms. With only minor
optimization, we were able to apply the UbiReal method to
measure E1, E2, E3, and DUB activities in separate, controlled
experiments. We believe that the robust and scalable nature
of this assay will make it useful in HTS for small molecule
modulators, and its convenience and quantitative nature makes
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it a compelling alternative to the conventional gel-based assays
for mechanistic work.
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Laboratory Molecular Target and Gene Therapy Products, National Institute of Health Sciences, Kawasaki, Japan

Technologies that induce targeted protein degradation by small molecules have been
developed recently. Chimeric small molecules such as Proteolysis Targeting Chimeras
(PROTACs) and Specific and Non-genetic IAP-dependent Protein Erasers (SNIPERs),
and E3 modulators such as thalidomides, hijack the cellular machinery for ubiquitylation,
and the ubiquitylated proteins are subjected to proteasomal degradation. This has
motivated drug development in industry and academia because “undruggable targets”
can now be degraded by targeted protein degradation.

Keywords: PROTAC, SNIPER, E3 modulator, ubiquitin, proteasome, protein degradation

MODALITIES OF RECENT DRUG DEVELOPMENT

Development of a therapeutic antibody and a small molecule inhibitor is the most successful
strategy to develop novel molecular target drugs these days (Nelson et al., 2010; Ferguson and Gray,
2018). The targets for antibodies include tumor specific antigens such as human epidermal growth
factor receptor 2 (HER2) expressed on breast cancer cells that is recognized by Trastuzumab,
and immune suppressive molecules such as programmed death-1 (PD-1) and programmed death-
ligand 1 (PD-L1) recognized by Nivolmab and Pembrolizumab, respectively. However, antibodies
cannot penetrate into cells, and therefore, target molecules for antibodies are limited to cell
surface and extracellular proteins. In contrast, small molecule inhibitors can penetrate into cells
and effectively inhibit the function of target proteins, such as kinases and proteases. However,
developing small molecule inhibitors against proteins that do not possess enzymatic activity is
challenging. Therefore, many intracellular proteins without enzymatic activity are unable to be
targeted by antibodies and small molecule inhibitors, and they are sometimes called “undruggable
targets.” These include scaffold proteins, transcription factors and splicing factors, and account for
more than 70% of the proteins expressed in cells.

Accumulating evidence suggests that inducing protein degradation by small molecules
represents a promising approach to make “undruggable targets” druggable. There are reports that
small molecules, thalidomides and sulfonamides, induce the degradation of “undruggable targets”
such as transcription factors (Ikaros and Aiolos) (Kronke et al., 2014; Lu et al., 2014) and a splicing
factor (RBM39/CAPERa) (Han et al., 2017; Uehara et al., 2017). Technologies to induce protein
degradation by chimeric molecules, Proteolysis Targeting Chimeras (PROTACs) and Specific
and Non-genetic IAP-dependent Protein Erasers (SNIPERs), have been developed, which enables
rational design of degrader molecules against target proteins of interest. This mini-review provides
an overview of the protein degradation technologies.
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FIGURE 1 | Classification of degrader molecules.

CLASSIFICATION OF DEGRADER
MOLECULES

Small molecules that induce degradation of target proteins can
be classified into three groups depending on the structure of
the compounds and their mode of action (Figure 1). The first
class is a single-ligand molecule that directly interacts with the
target protein to induce degradation. This class of molecules
include fulvestrant, a selective estrogen receptor downregulator
(SERD) against estrogen receptor-o. (ERa) (Osborne et al,
2004) which is approved in the clinic against breast cancers
expressing ERa, and a selective androgen receptor downregulator
(SARD) against androgen receptor (AR) (Omlin et al., 2015)
currently under clinical evaluation. These downregulators are
likely to recapitulate the degradation mechanism reported as
hydrophobic tagging (Neklesa et al., 2011). Another example
in this class is inhibitor of apoptosis protein (IAP) antagonists
(Fulda and Vucic, 2012) that induce degradation of cIAP1/2, and
some compounds are under clinical development. In addition,
Boc3Arg-linked ligands that localize target proteins directly to
the 20S proteasome are also grouped in this class (Shi et al., 2016).
Thus, molecules in this class can effectively induce degradation of
target proteins; however, the number of the proteins targeted for
degradation is limited.

The second class of molecules is the single-ligand molecules
that interact with E3 ubiquitin ligases to modulate substrate
selectivity. This class of molecules is known as E3 modulators
and molecular glues. Thalidomide was the first E3 modulator
identified and interacts with CRBN (Ito et al, 2010), a
substrate recognition subunit of the Cullin-RING-ubiquitin
ligase (CRL) complex. Thalidomide and an analog lenalidomide
induce the degradation of transcription factors Ikaros and
Aiolos (Kronke et al., 2014; Lu et al,, 2014). Modification of
the side chain of thalidomide alters substrate selectivity, and
lenalidomide and CC-885 induce ubiquitylation and degradation
of casein kinase la (CKla) (Kronke et al, 2015) and a
translation termination factor GSPT1 (Matyskiela et al., 2016),
respectively. Sulfonamides such as Indisulam and E7820 are

reported to interact with DCAF15, another substrate recognition
subunit of the CRL complex, and induce the ubiquitylation
and degradation of a splicing factor RBM39/CAPERa (Han
et al., 2017; Uehara et al, 2017). Plant hormones including
auxin and gibberellin are also categorized in this class. Auxin
interacts with F-box proteins TIR1 and AFB2 in the SCF
ubiquitin ligase complex, and recruits a transcriptional repressor
to be ubiquitylated and degraded by the proteasome, which
in turn activates the expression of auxin-responsive genes
(Dharmasiri et al., 2005; Kepinski and Leyser, 2005).

The third class is a chimeric molecule, where an E3 ligand
and a target ligand are conjugated to form one molecule. This
class of molecules was developed under different names such
as PROTACs and SNIPERs, but they are designed to crosslink
the target protein and an E3 ubiquitin ligase to induce the
degradation of the target protein, and therefore, their mode of
action is almost identical.

DEVELOPMENT OF CHIMERIC
DEGRADER MOLECULES

The first PROTAC reported came from the laboratories of
Crews and Deshaies by using a peptide sequence recognized
by an F-box protein B-TRCP to recruit the E3 ubiquitin
ligase complex involving B-TRCP (Sakamoto et al, 2001).
This PROTAC induces ubiquitylation and degradation of a
target protein MetAP-2 in an in vitro cell-free system, but
cannot penetrate into cells efficiently. In collaboration with
Ciulli, Crews et al. developed small molecule ligands for
VHL (Buckley et al., 2012a,b), and developed small molecule
PROTACs (Bondeson et al., 2015; Buckley et al., 2015). These
PROTACs induce degradation of various target proteins at
nanomolar or sub-nanomolar concentrations in cell culture
systems and induce the degradation of target proteins in in vivo
xenograft models.

We have studied IAP family proteins that are frequently
overexpressed in cancer cells and found that a small molecule
methyl bestatin (MeBS) induces auto-ubiquitylation and
proteasomal degradation of cIAP1 (Sekine et al., 2008). By using
MeBS as a ligand for cIAP1, we developed the first SNIPER that
induced the degradation of cellular retinoic acid binding protein
IT (CRABP2) (Itoh et al., 2010). The activity of SNIPERs was
then markedly improved by adopting high affinity ligands for
IAPs, and the improved SNIPERs at nanomolar concentrations
effectively induced degradation of target proteins by recruiting
XIAP and cIAP1 (Ohoka et al., 2017, 2018). Some of the SNIPERs
were demonstrated to induce degradation of target proteins in
an in vivo xenograft model, which results in antitumor activity.

Handa et al. reported that CRBN is the direct target of
thalidomide that has teratogenic activity (Ito et al., 2010). Bradner
et al. then developed another family of chimeric molecules
containing thalidomide as a ligand for CRBN that induce
degradation of bromo domain proteins (Winter et al., 2015). The
thalidomide-based chimeric molecules also induce degradation
of target proteins at nanomolar concentrations and show activity
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FIGURE 2 | Chemical structure of the E3 ligands (A), and the E3 ligase complexes hijacked by chimeric degraders (B).

in an in vivo xenograft model. Figure 2 illustrates the E3 ligands ~ proteins will be restricted to a tissue type or only tumor
and ubiquitin ligase complexes recruited to target proteins. cells, which could be more advantageous in terms of selective

toxicity. The number of E3 ligands is gradually increasing
FEATURES OF THE CHIMERIC DEGRADER (Lu et al, 2018; Spradlin et al, '201.9; Ward et al.,. 2019;

Zhang X. et al., 2019) but they require improvement to induce
MOLECULES degradation at lower concentrations. Recently, cells resistant
against PROTACs have been reported (Zhang L. et al., 2019),
and the resistance mechanism resides in the alteration of the
ubiquitylation machinery rather than the target proteins. To
overcome such resistance, it is possible to recruit different E3
ubiquitin ligases to restore the degradation of the target proteins,
which further accentuates the importance of developing novel
E3 ligands.

Because of the modular structure of chimeric degrader molecules,
it is possible to rationally design and develop a novel degrader
molecule against a protein of interest by substituting the target
ligand. The target ligand does not need to inhibit the activity
of the target protein, and therefore, a poor inhibitor that
has insufficient activity to inhibit the target protein can be
converted to a potent degrader when incorporated into chimeric
degrader molecules. Theoretically, a ligand that interacts with
any domain of the target protein can effectively capture the

target to induce degradation. A higher binding affinity of the CHIMERIC DEGRADER MOLECULES AS
target ligand is preferable (Ohoka et al., 2018); however, some PROBES TO UNDERSTAND THE

target proteins cooperatively interact with E3 ligases in the UBIQUITIN CODE
presence of chimeric molecules (Gadd et al., 2017), implying

that low affinity ligands can also be used to develop potent  Although ubiquitin was originally identified as an essential factor
chimeric degraders. to induce proteasomal degradation of many proteins, it is widely

There are only a few E3 ligases among the more than 600  accepted that ubiquitin plays a role in a variety of cellular
E3 ligases in cells that can currently be successfully recruited = phenomena, such as internalization of membrane proteins,
to target proteins for degradation. It should be noted that autophagy, DNA repair, and signal transduction. The diversity
recruiting different E3 ubiquitin ligases to the same target in the linkage and modification of the ubiquitin chain, which is
protein results in different degradation potencies (Lai et al.,  called the ubiquitin code, is assumed to be recognized by different
2016; Shibata et al., 2018), suggesting that finding the best  decoder molecules that may mediate different cellular responses
combination of target protein and E3 ligase is important in  (Komander and Rape, 2012). To understand the ubiquitin code
the development of potent degraders. In this context, it is  in more detail, it would be useful to write a ubiquitin code by
important to expand the repertoire of E3 ligands to recruit  chimeric molecules recruiting different E3 ubiquitin ligases to
a wide variety of E3 ligases to target proteins. Some of the  determine whether different cellular responses could be induced
E3 ubiquitin ligases are expressed in a tissue specific and by different ubiquitin codes encrypted by various E3 ubiquitin
tumor specific manner. If such an E3 ligase can be recruited ligases. For this purpose, ubiquitylation of tagged-proteins with
to target proteins, we anticipate that degradation of target  chimeric degraders could provide a comprehensive system to
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ubiquitylate a variety of target proteins (Neklesa et al., 2011;
Natsume et al., 2016; Hattori et al., 2017; Nabet et al., 2018; Okitsu
etal., 2018).

CONCLUSION

Technologies to induce targeted protein degradation have been
established recently. These technologies are useful for developing
novel drugs, and have promoted a number of drug development
research programs by pharmaceutical companies, bio-ventures,
and academia. The results of the first clinical phase I studies
of PROTACs (ARV-110 against AR and ARV-471 against ER)
were released recently demonstrating acceptable safety profiles.
However, these technologies are still in their infancy and
have significant room for improvement. These technologies
should be further refined, and ultimately applied to clinical
drug development as well as basic research to understand the
ubiquitin biology.
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Deubiquitinating enzymes (DUBs) function to remove or cleave ubiquitin from
post-translationally modified protein substrates. There are about 100 known DUBs
in the proteome, and their dysregulation has been implicated a number of disease
states, but the specific function of many subclass members remains poorly understood.
Activity-based probes (ABPs) react covalently with an active site residue to report on
specific enzyme activity, and thus represent a powerful method to evaluate cellular
and physiological enzyme function and dynamics. Ubiquitin-based ABPs, such as
HA-Ub-VME, an epitope-tagged ubiquitin carrying a C-terminal reactive warhead, are
the leading tool for “DUBome” activity profiling. However, these probes are generally cell
membrane impermeable, limiting their use to isolated enzymes or lysates. Development
of cell-permeable ABPs would allow engagement of DUB enzymes directly within the
context of an intact live cell or organism, refining our understanding of physiological
and pathological function, and greatly enhancing opportunities for translational research,
including target engagement, imaging and biomarker discovery. This mini-review
discusses recent developments in small molecule activity-based probes that target DUBs
in live cells, and the unique applications of cell-permeable DUB activity-based probes vs.
their traditional ubiquitin-based counterparts.

Keywords: deubiquitinase, cell permeability, activity based probe, small molecule, DUB activity, ubiquitin (Ub),
deubiquinating enzymes

INTRODUCTION

The Ubiquitin-Proteasome System

The ubiquitin-proteasome system (UPS) has attracted more excitement, scope and promise as a
therapeutic target than any system since the rise of the kinome as a druggable protein family.
This biological process regulates proteolysis, transcriptional regulation, DNA damage, complex
formation, cellular trafficking and localization, inflammation and autophagy, therefore modulation
of ubiquitin-proteasome pathways are a potentially rich source of new therapeutic modalities
(Fleury and Walker, 2015; Hewings et al., 2017). The key post-translational modification (PTM)
in this pathway is ubiquitination, which is catalyzed by the E1-E2-E3-enzyme cascade resulting
in isopeptide coupling of a ubiquitin (Ub) C-terminus primarily to a lysine residue of an acceptor
protein (Glickman and Ciechanover, 2002). The ubiquitin is then itself elongated to form various
branched or linear polyubiquitin chains which, depending on their topology, may lead to varied
functional outcomes (Elias et al., 2003; Swatek and Komander, 2016; Haakonsen and Rape, 2019).
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Deubiquitinase Enzymes: Function and

Importance

In line with the importance of ubiquitination for regulation
of many cellular processes, the human genome encodes about
100 deubiquitinating enzymes (DUBs) that can reverse this
PTM by hydrolysing the amide bond between mono- and
poly-Ub chains, and substrate proteins (Hewings et al., 2017;
Clague et al., 2019). Similarly to Ub ligases, DUBs thus regulate
protein activity, stability, localization, and interactions (Fleury
and Walker, 2015). Although less extensively studied than the
much larger class of Ub ligases (numbering over 600), DUBs have
attracted intense attention in recent years as promising targets
for drug development in various indications, particularly in
cancer (D’Arcy and Linder, 2014; D’Arcy et al., 2015). However,
significant challenges remain in the identification of selective
ligands for DUBs, which would in turn aid in the determination
of dynamic DUB substrate profiles among the tens of thousands
of Ub sites and diverse Ub polymer topologies, distributed across
the majority of proteins in the cell.

DUB Activity-Based Probes

A Brief History

To better understand the function and mechanism of these
DUBs, activity-based probes (ABPs) have been developed over
the last two decades. There are five DUB sub-types consisting
of USPs (ubiquitin-specific proteases), UCHs (ubiquitin
carboxy-terminal  hydrolases), MJDs (Machado-Josephin
domain-containing proteases), OTUs (ovarian tumor proteases)
and MINDYs (motif- interacting with ubiquitin-containing
novel DUB family) that are papain-type cysteine peptidases
(Figure 1A). These DUBs possess a catalytic nucleophilic
cysteine residue that can be captured covalently by reaction
with an electrophilic warhead based ABP (Harrigan et al,
2017; Hewings et al, 2017). Appending a reporter tag to the
electrophilic warhead creates an ABP which can inform on DUB
selectivity and proteolytic activity, and facilitate novel inhibitor
profiling. Distinct from these families are JAMMs (JAB1, MPN,
MOV 34 family), which are zinc metallopeptidases which are not
as well-understood but are likely to require different chemistries
for ABP development.

The first generation and most widely employed DUB
ABPs contain a mono-Ub recognition element with either
a propargylamide or vinyl methyl ester electrophilic group
conjugated to the C-terminus of Ub (Borodovsky et al., 2002; de
Jong et al., 2012; Ekkebus et al., 2013), and a fluorescent reporter
group for detection of the labeled enzyme (Fleury and Walker,
2015; Leestemaker and Ovaa, 2017). Later, this type of ABP was
extended to include internal and terminal di-ubiquitin as the
targeting element to provide insight into the linkage specificity
of DUBs and the nature of their binding interaction with protein
substrates (McGouran et al., 2013; Li et al., 2014; Mulder et al.,
2014; Flierman et al., 2016).

More recently, a more sophisticated Ub-based ABP
incorporated methyl disulphide as the reactive warhead,
which allows the release of active DUBs from the ABP under
mild conditions, such that they can be isolated from complex cell

extracts for further study (de Jong et al., 2017; Leestemaker and
Ovaa, 2017).

In-cell Profiling: A New Frontier for DUB Biology
While these various generations of DUB ABPs are widely
used and have greatly advanced our knowledge regarding the
biological role of DUBs, they can only be employed on cell lysates
as the large size of the Ub recognition element(s) precludes
cellular permeability (Hewings et al., 2017). Cell lysis causes
cytoplasmic and nuclear protein dilution, and disruption of
cellular organization and localization, leading to dissociation of
important protein-protein interactions (PPIs) necessary for DUB
activity and dysregulation of ubiquitination patterns (Claessen
et al., 2013; Gui et al., 2018). The consequence is that traditional
Ub-based ABPs have limited use for the exploration of dynamic
DUB activity profile (Fleury and Walker, 2015), in common with
the well-known differences in protease activity profiles measured
between lysates and live cells (Hewings et al., 2017).

In order to gain a full understanding of the function of DUBs
in the most relevant cellular and physiological setting, the issue
of cellular permeability needs to be addressed. Comprehensive
reviews of Ub-based ABPs have recently been published and thus
the present review focuses on recent work toward cell permeable
DUB ABPs (Fleury and Walker, 2015; Hewings et al., 2017;
Leestemaker and Ovaa, 2017).

EFFORTS TO ADDRESS DUB ABP CELL
PERMEABILITY

Attempts to date to address cell-penetration for DUB ABPs
can be divided into four categories: pore-forming toxins
(Claessen et al., 2013), electroporation (Mulder et al., 2016), cell-
penetrating peptide (CPP) ABPs (Gui et al, 2018) and small-
molecule based cell permeable ABPs (Ward et al., 2016, 2019;
Geurink et al., 2019; Krabill et al., 2019; Panyain et al., 2019).
These are discussed in further detail below and in Figure 1.

Pore-Forming Toxins

In 2013, Claessen et al. published a catch-and-release Ub
ABP to map the endogenous expression of DUBs and their
interacting proteins in semi-intact cells (Claessen et al,
2013). The catch component consisted of a biotin affinity
handle, whereas the release motif entailed a cleavable linker
(either hydrazine, azobenzene, or levulinoyl ester), accessed
through a combination of intein chemistry and sortase-
mediated ligation. While this probe improved DUB peptide
detection by mass spectrometry (MS), it remained, like those
before, cell impermeable. To combat this, the authors of
the paper employed perfringolysin O (PFO), a soluble toxin
secreted by the pathogen Clostridium perfringens that binds
cholesterol and forms large homo-oligomeric pore complexes
to allow the ABP to cross the cell membrane into the
cytosol (Figure 1B). Interestingly, they identified 34 DUBs
and their interacting partners in non-infected cells, and
three additional host DUBs (USP36, USP33, and TRABID)
in chlamydia-infected HeLa cells that were not detected
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FIGURE 1 | Visual representations of different approaches to address the cell permeability challenge associated with developed DUB ABPs. (A) Family tree for DUBS,
parenthesis displays how many enzymes are in this sub-family, (B) Pore-forming toxins, (C) Electroporation, (D) Cell penetrating peptide-based DUB ABPs (E)
Activity-based protein profiling with small molecule-based DUB ABPs—(F) Small molecule DUB inhibitors from the literature that have been converted to ABPs.

previously using Ub-VME based ABPs. However, a head-to-  translational pathway, and although the probe was not designed
head quantitative proteomics analysis (live cells vs. cell lysate)  to interact with DUBs, the approach to deliver it across the
to further support this claim was not undertaken in this  cell membrane is relevant for DUB ABP design. To this end,
study, and this approach has not been widely adopted by  the authors used electroporation, an electrical pulse applied to

other labs. cells to temporarily induce cell membrane micropore formation
(Figure 1C). While generally used to transfect exogenous DNA
Electroporation into cells, this technology may be useful for the intracellular

In another report, a cascading activity-based probe, Ub-Dha  delivery of large molecules, such as Ub-Dha (Shi et al., 2018). An
(Ub-dehydroalanine) was used to monitor catalysis along the  advantage of this method, particularly in comparison to pore-
El, E2, and E3 enzyme trans-thioesterification reaction pathway ~ forming toxins, is that the pores formed are very small and
(Mulder et al., 2016). This probe aimed to capture a dynamic post  transient, so cell viability and functionality is usually preserved
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(Mukherjee et al., 2018). Consistent with this, the authors report
normal cell morphology post-electroporation.

In-gel fluorescence studies showed that labeling of key Ub E1
enzymes (UBA6 and UBEL) in live cells using electroporation
occurred on a similar timescale to that in lysates. Also, UBE1
activity could be attenuated with pre-treatment of lysates or live
cells with PYR-41 (a small molecule UBE1 inhibitor), further
suggesting that electroporation was successfully delivering Ub-
Dha into cells. While this method was focused primarily
on capturing Ub ligases, four DUBs were also labeled and
identified using MS-based quantitative proteomics in HeLa cells.
This work was a landmark in Ub ligase profiling, but no
data were provided to show whether electroporation in live
cells produces significantly different results in DUB labeling
compared with that in cell lysates, and the method has not been
widely taken up.

Cell-Penetrating Peptide (CPP) Based

ABPs

The Zhuang group recently described cell-permeable DUB
ABPs consisting of various combinations of polycationic cell-
penetrating peptides (CPPs) conjugated to ubiquitin and thiol-
reactive warheads (Figure 1D; Gui et al., 2018). Chemoselective
ligation was employed to attach either a cyclic polyarginine
(cR10) or KRKKRRQRRR (TAT) peptide to the Ub N-terminus,
whereas propargylamine (PA) or vinyl methyl ester (VME) were
used as the electrophilic warhead (Ekkebus et al, 2013). In
addition, a disulphide bond was built-in to allow reductive release
of the CPP from the ABP once it had entered the cell, and
a human influenza hemagglutinin (HA) tag was incorporated
for affinity purification. Tetraethyl-rhodamine (TER) fluorescent
versions of these ABPs were also synthesized to demonstrate live-
cell uptake of CPP-containing probes by live-cell fluorescence
confocal microscopy. Importantly, the authors synthesize and
evaluate appropriate control probes (without the CPP motifs or
thiol-reactive warheads) to demonstrate that the difference in
observed live cell DUB labeling can be attributed to these DUB
ABP elements.

The authors then profiled the DUBome using HA-tagged
ABPs in live cells using immunoblotting and quantitative
mass spectrometry proteomic analysis. With respect to
immunoblotting, the band profile for live cell DUB labeling
with the HA-Cys(cR10)-Ub-PA probe was notably different to
that of cell lysates. Using a label-free quantitative proteomics
method, 34 DUB proteins were identified after treatment of
live HeLa cells with the HA-Cys(cR10)-Ub-PA probe, and 27
of these were found to be significantly enriched [log, (fold
difference) >2, p-value < 0.05]. Importantly, the authors provide
a proteomic level comparison of this probe in live cells vs. cell
lysates and demonstrate that treatment of the cell lysate with
HA-Cys(cR10)-Ub-PA probe followed by equivalent sample
processing results in identification of only 10 DUBs, of which
all were also detected in the live cell experiment. Interestingly,
the live cell labeling experiment identified DUBs that are present
in different organelles, suggesting that the probe is permeating
various sub-cellular compartments. Finally, pan-DUB inhibitor
PR-619 was employed to test whether these probes could

be used for live cell DUB profiling studies and novel DUB
inhibitor discovery. PR-619 inhibited intracellular DUB activity
in a concentration-dependent manner, and labeling was more
pronounced in lysates vs. live cells. This result suggests the
nuances that may be missed if DUB activity is not measured in a
physiological relevant system.

Small Molecule ABPs

In 2016, Ward et al. published the first small-molecule based
DUB ABP, based on a chloroacetylpyrrole scaffold (1), which was
originally identified from a high-throughput screening (HTS)
campaign at Mission Therapeutics (Figure 1F; Ward et al.,, 2016).
This compound exhibited potent USP4 and USP11 biochemical
activity, and so the authors employed a competitive activity-
based protein profiling (ABPP) method to assess whether an
alkyne-tagged analog 2 could be used as a live cell DUB ABP
for quantitative target engagement. Intriguingly, 2 labeled a total
of 12 DUBs in U20S cells. Furthermore, it was discovered that
parent chloroacetylpyrrole (1) could compete against alkyne-
tagged probe (2) in a concentration dependent manner for
at least 9 different DUBs, in some cases at sub micromolar
concentrations, which is noteworthy considering its structural
simplicity. While a direct quantitative mass spectrometry
comparison with cell lysate labeling is not reported, the authors
demonstrate using a Ub-Rhodamine fluorescent intensity assay
that parent chloroacetylpyrrole (1) biochemically inhibits 11 of
these DUBs at EC5q values <10 WM.

As one might expect with a small molecule based ABP,
probe 2 also targets many non-DUB proteins, presumably
through numerous non-specific reactions with reactive cysteine
residues (Ward et al., 2016; Hewings et al., 2017). While this
could complicate studies that aim to link a specific function
or phenotype to DUB target engagement, the small molecule
ABPs still serves as a useful—and to date unique—tool for
assessing cellular target engagement and selectivity of novel
DUB inhibitors.

More recently, an ABPP approach was also employed to
ascertain the molecular explanation for the cellular toxicity of
VLX1570 (analog of b-AP15), a small molecule USP14 inhibitor
for refractory multiple myeloma that has been put on full clinical
hold due to dose limiting toxicity (Ward et al., 2019). The authors
prepare an alkyne-tagged version of VLX1570 (structure not
shown), and through various immunoblotting and proteomics
experiments show high protein target promiscuity, the formation
of higher molecular weight complexes, and resultant aggregation
and inhibition of CIAPIN1, an important anti-apoptotic protein.
This work highlights the importance of determining the protein
target activity profile for drug candidates as part of the drug
discovery process.

Several potent and selective small molecule covalent inhibitors
have emerged for DUBs in the USP and UCHL subfamilies,
including in the patent literature (Kemp and Woodrow, 2018;
Kemp et al., 2018; Gibson et al., 2019a,b) and these scaffolds
present a potential opportunity to design novel cell permeable
ABPs. Taking this approach, Panyain et al. in collaboration
with Mission Therapeutics designed IMP-1710 (4), a highly
potent and selective cyanopyrrolidine ABP against UCHLI,
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with 40nM ICsy and sensitive detection down to 2nM
ABP in a range of cell types (Figure1F; Panyain et al,
2019). Extensive biochemical, quantitative proteomic and Ub-
based probe profiling demonstrated exquisite activity-dependent
selectivity for UCHLI over all other DUBs, and a highly favorable
selectivity profile at the whole proteome level. Interestingly, IMP-
1710 (4) is highly stereoselective, with opposite enantiomer 5
providing an effective inactive control, and could be used to
show that the small molecule LDN-57444, previously reported as
a UCHLI tool inhibitor and widely used in the literature, fails
to engage UCHLI biochemically or in cells (Liu et al., 2003).
Finally, the authors used compound 3 and IMP-1710 (4) to
demonstrate the therapeutic potential of UCHLI inhibition in
a model of idiopathic pulmonary fibrosis, without cytotoxicity.
Related alkyne-tagged small molecule ABP 7 of cyanopyrrolidine
6 was recently reported by Krabill et al., although this molecule
is >150-fold less potent than IMP-1710 (4), and is relatively
non-specific (Figure 1F; Krabill et al., 2019).

In addition, Geurink et al. recently reported some
fluorescently labeled (9a-9¢) and biotinylated (10a, 10b) ABPs
of related cyanopyrrolidine-based scaffold 8 (Figure 1F; Geurink
et al., 2019). Through ABPP mass spectrometry the authors
demonstrated strong UCHLI selectivity within the DUB family,
with PARK7 - also known as DJ-1, a neuroprotective redox-
sensitive chaperone—observed as a majority off-target protein.
Additional off-targets were observed by gel electrophoresis at
~55 kDa; these were not identified by the authors, but based
on the work of Panyain et al. these off-targets are likely to
be aldehyde dehydrogenases (ALDH). Although the authors
demonstrate imaging of probe-labeled proteins in zebrafish
embryos, strong off-target labeling of DJ-1 and ALDH may limit
the utility of these probes in living systems.

DISCUSSION

Learning From Other Target Classes

Ubiquitin based ABPs have significantly advanced our knowledge
of DUB structure, dynamics and function. However, their
general inability to cross the cell membrane prevents further
understanding concerning DUBs in their native, physiological
environment (Fleury and Walker, 2015; Ward et al, 2016;
Hewings et al, 2017). The potential applications of cell-
permeable DUB ABPs reaches beyond improved understanding

of DUBs within a given cell or model organism. Development
of cell permeable DUB ABPs may lead to agents that allow
direct visualization and quantification of DUB activity in living
organisms, and may even extend to the development of DUB-
based assays for DUB activity as a clinical biomarker, as
well as a tools for preclinical in vivo and clinical ex vivo
evaluation of DUB inhibitors and target engagement (Fleury
and Walker, 2015). Basic and translational studies on other
hydrolase classes including serine proteases, lipases, caspases,
and cathepsins have benefitted greatly from the development of
cell permeable ABPs, where significant and sustained research
has led to ground-breaking non-invasive in vivo imaging probes
(Blum et al., 2007; Edgington et al., 2009). In the proteasome
field, development of cell permeable ABPs for proteasome and
immunoproteasome catalytic subunits such as Dansyl-Ahx3-L3-
VS (Berkers et al.,, 2005) and BodipyFL-Ahx3-L3-VS (Berkers
et al., 2007) have become popular tools for in-gel fluorescence
imaging, flow cytometry, and fluorescence microscopy in animal
tissues (Gan et al., 2019).

The development of small molecule DUB probes is thus a high
priority for the field in order for DUB ABPs to match the utility
of their counterparts in these other target classes, particularly for
in vivo applications.

Comparing the Approaches

For a probe to be used as a true ABP, it must be able to
capture the protein in its native environment in a strictly activity-
dependent manner, features for which cell permeability is critical,
ideally through passive diffusion or native uptake mechanisms.
Furthermore, an ideal ABP for determining both cellular target
engagement and selectivity of novel DUB inhibitors should label
a large spectrum of DUBs at a low concentration, preferably
1M or lower. Most of the methods reviewed here except a
few of the small molecule approaches employ large amounts of
probe (>10 M), precluding their use for cellular discovery of
novel reversible or irreversible DUB inhibitors with a weak K
component (Claessen et al.,, 2013; Mulder et al., 2016; Gui et al.,
2018). Small molecule ABPs, particularly those which cover a
majority of the DUBome, would check most of these boxes since
they could be used in low concentrations on live cells for short
periods of time, enhancing identification of novel DUB inhibitors
and our understanding DUB biological functions under various
(patho)physiological contexts (Table 1).

TABLE 1 | Comparison of various approaches to DUB ABP cellular permeability with respect to the requirements for an ideal DUB ABP.

ABP Methods of cell entry

Requirements for an ideal DUB ABP

Proteins captured in their
native environment?

ABP labels a large
spectrum (>10) of DUBs

Can use low (< 1 M)
con-centrations of ABP?

(Yes/No/Partial) (Yes/No/Partial) (Yes/No/Partial)
Traditional Ubiquitin-based None No Yes No
e.g., HA-Ub-VME Pore-forming toxins Partial Yes No
Electroporation Partial Partial No
Cell-penetrating peptides Partial Yes No
Small molecules Passive diffusion Yes Partial Yes
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Ub-based ABPs possess a distinct advantage over peptide and
small molecule based ABPs because of the specificity of their
recognition element, and shortening the recognition element
to allow greater cell permeability fails to preserve specificity or
activity (Albrow et al., 2011; Safa et al., 2019). Each of the various
approaches discussed above to force entry of Ub-based ABPs,
including toxin pore formation, electroporation and so-called
“cell-penetrating” peptides (CPPs), raise numerous concerns
regarding host membrane repair responses that may be triggered
as an unintended consequence (Ostolaza et al., 2019). For
example, CPPs have been demonstrated to substantially disrupt
membrane integrity, causing formation of non-physiological
subcellular compartments (Gao et al., 2019). Consequently, there
is a chance that upon pore formation that cell homeostasis is
disrupted, and either apoptosis, necroptosis or pyroptosis results,
which would most likely only be compounded in an in vivo
environment due to cell signaling (Abdelrazzak et al., 2011;
Etxaniz et al, 2018). Each of these approaches also present
significant challenges for extended periods of live cell profiling,
and are largely inapplicable to whole organism analysis (Shi
et al,, 2018). CellSqueeze technology, which uses a commercial
microfluidics device and pressure system to open membrane
pores, may provide an alternative approach to garner higher value
from cell-impermeable probes (Szeto et al., 2015; Li et al., 2017).
Whether this would improve DUB coverage or better preserve
cell integrity remains to be seen, and the method may be difficult
to scale.

Small molecule based ABPs, particularly those designed with
an alkyne or other biorthogonal enrichment handle for ABPP, can
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Ubiquitination of proteins is a sophisticated post-translational modification implicated
in the regulation of an ever-growing abundance of cellular processes. Recent insights
into different layers of complexity have shaped the concept of the ubiquitin code. Key
players in determining this code are the number of ubiquitin moieties attached to a
substrate, the architecture of polyubiquitin chains, and post-translational modifications
of ubiquitin itself. Ubiquitination can induce conformational changes of substrates and
alter their interactive profile, resulting in the formation of signaling complexes. Here
we focus on a distinct type of ubiquitination that is characterized by an inter-ubiquitin
linkage through the N-terminal methionine, called M1-linked or linear ubiquitination.
Formation, recognition, and disassembly of linear ubiquitin chains are highly specific
processes that are implicated in immune signaling, cell death regulation and protein
quality control. Consistent with their role in influencing signaling events, linear ubiquitin
chains are formed in a transient and spatially regulated manner, making their detection
and quantification challenging.

Keywords: ubiquitin, HOIP, HOIL, SHARPIN, LUBAC, OTULIN, SRM, PRM

INTRODUCTION

Ubiquitination is a reversible post-translational modification that can affect the function, the fate,
and the subcellular localization of the modified substrates, thereby regulating fundamental cellular
processes (Akutsu et al., 2016; Swatek and Komander, 2016; Yau and Rape, 2016). The transfer of
ubiquitin is catalyzed by an enzymatic cascade involving three enzymes, an E1 ubiquitin-activating
enzyme, an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase. E3 ubiquitin ligases fall
into three categories: RING/U-box ligases, RBR (RING-between-RING) ligases, and HECT ligases.
The mechanisms of ubiquitin transfer to the target protein varies depending on the E3 ligase type
(Figure 1). RING ligases facilitate the direct transfer of ubiquitin from a ubiquitin-charged E2 to the
substrate. HECT ligases directly bind ubiquitin by forming a thioester intermediate via a catalytic
cysteine residue. From this thioester ubiquitin is passed on to a lysine residue of the substrate,
generating an isopeptide bond. RBR ligases use a RING/HECT hybrid mechanism. Similarly to
RING ligases, they bind an E2 ubiquitin-conjugating enzyme via their RING1 domain. Ubiquitin
is then transferred from the E2 to a catalytic cysteine in the RING2 domain forming a transient
thioester, similarly to HECT ligases. This ubiquitin moiety is then attached to the target protein.
The ubiquitination machinery requires not only proteins to create the ubiquitin modifications,
but also proteins to recognize and remove ubiquitin moieties (Figure2). The ubiquitin
signal is decoded and thereby translated into cellular effects by proteins harboring one or
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several ubiquitin-binding domains (UBDs), some of which
recognize ubiquitin chain topologies with high selectivity (Dikic
etal,, 2009; Fennell et al., 2018). Reversibility of ubiquitination is
ensured by deubiquitinases that hydrolyze isopeptide or peptide
bonds between ubiquitin molecules or between ubiquitin and
substrate proteins (Dikic et al., 2009; Mevissen and Komander,
2017; Fennell et al., 2018).

Ubiquitination is the most versatile post-translational
modification based on variabilities in the number of ubiquitin
moieties attached to a substrate, the mode of inter-ubiquitin
linkage, and the formation of heterotypic (mixed or branched)
ubiquitin chains. Substrate proteins can be modified with single
ubiquitin moieties or with polymeric ubiquitin chains. Within
polyubiquitin chains, ubiquitin can form eight different linkage
types, using one of seven internal lysine residues (K6, K11,
K27, K29, K33, K48, K63) or methionine at position 1 (M1).
Additional layers of complexity emerge from the formation
of heterotypic chains with mixed linkages, branched chains,
and the post-translational modification of ubiquitin itself by
phosphorylation, acetylation, sumoylation, and neddylation,
reminiscent of a sophisticated and highly versatile code. Each
linkage-type has a distinct three-dimensional topology allowing
interactions with linkage-specific effector proteins, thus resulting
in specific biological outcomes (Figure 3).

THE LINEAR UBIQUITINATION
MACHINERY

M1-linked or linear ubiquitination is characterized by the head-
to-tail linkage of ubiquitin molecules via the C-terminal carboxyl
group of the donor ubiquitin and the N-terminal methionine
of the acceptor ubiquitin. This results in the formation of a
peptide bond in contrast to isopeptide formation via the linkage

Abbreviations: BCL10, B cell leukemia/lymphoma 10; cIAP, cellular inhibitor of
apoptosis protein; CARD, caspase recruitment domain; CYLD, cylindromatosis
lysine 63 deubiquitinase; DLBCL, diffuse large B cell lymphoma; ERAD,
endoplasmic reticulum-associated degradation; HOIL-1, haem-oxidized iron-
regulatory protein 2 ubiquitin ligase-1; HOIP, HOIL-1-interacting protein;
HUWEI, HECT, UBA, and WWE domain containing E3 ubiquitin protein
ligase 1; IKK, IkB kinase complex; IRAK, interleukin 1 receptor associated
kinase; IRP2, iron regulatory protein 2; KLN1, kinetochore null protein 1; LDD,
linear ubiquitin chain determining domain; LPS, lipopolysaccharide; LUBAC,
linear ubiquitin chain assembly complex; LUBEL, linear ubiquitin E3 ligase;
MALT1, mucosa-associated lymphoid tissue protein-1; MLKL, mixed lineage
kinase domain-like; MyD88, myeloid differentiation primary response gene 88;
NEMO, NF-kB essential modifier; NF-kB, nuclear factor of kappa light polypeptide
gene enhancer in B-cells; NLRP3, NLR family pyrin domain containing
3; NOD, nucleotide binding oligomerization domain containing; ORAS,
OTULIN-related inflammatory syndrome; RIG-I, retinoic acid-inducible gene-I;
RING, really interesting new gene; RIPK, receptor-interacting serine/threonine-
protein kinase; RBR, RING-in-between-RING; SHARPIN, Shank-associated RH
domain-interacting protein; SNP, single nucleotide polymorphism; SPATA2,
spermatogenesis-associated protein 2; UBA, ubiquitin-associated; UBD, ubiquitin-
binding domain; UBAN, ubiquitin-binding domain in ABIN proteins and
NEMO; UBL, ubiquitin-like; PIM, PUB-interacting motif; PUB, PNGase/UBA
or UBX-containing proteins; TAB, TAK1-binding protein; TAKI, transforming
growth factor-B-activated kinase 1; TBK1, TANK binding kinase; TLR, Toll-like
receptor; TNE, tumor necrosis factor; TNFR, TNF receptor; TRAE TNF receptor-
associated factor; TRAIL, TNF-related apoptosis-inducing ligand; VCP/p97,
valosin-containing protein; XIAP, X-linked inhibitor of apoptosis.

to the epsilon amino group of a lysine residue. The M1 linkage
is generated by the linear ubiquitin chain assembly complex
(LUBAC) that has first been described in 2006 as a complex
of about 600 kDa containing the two RBR E3 ubiquitin ligases
HOIP and HOIL-1 (Kirisako et al., 2006). Some years later,
the adaptor protein SHARPIN was identified as the third core
component of LUBAC (Gerlach et al., 2011; Ikeda et al., 2011;
Tokunaga et al., 2011) (Figure 4). HOIP is the catalytically active
component of LUBAC and the only E3 ubiquitin ligase that can
assemble M1-linked ubiquitin based on its unique C-terminal
linear ubiquitin chain determining domain (LDD) that positions
the N-terminus of the target ubiquitin (Smit et al., 2012; Stieglitz
et al, 2012; Yagi et al., 2012; Lechtenberg et al., 2016; Liu
et al., 2017). The catalytic activity of HOIP is autoinhibited by
its N-terminal domain so that full-length HOIP has no linear
ubiquitination activity in vitro, in contrast to the N-terminally
truncated RBR-LDD domain (Smit et al., 2012; Stieglitz et al,,
2012, 2013; Yagi et al., 2012; Liu et al., 2017; Fujita et al,
2018). Binding of the ubiquitin-like (UBL) domain of HOIL-
1 and SHARPIN to the ubiquitin-associated domain (UBA) of
HOIP releases HOIP from autoinhibition (Smit et al., 2012;
Stieglitz et al., 2012, 2013; Liu et al., 2017; Fujita et al., 2018).
In vitro, the HOIL-1 UBL domain and the SHARPIN UBL
domain can separately or synergistically bind to different regions
within the UBA domain of HOIP (Liu et al., 2017). Both UBLs
can induce conformational changes in the HOIP UBA domain,
which allosterically rearrange the orientation between the UBA
and RBR-LDD, facilitating E2 loading and promoting catalytic
activity of HOIP (Liu et al, 2017). The crystal structure of
the trimeric LUBAC core revealed that HOIL-1 and SHARPIN
interact with each other via LUBAC-tethering motifs (LTMs)
located N-terminally to the UBL domains of both proteins (Fujita
et al,, 2018). Upon heterodimerization, both LTMs fold into a
single globular domain that plays a critical role in stabilizing
trimeric LUBAC (Fujita et al,, 2018).

HOIL-1 apparently has also catalytic activity. It has been
reported to undergo auto-ubiquitination (Tatematsu et al., 2008)
and to ubiquitinate oxidized IRP2 (iron regulatory protein 2),
thereby inducing IRP2 degradation (Yamanaka et al., 2003).
Recombinant HOIL-1 only lacking a C-terminal tail of 32 amino
acids was observed to generate high molecular weight ubiquitin
chains albeit with low efficiency (Stieglitz et al., 2012; Liu et al.,
2017; Fujita et al., 2018). In addition to activating the catalytic
core of HOIP, HOIL-1 obviously helps to direct the first ubiquitin
toward a lysine residue of the substrate (Smit et al., 2013). The
RBR-LDD domain of HOIP does assemble free linear ubiquitin
chains in vitro but does not modify NEMO (NF-kB essential
modifier), a key LUBAC substrate. However, in the presence of
catalytically active HOIL-1, linear ubiquitin chain formation at
NEMO lysines is efficient (Smit et al.,, 2013). The assembly of
linear ubiquitin chains on substrates by HOIP requires priming
of the first ubiquitin on a substrate lysine residue followed
by the linkage of an incoming ubiquitin to the N-terminus of
the “primed” target ubiquitin. HOIP assembles linear ubiquitin
chains preferentially on K63-ubiquitinated substrates, resulting
in heterotypic ubiquitin chains (Emmerich et al., 2013, 2016; Fiil
et al., 2013; Hrdinka et al., 2016). In support of this notion, the
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FIGURE 1 | Enzymatic cascade of ubiquitination. Ubiquitin is transferred to the target protein by an enzymatic cascade. Ubiquitin is first bound by an
ubiquitin-activating enzyme (E1) using one ATP molecule. The activated ubiquitin is then transferred to a conjugating enzyme (E2). Depending on the type of the E3
ubiquitin ligase that is involved in the ubiquitination process, ubiquitin is directly transferred from the E2 to the target protein with the ligase acting as specific bridging
factor (RING ligases). Alternatively, the ubiquitin moiety is transferred to the E3 ligase (RBR and HECT ligases) via a transient thioester bond before it is attached to the

HECT E3
target protein

target protein

RBR E3 ubiquitin ligase Parkin can increase LUBAC-mediated
linear ubiquitination of NEMO by modifying NEMO with K63-
linked ubiquitin (Henn et al., 2007; Sha et al., 2010; Miiller-
Rischart et al., 2013; Asaoka et al., 2016).

Recently, HOIL-1 was found to act as an atypical E3 ligase by
forming an oxyester bond between the C-terminus of ubiquitin
and serine or threonine residues (Kelsall et al., 2019). This
activity of HOIL-1 is implicated in its auto-ubiquitination
and in the modification of substrates within Toll-like receptor
signaling, such as IRAK1, IRAK2, and MyD88, by monoubiquitin
(Kelsall et al., 2019). Monoubiquitin attached to substrates
by HOIL-1 via an oxyester bond can act as a target for

further ubiquitination, suggesting a role of HOIL-1 in initiating
polyubiquitin chain formation.

Several proteins have been described to interact with linear
ubiquitin chains via specific ubiquitin-binding domains (UBDs)
(reviewed in Fennell et al., 2018; Figure 2). These interactors
include proteins with a UBAN (UBD in ABIN proteins and
NEMO) domain, such as NEMO, ABIN-1, ABIN-2, ABIN-3, and
Optineurin. HOIL-1 and A20 interact via zinc finger domains
with Ml-linked ubiquitin. In addition, the deubiquitinases
OTULIN and CYLD, which both are capable of hydrolyzing M1-
linked polyubiquitin, bind to linear ubiquitin chains through
their catalytic domains.
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FIGURE 2 | The linear ubiquitination machinery. Linear ubiquitin chains are assembled by LUBAC, the linear ubiquitin chain assembly complex, comprising HOIL,
HOIL-1, and SHARPIN (writers). This modification can be translated into a cellular effect by proteins that specifically interact with linear ubiquitin chains (readers). The
linear ubiquitination signal can be removed by deubiquitinases that disassemble M1-linked ubiquitin chains (erasers).

FIGURE 3 | Structural diversity of ubiquitin chains. In homotypic ubiquitin chains ubiquitin monomers are linked to one of seven lysine (K) residues or to the N-terminal
methionine (M1). For example, in a K48-linked ubiquitin chain all ubiquitin monomers are linked to lysine 48 of the acceptor ubiquitin moiety. Different linkage types are
characterized by specific conformations of the polyubiquitin chain, such as an open or closed conformation. The structure of the chain can be further modified by
post-translational modifications of ubiquitin, here indicated by the phosphorylation of serine 65 in a linear ubiquitin chain. Ubiquitin: green; target protein: blue.

OTULIN is the only known deubiquitinase that exclusively =~ M1-linked polyubiquitin and second, it employs a mechanism of
disassembles linear ubiquitin chains (Keusekotten et al., 2013;  ubiquitin-assisted catalysis, implicating activation of the catalytic
Rivkin et al, 2013). The reason for this specificity is based  triad by the proximal ubiquitin moiety (Keusekotten et al.,
on two features: First, OTULIN binds with high affinity to  2013). OTULIN binds to the N-terminal PUB (PNGase/UBA
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FIGURE 4 | Domain structure of the LUBAC components. LUBAC consists of three core proteins, HOIP, HOIL-1, and SHARPIN. HOIP and HOIL-1 are RBR E3
ligases characterized by a RING - IBR (in between RING) - RING domain structure. The interaction between the UBL domains of HOIL-1 and SHARPIN with the UBA
domain of HOIP releases the autoinhibition of HOIP. HOIP interacts via its PUB domain with the PIM domain of OTULIN, SPATA2, or p97/VCP.

or UBX-containing proteins) domain of HOIP via its PUB-
interacting motif (PIM) and this interaction seems to be
regulated by phosphorylation (Elliott et al, 2014; Schaeffer
et al., 2014; Takiuchi et al., 2014). The PUB domain of HOIP
can also interact with SPATA2 that binds CYLD and thereby
bridges this deubiquitinase to LUBAC (Elliott et al., 2016;
Kupka et al., 2016; Schlicher et al., 2016; Wagner et al.,
2016). CYLD hydrolyzes both K63- and MI-linked ubiquitin
chains (Komander et al, 2009; Sato et al, 2011; Ritorto
et al,, 2014) and together with OTULIN regulates signaling
by linear ubiquitin chains. In contrast to CYLD, OTULIN
prevents LUBAC from auto-ubiquitination (Fiil et al., 2013;
Keusekotten et al., 2013; Hrdinka et al., 2016; Heger et al.,
2018). Importantly, binding of OTULIN and SPATA2 to HOIP
is mutually exclusive, since both proteins compete for binding
to the PUB domain (Draber et al., 2015; Elliott et al., 2016).
Whereas the absence of OTULIN induces a strong increase
in the abundance of M1-linked ubiquitin (Rivkin et al., 2013;
Damgaard et al., 2016), this is not observed in the absence of
CYLD (Draber et al., 2015). It is therefore conceivable that CYLD
exerts a ubiquitin chain-editing function by trimming Ké3-
linked chains and influencing K63-M1-hybrid chain formation
(Emmerich et al., 2013, 2016; Hrdinka et al., 2016).

CELLULAR FUNCTIONS OF LINEAR
UBIQUITIN CHAINS

LUBAC and TNF Signaling

Linear ubiquitin chains generated by LUBAC play a key role
in regulating innate and adaptive immunity and inflammatory
signaling, for example via the TNF receptor (TNFR1), IL-1
receptor, CD40, TRAIL receptor, Toll-like receptors (TLRs),
T and B cell receptors, NOD1 and NOD?2 receptors, RIG-
I receptors, and the NLRP3 inflammasome (reviewed in Iwai
et al., 2014; Hrdinka and Gyrd-Hansen, 2017; Rittinger and
Ikeda, 2017; Spit et al., 2019; Figure5). Consistent with the
regulation of these pathways by M1-linked ubiquitin, several
LUBAC substrates have been identified, such as NEMO, RIPK1,
RIPK2, TRADD, TNFR1, IRAK1/2/4, and MyD88 (Haas et al.,
2009; Tokunaga et al., 2009; Gerlach et al., 2011; Emmerich et al.,
2013; Fiil et al., 2013; Draber et al., 2015; Wertz et al., 2015; Kelsall
etal., 2019).

LUBAC function has most widely been studied in the
context of TNF signaling (reviewed in Peltzer and Walczak,
2019; Spit et al, 2019). In 2009, LUBAC was shown to
activate canonical NF-«kB signaling in response to TNF or
IL-1 stimulation by conjugating linear ubiquitin chains on
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FIGURE 5 | Linear ubiquitination and NF-kB activation. Formation of linear ubiquitin chains is implicated in NF-kB activation induced by different pathways, for
example via TNF or IL-1 receptors, Toll-like receptors or NOD2 receptors. All these pathways involve the formation of signaling complexes to which LUBAC is
recruited via K63-linked ubiquitin. K63-linked polyubiquitin is generated by clAP1/2 at the TNFR complex and by TRAF6 at the IL-1R and at TLRs. LUBAC then

assembles M1-linked ubiquitin on K63-ubiquitinated NEMO (and other substrates within the pathway). Oligomerization of NEMO activates the associated kinases
IKKa and IKKB, required for NF-kB activation.

NEMO, the core regulatory component of the IkB kinases and translocate into the nucleus to regulate the expression of
(IKK) complex (Haas et al, 2009; Tokunaga et al, 2009).  NF-kB target genes. Depending on the cell type and cellular
Moreover, NEMO harbors a UBAN domain that binds to M1-  context, NF-kB upregulates pro-survival and/or inflammatory
linked ubiquitin with high affinity (Komander et al, 2009;  gene expression.

Rahighi et al, 2009). Upon binding of TNF to its receptor When the formation of the cytoprotective complex I is
at the plasma membrane, a multiprotein signaling complex, = compromised, for example through defective ubiquitination
denoted complex I, is assembled, which is regulated by  mediated by either cIAPs or LUBAC, complex II is generated
phosphorylation and ubiquitination. K63-linked polyubiquitin  that induces cell death (reviewed in Dondelinger et al,
generated by cIAP1/2 recruits LUBAC to the activated TNFR1. ~ 2016). A crucial player in the transition between complex
LUBAC adds linear ubiquitin chains to various substrates, I and complex II is RIPK1. Phosphorylation of RIPKI at
resulting in the formation of mixed K63-/M1-linked heterotypic ~ specific sites for example by TAKI1, IKKa, IKKP, IKKe, or
chains. Since NEMO is not only modified by MIl-linked TBK1 has been shown to prevent complex II formation by
ubiquitin, but also binds to Ml-linked ubiquitin via its keeping RIPKI in an inactive, non-autophosphorylated state
UBAN domain, linear ubiquitination of NEMO promotes its  (Dondelinger et al,, 2015; Annibaldi and Meier, 2018; Lafont
oligomerization. This induces a conformational change of the et al., 2018; Xu et al, 2018). Notably, TBK1 and IKKe
associated kinases IKKa and IKKP within the IKK complex, are recruited to complex I mostly by Ml-linked ubiquitin
leading to their activation. Activated IKKs phosphorylate the  (Lafont et al., 2018). Complex II can promote either apoptosis
NF-kB inhibitor IkBa, which is subsequently modified with ~ (when caspase-8 is active) or necroptosis, induced by the
K48-linked ubiquitin and degraded by the proteasome. Thus,  necrosome formed by RIPK1, RIPK3, and MLKL (reviewed in
NF-kB heterodimers are released from their inhibitory binding  Peltzer and Walczak, 2019).
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LUBAC-Associated Pathologies

In support of a substantial role of LUBAC in regulating immune
signaling, mice deficient in the expression of LUBAC components
suffer from severe phenotypes. Both HOIP knockout (KO)
and HOIL-1 KO mice lacking the UBL domain are not viable
and die around E10.5 (Emmerich et al., 2013; Sasaki et al,,
2013; Peltzer et al, 2014; Fujita et al., 2018). Interestingly,
mice expressing catalytically inactive HOIL-1 (C458S knock-in
mice) are viable, since this mutant can still bind and stabilize
HOIP in contrast to HOIL-1 lacking the UBL domain (Kelsall
et al., 2019). Mice with a spontaneous autosomal recessive loss-
of-function mutation in the SHARPIN gene develop chronic
proliferative dermatitis, systemic inflammation, and increased
apoptosis in the liver, lung, and skin (Seymour et al., 2007;
Gerlach et al,, 2011; Ikeda et al,, 2011; Tokunaga et al.,, 2011).
Notably, defective disassembly of M1-linked ubiquitin has also
severe consequences. Mice homozygous for missense mutations
interfering with OTULIN function, exhibit embryonic lethality
between E12.5 and E14, characterized by vascularization defects
and impaired Wnt signaling (Rivkin et al., 2013).

In humans, reduced HOIP expression due to a missense
mutation in the HOIP gene causes multiorgan autoinflammation
and immunodeficiency (Boisson et al., 2015). These clinical
phenotypes widely overlap with those seen in some HOIL-1-
deficient patients. Depending on the type of mutation, these
patients show autoinflammation and immunodeficiency or
polyglucosan storage myopathy (muscular amylopectinosis)
and cardiomyopathy (Boisson et al., 2012; Nilsson et al., 2013;
Wang et al., 2013). Interestingly, homozygous loss-of-function
mutations in the OTULIN gene cause an auto-inflammatory
condition, called ORAS (OTULIN-related inflammatory
syndrome) or otulipenia that is responsive to anti-TNF
treatment (Damgaard et al, 2016; Zhou et al, 2016). These
multifaceted pathologies underpin the complex interplay
between assembly and disassembly of linear ubiquitin chains,
requiring tight regulation and fine-tuned balancing in a cell-type-
and context-specific manner.

Given its role in cell death regulation, LUBAC is also
associated with oncogenic signaling. Two germline missense
single nucleotide polymorphisms (SNPs) in the gene encoding
HOIP are enriched in patients suffering from a subtype of
diffuse large B cell lymphoma (DLBCL). In activated B cell-like
(ABC) DLBCL the constitutive activation of NF-kB mediated
by B cell receptor signaling (implicating CARD11, MALT1,
and BCL10) and MyD88 signaling is a major pathogenic
mechanism, promoting malignant cell survival. The two SNPs
identified in ABC DLBCL are located in the UBA domain of
HOIP affecting the HOIP/HOIL-1 interface and were shown
to enhance LUBAC activity and NF-«kB signaling (Yang et al,,
2014). In addition, oncogenic CARD11 mutants found in ABC
DLBCL spontaneously induce linear ubiquitination of BCL10 by
enhancing the interaction between HOIP and BCL10 (Yang et al.,
2016b). LUBAC recruitment to BCL10 is promoted by cIAP1/2
which assemble K63-linked ubiquitin chains on BCL10 and on
themselves (Yang et al., 2016a). In an siRNA screen, HOIP was
identified as a modifier of cisplatin-induced toxicity (MacKay
et al., 2014). Depletion of HOIP or expression of catalytically

inactive HOIP sensitizes different cancer cell lines to genotoxin-
induced apoptotic cell death. Supporting a role of LUBAC in
chemotherapy resistance, expression of LUBAC components
is significantly higher in cisplatin-resistant cancer cell lines
(MacKay et al., 2014) and patient samples and preclinical mouse
models of lung squamous cell carcinoma (LSCC) (Ruiz et al,
2019). Moreover, the small molecule HOIP inhibitor gliotoxin
sensitizes LSCC cells and mice to cisplatin (Ruiz et al., 2019). A
recent study linked LUBAC to chromosome alignment during
mitosis. LUBAC was reported to ubiquitinate the kinetochore
motor CENP-E that binds in its Ml-ubiquitinated form to
the linear ubiquitin chain receptor KLNI1 (kinetochore null
protein 1) at attached kinetochors thereby promoting accurate
chromosome segregation (Wu et al., 2019). Whether LUBAC is
a feasible drug target to treat malignant diseases needs to be
explored in future studies.

LUBAC and Intracellular Bacteria

It has recently been discovered that LUBAC is recruited to the
surface of cytosol-invading bacteria, such as Salmonella enterica
serovar Typhimurium, that have escaped the endocytic pathway
and therefore are no longer shielded by host membranes (Zhou
et al,, 2016; Noad et al., 2017; van Wijk et al., 2017). Bacterial
surface components as well as associated host membrane
remnants are ubiquitinated by several E3 ubiquitin ligases to
generate a ubiquitin coat (Perrin et al., 2004). HOIP binds to
this ubiquitin coat via its N-terminal NZF domains (Noad et al.,
2017). In addition, the catalytic activity of HOIP is required for
its recruitment, suggesting a feed-forward mechanism through
synthesizing and binding M1-linked ubiquitin at the bacterial
surface (Noad et al., 2017). Linear ubiquitin chains generated by
LUBAC recruit the effector proteins NEMO and Optineurin to
cytosolic bacteria. As a consequence, two events are induced that
independently restrict bacterial proliferation: Local activation
of NF-kB mediated by NEMO and stimulation of antibacterial
autophagy (xenophagy) mediated by Optineurin (Noad et al,
2017). These effects can be enhanced by decreasing the expression
of OTULIN via RNA interference or CRISPR/Cas9 knockout
(van Wijk et al.,, 2012; Noad et al., 2017).

LUBAC and Protein Quality Control

LUBAC is not only recruited to cytosolic bacteria but also
to cytosolic protein aggregates, suggesting that assemblies of
misfolded proteins are sensed as a special kind of “cellular
pathogen” or danger-associated molecular pattern (van Well
et al, 2019). We observed that LUBAC modifies misfolded
Huntingtin containing a pathogenic polyglutamine expansion
(Htt-polyQ) with M1-linked ubiquitin and thereby shapes the
ubiquitin coat of these aggregates. Linear ubiquitination of
both cytosolic bacteria and aggregates has beneficial cellular
effects, yet mediated by different mechanisms (Figure 6). HOIP
is recruited to protein aggregates by p97/VCP, a triple A-type
quality control ATPase that can extract ubiquitinated proteins
from macromolecular complexes or lipid membranes. p97/VCP
also has a PIM domain which is required for the interaction with
the PUB domain of HOIP (Elliott et al., 2014; Schaeffer et al.,
2014; Takiuchi et al., 2014). As a consequence of linear ubiquitin
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FIGURE 6 | Linear ubiquitination of Huntingtin aggregates. Huntingtin (Htt) aggregates are covered by a ubiquitin coat, including K48- and K63-linked chains. HOIP is
recruited to these aggregates in a p97/VCP-dependent manner and together with HOIL-1 and SHARPIN assembles M1-linked ubiquitin chains. Subsequent
recruitment of proteins specifically interacting with linear ubiquitin, such as NEMO, remodels the interactive surface of the aggregates. Linear ubiquitination promotes
proteasomal degradation of misfolded Htt species and may also increase the removal of aggregates by autophagy.
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chain assembly at Htt-polyQ aggregates, the interactive surface
of misfolded Huntingtin species is shielded from unwanted
interactions, such as the sequestration of low complexity domain-
containing transcription factors that causes transcriptional
dysregulation in Huntington’s disease. Moreover, LUBAC
facilitates proteasomal degradation of misfolded Htt-polyQ
species in a p97/VCP-dependent manner (van Well et al., 2019).

Interestingly, a Drosophila ortholog of HOIP termed LUBEL
(linear ubiquitin E3 ligase) is involved in the heat shock response
in flies (Asaoka et al., 2016). Flies expressing catalytically inactive
LUBEL mutants show climbing defects and reduced survival
upon heat stress, which supports a role of linear ubiquitination
in protein quality control.

Heterotypic Ubiquitin Chains Implicating
M1 Linkage

The formation of heterotypic ubiquitin chains strongly diversifies
the structure and hence the functional impact of polyubiquitin
chains (Haakonsen and Rape, 2019). Heterotypic chains contain
more than one linkage type, resulting in mixed or branched
ubiquitin chains. In mixed chains, the ubiquitin molecules
are connected by different linkage types but each subunit
is connected via a lysine or the N-terminal methionine to
only one other ubiquitin molecule. In branched chains, at
least one ubiquitin subunit is linked to two or even more
ubiquitin molecules, which may result in highly complex
chain architectures. The mechanisms underlying heterotypic
chain formation have not been uncovered in detail yet, but

it is emerging that ubiquitin chain initiation, elongation, and
branching often requires an intricate cooperation between
different E2 and E3 enzymes.

There is increasing evidence for the formation of various
branched ubiquitin chains and their specific role in regulating
cellular functions. For example, K11/K48-branched chains
are characterized by a higher affinity to the proteasome
and to p97/VCP and therefore act as a proteasomal priority
signal (Meyer and Rape, 2014). In line with such a function,
K11/K48-heterotypic chains have been implicated in cell
cycle and protein quality control by promoting rapid and
efficient proteasomal degradation of mitosis regulators and
misfolded cytoplasmic proteins or ERAD substrates (Meyer
and Rape, 2014; Yau et al, 2017; Samant et al., 2018; Leto
et al,, 2019). A structural analysis of branched K11/K48 tri-
ubiquitin revealed a unique hydrophobic interdomain interface
between the distal ubiquitins that binds the proteasomal
receptor Rpnl with increased affinity (Boughton et al,
2019). Notably, K29/K48- and K48/K63-branched ubiquitin
chains can also mediate efficient proteasomal degradation
(Kristariyanto et al., 2015; Ohtake et al., 2018).

In addition to promoting proteasomal degradation,
heterotypic ubiquitin chains play a role in regulating signaling
pathways, as has been demonstrated for NF-kB signaling.
K48/K63-branched ubiquitin chains generated by TRAF6 (K63)
and HUWEI (K48) in response to IL-1 stimulation amplify NF-
kB signaling by protecting from CYLD-mediated hydrolysis of
K63-linked ubiquitin (Ohtake et al., 2016). M1-linked ubiquitin
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chains are also implicated in the formation of heterotypic
chains. In fact, most of the Ml-linked chains formed upon
IL-1 stimulation are covalently attached to K63-linked chains
(Emmerich et al., 2013), although the precise topology (mixed
or branched, Figure 7) has not been elucidated so far. When
Ké63-linked ubiquitination is inhibited by the deletion of the
E2 complex Ubcl3-Uevla, IL-1-induced formation of MI-
linked ubiquitin is also strongly reduced, suggesting that K63
ubiquitination is a prerequisite for the formation of M1 ubiquitin
chains (Emmerich et al., 2013). In addition to IL-1 signaling,
heterotypic M1/K63 ubiquitin chains have been identified upon
activation of TNFR1, TLR3, and NODI1 receptors, suggesting
that the formation of these hybrid chains is a general feature in
innate immune signaling implicating LUBAC (Emmerich et al.,
2016). HOIP interacts with K63-linked ubiquitin via its NZF
domains, which presumably favors the generation of heterotypic
M1/K63 chains (Haas et al, 2009; Emmerich et al., 2013).
From a functional perspective, M1/K63 ubiquitin heterotypic
chains could act as a platform to co-recruit and concentrate

interacting proteins that specifically bind to either K63-linked
ubiquitin (such as TAB2 and TAB3 of the TAK1 complex) or
MIl-linked ubiquitin (such as NEMO of the IKK complex),
thereby increasing the efficiency of IKK complex activation
(Zhang et al., 2014). It is also conceivable that co-recruitment
of regulatory proteins to M1/K63 heterotypic ubiquitin chains
helps to fine-tune signaling events in a spatio-temporal manner.
In support of this notion, branched M1/K63-linked ubiquitin
chains formed upon TNF stimulation inhibit disassembly of
Ké63-linked polyubiquitin by A20 and thus preserve active
signaling complexes (Wertz et al., 2015).

DETECTION OF LINEAR CHAINS

Antibodies

The development of chain-specific antibodies by Newton et al.
allows the detection of specific chain topologies using western
blotting techniques and has been extended by antibodies
developed by other groups (Newton et al, 2008; Matsumoto
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et al., 2012; Sasaki et al., 2013; Nakayama et al., 2019). The
antibodies are raised to specifically recognize the special topology
of the ubiquitin chain linkage and can be used for the detection
of the chains in western blots, immunocytochemistry and
immunohistochemistry (reviewed in van Wijk et al., 2019).

Tandem Ubiquitin Binding Entities (TUBES)

Ubiquitin signaling is detected by sets of specific reader
molecules. These proteins are able to detect besides the position
of the ubiquitination also the topology of the chain. The
interaction of the ubiquitin signal reader with the ubiquitin chain
is mediated by ubiquitin-interacting motifs in these proteins
(Watkins et al., 1993; Bertolaet et al., 2001; Wilkinson et al., 2001;
Zhang et al., 2008; Rahighi et al., 2009). By fusing several of
these interaction motifs into a new detection molecule, a TUBE
is created (Hjerpe and Rodriguez, 2008; Hjerpe et al., 2009). The
specificity of the single ubiquitin interaction motif is enhanced by
the combination and can then be used for enrichment strategies
or a far-western blot experiment.

Targeted Proteomics

The rapid development of proteomics in the last decade
positioned mass spectrometry-based proteomics (discovery
proteomics) as the default technique for the detection of
several thousand proteins in a single experiment. Parallel to the
development of discovery proteomics a second technique for
the analysis of samples has been developed. This technology,
targeted proteomics, is focussed on the quantification of a specific
set of proteins instead of the identification of as many proteins
as possible. Here, a specific set of proteins is selected before
the measurement and key peptides for the selected proteins are
used. By focussing the measurement on a set of key peptides the
measurement gains sensitivity, thus allowing the detection of very
small amounts of proteins in the sample. The continuous nature
of the measurement ensures that the selected peptides will be
detected in all samples, if they are present, and avoid the random
selection issues that are associated with a shotgun measurement
which are responsible for the generation of missing data points.
The disadvantage of the method is the preselection of peptides
as it does not allow the detection of any other protein than the
preselected ones.

Selected and Parallel Reaction Monitoring
(SRM/PRM)

The implementation of the detection method is usually linked
to the use of either triple-quadrupole or Q-orbitrap mass
spectrometers. For the specific detection of a peptide, the mass
spectrometer has to filter for the full mass of the peptide. The
selected peptide is then broken down into fragments by collision-
induced fragmentation and key fragment masses are selected for
detection. For SRM the selection of the precursor mass is done
by the first quadrupole, the fragmentation in the second and the
third is selecting specific fragments one after the other. The use of
PRM allows the parallel measurement of all peptide fragments for
a given mass. For increased sensitivity, the quantification is then
based on a smaller number of fragments that are selected to avoid
interference from co-selected peptides. Usually, the PRM method

employs a high-resolution mass spectrometer thus allowing to
further reduce the influence of interfering fragments by applying
a strong selection based on the high-resolution measurement
(Figure 8; Lange et al., 2008; Mirzaei et al., 2010; Ordureau et al.,
2015; Bourmaud et al., 2016).

The identification of the right fragments across a
chromatographic separation depends on the elution time
and the precursor/fragment pairs. To ensure the right elution
points in the gradient, the use of isotope-labeled standards
is recommended. Here the same peptide that is monitored
using SRM or PRM is chemically synthesized using an isotope-
labeled amino acid. Since the light and heavy peptides are
chemically identical the peptides co-elute. The quantification
of the peptide can then be done between different runs, given
the chromatographic setup is stable enough for a comparison.
If the isotope-labeled standard peptide is spiked in at a
known concentration it can serve as a standard for absolute
quantification of the light counterpart.

Measurement of the Ubiquitin Chain
Topology

Post-translational modification by ubiquitin occurs on lysine side
chains or the N-terminus of proteins. Here a conjugation cascade
connects the C-terminus of ubiquitin to the e-amino group of
lysines or the N-terminal amino group. The target protein can be
a protein that is regulated by ubiquitination or ubiquitin itself,
forming ubiquitin chains.

Ubiquitin chain topology analysis takes advantage of this
unique shape. When a ubiquitin chain is digested with the
endoproteinase trypsin key peptides are generated that carry two
glycine residues on the side chain. These two remnant residues
are coming from the -RGG C-terminus of the next ubiquitin in
the chain and are cut off by trypsin during the generation of the
peptides (Peng and Gygi, 2001). For the N-terminal ubiquitin
fusion, a signature peptide starting with the GG and continuing
with the N-terminus of ubiquitin is created by the tryptic
digestion. These signature peptides are then used as surrogates
for the presence of ubiquitin chains and can be quantified using
different targeted proteomics techniques (Figure 9). Recently, the
Komander group created a viral protease-derived recombinant
protease, which recognizes the C-terminus of ubiquitin (Swatek
et al,, 2018, 2019). The cleavage of the ubiquitin chains occurs
after arginine 74 and leaves the GG-remnant on the lysine
side chain of ubiquitin or the substrate protein. The analysis
of ubiquitin by intact mass spectrometry revealed ubiquitin
molecules decorated with several GG-remnants. Quantification
of this ubiquitin population shows that 10-20% of the ubiquitin
chains are branched (Swatek et al., 2019).

Studies using middle-down proteomics, which is based on a
partial tryptic digestion of ubiquitin chains, were able to elucidate
the chain length and branching of the polyubiquitin chain (Xu
and Peng, 2008; Valkevich et al., 2014; Rana et al., 2017).

A different approach has been developed by Tsuchiya
et al. using a TUBE construct with a tryptic digest for
the mass spectrometric analysis (trypsin-resistant TUBE,
TR-TUBE). The TR-TUBE binds the polyubiquitin chain
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FIGURE 8 | Selected and parallel reaction monitoring (SRM, PRM). The preferred method for the detection and quantification of ubiquitin chains is the use of SRM
and PRM. The SRM method is bound to triple-quadrupole mass spectrometers indicated by four rods. The first quadrupole is used for the selection of ions, the
second one for the fragmentation of the selected ionized peptide and the third one for the selection of a specific fragment ion. The fragment ions have to be selected
one after the other in order to get a measurement for each of them. The PRM method replaces the last step with a scan of all ions in a high-resolution detector like an
orbitrap. The selection of the ions is done in silico, so the best ions that show no interference can be selected without re-acquiring the spectra.

and is used to pull out the ubiquitinated substrate  Other strategies include the precipitation of proteins prior to the
proteins. In a subsequent tryptic digest the substrate  extraction using tri-chloric acid (Ziv et al, 2011) or chemical
proteins is identified. This allows the distinction of the  inhibition which is widely used. Most of the deubiquitinating
mono-ubiquitinated proteins from polyubiquitinated ones  enzymes belong to the class of cysteine proteases which carry

(Tsuchiya et al., 2018). a cysteine in the active center of the enzyme. Alkylating agents

. . L . specific to sulthydryl groups can be used to modify the active
Difficulties of Ubiquitin Chain Topology center and thus inactivate the enzyme. N-ethylmalemide and
Detection iodoacetamide are widely used, although it has been shown

Ubiquitin-associated signaling can, like other post-translational ~ that iodoacetamide can cause unspecific modification of lysine
signals, be erased by two different mechanisms, the dissociation  side chains with the same molecular weight as a double-glycine
of the ubiquitin chain from the protein target or the degradation =~ modification (Nielsen et al., 2008), leading to false detection
of the protein target. While the degradation of the target of ubiquitination sites. Other modifications and the inability
protein is mostly associated with K48 and K11 chains (Chau  of certain proteomic search engines to detect ubiquitination
et al, 1989; Williamson et al, 2011), the dissociation of appropriately canlead to false-positive identifications as reviewed
ubiquitin chains by deubiquitinating enzymes can occur on  in Beaudette et al. (2016).

all types of chains. For the detection of degradation-mediating Ubiquitin has a very stable fold and can easily refold after heat
chains, the inhibition of the proteasome as the endpoint of  or denaturation using chemical agents. This can pose a significant
the reaction can lead to stabilization of the chains (Kim  challenge to the accurate quantification of ubiquitin chains using
et al., 2011; Wagner et al., 2011). For the detection of linear =~ mass spectrometric techniques. The generation of the ubiquitin
chains, proteasome-associated degradation seems to be less  peptides is dependent on the accessibility of all potential cleavage
important, but the disassembly reaction of chains can severely  sites to the proteases used. If ubiquitin is not completely
impair the detection. For the inhibition of the disassembly  digested this would lead to a significant underestimation of the
reaction, several techniques have been employed. The use of  ubiquitin-derived peptides. Strategies using a two-step digestion
highly denaturing agents during the lysis of the cells, using  protocol under highly denaturing conditions (8M urea) with
guanidinium hydrochloride (Lectez et al., 2014) or urea (Peng  a protease like endopeptidase lysC in a first step to degrade
et al., 2003; Bagola et al, 2013), have been proven effective.  the protein into smaller pieces, followed by a dilution step and
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FIGURE 9 | Generation of the ubiquitin chain specific peptides. The C-terminus of ubiquitin is bound to a lysine side chain of the previous ubiquitin. Ubiquitin contains
a number of arginine residues that are recognized by the protease trypsin. By cutting after arginine 74 the last two amino acids of ubiquitin are remaining on the lysine
side chain and create a peptide, which carries two glycines on the e-amino group of the lysine. This prevents at the same time a digestion of the modified lysine. All

key peptides for ubiquitin chains carry the two glycine residues on a specific lysine side chain except for linear ubiquitin, where the ubiquitin is fused head-to-tail. This

the digestion with trypsin, as trypsin is not active under highly
denaturing conditions (de Godoy et al,, 2008). Alternatively,
the addition of mild mass-spectrometry-compatible detergents,
like RapiGest, can enhance the sensitivity of the detection
(Longworth and Dittmar, 2019).

Advantages and Disadvantages of Using
Chain-Specific Antibodies vs. Detection by
Mass Spectrometry

The detection of ubiquitin chain topology using antibodies
has the obvious advantage of not being dependent on a
mass spectrometry laboratory and usually the rapid detection
associated with the simple western blot setup. Although the
quality of the chain topology-dependent antibodies has improved
over time, the quality of the antibody is still dependent on
production batches and can vary significantly between batches.
The quantification of different chain topologies is difficult and the
quantification across different topologies requires high-quality

standard to be added to the analysis. The mass spectrometry-
based techniques are independent of production batches, but
face other challenges. The above-mentioned digestion problem
can lead to a significant underestimation of the chains.
The determination of ubiquitin topologies is dependent on
the detection of a single peptide, which carries the specific
modification. Each of the seven characteristic peptides has its
own affinity for unspecific absorption to plasticware. In order
to prevent the unspecific loss of peptides due to absorption,
the use of a carrier (like an E. coli digest) has proven
effective to prevent losses of the peptides and the spike-in
reference peptide (Longworth and Dittmar, 2019). The use of a
spike-in reference peptide (Ubi-AQUA) provides the possibility
for absolute quantification (Kirkpatrick et al., 2006; Mirzaei
et al, 2010; Ordureau et al, 2015). Here special attention
to the possibility of losses due to absorption has to be
considered, as it can lead to incorrect quantification of the
reference standard prior to the spike-in. The quantification
of the characteristic peptides can also pose a challenge as
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some of the peptides show a tendency for the formation
of double peaks that are hard to quantify reliably, although
changes to the chromatographic setup can minimize the effect
(personal observation).
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The regulation of ubiquitination status in the cell is controlled by ubiquitin ligases acting in
tandem with deubiquitinating enzymes. Ubiquitination controls many key processes in the
cell from division to death making its tight regulation key to optimal cell function. Activity
based protein profiling has emerged as a powerful technique to study these important
enzymes. With around 100 deubiquitinating enzymes and 600 ubiquitin ligases in the
human genome targeting a subclass of these enzymes or even a single enzyme is a
compelling strategy to unpick this complex system. In this review we will discuss different
approaches adopted, including activity-based probes centered around ubiquitin-protein,
ubiquitin-peptide and mutated ubiquitin scaffolds. We examine challenges faced and
opportunities presented to increase specificity in activity-based protein profiling of the
ubiquitin conjugation/deconjugation machinery.

Keywords: activity-based protein profiling, ubiquitin, protein modification, deubiquitinating enzymes, probe

INTRODUCTION

Ubiquitin is a small protein that is added post-translationally to substrate proteins, modulating
their activity and interactions (Goldstein et al,, 1975). It has a major role in DNA repair
(Jentsch et al., 1987), transcriptional regulation (Hochstrasser and Varshavsky, 1990), cell cycle
(Ciechanover et al., 1984; Finley et al., 1984), and stress responses (Ciechanover et al., 1984; Finley
et al., 1984) amongst others. Ubiquitin is added to substrate proteins via E1, E2, and E3 enzymes
(Ciechanover et al., 1982; Hershko et al., 1983) activating, conjugating and ligating ubiquitin,
culminating in isopeptide bond formation between a lysine residue of the substrate protein and
the C-terminus of ubiquitin (Hunt and Dayhoff, 1977).

Substrates can be modified with monoubiquitin (Haglund et al., 2003; Carter et al., 2007) or
polyubiquitin chains linked by isopeptide bonds between an ubiquitin C-terminus and one of the
seven lysine residues or N-terminus of another ubiquitin (Hershko and Heller, 1985). The linkage
types afford distinct topologies, essential in determining the substrate protein’s fate (Chau et al.,
1989; Peng et al., 2003; Xu et al., 2009).

Deubiquitinating enzymes (DUBs) possess ubiquitin C-terminal hydrolytic activity, removing
ubiquitin (Pickart and Rose, 1985; Hough and Rechsteiner, 1986). The human genome encodes
~100 DUBs, split into six families; ubiquitin-specific proteases (USPs), ubiquitin C-terminal
hydrolases (UCHs), ovarian tumor proteases (OTUs), Machado-Josephin domain proteases
(M]Ds), the JABI/MPN/MOV34 family (JAMMs) and the motif interacting with Ub-containing
novel DUB (MINDY) family. All families, excluding the JAMM zinc metalloproteases, are cysteine
proteases and will be the focus of this review (Hanpude et al., 2015; Abdul Rehman et al., 2016).
Given the diversity in ubiquitin chain length, linkage type and protein substrate, DUB specificity is
key to biological function.
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Specificity in Ubiquitin Probes

Dysregulation of the enzymes involved in ubiquitin signaling
can result in disease states. Genes encoding the DUBs CYLD and
BAPI are established tumor suppressor genes, often mutated in
cancer phenotypes (Zhao et al., 2011). Additionally, members of
the OTU family are upregulated in several cancer types (Carneiro
et al., 2014). There is also a growing number of studies linking
DUBs to neurological diseases (Bhattacharyya et al., 2012; Imai
et al., 2012; Xilouri et al., 2012). Mutations in members of
the ubiquitin cascade have been implicated in similar disorders
(Bernassola et al., 2008; Popovic et al., 2014). The importance of
these enzymes in cellular processes and disease states has created
demand for molecular tools to assist their study.

Activity-based probes target only the active form of an enzyme
allowing for the identification and characterization of active
enzymes within complex cellular milieus. They provide a more
accurate picture of an enzyme’s influence in a cell in comparison
to traditional transcriptomic or proteomic screens which do not
account for differences in activity, caused by post translational
modifications or other inhibitory effects. Probes targeting DUBs
based on monoubiquitin have been successful in characterizing
new DUB family members (Borodovsky et al., 2002) aiding
the crystallization of DUBs (Misaghi et al., 2005) and assessing
novel DUB inhibitors (Kramer et al., 2012). The first example
of an activity-based probe targeting DUBs consisted of a vinyl
sulfone “warhead” in place of the C-terminal glycine residue of
ubiquitin (Borodovsky et al., 2001). A variety of thiol-reactive
electrophiles have since been reported (Borodovsky et al., 2002;
Love et al,, 2009; Ekkebus et al., 2013; de Jong et al., 2017).
These probes provide information about global DUB activity
with some also shown to react with members of the conjugation
machinery (Mulder et al., 2016). Recently, large biological screens
using these probes have aided in the development of a new
chemoproteomic method that could potentially be used to
identify the labeling site of any covalent modifier (Hewings et al.,
2018). A similar screen demonstrated how chemoproteomics can
be used to study DUBs in a more comprehensive manner (Pinto-
Fernandez et al., 2019). These examples elegantly demonstrate
the depth of knowledge that can be obtained using these probes.

Recently, focus has shifted toward the development of probes
to target specific subsets of ubiquitin conjugation/deconjugation
machinery to allow for more precise investigations of their
activity. Using the knowledge that the binding domain
recognizing ubiquitin, the C-terminal adduct, chain length
and linkage type all affect the specificity of these enzymes, new
generations of probe have been developed. The generation of
selective probes harbors significant challenges and this review
will focus on the design and synthesis of probes to tackle
this problem.

PROBES FOR DEUBIQUITINATING
ENZYMES

Mutated Ubiquitin Probes

The binding interactions of DUBs are mediated by ubiquitin-
binding domains. An innovative strategy based on mutation of
WT ubiquitin to enhance/diminish specific interactions between

ubiquitin and DUB binding domains was developed by Ernst
et al. (2013). It involved random mutation of Ubiquitin and
selection through phage display assays. Although the ubiquitin
variants were able to pull out endogenous deubiquitinating
enzymes in a selective manner their primary design and use
was for inhibition or enhancement of endogenous DUB/Ligase
activity though cellular expression. Several DUBS and ligases
have been targeted in this manner (Zhang et al., 2013, 2016;
Gabrielsen et al., 2017; Gorelik and Sidhu, 2017). Ovaa and co-
workers extended this methodology to generate USP7 selective
activity-based probes using ubiquitin variants developed by
Zhang et al. (Ernst et al., 2013; Zhang et al., 2013, 2016) and
computational models as starting points for mutations (Gjonaj
et al., 2019). Probes incorporated a C-terminal alkyne warhead
for covalent capture and an N-terminal Rhodamine dye. Rounds
of screening were monitored by probe labeling of HAP1 cell
lysate. Interestingly low reactivity was seen for mutants reported
to be strong binders in previous phage display assays (Zhang
et al., 2013, 2016; Gabrielsen et al., 2017), potentially due to
incorrect alignment of the warhead in these variants (Gjonaj
etal., 2019). However, an iterative approach screening >120 total
variants afforded a probe with high USP7 selectivity.

Ubiquitin-Peptide Probes

DUBs show specificity toward different chain linkage types and
the substrate protein. Therefore, extending the probe scaffold
by appending an ubiquitin or target protein peptide onto the
C-terminus of a Ubiquitin probe beyond the electrophilic trap
can increase specificity.

The first example by Iphofer et al. generated ubiquitin
linkage mimics (Iphofer et al., 2012). Peptide sequences were
coupled to a warhead containing linker followed by reaction with
HA-Ubys-thioester. Probes with peptide sequences reflecting the
K48 and K63 regions were tested in Jurkat cell lysate. Differences
in labeling were seen between the probes which were both
restricted in comparison to the Ub-VME probe. These probes
were the first step toward determining DUB selectivity using an
activity-based probe approach. The strategy is broadly applicable
and laid excellent groundwork but results in a linker two atoms
longer than the natural substrate and, as with all peptide probes,
selectivity determined by the tertiary structure of the substrate
protein is lost.

A further example of this probe type was developed by the
Chatrerjee laboratory in 2016 using a selenocystine ligation
(Whedon et al., 2016). The approach is similar to that developed
by Brik and co-workers (Haj-Yahya et al., 2014), however the
use of selenocysteine allowed for Cysteine residues within the
peptide. A peptide centered on K117 of TRIM25 was used,
containing two Cys residues and a Met alongside the SeCys
introduced at position 117. Ligation of the selenium with
Ubys-thioester and subsequent Se to N acyl shift resulted in
the ubiquitinated peptide bearing a SeCys at Ubys. Selective
alkylation of Selenium at low pH afforded the DHA probe
in the presence of Cys residues. TRIM25 is known to be
deubiquitiniated by USP15 suggesting potential USP15 probe
selectivity, however this was not investigated. Reactivity was
demonstrated with recombinant USP15, showing predominantly
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active site labeling. This work extended the DHA methodology
to allow the presence of cysteine in peptides/proteins. The low
pH (3.4) of the selective alkylation could however limit the
utility for protein conjugation. Also, the presence of a native
isopeptide bond in the scissile position may affect probe stability
in complex systems.

Diubiquitin Probes

Shortly following Iphofer et al. several diubiquitin probes were
created, further extending the probe scaffold. McGouran et al.
generated the first full length diubiquitin probes (McGouran
et al,, 2013). A “warhead” bearing an alkyne handle was coupled
to HA-Ubys-thioester. An azidohomoalanine incorporated into
the proximal ubiquitin allowed triazole formation to generate the
probes. All linkage types were mimicked and probe selectivity was
quantified in HEK293T cell lysate. Distinct labeling profiles were
observed between the probes without selectivity for a single DUB.
The method is broadly applicable, although incompatible with
multiple methionine residues. The linker is four atoms longer
than in the natural substrate but is uncleavable, providing a
robust probe.

In 2014 the Zhuang laboratory developed an alternative
method using a warhead bearing a sulfur reactive group (Li
et al., 2014). This was coupled to Ubys-thioester. The proximal
HA-ubiquitin containing a single cysteine at the 48/63 position
was reacted to generate two diubiquitin activity-based probes
(Figure 1A). The probes were tested in HEK293T cell lysate
again giving distinct labeling profiles. This elegant method
affords a non-hydrolyzable linker of the correct length, although
it is incompatible with multiple cysteine residues. Recently,
this probe was one of a panel that were used to report the
mechanism by which USP9X recognizes substrates in a linkage
specific manner by using a combination of activity-based labeling
and crystallization studies. This study described previously
unreported mechanistic and structural recognition features of
these enzymes showing how these probes provide a useful insight
into enzyme activity (Paudel et al., 2019).

Brik and co-workers took a strategy using dehydroalanine
formation (Haj-Yahya et al, 2014), based on their previous
non-cleavable diubiquitin synthesis (Kumar et al., 2010). Native
chemical ligation and desulfurization to furnish the electrophilic
trap in the form of a DHA gave the linear, 48 and 63
linked probes. To accomplish this, the relevant nitrogen of
the proximal ubiquitin was selectively deprotected and coupled
to a protected cysteine. After deprotection the sulfur reacts
with Ubys-thioester followed by an S to N acyl shift and
dehydroalanine formation (Figure 1B). In this probe design,
and all subsequent probes based on this strategy, the native
isopeptide bond is still present and the electrophilic trap is
two (branched probes) or three (linear probe) atoms from the
native position. These probes could therefore either trap or be
cleaved by active DUBs. Interestingly the K63 probes labeled
recombinant DUBs and the linear probe showed only cleavage
with the DUBs tested. The K48 probe showed both labeling
and cleavage.

Ovaa and co-workers also utilized the elimination of sulfur to
give a Michael acceptor in their final step (Mulder et al., 2014).
Orthogonally protected diaminnocutyric acid replaced the lysine

residue of interest. A short sulfur containing linker was coupled
prior to ligation and desulfurization to afford the diubiquitin
probes. This was carried out for all 7 lysine linkages and affords
a linkage that matches the native length and is not degraded by
DUBs. All probes were tested with recombinant DUBs, the K11
and K48 probes were also tested in EL4 lysate. Both were seen to
display a restricted labeling pattern in comparison to the VME
probe and were later used to characterize Cezanne (Mevissen
et al., 2016). In addition to this, the probe was used to elucidate
the linkage specificity of Mugl105, which along with ZUSFP, was
identified as a founding member of a novel family of DUBs
(Hermanns et al., 2018).

Although all the Diubiquitin probes demonstrated more
selective labeling patterns than mono ubiquitin probes the
linear probe generated by Krappmann and co-workers (Weber
et al., 2017) was the first to show single DUB selectivity. Using
an approach similar to Brik and co-workers, an N-terminal
cysteine was introduced to the proximal ubiquitin allowing native
chemical ligation to a Ubys-thioester and desulfurization to
afford a dehydroalanine war head. This resulted in a linear probe
with the native linker length and an electrophilic trap one bond
away from the scissile peptide bond. This probe structure, once
optimized by removal of the C-terminal glycine, proved to be
selective for OTULIN in cell lysate (Weber et al., 2017).

Li and co-workers used photoaffinity labeling for their
K27 linked diubiquitin probe (Tan et al., 2017). They took a
native chemical ligation approach using a biotinylated proximal
ubiquitin functionalized at K27 with a cysteine coupled to
the e-N. This was ligated to Uby5-NH,;NH, to afford the
native isopeptide bond adjacent to a single cysteine. Sulfur
alkylation installed the photo crosslinking group to the probes.
A slightly broader reactivity profile was seen in comparison
to the corresponding DHA probe in HEK293F lysate. The
synthetic method could be easily applied to other systems and
resulted in a native linker length. Due to the nature of photo-
crosslinking, proteins which bind K27 linked ubiquitin can also
be detected and the presence of the native isopeptide bond gives
the possibility of cleavage of the probe. As the photo-crosslinking
doesn’t require an active site cysteine this method can also profile
metalloprotease DUBs.

In 2011 Ye et al. generated a noncleavable linear diubiquitin
with a C-terminal aldehyde via expression of a diubiquitn-
intein construct (Ye et al., 2011). This aided study of USP21 by
crystallization although its potential as an activity based probe
was not explored.

In 2016 Ovaa and co-workers fully expanded the diubiquitin
probe concept to probe the S1-S2 pocket of DUBs (Flierman et al.,
2016). To this end they generated triazole linked non-cleavable
diubiquitins bearing a C-terminal thioester on the proximal
ubiquitin. A propargyl warhead was introduced to generate the
probe (Figure 1D). This design allowed examination of DUB
activity for diubiquitin binding in the S1-S2 pocket without
degradation of the probe should it enter the S1°-S1 pocket. All
7 lysine linked diubiquitins were generated and the K6, 11 &
48 probes were tested in EL4 cells, showing different labeling
patterns. DUBs with low reported specificity when probing the
S1°-81 pocket can display specificity in probing the S1-S2 pocket
as demonstrated by the SARS PLpro DUB (Bekes et al., 2016).
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FIGURE 1 | Retrosynthesis of selected probes. (A) A methodology reported by Li et al. utilizes an a-bromo-vinylketal to link Ubzs thioester 6 and the mutated Ub
monomer 4. Deprotection of the ketal of 2 unmasks a Michael acceptor within the linker of the probe 1. (B) Haj-Yahya et al. synthesized a diubiquitin probe based on
DHA as the electrophilic warhead. NCL is used to link Ub monomers 6 and 10, positioning a cysteine residue at position 76 of the distal Ub which is then converted to
DHA using the dibromide reagent 7. (C) Pao et al. expanded on the TDAE methodology to incorporate a Ub monomer and E2 enzyme in a single probe. Alkyne
functionalized TDAE 13 is coupled to azido functionalized Ub monomer 14 using copper catalyzed cycloaddition. A subsequent reaction with an E2 enzyme eliminates
the tosyl component of the TDAE 12, affording the final probe 11 containing a Michael acceptor. (D) Flieman et al. use copper catalyzed cycloaddition to conjugate
two modified Ub monomers 19 and 20. Propargyl amine 17 was reacted with the C-terminus of the proximal monomer to yield probe 16.
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This was the first time a DUB was proven to be specific for K48
linked chains over monoubiquitin, exhibiting how these probes
are superior, at least in some cases, at elucidating poly ubiquitin
linkage specificity in DUBs.

In 2019, Tong and co-workers extended the concept a step
further by generating triubiquitin activity-based probes. The
probes bear a native isopeptide bond between the proximal
and middle ubiquitin and a warhead between the middle
and distal ubiquitin (Paudel et al, 2019). The proximal K63
linked diubiquitin was generated enzymatically with the middle
ubiquitin harboring a K63C mutation to allow ligation through
the same methodology as employed by the Zhuang lab (Li et al.,
2014). These probes gave insights into the binding modes of
USP9X. Although using the probes in more complex milieus
would be complicated by the cleavable isopeptide bond it
demonstrates the limitless scope of such approaches (Paudel
et al., 2019).

Ubiquitin-Protein Conjugate Probes for

Deubiquitinating Enzymes

To further unpick DUB specificity the challenging aim
of generating Ubiquitin-protein  conjugate probes has
been addressed. In 2018 Brick (Meledin et al., 2018) and
Zhuang (Gong et al, 2018) both extended their conjugation
methodologies to create Ub-protein probes. Brik and co-workers
targeted ubiquitinated o-globin, forming DHA at the single
cysteine (104) present in o-globin and coupling to a thiol
bearing thiazolidine. Deprotection allowed ligation to Biotin-
Ubys-thioester. A further DHA formation step installed the
electrophilic trap into the Ubiquitin-a-globin conjugate. This
strategy utilizes the single cysteine present in a-globin and its
proximity to a ubiquitination site at K100. Quantitation of probe
activity in erythrocyte lysate detected enrichment of several
DUBs including USP15, which was confirmed with the natural
substrate and was also shown to deubiquitinate the K119 position
in an independent study (Sun et al., 2018).

This methodology was extended by the development of
selective deprotection of three cysteine protecting groups using
palladium species in order to make a Ubiquitinated Histone
probe (Jbara et al., 2018). The multiple cysteines present allowed
NCL to build the target protein which was desulfurised prior
to release of the final thiol for Ubys-thioester conjugation
and DHA formation. The probe mimicked K119 ubiquitinated
H2A. Nucleosome particles were reconstituted avoiding reducing
conditions for DHA stability, and labeling by Calypso/ASK
was confirmed. Although the methodology is powerful in the
breadth of application as it could allow multiple cysteines in the
peptide/protein the utility in complex systems may be limited by
the native isopeptide bond.

The Zhuang laboratory used their warhead containing linker
strategy to generate ubiquitin-PCNA probes representing K107
and K164 ubiquitinated PCNA. This strategy is elegant in its
simplicity although it required mutation of the four cysteines
in PCNA to ensure site selectivity. These probes displayed
differences in the affinity enrichment of deubiquitinating
enzymes in Yeast. The K164 probe enriched several DUBs whilst
the K107 probe showed only modest enrichment.

PROBES FOR UBIQUITIN CONJUGATION
MACHINERY

Ubiquitin is added to substrate proteins by El, E2, and E3
enzymes (Ciechanover et al., 1982; Hershko et al, 1983).
Dysregulation of these enzymes is associated with certain cancers
and neurodegenerative disorders (Bernassola et al., 2008; Popovic
et al., 2014). There has therefore been a demand to develop
probes for these enzymes analogous to those targeting DUBs.

Ubiquitin-Adenine Probes

Monoubiquitin probes have been demonstrated to label ubiquitin
conjugation machinery (Kamadurai et al., 2009; Love et al,
2009; Kim et al., 2011; Ekkebus et al., 2013; Maspero et al.,
2013; Byrne et al, 2017) however they lack specificity. Tan
and co-workers (Lu et al, 2010) developed E1l targeting
probes by mimicking the adenylate intermediate formed in
the E1 active site. Native chemical ligation of Uby;-thioester
introduced the modified C-terminus of the protein. The modified
C-terminus contained an electrophilic trap at the 74 position and
a 5'-sulfonyladenosine-based modification. The probe labeled
recombinant Els and aided crystallization but was not tested in
more complex systems. Additionally, the C-terminal ubiquitin
sequence is altered and truncated which may affect selectivity.
This probe design was used in subsequent studies to provide
insight into structural changes within E1 enzymes during
adenylation (Hann et al., 2019).

An and Statsyuk (2016) also took a native chemical ligation
approach to target E1 enzymes. Flag-Ubys-thioester was coupled
to cysteine-conjugated adenine moieties. The cysteine was then
converted to DHA to furnish an electrophilic trap. The site of
attack is three atoms away from the native position relative to
ubiquitin and the lack of phosphate group mimic potentially
reduces binding. Nonetheless, covalent labeling was observed
with UBAIL. The probes react specifically with their cognate
El enzymes over Ubl conjugation machinery. However, some
reactivity was observed with the DUB IsoT which also appeared
to cleave the probe. This represents a limitation for cell lysate, but
the probes provided an effective strategy to study E1 enzymes.

Modified E2 Probes

More recently, Virdee and co-workers employed tosyl-
substituted doubly activated enes (TDAEs) to sequentially
functionalize thiols at a single carbon center for profiling El
enzyme activity (Stanley et al., 2015). The single cysteine in E2
UBE2N was reacted with TDAEs to form E2-based probes for
E1 activity. Labeling of E1 UBA1 was observed and enhanced
by co-incubation with Ub and ATP. Endogenous UBA1l was
selectively labeled in HEK293 lysate.

Ubiquitin-Protein Probes for E3 Ligases

Elaborated TDAE probes aimed to specifically target the E3 ligase
Parkin by incorporating ubiquitin into the probe (Pao et al.,
2016). Ubyz-thioester was reacted with azidoaminoethane to
afford Ub-azide. Alkyne functionalized acrylate and acrylamide
were used to prepare two TDAE functionalized ubiquitin
monomers. A single cysteine mutant of His-UBE2L3 was reacted
with the monomers to form the E2-Ub conjugate probes
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(Figure 1C). The triazole linker and electrophile replace residues  inert to recombinant DUBs. Virdee et al. demonstrated an
74-76 of ubiquitin. The electrophilic trap is one atom from  application in profiling primary fibroblasts from Parkinson’s
the native position. The active site of Parkin was labeled  disease patients. Licchesi and co-workers (Byrne et al., 2017) later
by both probes. Furthermore, the probes were stable and  showed these probes react with NEDD4, UBE3C and HECTD1.
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FIGURE 2 | A selection of ubiquitin-based probes that specifically target subsets of DUBs (blue), E1s (black) and E3s (green) compared to the natural substrates of
their targets (framed).
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Although not specific for a single E3, the synthetic approach is
broadly applicable.

Shi and co-workers (Xu et al, 2019) designed a probe
consisting of mutated UBE2D2, bearing a single cysteine,
conjugated to Biotin-Ub;5-NH,NH, using native chemical
ligation followed by Dha formation. The probes were tested
against catalytic domains of NEDD4 and UBE3C, labeling both
active sites. Probing HeLa cells saw enrichment of several
E3 enzymes, with strong enrichment of NEDD4. This work
demonstrates an alternative route to E2-Ub probes however the
linker is three atoms longer than the native and the electrophilic
trap is presented two and five atoms away from Ub and
UBE2D2, respectively.

CONCLUSION

Several approaches have been taken to confer selectivity to
activity-based probes for ubiquitin conjugation/deconjugation
machinery (Figure2). Mutation of ubiquitin has proved
successful following several rounds of screening. Expansion of
this method to include unnatural amino acids could prove to be
powerful. Ubiquitin-peptide and diubiquitin structures, except
for the OTULIN probe, did not yield probes selective for a single
enzyme but they did lay much of the groundwork for generating
the more complex ubiquitin-protein probes. Furthermore, di
and triubiquitin probes can allow probing of ubiquitin binding
pockets of DUBs beyond the S1°-S1 pocket. Several ubiquitin-
protein conjugate probes now exist giving us new levels of
detail. Existing and new methodology has also been applied to
explore ubiquitin conjugation machinery. Selectivity was tested
in recombinant and cellular systems, with probes varying in
linker length, positioning of electrophilic trap and stability to
DUBs as well as compatibility requirements. Many probes have
proven to be excellent tools to study these complex pathways and
have already provided valuable insights into the mechanistic and
structural features of target enzymes (Bekes et al., 2016; Hann
et al.,, 2019; Paudel et al., 2019) as well in the characterization of
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The dynamic and reversible post-translational modification of proteins and protein
complexes with the ubiquitin-related SUMO modifier regulates a wide variety of
nuclear functions, such as transcription, replication and DNA repair. SUMO can be
attached as a monomer to its targets, but can also form polymeric SUMO chains.
While monoSUMOylation is generally involved in the assembly of protein complexes,
multi- or polySUMOQylation may have very different consequences. The evolutionary
conserved paradigmatic signaling process initiated by multi- or polySUMOylation is
the SUMO-targeted Ubiquitin ligase (StUbL) pathway, where the presence of multiple
SUMO moieties primes ubiquitylation by the mammalian E3 ubiquitin ligases RNF4
or BNF111, or the yeast SIx5/8 heterodimer. The mammalian SUMO chain-specific
isopeptidases SENP6 or SENP7, or yeast Ulp2, counterbalance chain formation
thereby limiting StUbL activity. Many facets of SUMO chain signaling are still
incompletely understood, mainly because only a limited number of polySUMOylated
substrates have been identified. Here we summarize recent work that revealed a
highly interconnected network of candidate polySUMO modified proteins functioning
in DNA damage response and chromatin organization. Based on these datasets and
published work on distinct polySUMO-regulated processes we discuss overarching
concepts in SUMO chain function. We propose an evolutionary conserved role of
polySUMOylation in orchestrating chromatin dynamics and genome stability networks
by balancing chromatin-residency of protein complexes. This concept will be exemplified
in processes, such as centromere/kinetochore organization, sister chromatid cohesion,
DNA repair and replication.

Keywords: RNF4, StUbL, SENP6, PolySUMOylation, SUMO chains

THE SUMO PATHWAY AND ITS INTERSECTION WITH
UBIQUITIN

Post-translational modification with the ubiquitin-related modifier SUMO provides a rapid and
reversible way to control protein functions. Lower eukaryotes, such as Saccharomyces cerevisiae
express a single SUMO form, also known as Smt3, while in humans three conjugatable SUMO
paralogs (SUMOI, SUMO2, and SUMO3) are found (Flotho and Melchior, 2013; Cappadocia
and Lima, 2018). At the amino acid level SUMOL1 is 50% identical to SUMQO2/3, which differ
in only two amino acid residues. Conjugation of SUMO to lysine residues of targets proceeds
via a multi-step enzymatic pathway involving a dimeric E1 activating enzyme (SAE1/SAE2), an
E2 conjugating enzyme (Ubc9) and a relatively small set of SUMO E3 ligases. Attachment of
SUMO generally modulates protein-protein interactions through binding of SUMO conjugates
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to interaction partners harboring specific SUMO interaction
motifs, termed SIMs (Raman et al., 2013; Husnjak et al., 2016).
Multiple SUMO-SIM mediated protein-protein interactions
are commonly involved in the assembly of larger protein
complexes. Much like ubiquitin, SUMO can be attached
as a monomer on single or multiple lysine sites of a
target protein generating mono- or multiSUMOylated proteins.
Additionally, SUMO can also form polymeric chains through
the attachment of one SUMO molecule to internal lysine
residues of another SUMO moiety. SUMO chains are typically
induced in response to cellular stress and preferentially
assemble via lysine residue 11 in SUMO2/3 (Ulrich, 2008;
Vertegaal, 2010). However, alternatively linked non-canonical
SUMO?2/3 chains, mixed SUMO1-SUMO2/3 chains as well
as SUMO2/3 chains capped with SUMOI, have been found
(Matic et al,, 2008; Gartner et al., 2018; Sriramachandran
et al, 2019). One signaling process initiated by SUMO
chains is the SUMO-targeted Ubiquitin ligase (StUbL) pathway.
In this evolutionary conserved pathway, poly- (or multi-)
SUMOylated proteins are recognized by E3 ubiquitin ligases
that contain specific binding modules for these structures.
The best-characterized StUbLs are the budding yeast Slx5/SIx8
heterodimer and the mammalian RING-type ubiquitin ligases
RNF4 and RNF111 (Sriramachandran and Dohmen, 2014;
Kumar and Sabapathy, 2019). They all contain poly- or multi-
SUMO binding modules and catalyze either non-proteolytic
or proteolytic ubiquitylation of proteins modified by multiple
SUMO moieties. Depending on the cooperating ubiquitin E2
enzyme, RNF4 and RNF111 can mediate either K63- or K48
ubiquitylation. RNF4 also synthesizes hybrid SUMO-ubiquitin
chains by ubiquitylating lysine residues on SUMO (Guzzo et al,,
2012). Similarly to other PTMs SUMOylation is a reversible
and dynamic modification. Deconjugation of SUMO from
targets is catalyzed by SUMO-specific isopeptidases. The best-
characterized isopeptidases belong to the ULP/SENP family of
cysteine proteases, which share a conserved catalytic domain
(Hickey et al, 2012; Kunz et al, 2018). In S. cerevisiae,
Ulpl and Ulp2 act as SUMO deconjugases, while human
cells express six SENP family members. SENP1, SENP2,
SENP3 and SENP5 are evolutionary derived from the Ulpl
branch, while SENP6 and SENP7 are related to the Ulp2
subtype. Ulp2, as well as SENP6 and SENP7 preferentially
act on SUMO chains thereby countering the StUbL pathway.
While SENP6 and SENP7 antagonize the StUbL pathway by
limiting SUMO chain formation, two deubiquitylating enzymes,
namely USP7 and USP11, possibly counter RNF4 signaling by
catalyzing the removal of ubiquitin from SUMO2 polymers
(Hendriks et al., 2015; Lecona and Fernandez-Capetillo, 2016;
Lecona et al., 2016).

Despite these mechanistic insights, cellular signaling by
SUMO chains is still incompletely understood. This is mainly
due to the fact that so far the cellular substrates undergoing
dynamic polySUMOylation were not well defined. To fill this
gap, recent unbiased proteomic screens have focused on the
identification of targets for the chain-specific isopeptidase SENP6
(Liebelt et al., 2019; Wagner et al., 2019). To this end alterations
in SUMO conjugation were determined following inactivation

of SENP6 by siRNA- or shRNA-mediated knock-down. Even
though some changes might be indirect, these studies revealed
a comprehensive list of candidate substrates of SUMO chain
modification. Based on these datasets and other published work
we give an overview of cellular networks that are controlled
by polySUMOylation. The integrated proteomics dataset of
candidate SENP6 targets revealed a highly interconnected
network of proteins functioning in DNA damage response
and DNA repair networks as well as chromatin organization.
Importantly, SENP6 seems to limit SUMO chain formation
of protein groups that are part of larger protein assemblies
(Figure 1). This is exemplified for the constitutive centromere-
associated network (CCAN) (Figure 1, red subcluster) and SMC
(structural maintenance of chromosomes) complexes, such as the
SMC1/3 cohesin complex (Figure 1, green subcluster) and the
SMC5/6 complex (Figure 1, magenta subcluster).

SUMO CHAINS AS ORGANIZERS OF
KINETOCHORES/CENTROMERES

A first hint for a role of SUMO, and in particular SUMO
chains, in centromere organization was provided by genetic data
from yeast. In fact, both Smt3 and Ulp2/Smt4 were initially
identified in a high copy suppressor screen of a temperature
sensitive mutation in the centromeric Mif2 protein, the yeast
ortholog of the mammalian inner kinetochore protein CENP-
C (Meluh and Koshland, 1995). Subsequent work in vertebrates
indeed revealed that the restriction of SUMO chain formation
by SENP6, the human ortholog Ulp2, is essential for the
proper assembly of kinetochore/centromere structures. Dasso
and co-workers demonstrated that SENP6 depletion enhanced
SUMOylation and proteasomal degradation of CENP-I, thereby
preventing deposition of the CENP-H/I/K subcomplex on
kinetochores (Mukhopadhyay et al., 2010; Mukhopadhyay and
Dasso, 2010). Co-depletion of the StUbL RNF4 together with
SENP6 at least partially restored these defects, suggesting that
RNF4 and SENP6 function antagonistically in this context.
Indeed, it was further demonstrated that in the absence of
SENP6 the polySUMOylated CENP-H/I/K complex is targeted
by RNF4 for ubiquitylation and proteasomal degradation. The
authors concluded that this leads to the loss of the CENP-
H/I/K complex from kinetochores thereby causing defects
in spindle assembly and mitotic progression. The CENP-
H/I/K subcomplex is part of the constitutive centromere
associated network (CCAN), which localizes to the centromere
throughout the cell cycle and bridges the histone H3 variant
CENP-A at centromeric chromatin to the microtubule-binding
machinery (Figure 2B). Two recent unbiased proteomic screens
now confirmed that SENP6 not only counters SUMO chain
formation on CENP-I, but also on CENP-H and CENP-K.
Moreover, it appears that multiple subunits within all other
CCAN subcomplexes undergo unrestricted polySUMOylation
in the absence of SENP6 (Liebelt et al., 2019; Wagner et al,
2019). Importantly, in cells lacking SENP6 polySUMOylation
of these CCAN components coincides with their loss from
centromeres (Liebelt et al., 2019). Surprisingly, polySUMOylation
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FIGURE 1 | A network of SENP6 targets identified by two recent unbiased proteomic studies (Liebelt et al., 2019; Wagner et al., 2019). Candidate SENP6 targets
identified in both studies were combined into a single dataset. This dataset was then used for the generation of a network using the STRING database (version 11.0,
https://string-db.org). Only highest confidence interactions (interaction score > 0.9) were considered. Experiments and databases were used as interaction sources.
Disconnected nodes were removed from the network. The network data was imported into Cytoscape. The core components of the constitutive centromere
associated network (CCAN) are highlighted as red subcluster. The associated CENP-B and the CENP-A targeting factors Mis18A/Mis18BP1 are depicted in light red
and yellow, respectively. The cohesion complex is represented by the green subcluster (with the CTCF targeting factor in light green) and the SMC5/6 complex is
highlighted in magenta. The SMC5/6 recruitment factor FAM178A/SIf2 is shown in pink.

did not trigger their ubiquitylation and proteasome dependent
degradation leading to the conclusion that polySUMO chain
formation on CCAN proteins per se rather than subsequent
RNF4 mediated ubiquitylation affects their proper deposition
at centromeres (Figure 2B). Notably, however, the canonical
RNF4-SENP6 StUbL pathway is critically involved in centromere
architecture by controlling the centromeric deposition and/or
maintenance of the master organizer CENP-A (Fu et al., 2019;
Liebelt et al., 2019). This is not mediated by SUMOylation
of CENP-A itself, but by RNF4 regulating the stability of the
CENP-A recruitment factor Mis18BP1 (Fu et al., 2019; Liebelt
et al.,, 2019). Noteworthy, in the yeast S. cerevisiae the CENP-
A ortholog Cse4 is targeted for degradation by the SIx5/8

StUbL thereby preventing its mislocalization to euchromatin
(Ohkuni et al., 2016). In mammalian cells, CENP-B dynamics
at centromeres is also likely directly regulated by SUMO-primed
RNF4-dependent proteasomal degradation (Maalouf et al., 2018),
which is consistent with the identification of CENP-B as a
major SENP6 target in proteomic studies (Liebelt et al., 2019;
Wagner et al., 2019). Importantly, kinetochore-association of the
motor protein CENP-E was also shown to depend on SUMO
homeostasis at centromers (Zhang et al., 2008).

Altogether these data clearly indicate that the global
architecture of centromere/kinetochores largely depends on the
coordinated formation and editing of SUMO chains. Conclusive
evidence defines SENP6 as the essential chain-limiting activity in
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this process and underscores a main role of SENP6 in protecting
at least a subset of centromeric proteins from entering the StUbL
pathway. Why only a subset of polySUMOylated centromeric
proteins are channeled into this pathway and how the proposed
polySUMO-mediated, but ubiquitin-independent impairment of
centromeric CCAN deposition occurs are future key questions.

SUMO CHAINS AS REGULATORS OF
SMC COMPLEXES

Structural maintenance of chromosomes complexes consist
of multi-subunit annular structures that encircle DNA
molecules and function in the organization and compaction
of chromosomes. In eukaryotes there are three distinct SMC
complexes, cohesin (SMC1/3), condensin (SMC2/4) and
the SMC5/6 complex (Haering and Gruber, 2016). These
evolutionary conserved complexes have central functions during
chromosome segregation and genome maintenance. All SMC
complexes share a common ring-like architecture comprising
two SMC proteins that are connected to each other via a kleisin
subunit. Additional factors typically associated with the kleisin
subunit exhibit regulatory functions, in particular in chromatin
loading or release of the complexes. Genetic and biochemical
data from both lower and higher eukaryotes suggest that SUMO

chain formation on SMC complexes is a critical determinant for
their chromatin association.

The cohesion core complex is composed of the SMC1-SMC3
scaffold and the kleisin Rad21, which is associated with the
HEAT repeat proteins STAGI or STAG2 and PDS5A or PDS5B
(Haering and Gruber, 2016). A main function of the cohesion
ring in cycling cells is to hold sister chromatids together
after DNA replication in S phase. In double-strand break
(DSB) repair, the cohesin complex promotes homologous
recombination in conjunction with the SMC5/6 complex (see
below) by maintaining sister chromatids in close proximity.
Cohesins also control gene expression by generating DNA
loops that juxtapose enhancer and promoter elements. This
particular function likely involves the CTCF protein as a
cohesin targeting factor that tethers cohesins to specific
CTCF binding sites. Loading and maintenance of cohesin in
interphase involves the Rad21-associated PDS5A/B protein,
although the underlying mechanism is not entirely clear.
Data in both higher and lower eukaryotes now suggest that
PDS5 at least partly functions by recruitment of a SUMO
chain-editing activity to the cohesin core complex (Figure 2A)
(Baldwin et al, 2009; Wagner et al,, 2019). We detected an
association of chromatin-associated PDS5 with SENP6 and
found that SENP6 limits the polySUMOylation of PDS5
and all cohesin core components (Wagner etal., 2019). Lack
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of SENP6 affects sister chromatid cohesion and goes along
with reduced chromatin association of RAD21 and STAG2
again linking unbalanced SUMOylation with perturbations
in proper chromatin-residency and/or degradation (Wagner
et al, 2019). Notably, in budding yeast, Ulp2 also controls
SUMOylation of Pds5, and Ulp2 mutants are as well defective in
cohesin maintenance (D’ambrosio and Lavoie, 2014). Moreover,
in Pds5 mutants the yeast Rad21 ortholog is degraded by
the StUbL pathway. Finally, in fission yeast SUMOylation
of the SMCI1/SMC3 orthologues Pmsl and Pms3 was
specifically increased in a Slx8 mutant (Kohler et al., 2015).
Notably, upon exposure of cells to DNA damaging agents
cohesin subunits are SUMOylated by the SMC5/6-associated
E3 ligase NSMCE2/MMS21 in yeast and mammals, and
SUMOylation was reported to promote DSB repair through
homologous recombination (McAleenan et al, 2012; Wu
et al., 2012). Based on these findings we hypothesize that an
initial monoSUMOylation event on cohesins promotes the
establishment of cohesion, while their subsequent multi- or
polySUMO-induced ubiquitylation promotes the dissolution of
cohesion. SENP6/Ulp2 association with cohesins is therefore
needed to keep cohesion hypersumoylation in check until
dissolution should happen (Figure 2A). A key question in
this yet speculative model remains how SENP6/Ulp2 targeting
and/or activity is controlled. Given that the Plkl ortholog
Cdc5 interacts with yeast Ulp2 and opposes Ulp2 functions
in centromeric cohesion, it is tempting to speculate that the
phosphorylation status of Ulp2 determines its activity or
localization (Baldwin et al., 2009). Investigating a potential
phospho-dependent regulation of SENP6 is as well an attractive
aspect for future studies.

Importantly, polySUMOylation of the two cohesin-related
SMC complexes, condensin and SMC5/6 is also controlled by
SENP6. Condensins promote chromatin compaction to prepare
for chromosome segregation during mitosis. In humans two
condensin complexes are found (Haering and Gruber, 2016).
Condensin II resides in the cell nucleus during interphase and
controls the early stage of chromosome condensation, whereas
condensin I associates with chromosomes after nuclear envelope
breakdown at the end of prophase. In both complexes the DNA
encircling ring is formed by SMC2-SMC4 and the kleisin CAPH
(Condensin I) or CAPH2 (Condensin II). In the condensin I
complex CAPH is associated with the HEAT repeat proteins
CAPD?2 and CAPG, while CAPH2 in condensin II complexes is
bound to CAPD3 and CAPG2. We detected a physical association
of SENP6 with the CAPH2, CAPG2 subunits of condensin II
and observed a strong increase in SUMOylation of the kleisin
subunit CAPH2 in the absence of SENP6 (Wagner et al., 2019).
The functional consequence of CAPH2 hyperSUMOylation in
mammalian cells is not yet clear. However, deletion of Ulp2
in budding yeast affects is proper targeting to the rDNA locus
(Strunnikov et al., 2001). Moreover, in fission yeast, condensin
subunits were identified as SIx5/8 substrates (Kohler et al.,
2015). Altogether these data are consistent with the idea that
SENP6 is a crucial regulator of cohesion and condensin function
by controlling their chromatin residency in conjunction with
the RNF4 pathway. This concept can possibly be expanded

to the SMC5-SMC6 complex, which is crucial for repair of
DNA DSB and for replication stress tolerance. In the SMC5/6
complex the kleisin NSMCE4 forms a ring structure together with
SMC5-SMC6 (Haering and Gruber, 2016). Among the regulatory
factors associated with the complex are the ubiquitin-ligase
NSMCEL1 and the SUMO ligase NSMCE2, alias MMS21, and
NSMCE3. MS data in SENP6 depleted cells show an enhanced
SUMOylation of the core complex (SMC5, SMC6, NSMCE4) as
well as NSCME1-3 (Liebelt et al., 2019). Moreover, NSMCE2
levels are strongly downregulated under these conditions
indicating that polySUMOylation channels it into the RNF4
pathway (Wagner et al., 2019). This is consistent with proteomic
data identifying NSMCE2 as a bona fide RNF4 substrate
(Kumar et al., 2017). To better understand these processes future
experiments should focus on the regulation of SENP6 during cell
cycle progression and in response to DNA damage.

SUMO CHAINS IN DNA REPAIR AND THE
DNA DAMAGE RESPONSE (DDR)

In both lower and higher eukaryotes StUBLs contribute to the
maintainance of genome stability (Heideker et al., 2009; Kumar
and Sabapathy, 2019). A recurrent theme in DDR pathways is
the SUMO-regulated turnover of repair factors at sites of DNA
damage. SUMO-primed ubiquitylation appears to have a key role
in extraction or clearance of DNA repair factors from chromatin.
One well established example for this process has been delineated
in the Fanconi anemia (FA) repair pathway (Gibbs-Seymour et al.,
2015; Xie et al.,, 2015; Figure 2C). The canonical function of
the FA pathway is the repair of DNA inter-strand cross-links
(ICLs) that, if unrepaired, are prone to convert to double strand
breaks. In the FA pathway, a network of repair factors cooperates
to preserve genomic integrity by stabilizing replication forks,
and by alleviating replication stress resulting from ICLs. FANC
proteins can been subdivided into three groups, where group I
comprises the FANC core complex that functions as a ubiquitin
ligase monoubiquitylating the group II proteins FANCI and
FANCD?2, known as the ID complex. This monoubiquitylation
is required for ID localization to the lesion and the subsequent
coordination of the repair by group III proteins. Repair involves
the recruitment of structure-specific endonucleases and the
HR repair machinery. Importantly, data by Mailand and co-
workers provide evidence that SUMO-primed K48 and K63-
linked ubiquitylation by RNF4 facilitates the removal of the
activated ID complex from the sites of DNA lesions (Gibbs-
Seymour et al., 2015). For unloading RNF4 cooperates with the
p97 segregase and its adaptor protein DVC1/Spartan. SENP6
antagonizes this pathway by limiting SUMO-chain formation on
FANCI, most likely at the sites of DNA damage. In accordance
with this data, the unbiased proteomics screens for SENP6
targets and binding proteins confirmed the physical association of
SENP6 with the ID complex as well as increased SUMOylation of
FANCI in the absence of SENP6 (Wagner et al., 2019). Moreover,
in SENP6 depleted cells FANCD?2 protein levels were strongly
reduced indicating that in cells lacking SENP6, FANCD2 is
not only extracted from chromatin but subsequently degraded
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by the StUbL pathway (Wagner et al., 2019). Altogether these
data support the model that polySUMOylation in conjunction
with RNF4, limits the dosage of activated ID complex at DNA
lesions. It has been proposed that this regulatory circuit helps
to avoid the prolonged, potentially dangerous localization of
the structure-specific endonucleases to the chromatin (Gibbs-
Seymour et al, 2015). Notably, SENP6 substrate profiling
revealed that components of the endonuclease complexes itself,
such as SLX4, ERCC1 or ERCC4 are as well targets of SENP6
and SLX4 is a bona fide RNF4 target (Kumar et al, 2017;
Liebelt et al., 2019; Wagner et al., 2019). This possibly indicates
that the StUbL pathway clears ID and endonuclease complexes
from the DNA damage sites in a concerted action. In support
of a coordinated clearance of the FA machinery FANCA, a
component of the core complex, was also shown to be targeted
for degradation by the SUMO-RNF4 pathway (Xie et al., 2015).
The general concept of a polySUMO-primed StUbL-dependent
eviction of protein complexes from chromatin appears to be
a more widespread mechanism in DNA repair pathways. For
example, in homologous recombination (HR) RNF4 controls the
turnover of the replication protein A (RPA) at DNA damage sites
(Galanty et al., 2012; Yin et al., 2012). In RNF4-depleted cells
RPA is not properly replaced by the HR factor RAD51. SUMO-
StUDbL mediated extraction of repair factors is not limited to HR.
In nucleotide excision repair (NER) the StUbL RNF111 promotes
K63-linked ubiquitylation of the SUMOylated XPC repair factor,
thereby promoting the release of XPC from damaged DNA after
NER initiation (van Cuijk et al., 2015).

SUMO CHAINS AT REPLISOMES

Several lines of evidence point to a regulatory role of SUMO
chains and the StUbL pathway in unperturbed DNA replication
and under replication stress. A recurrent theme is again that the
extent of SUMO- or Ub-SUMO chains governs the association
of the replication machinery with chromatin. This has been
very recently nicely exemplified for the budding yeast Dbf4-
Cdc7 kinase complex, which mediates DNA replication initiation
by phosphorylating the replicative MCM helicase complex
(Psakhye et al, 2019). SUMO chains prime the replication
engaged Dbf4-Cdc7 for Slx5/8-mediated degradation. Ulp2,
which is directly associated with Dbf4, protects the complex
from ubiquitylation thereby safeguarding replication initiation.
This concept was expanded by the identification of additional
factors, including the MCM helicase itself, as SUMO-chain-
modified degradation-prone substrates of Ulp2 and SIx5/SIx8.
The authors therefore propose SUMO-chain/Ulp2-protease-
regulated proteasomal degradation as a mechanism that times
the availability of functionally engaged SUMO-modified protein
pools during replication.

Limiting the formation of Ub-SUMO conjugates at replisomes
is also an important mechanism that safeguards replication
progression in mammalian cells. USP7 was identified as a DUB
that removes ubiquitin from SUMO. Intriguingly, upon USP7
inhibition, SUMOylated proteins are collectively displaced from
the replisome, which fully abrogates DNA replication, both by

limiting fork progression and the firing of new origins (Lecona
and Fernandez-Capetillo, 2016; Lecona et al., 2016).

CONCLUDING REMARKS

Altogether, the above-mentioned data strongly support a general
role of polySUMOylation and the StUbL pathway in controlling
the chromatin association of proteins and protein complexes.
This also implies that mono- and polySUMOylation of the same
protein or protein complex may have fundamentally different
consequences. MonoSUMOylation can facilitate the assembly
of DNA-associated protein complexes by fostering SUMO-
SIM dependent complex formations. PolySUMOylation in turn
primes the complexes for StUbL-mediated proteolytic or non-
proteolytic ubiquitylation and displacement from chromatin in
conjunction with the p97 machinery. DNA can directly trigger
SUMOylation, as exemplified by DNA-dependent activation of
the NSMCE2/Mms21 ligase in the SMC5/6 complex (Varejao
et al, 2018). A key function of chain-trimming SUMO
isopeptidases would therefore be to protect the complexes from
polySUMOylation until release should occur. In line with this
idea it has been proposed that SENPs are required to restrict
an “over before it has begun” repair response (Garvin et al,
2019). Consistent with this scenario SENP6 localizes to sites of
DNA damage in response to DNA damaging stimuli. StUBL-
mediated clearance of protein complexes is likely not limited
to replication or DNA repair processes, but seems as well
play a role in promoter clearance during transcription (Martin
et al.,, 2009; Rosonina et al., 2012; Ng et al., 2015; Akhter and
Rosonina, 2016). However, the polySUMO-StUbL system does
not always act in unloading chromatin-associated complexes,
but can also prevent deposition to chromatin by acting on the
soluble nucleoplasmic fraction of distinct complexes. This was
initially shown for the CENH/I/K complex, which is degraded
by RNF4 in S phase, and is now also exemplified on the
CENP-A loading factor M18BP1 (Fu et al.,, 2019; Liebelt et al.,
2019). Since SENP6 was not detected at centromeres in mitotic
or in interphase cells it is likely that in these cases SENP6
limits hypersumoylation of centromere/kinetochore organizers
in the nucleoplasmic fraction. How hyperSUMOylation alone
without subsequent ubiquitylation controls chromatin residency
of proteins in mammalian cells is unclear. Importantly, however,
in both S. pombe and S. cerevisiae it has been shown that
Cdc48/p97, in conjunction with its cofactor Ufdl, is targeted
to SUMOylated proteins (Nie et al., 2012; Bergink et al,
2013). Moreover, Cdc48/p97 displaces the Rad52-Rad51 repair
complex from chromatin in a SUMO-mediated, but ubiquitin-
independent process (Bergink et al., 2013). Future work needs
to uncover whether distinct p97 cofactors in mammalian
cells are also solely dependent on polySUMO chains rather
than ubiquitylation.
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The interferon (IFN)-stimulated gene product 15 (ISG15) represents an ubiquitin-like
protein (Ubl), which in a process termed ISGylation can be covalently linked to target
substrates via a cascade of E1, E2, and E3 enzymes. Furthermore, ISG15 exerts
functions in its free form both, as an intracellular and as a secreted protein. In agreement
with its role as a type | IFN effector, most functions of ISG15 and ISGylation are linked to
the anti-pathogenic response. However, also key roles in other cellular processes such
as protein translation, cytoskeleton dynamics, exosome secretion, autophagy or genome
stability and cancer were described. Ubiquitin-specific protease 18 (USP18) constitutes
the major ISG15 specific protease which counteracts ISG15 conjugation. Remarkably,
USP18 also functions as a critical negative regulator of the IFN response irrespective of its
enzymatic activity. Concordantly, lack of USP18 function causes fatal interferonopathies
in humans and mice. The negative regulatory function of USP18 in IFN signaling
is regulated by various protein—protein interactions and its stability is controlled via
proteasomal degradation. The broad repertoire of physiological functions and regulation
of ISG15 and USP18 offers a variety of potential intervention strategies which might
be of therapeutic use. Due to the high mutation rates of pathogens which are often
species specific and constantly give rise to a variety of immune evasion mechanisms,
immune effector systems are under constant evolutionarily pressure. Therefore, it is
not surprising that considerable differences in ISG15 with respect to function and
sequence exist even among closely related species. Hence, it is essential to thoroughly
evaluate the translational potential of results obtained in model organisms especially for
therapeutic strategies. This review covers existing and conceptual assay systems to
target and identify modulators of ISG15, ISGylation, USP18 function, and protein—protein
interactions within this context. Strategies comprise mouse models for translational
perspectives, cell-based and biochemical assays as well as chemical probes.

Keywords: ISG15, USP18, STAT2, ubiquitin, protein—protein interaction, IFN, Immunity, transgenic mice

INTRODUCTION
ISGylation

ISG15 is one of the genes most strongly induced by type I interferon and was the first Ubiquitin-like
modifier (Ubl) identified (Blomstrom et al., 1986; Haas et al., 1987). Analogous to ubiquitin,
Ubls like ISG15, small ubiquitin-related modifier (SUMO), human leukocyte antigen (HLA)-F
adjacent transcript 10 (FAT10) or neural precursor cell expressed, developmentally down-regulated
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8 (NEDD8) can be covalently linked to target proteins to alter a
variety of biological processes.

ISG15 is composed of two Ubl domains connected by a
flexible polypeptide hinge region. Each domain is formed by
four B-sheets and a single a-helix (Narasimhan et al., 2005)
reminiscent of the ubiquitin structure. The C-terminal tail
of ISG15 contains the LRLRGG motif which is essential for
the conjugation to target proteins. Like ubiquitin, ISG15
can be covalently attached to lysine residues of target
proteins (through the e-amino group) via the LRLRGG
motif (Loeb and Haas, 1992).

Analogous to the ubiquitin conjugation system, ISGylation
is mediated by the consecutive action of a three-step catalytic
cascade, where all the enzymes are induced by type I IFNs
(Figure 1). El-activating enzymes bind to Ub (or ISG15)
and, mediated by ATP-Mg™2, form a complex that catalyzes
Ub (or ISG15) C-terminal acyl adenylation (Tokgoz et al.,
2006). Subsequently, a catalytic cysteine on the El enzyme
interacts with the ubiquitin-AMP or ISG15-AMP complex
undergoing acyl substitution that leads to thioester bond
formation and the release of an AMP group. After that, through
a transthiolation reaction, an E2 cysteine residue replaces the
El enzyme. E2-conjugating enzymes catalyze the isopeptide
bond formation but also contribute to substrate specificity. E3-
ligase enzymes bind the E2-ubiquitin thioester, recognize the
protein substrate and catalyze the transfer of ubiquitin or ISG15

Abbreviations: IFN, Interferon; ISG15, IFN-stimulated gene product 15; Ubl,
Ubiquitin-like protein; USP18, Ubiquitin-specific protease 18; STAT2, Signal
transducer and activator of transcription 2; ABPs, Activity-based probes; SUMO,
Small ubiquitin-related modifier; FAT10, Human leukocyte antigen (HLA)-F
adjacent transcript 10; NEDD8, Neural precursor cell expressed, developmentally
down-regulated 8; AA, Amino acid; UBEIL, Ubiquitin-activating enzyme El
homologue; UBA1, Ubiquitin-like modifier activating enzyme 1; UBA6, Ubiquitin-
like modifier activating enzyme 6; UBCHS, Ubiquitin/ISG15-conjugating enzyme
E2 L6 in human; UBCMS, Ubiquitin/ISG15-conjugating enzyme E2 L6 in mouse;
UBE2L3/UBCH7, Ubiquitin-conjugating enzyme E2 L3; HERC5, E3 ISG15-
protein ligase HERC5; HERC6, E3 ISG15-protein ligase HERC6; h, Human;
m, Murine; EFP, Estrogen-responsive finger protein; HHARI, Human homolog
of Drosophila ariadne-1; TRIM25, Tripartite motif-containing protein 25;
DUB, Deubiquitinating enzyme; MERS-CoV, Middle East respiratory syndrome
coronavirus; CCHFV, Crimean-Congo hemorrhagic fever virus; SARS-CoV,
Severe acute respiratory syndrome coronavirus; PLP, Papain-like protease; IBB1,
ISG15-binding boxl; IBB2, ISG15-binding box2; IFNAR2, IFN-a/f receptor
2; JAKI, Janus kinase 1; SKP2, S-phase kinase-associated protein 2; BCG,
Bacillus Calmette-Guérin; PBMCs, Peripheral blood mononuclear cells; IL,
Interleukin; NK, Natural killer; LFA-1, leukocyte function associated antigen-
1; UBAIT, Ubiquitin-activated interaction trap; UPS, Ubiquitin-proteasome
system; UAE, Ubiquitin activation enzyme (E1); CDC34, Human ubiquitin-
conjugating enzyme E2 R1; UBCI13-UEV1A, Ubiquitin-conjugating enzyme
variant; UBE2N, Ubiquitin-conjugating enzyme E2N; ICAMI, Intercellular
Adhesion Molecule 1; VS, Vinyl methyl sulfone; VME, Vinyl methyl ester;
PRG, Propargylamide; ct-ISG15, C-terminal Ubl domain of ISG15; SPPS,
Solid-phase peptide chemistry; FMOC, 9-fluorenylmethoxycarbonyl; HTS, High-
throughput drug screening; amc, 7-Amino-4-methylcoumarin; FP, Fluorescence
polarization; TAMRA, 5-carboxytetra-methylrhodamine; CHO, Aldehyde; AGS,
Aicardi-Goutiéres syndrome; PTS, Pseudo-TORCH syndrome; MS, Mass
spectroscopy; BMDMs, Bone marrow derived macrophages; VACV, Vaccinia
virus; OXPHOS, Oxidative phosphorylation; FMD, Foot-and-mouth disease;
IP, Immunoprecipitation; LC, Liquid chromatography; PROTACs, Proteolysis
Targeting Chimeras; BRET, Bioluminescence Resonance Energy Transfer; FRET,
Fluorescence resonance energy transfer.

from the E2 enzyme to the target protein (Zhang and Zhang,
2011).

In sharp contrast to ubiquitin, which is highly conserved
among different species, the amino acid (AA) composition of
ISG15 and its effector functions can differ substantially among
species. ISG15 has only been identified in vertebrates, and murine
ISG15 and its human counterpart share only 64% homology and
76% similarity on the AA level. This is most likely caused by
high evolutionary pressure on anti-pathogenic immune effector
functions which need to adapt to immune evasion mechanisms
from rapidly mutating pathogens.

One of the features that substantially differ in the ISGylation
mechanisms between murine and human ISG15 is the use
of certain enzymes. The El1 ubiquitin-activating enzyme El
homolog (UBEIL/UBA?7) is a common enzyme for human and
mouse in the ISG15 system (Kim et al., 2006), whereas the E1
counterparts for ubiquitin are ubiquitin-like modifier activating
enzyme 1 (UBA1) and ubiquitin-like modifier activating enzyme
6 (UBAG6) (Pelzer et al., 2007). Ubiquitin/ISG15-conjugating
enzyme E2 L6 (UBCH8) and UBCMS represent the human and
murine E2 conjugating enzymes in ISGylation, respectively. Both
share only 76% AA identity, whereas E2 conjugating enzymes
for other ubl systems show 95-100% identity (Kim et al., 2004).
UBCHBS also interacts with the El-activating enzyme from the
Ub conjugation system which indicates an overlap of both
conjugation systems at the level of the E2 enzyme (Zhao et al.,
2004). However, the enzyme ubiquitin-conjugating enzyme E2 L3
(UBE2L3/UBCH?7) represents the dominant conjugating enzyme
in ubiquitination as the Ky values uncover a 36-fold higher
affinity of UBE1L to UBCH7 as compared to UBCH8 (Durfee
et al., 2008). Four cellular ISG15 E3 ligases have been identified
so far. Human E3 ISG15-protein ligase HERC5 (HERC5) and the
murine counterpart E3 ISG15-protein ligase HERC6 (HERC6)
are the dominant E3 ligases in ISGylation that coordinate the
conjugation of ISG15 to substrates. Interestingly, both mISG15
and hISG15 can be conjugated either by hHERC5 or mHERC6
(Wong et al., 2006; Ketscher et al., 2012). Furthermore, the
E3 ubiquitin-protein ligases estrogen-responsive finger protein
(EFP) (Zou and Zhang, 2006), human homolog of Drosophila
ariadne-1 (HHARI) (Okumura et al, 2007), and tripartite
motif-containing protein 25 (TRIM25) (Park et al., 2016) were
also reported to mediate ISGylation.

It was shown that ISGylation can occur in a cotranslational
process favoring modification of newly synthesized proteins. As
in infected cells mainly viral proteins are translated, ISGylation
can interfere with pathogen protein function as shown for
capsid assembly of the papilloma virus (Durfee et al.,, 2010).
Furthermore, cellular proteins involved in antiviral defense or
export of viral particles were shown to be ISGylated (Perng and
Lenschow, 2018).

USP18 Functions: DelSGylation and

Negative Regulation of the IFN Response

Ubiquitination and Ubl-conjugation pathways can be reversed by
the action of deubiquitinating enzymes (DUBs). These proteases
remove or trim Ub/UbI residues from target proteins. Most of
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FIGURE 1 | Type-| interferon signaling and ISG15. Type | interferon (IFN) binds its receptor causing the dimerization of the two subunits IFNAR1 and IFNAR2 and thus
the activation of the JAK-STAT pathway. The receptor associated kinases TYK2 and JAK1 induce recruitment and phosphorylation of STAT1 and STAT2. The
phosphorylated proteins translocate to the nucleus and together with IRF9 form a trimer called ISGF3. This trimer acts as a transcriptional activator and is capable of
binding to the ISRE of IFN response genes activating their expression. ISG15 and its three conjugating enzymes E1-activating enzyme (UBE1L), E2-conjugating
enzyme (hUBCH8, mUBCMS8) and ES ligases (hHHERC5/mHERCS, EFP, HHARI, TRIM25), as well as the ISG15 protease USP18 are all IFN-response genes. ISG15 is
linked to target proteins via its conjugation system, which is counteracted by USP18 protease activity. Moreover, free ISG15 can act as a cytokine binding to LFA-1,
subsequently inducing IFN-y secretion by natural killer cells and T lymphocytes. Furthermore, USP18 also plays an important role as a negative regulator of IFN type |
signaling. USP18 can interact with IFNAR2 and STAT2, competing with JAKT for receptor binding and thus inhibiting signal transduction. The SCFkP2 complex binds
USP18 by mediating its poly-ubiquitination and proteasomal degradation, which is inhibited by ISG15 in human cells only. IFNAR, Interferon alpha/beta receptor; Tyk2,
Tyrosine kinase 2; JAK1, Janus Kinase 1; STAT1/2, Signal transducer and activator of transcription 1/2; IRF9, Interferon regulatory factor 9; ISGF3,
Interferon-stimulated gene factor 3; ISRE, Interferon-sensitive response element; ISG15, IFN-response gene 15; UBE1L, Ubiquitin-activating enzyme E1 homolog; h,
human; hUBCHS, Ubiquitin/ISG15-conjugating enzyme E2 L6 in human; m, mouse; mUBCM8, Ubiquitin/ISG15-conjugating enzyme E2 L6 in mouse; mMHERCS, E3
ISG15-protein ligase HERC6 in mouse; hHERCS, E3 ISG15-protein ligase HERCS in mouse; EFP, Estrogen-responsive finger protein; HHARI, Human homolog of
Drosophila ariadne-1; TRIM25, Tripartite motif-containing protein 25; USP18, Ubiquitin-specific protease 18; LFA-1, Lymphocyte function-associated antigen 1; ub,
ubiquitin; SCF, Skp, cullin, F-box protein; Skp2, S-phase kinase-associated protein 2.

the endogenous proteases from the USP family recognize and
deconjugate ubiquitin. However, a small group of proteins from
the USP family have been reported to show cross-reactivity and
deconjugate ISG15 and ubiquitin, as is the case for USP2, USP5,
USP13, USP14, and USP21 (Catic et al., 2007; Ye et al., 2011;
Basters et al., 2017).

In addition, many viruses and bacteria have evolved ways
to revoke ISGylation as an immune evasion mechanism.
Examples of these viral ISG15 proteases were found in the
Middle East respiratory syndrome coronavirus (MERS-CoV)
(Mielech et al., 2014); Crimean-Congo hemorrhagic fever virus

(CCHEFV) (Frias-Staheli et al., 2007) or severe acute respiratory
syndrome coronavirus (SARS-CoV) (Bekes et al., 2016). They all
encode papain-like proteases (PLPs) that impair the host innate
immune response.

In contrast to cross-reactive isopeptidases, USP18 is an
endogenous ISG15-specific protease that shows no reactivity
toward ubiquitin (Malakhov et al., 2002; Basters et al., 2014;
Ronau etal., 2016) and it represents the major ISG15 isopeptidase
in vivo (Ketscher et al., 2012). In order to define the structural
function relationship for this specificity, Basters et al., identified
the molecular determinants by solving the crystal structures
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of mouse USP18 alone and in complex with mouse ISG15.
USP18 specificity toward ISG15 is mediated by a small
interaction interface of two defined areas within the USP18
sequence, termed ISG15-binding box1 and box2 (IBB-1 and IBB-
2, respectively). IBB-1 interacts through hydrophobic contact
with ISG15. In ISGI15, the side chain of His149 stablizes -
7 stacking contact to the aromatic AA Trpl2l. The IBBI
region, which comprises the USP18 residues Alal38, Leul42,
and His251, forms a hydrophobic pocket that specifically
accommodates the bulky aromatic side chains of ISG15.
Furthermore, the side chains of Prol128 (ISG15) and Leul42
(USP18) contribute to further stability. Of note, replacement
of the USP18 residues corresponding to the IBB-1 region,
by the homologous residues of the ubiquitin specific protease
USP7, resulted in lower affinity toward ISG15. Within the
IBB-2 region, the USP18 residues Thr262 and GIn259 interact
with the ISG15 residues Glnl14, His116, and GIn119 through
hydrogen bonds. Likewise, replacement of the USP18 residues
corresponding to the IBB-2 region, by the homologous residues
of the ubiquitin specific protease USP7, resulted in lower affinity
toward ISG15. Moreover, only the ISG15 C-terminal domain
(AA residues 77-155) is necessary and sufficient for USP18
binding and activation. Structural data demonstrated that only
the ISG15 C-terminal but not the N-terminal UBL domain binds
USP18. In vitro assays revealed that USP18 cleaved the ISG15
C-terminal domain as effectively as it cleaved full-length ISG15
(Basters et al., 2017).

Independent of its deconjugating activity, USP18 binds to the
IEN-a/p receptor 2 (IFNAR2) complex, where it competes with
Janus kinase 1 (JAK1), and thereby negatively regulates type I IFN
signaling (Malakhova et al., 2006). Remarkably, USP18 requires
Signal transducer and activator of transcription 2 (STAT2) for
exerting its inhibitory effect on IFN signaling and IFN-stimulated
gene expression (Arimoto et al., 2017) (Figure 1). In humans,
binding of free ISG15 prevents proteasomal degradation of
USP18 by the S-phase kinase-associated protein 2 (SKP2) and
thus is critical to ensure negative regulation of IFN-a/f immunity
by stabilizing USP18 (Tokarz et al.,, 2004; Zhang et al., 2015).
However, murine ISG15 appears not to influence the stability of
mouse USP18 or IFNAR signaling underlining species specific
peculiarities (Knobeloch et al., 2005; Osiak et al., 2005; Zhang
et al., 2015).

ISG15 as a Secreted Protein

ISG15 in its unconjugated form has been reported to be released
from cells exerting cytokine like activity. Although ISG15 does
not have a leader signal sequence to direct its secretion, it has
been shown that certain cell types are capable of releasing ISG15
to the extracellular space. Such cell types are epithelial-derived
cell lines, fibroblasts, monocytes, neutrophils and lymphocytes
(Knight and Cordova, 1991; Bogunovic et al., 2012; Sun et al.,
2016). Extracellular ISG15 has been detected in the media of
cells as well as in the serum of patients treated with IFN-a/f
(D’Cunha et al., 1996). Early work suggested that secreted ISG15
elicits IFN-y secretion from lymphocytes (Recht et al., 1991).
Bacillus Calmette-Guérin (BCG) can also induce IFN-y secretion
from control peripheral blood mononuclear cells (PBMCs)

when stimulated with recombinant human ISG15 (Bogunovic
et al.,, 2012). In normal control patients, extracellular interleukin
(IL)-12 played a synergistic role with ISG15 stimulating the
release of IFN-y and IL-10. Both, natural killer (NK) cells
and T lymphocytes secreted IFN-y in response to IL-12 and
ISG15 (Bogunovic et al., 2012). However, IFN-y secretion was
not detected in PBMCs from ISG15-deficient patients and
that defect leads to susceptibility to mycobacterial disease and
autoinflammation (Bogunovic et al., 2012).

Recently, the adhesion molecule leukocyte function associated
antigen-1 (LFA-1) has been identified as the receptor for
extracellular ISG15 (Swaim et al., 2017) (Figure 1). To identify
this receptor, ISG15 ubiquitin-activated interaction trap (UBAIT)
was employed (O’Connor et al., 2015).

PRINCIPAL STRATEGIES TO REGULATE
THE ISG15 CONJUGATION SYSTEM

Many researchers have focused their efforts on the study
and characterization of the ubiquitin system (Hershko and
Ciechanover, 1998). The ubiquitin-proteasome system (UPS)
represents the main mechanism of protein degradation
and the regulation of every step within this mechanism is
crucial to prevent several disorders and diseases such as
tumor development and progression. A recent example of
an existing drug that targets the ubiquitin system is the
adenosine sulfamate inhibitor, TAK-243, which inhibits the
ubiquitin activation enzyme (E1) (UAE/UBA1) (Hyer et al,
2018). TAK-243 has entered phase I trial studies for the
treatment of patients with relapsed or refractory acute myeloid
leukemia, refractory myelodysplastic syndrome or chronic
myelomonocytic leukemia (NCT03816319).

Two other compounds have been described to target
UAE/UBA1: PYR-41, a cell permeable inhibitor that blocks the
catalytic cysteine (Yang et al., 2007) and panepophenanthrin,
a fungal product which inhibits ubiquitin thioester formation
(Sekizawa et al., 2002). The pyrazolidine compound 4-[4-(5-
nitro-furan-2-ylmethylene)-3,5-dioxo-pyrazolidin-1-yl]-benzoic
acid ethyl ester was shown to inhibit UBA1. Likewise, the analog
drug PYZD-4409, that carries a pyrazolidine pharmacophore,
also inhibited UBA1 activation and therefore subsequent transfer
of ubiquitin from the E1 to the E2 enzyme. This effect resulted
in tumor growth delay in a mouse model of leukemia (Xu
et al., 2010b). Besides ubiquitin, a NEDD8 activating enzyme
(NAE) inhibitor has been characterized. MLN492 is a nucleotide
analog that binds to UBA3/NAEI (NEDDS8 El enzyme) and
inhibits NAE function in cells and suppresses the growth of
human tumor xenografts. This chemical has entered phase II
studies with promising results as an anti-cancer drug in acute
myelogenous leukemia (AML) or high-grade myelodysplastic
syndrome (MDS) (Soucy et al., 2009).

The drug CC0651 works as an allosteric inhibitor of
the human ubiquitin-conjugating enzyme E2 R1 (CDC34)
(Ceccarelli et al., 2011). Binding of CC0651 to CDC34 causes
secondary structural rearrangements preventing the ubiquitin
transfer to substrates. In this case, ubiquitin thioester formation
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is not compromised and neither is the interaction with El
and E3 enzymes. Hence, it shows the importance of the
E2 enzymatic step as a regulation point in the process of
ubiquitination. In addition, NSC697923 has been developed to
target ubiquitin-conjugating enzyme variant (UBC13-UEV1A),
an E2-conjugating enzyme, blocking ubiquitin transfer to the
substrate (Pulvino et al,, 2012). Furthermore, BAY 11-7082
interacts with the ubiquitin-conjugating enzyme E2 N (UBE2N)
and modifies the reactive cysteine residue of the E2 enzyme
(Strickson et al., 2013).

Analogous to ubiquitin or other UBL modification systems,
the cascade of conjugation enzymes comprise targets to affect
ISGylation. Likewise, USP18 inhibition (see below) represents
a strategy to stabilize ISGylation. Furthermore, the ISG15 cell
surface receptor represents a target to modulate ISG15 function.
As indicated before, ISG15 also exists as an unconjugated protein
and it has been proposed to function as a cytokine (Swaim et al.,
2017). The ISG15 cell surface receptor LFA-1 is a heterodimeric
complex that comprises two subunits, CD11a/aL and CD18/f2.
The CD11a/aL domain forms part of the binding site for both
Intercellular Adhesion Molecule 1 (ICAMI1) (Shimaoka et al,,
2003) and ISG15. However, determinants of the al domain
recognized by ISG15 and ICAM1 are different and biochemically
and biologically separable (Swaim et al., 2017). Extracellular
ISG15 plays an important role in the secretion of cytokines
such as IL-10 or IFNy. Therefore, ISG15 can be potentially
exploited to boost cytokine secretion (Swaim et al,, 2017). In
contrast, targeting LFA-1 receptor or specifically one of the two
heterodimers that form the receptor would conceptually lessen
the impact of extracellular ISG15 activity by blocking its receptor.

USP18 ACTIVITY ASSAYS

Activity-based probes (ABPs) are a helpful tool to study the
activity of DUBs and Ubl-specific proteases. One of the main
advantages of using ABPs over other substrate-based probes is
that ABPs covalently attach to the active site of the target protein
(Ovaa, 2007; Verdoes and Verhelst, 2016). Many proteases are
secreted in their inactive forms and require post-translational
modifications to become active. These modifications can be
either irreversible, via proteolysis, or reversible by pH change
or protein complex formation (Hewings et al, 2017). The
characterization of DUBs in biological processes benefits from
ABPs as protein activity is rather important and classical methods
such as western blotting or proteomics techniques are not
suitable to deduce enzyme activity. Furthermore, fluorogenic
substrates are a valuable tool for kinetic studies as they are turned
over by the target enzyme and as a consequence the resulting
fluorescent signal will be proportional to enzyme activity.

As mentioned before, USP18 specifically deconjugates ISG15
from substrates (Malakhov et al., 2002). Specific ABPs for USP18
proteases have been developed (Ekkebus et al., 2013; Basters
et al,, 2017). In analogy to ABPs for ubiquitin, these probes have
been synthesized by replacing the C-terminal residue of ISG15
with an electrophilic moiety, such as—VS (Vinyl methyl sulfone),
VME (Vinyl methyl ester), or PRG (Propargylamide) (Ekkebus

et al.,, 2013; Basters et al.,, 2017). These probes work as a C-
terminal electrophilic trap and they were synthesized with intein
chemistry (Hemelaar et al., 2004) (Figure 2). The use of these
ISG15 probes represents a valuable tool to evaluate the enzymatic
activity of DUBs.

ISG15-VME covalently binds the active-site cysteine via
thioether bond forming a covalent complex. The sulfur atom
of the active-site cysteine of the DUB interacts with the carbon
(B) atom of the VME moiety forming a thiol bond (Boudreaux
et al., 2010). ISG15-VME and ISG15-VS form covalent adducts
via a Michael-type (1,4) addition. Vinyl sulfone reactions can be
performed under physiological conditions (e.g., aqueous media,
slightly alkaline pH) which preserves the biological function of
the proteins (Morales-Sanfrutos et al., 2010).

ISG15-VS results in the formation of a covalent complex
between USP18 and ISG15. The reaction results in a covalent
adduct that can be detected by SDS/PAGE as an upwards shift
in molecular mass. A similar experiment was conducted making
use of the equivalent propargylamide probe, ISG15-PRG, with
USP18-ISG15 complex formation. ISG15-PRG forms a vinyl
thioether with the DUB active site cysteine residue. The reaction
depends on a direct nucleophilic attack on the internal alkyne
carbon as a result of the developing carbanion stabilization by the
“oxyanion hole” of the active site (Ekkebus et al., 2013; Hewings
et al., 2017). Conversely, Ub-VS or Ub-PRG did not react with
USP18 demonstrating that USP18 does not exert enzymatic
activity toward ubiquitin (Basters et al., 2014, 2017).

The crystal structure of mouse USP18 in complex with mouse
ISG15 displayed extensive interaction between the ISG15 C-
terminal Ubl domain and the palm and thumb domain of USP18
(Basters et al., 2017). A good example for the use of an ISG15-
PRG probe was the validation of the ISG15 C-terminal domain
as necessary and sufficient for USP18 binding. Here, either only
the C-terminal Ubl domain of ISG15 (ct-ISG15) or full-length
ISG15 were fused to -PRG to form the respective ct-ISG15-PRG
and ISG15-PRG probes. Both probes reacted with the active site
cysteine of USP18 and formed a covalent complex. Furthermore,
USP18 cleaved ct-ISG15 as effectively as it cleaved full-length
ISG15 from cellular substrates (Basters et al., 2017).

Synthesis of the ISG15 C-terminal Ubl domain was carried out
through solid-phase peptide chemistry (SPPS). Briefly, SPPS is an
automated synthesis method used for the production of synthetic
peptides. This technology allows assembly of a peptide chain
through successive reactions of amino acids or derivatives. The
activated carboxyl moiety of each incoming amino acid is linked
to the a-amino group of the subsequent amino acid. The new
a-amino group gets protected by 9-fluorenylmethoxycarbonyl
(Fmoc) to avoid unintended peptide bond formation at this site
until the incoming amino acid is added to the sequence. In
addition, reactive side chains on the amino acids are protected
by ester, ether and urethane derivative complex formation during
the synthesis of the synthetic peptide (EI Oualid et al., 2010).
Recently, the synthesis of the N-terminal domain together with
the C-terminal domain, comprising the 155 amino acid protein
mISG15, has been reported (Xin et al., 2019). Most of the ISG15
functions, especially those related to deISGylation, is attributed
to its C-terminal domain. The full length synthesis of mISG15
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FIGURE 2 | Schematic representation of ISG15-based assay reagents. The X-ray crystal structure represents mouse ISG15 (PDB: 5TLA) and implies ISG151_1ss5. (A),
ISG15-VME (B), ISG15-VS (C), ISG15-PRG (D), ISG15-CHO (E), ISG15-AMC (F), ISG15-TAMRA-(5-thioLys)-Gly.

will elucidate specific roles associated to the N-terminal domain  the identification of small molecules inhibiting USP protease

within ISGI15. activity (Hirayama et al., 2007). Hydrolysis of the fluorophore
High-throughput drug screening (HTS) studies in  amc group upon cleavage of the isopeptidase bond by a specific
combination with enzymatic assays using ubiquitin-7-Amino-  protein results in a quantifiable fluorescence signal. ISG15-amc

4-methylcoumarin (Ub-amc) have been extensively used for  was used to demonstrate USP18 activity and specificity toward
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ISG15 (Basters et al., 2012) (Figure 2). Therefore, the ISG15-amc
probe can also be used to monitor activity of other deISGylases
(e.g., viral ISG15 DUBs).

ISG15-Rhodamine represents a fluorescence polarization
(FP) assay reagent where ISG15 is quenched to the green
fluorescence rhodamine 110 cationic dye by its C-terminus. The
substrate was synthesized from I1SG15“7%% and 5-carboxytetra-
methylrhodamine (TAMRA)-labeled 5-thioLys-Gly dipeptide.
The linkage between the C-terminal Gly of ISG15 and a Lys side
chain resembles natural ISG15-linked substrates more precisely
(Tirat et al.,, 2005; Geurink et al., 2012; Swatek et al., 2018).
Likewise, hydrolysis of the TAMRA-Lys-Gly complex by a
specific protein results in a quantifiable fluorescence signal.
Hence, incubation of ISG15-TAMRA with USP18 led to a dose-
dependent decrease of polarization values (in millipolarization),
indicative of proteolytic cleavage of the substrate (Basters et al.,
2014) (Figure 2).

The reversible ISG15 aldehyde inhibitor, ISG15-CHO, does
not yield a stable adducted enzyme but it still represents a
highly specific inhibitor of ISG15-specific isopeptidases (Siklos
etal., 2015) (Figure 2). This probe blocks the hydrolysis of poly-
ISG15 chains on substrate proteins in vitro. However, aldehyde
inhibitors suffer metabolic oxidation/reduction modifications
and pH-dependent hydrate formation that results in deficient
stability and bioavailability. Such drawbacks limit the progress of
aldehyde inhibitors to the clinic.

ISG15- AND USP18-RELATED DISEASES

Due to the critical role of the ISG15 system in antimicrobial host
defense it is appealing to exploit this endogenous effector system
therapeutically. Within this context, human patients lacking
functional ISG15 represent valuable subjects of investigation to
define physiological and molecular functions. Six patient cases
with ISG15 deficiency from three non-related families have been
reported (Bogunovic et al.,, 2012; Zhang et al., 2015).

In mice, ISG15 plays an important role in host response to
viral infection. It has been shown to protect from viral-induced
lethality using different pathogens (Perng and Lenschow, 2018).
However, ISG15-null patients appear not to be more susceptible
to viral infections (Bogunovic et al., 2012). Conversely, ISG15
deficient patients even showed enhanced antiviral protection
(Speer et al., 2016). Three of the ISG15 deficient patients suffered
from seizures and displayed intracranial calcification, which
is a common phenotype for patients with Aicardi-Goutieres
syndrome (AGS) (Zhang et al., 2015). In humans, binding of
free ISG15 prevents proteasomal degradation of USP18 by SKP2
(Tokarzetal., 2004) and is critical to ensure negative regulation of
IFN-a/p immunity by stabilizing USP18 (Zhang et al., 2015). The
three ISG15 deficient individuals showed hyper-responsiveness
to type-I IFN stimulation due to the fact that human USP18
stability relies heavily on human ISG15. Thus, in the absence
of ISG15 USP18 would no longer be able to function as a
negative regulator of type-I IFN signaling (Zhang et al., 2015).
The regulatory function of ISG15 to stabilize USP18 is not seen in
mice (Speer et al,, 2016). Recently, USP18 deficient patients were

identified (Meuwissen et al., 2016). These patients’ life expectancy
is quite short and they die shortly after birth due to massive
dysregulation of type-I IFN signaling. Five Pseudo-TORCH
syndrome (PTS) patients showed recessive loss-of-function
mutations of USP18 leading to severe immune inflammation
with calcification and polymicrogyria. USP18 deficient patients
represent the first case of a genetic disorder of PTS caused by
dysregulation of the response to type I IFNs. This situation
makes USP18 an interesting therapeutic target, as USP18 agonists
might be a strategy to dampen type-I IFNs overabundance.
Alternatively, USP18 antagonists or strategies promoting USP18
degradation could promote the beneficial effect of therapeutic
IFNs used in multiple sclerosis, hairy cell leukemia, and
melanoma (Meuwissen et al., 2016).

Studies in mice lacking USP18 uncovered a key role of USP18
to maintain microglial quiescence under homeostatic conditions
(Goldmann et al., 2015; Schwabenland et al., 2019). USP18
negatively regulates the activation of STAT1 upon interaction
with IFNAR2 (Malakhova et al, 2006). Interestingly, this
regulatory function is independent from USP18 catalytic activity
as it was also observed in knock-in mice (USP18C61A/COLAY
expressing enzymatically inactive USP18. USP18014/CO1A mjce
showed increased resistance against virus infections, but in
contrast to USP18~/~ mice, USP18C01A/COlA knock-in mice
did not display fatal IFN hypersensitivity, brain injury or
increased lethality (Ketscher et al., 2015). Based on the analysis of
USP18CO1A/COIA mice, selective inhibition of USP18 proteolytic
activity might be used as an antiviral strategy.

IDENTIFICATION OF ISG15 SUBSTRATES

To gain further insight into ISG15 targets, it would be
interesting to define ISG15 modified proteins on a proteome
wide base (ISGylome) to identify specific ISG15 modifications
sites, and to uncover common principles of ISG15 modification.
Several proteomics studies have identified hundreds of cellular
but also viral substrates (Giannakopoulos et al., 2005; Zhao
et al,, 2005). In these studies, ISG15-modified proteins were
purified from IFN-f-treated cells by using both affinity selection
and mass spectroscopy (MS-MS) to identify ISG15 target
proteins. Later, a new study compared the proteomes of
ISG15%/% and ISG157/~ bone marrow derived macrophages
(BMDMs) upon vaccinia virus (VACV) infection (Baldanta
et al, 2017). Here, they evaluated the presence of ISGylated
proteins in total extracts from ISG157/* and ISG15~/~ BMDMs
that were left untreated or treated with IFN or VACV.
The results indicated mitochondrial dysfunction and oxidative
phosphorylation (OXPHOS) in ISG15~/~ mice (Baldanta et al.,
2017). Further analysis of the ISGI15 target proteins will
shed light on the different functions of ISG15 in the innate
immune system.

Recently, Swatek et al. (2018) have elucidated a mechanism to
identify virus-induced modified proteins upon foot-and-mouth
disease (FMD). The viral leader protease, LbP™, mainly targeted
ISG15 showing high activity and specificity for ISG15 over
other Ubl proteins. LbP™ cleaves the peptide bond preceding
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the ISG15 C-terminal GlyGly motif; consequently cleaved ISG15
can no longer be reconjugated, leading to shut down of
the ISG15 modification system. Unlike LbP™, USP18-mediated
ISG15 cleavage leads to ISG15 recycling since USP18 cleaves
the isopeptide linkage after the C-terminal GlyGly motif and
ISG15 remains competent for reconjugation. LbP™ activity has
been quantified using fluorescence polarization assay reagents
(Swatek et al, 2018). Importantly, LbP™ represents a new
tool to uncover virus-induced GlyGly remnants on substrate
proteins using an anti-GlyGly antibody already used for ubiquitin
MS-MS research.

Peptide enrichment by immunoprecipitation (IP) technology
is developed to quantitatively profile modification sites in cellular
proteins. Ubiquitin as well as other Ubls can be covalently
linked to lysine residues of target proteins. The bead-conjugated
Lys-e-GG antibody specifically recognizes the GlyGly remnant
left after trypsin digestion of modified proteins (Udeshi et al.,
2013). Enrichment upon Lys-e-GG antibody IP coupled with
liquid chromatography (LC) tandem MS-MS analysis leads to the
identification of a substantial number of proteins modified with
ubiquitin or Ubls. Ubiquitin and some Ubls share a common
diglycine adduct upon digestion with trypsin. The identification
of ISG15-modified sequences would represent a valuable
tool to characterize new molecular pathways in situations
of homeostasis or disease-related conditions. Recently, the
endogenous in vivo ISGylome in mouse liver, following Listeria
infection has been mapped. In this study, authors employed
Lys-e-GG antibody IP in wildtype and ISG15~/~ mice followed
by LC tandem MS-MS analysis. Comparison of the datasets
allowed to identify and distinguish ISGylated sites from ubiquitin
sites in vivo (Zhang et al, 2019). Similar approaches have
already been used in several cell systems to identify different
post-translational modifications such as, phosphorylation (Rush
et al., 2005), ubiquitination (Xu et al., 2010a; Kim et al., 2011),
acetylation (Weinert et al., 2011; Kori et al., 2017), methylation
and SUMOylation (Impens et al., 2014; Lamoliatte et al., 2017).

NOVEL TECHNOLOGIES TO TARGET
USP18

Proteolysis Targeting Chimeras (PROTACs) or degronimids
are reagents that recruit a protein of interest to a specific
ubiquitin E3 ligase. The E3 ligase induces its ubiquitination
followed by subsequent degradation by the proteasome. These
probes are bifunctional small molecules that combine a target-
binding warhead and E3 ubiquitin ligase-recruiting moiety
by a chemical linker (Sakamoto et al, 2001; Stanton et al,
2018). This drug discovery strategy differs from classical
methods that focus on targeting the protein of interest by
specific inhibitors or its receptor ligands. Interestingly, ARV-
110 represents the first oral PROTACs drug that has been
approved by the FDA for the treatment of patients with
metastatic castration-resistant prostate cancer (NCT03888612).
PROTACS targeting USP18 might represent an interesting
approach to specifically degrade USP18 and thus enhance type I
IFN signaling.

Beside direct destabilization, targeting the interaction of
USP18 with important proteins such as STAT2 or ISG15 might
constitute an option to interfere with its function.

A sophisticated technique to directly study protein-
protein interaction within a cellular context is the BRET
(Bioluminescence Resonance Energy Transfer) assay where
dipole-dipole energy is transferred from a luciferase to a
fluorophore. For the successful energy transfer, the excitation
spectrum of the acceptor fluorophore has to overlap with the
bioluminescence spectrum generated by the luciferase (Ciruela,
2008). Similar to fluorescence resonance energy transfer (FRET),
this transfer is dependent on close proximity (<10 nm) between
the donor/acceptor pair (Wu and Brand, 1994; Pfleger and
Eidne, 2006). Thus, genetic fusion of this system to proteins of
interest can be used to measure their protein interaction. This
is achieved by creating fusion constructs of the donor luciferase
with one protein of interest and the acceptor with a second
protein of interest.

In the case of NanoBRET™, NanoLuc® represents a
genetically modified luciferase, originating from the deep sea
shrimp Oplophorus gracilirostris that acts as donor. Genetic
engineering and the use of a novel coelenterazine derivate
(Furimazine) resulted in a brighter luminescence, with a
narrower spectrum and higher protein stability compared to
the traditional RLuc (Hall et al., 2012). For the acceptor fusion,
a red-emitting fluorophore is linked to the HaloTag® protein
(Machleidt et al., 2015). HaloTag® is a modified bacterial
haloalkane dehydrogenase which can covalently bind fluorescent
dyes or other molecules of interest through a chloroalkane linker
allowing for tailoring the Tag for each individual experimental
setup (Los et al., 2008; Machleidt et al., 2015).

DISCUSSION AND FUTURE
PERSPECTIVES

Multiple strategies have been proposed to modulate ISG15
function in the immune system. The endogenous ISG15-
specific protease, USP18, shows no reactivity toward ubiquitin
(Malakhov et al., 2002; Basters et al., 2014; Ronau et al., 2016)
and represents the major ISG15 isopeptidase in vivo.

How the negative regulation of type I IFN by USP18
is precisely mediated is only starting to become clearer in
recent years, and additional proteins and factors involved await
discovery. Moreover, it is unknown whether the enzymatic and
the non-enzymatic functions of USP18 are really exerted in
an independent manner or can influence each other. Protein-
protein interaction assays such as NanoBRET™ represent a
technique to monitor protein—protein interactions involving
USP18, STAT2, IFNAR, and ISG15 more closely. As a cell-based
assay, it appears to be well-suited to analyze the interaction of
two proteins of interest under physiological conditions nicely
complementing biochemical assays.

Traditional strategies to inhibit enzyme activity have focused
on the development and synthesis of small molecules that bind
to the active side of a protein of interest in order to decrease
its activity. However, besides the classical biochemical protease
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assay where recombinant USP18 is used in combination with
ISG15-TAMRA (Basters et al., 2014), a screening system suitable
to monitor direct USP18-ISG15 binding could be helpful.

In the classical approach targeting a protease, a small molecule
needs to show activity toward the enzymatic activity either
by blocking the binding pocket or allosteric mechanisms. This
highly specific requirement often makes it difficult to identify
suitable compounds even in HTS approaches. However, libraries
of covalent inhibitors could be beneficial for chemical screens to
identify new compounds.

PROTAC: represent a very elegant strategy to target difficult
druggable proteins by selectively targeting their degradation
through the proteasome (Sakamoto et al.,, 2001; Stanton et al,,
2018). Target proteins with low affinities for PROTACs can
still be targeted and further degraded as long as the formation
of the PROTACs complex generates sufficient protein-protein
interactions between the target protein and the E3 ligase
(Bondeson etal., 2018). It is therefore important to consider other
parameters such as an adequate linker or a specific E3 ligase
on top of traditional inhibitor specificity. As described above,
the ISG15-TAMRA/recombinant USP18 assay represents a HTS
compatible system to identify inhibitors of USP18 enzymatic
activity. Compounds identified in such a screen are expected
to bind USP18 with high affinity or even covalently and thus
should also constitute interesting building blocks for PROTACs
aiming to degrade the entire USP18 protein. Rather than
only stabilizing ISGylation PROTACS directed against USP18
would be expected to also boost the type I IFN response as
USP18 can no longer exert its negative regulatory function
at the IFNAR. Thus, targeted degradation of USP18 might at
least conceptually be a strategy to enhance the therapeutic use
of type I IFNs in antiviral, antineoblastic and autoimmune
applications. Currently, there are several mouse models to
study the function of ISG15: ISG15~/~ (Osiak et al., 2005),
UbEIL™/~ (Kim et al,, 2006), USP18~/~ (Ritchie et al., 2002)
and USP18CO1A/COIA myice (Ketscher et al., 2015). ISG15~/~
mice lack both free ISG15 and ISG15 conjugates. UbE1L™/~
mice show higher basal and inducible levels of free ISG15;
however, these mice lack ISG15 conjugates. USP18~/~ mice
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It is well established that polyubiquitin chains, in particular those linked through K48 and
KB3, play a key role in the regulation of the antiviral innate immune response. However,
the role of the atypical chains linked via any of the other lysine residues (K6, K11, K27,
K29, and K33) and the M1-linked linear chains have not been investigated very well
yet in this context. This is partially due to a lack of tools to study these linkages in
their biological context. Interestingly though, recent findings underscore the importance
of the atypical chains in the regulation of the antiviral immune response. This review will
highlight the most important advances in the study of the role of atypical ubiquitin chains,
particularly in the regulation of intracellular antiviral innate immune signaling pathways.
We will also discuss the development of new tools and how these can increase our
knowledge of the role of atypical ubiquitin chains.

Keywords: atypical ubiquitination, K27-linked ubiquitin, innate immune response, antiviral signaling, interferon,
NF«B

INTRODUCTION

Virus infection triggers an immediate response in the host cell, termed the innate immune
response. The basic innate immune response pathways, operational in virtually every cell type,
have been comprehensively reviewed elsewhere (Schneider et al., 2014; Sparrer and Gack, 2015;
Chen et al,, 2016). In summary, they comprise a variety of signaling cascades that are initiated
by the recognition of pathogen-associated molecular patterns by intra- and extracellular pattern
recognition receptors (PRRs). An important class of intracellular PRRs are those that recognize
viral nucleic acids in the cytosol. The retinoic acid-inducible gene-I (RIG-I)-like receptors
(RLRs) recognize double-stranded RNA (dsRNA), whereas cyclic GMP-AMP synthase (cGAS)
recognizes dsDNA. Activation of RLRs and the cGAS-STING pathway leads to a signaling cascade
converging at the transcription factors NFkB and IRF3 and -7, which induce the production of
proinflammatory cytokines and type I interferons (IFN), respectively (Figure 1).

Ubiquitin plays a crucial role in the activation and downregulation of the innate immune
response. Conjugation of ubiquitin onto lysine residues of target proteins by E1, E2, and E3 enzymes
and deconjugation by deubiquitinating enzymes (DUBs) can modulate the function, localization,
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FIGURE 1 | Overview of ubiquitin chains that modulate the antiviral innate
immune response. Cytosolic viral nucleic acids are recognized by the dsRNA
sensors MDA5 and RIG-1 and the dsDNA sensor cGAS. These activate
downstream signaling cascades that converge at TBK1 and lead to
subsequent activation of the transcription factors IRF3 and -7 and the NFkB
subunits p50 and p65. IRF3 and -7 induce the production of type | IFNs,
whereas p50 and p65 stimulate proinflammatory cytokine production. In
addition to K48- and K63-linked chains, atypical chains are important
regulators of the activation and downregulation of the innate immune
response. For the sake of clarity, K48- and K63-linked chains are only
depicted when an interaction with one of the atypical chains is shown in the
discussed literature. Blocks with rounded corners present key innate immune
factors, whereas rectangles represent E3 ligases (blue text) and DUBs (red
text) that (de)conjugate the indicated chains. Dashed lines indicate an
interaction between the connected protein and ubiquitin chains.

and abundance of the ubiquitinated target (Heaton et al., 2016).
Moreover, polyubiquitin chains can be formed by conjugation
of a subsequent ubiquitin molecule to one of the lysine
residues or the N-terminal methionine of the previous ubiquitin
molecule. These polyubiquitin chains have different topologies,
thereby creating a complex ubiquitin code that can direct many
different outcomes (Komander and Rape, 2012; Kulathu and
Komander, 2012). Regulation of the innate immune response
by polyubiquitination is well characterized for K48- and K63-
linked chains (reviewed in Davis and Gack, 2015). However,
knowledge of the role of the atypical linkages, linked via any of the
other lysine residues or the N-terminal methionine, is still rather
limited. Here we focus on the role of linear, K11-, K27-, K29-, and
K33-linked chains in the innate immune response and the tools
that are available to study these chains. Table 1 summarizes the
functions of atypical ubiquitination in innate immune responses,
and associated E3 enzymes and DUBs, as will be discussed below.

LINEAR CHAINS ARE IMPORTANT
REGULATORS OF NEMO AND NF«B
SIGNALING

Since the discovery of the linear ubiquitin chain assembly
complex (LUBAC) that uniquely catalyzes the formation of
linear chains, it has become evident that LUBAC and linear
chains are crucial for the activation of nuclear factor kB
(NFkB) signaling (Kirisako et al., 2006; Gerlach et al., 2011;
Tokunaga et al.,, 2011). Linear chains are especially important
for tumor necrosis factor a (TNFa) signaling, but are also
involved in other immune signaling pathways (Spit et al., 2019).
One important mechanism in the activation of NFkB, is the
interaction of linear chains with NFkB essential modulator
(NEMO). NEMO is part of the IKK complex that phosphorylates
NFkB inhibitor o (IkBa), thereby releasing the NFkB subunits
p50 and p65, which then act as transcription factors and
induce the transcription of proinflammatory cytokines. The
UBAN domain (ubiquitin binding in ABIN proteins and NEMO)
of NEMO has a strong binding-preference for linear chains,
although some studies indicate that it can also bind longer K63-
linked chains. NEMO mutants that cannot bind linear chains
or NEMO chimeras in which the UBAN domain is replaced by
the NZF domain of TAB2, a ubiquitin-binding domain (UBD)
that binds specifically to K63-linked chains, cannot activate NFkB
upon TNFa stimulation (Rahighi et al., 2009; Hadian et al., 2011;
Kensche et al., 2012). Altogether, these studies show that NEMO
UBAN has a strong preference for linear chains, and that this is
required and sufficient for NFkB activation.

In addition to its binding to linear chains, NEMO is also
a substrate for the conjugation of linear chains by LUBAC
(Tokunaga et al., 2009). Furthermore, association of LUBAC with
NEMO mediates the interaction between NEMO and TRAF3,
which then leads to the disruption of the MAVS-TRAF3 complex.
This results in NFkB activation and inhibition of type I IFN
signaling (Belgnaoui et al., 2012). LUBAC has also been found
to interact with MAVS. Hepatitis B virus-induced recruitment of
the E3 ligases Parkin and LUBAC to MAVS leads to the formation
of linear chains. Interaction of MAVS with these chains results
in a disruption of the MAVS signalosome and downstream IRF3
activation, thereby inhibiting the type I IFN response. It is unclear
to which substrate these chains are conjugated (Khan et al., 2016).

In summary, linear chains potentiate NFkB signaling, while
inhibiting type I IFN signaling.

K11-LINKED CHAINS REGULATE THE
DEGRADATION OF INNATE IMMUNE
FACTORS

K11-linked ubiquitination is associated with the regulation of
the cell cycle and proteasome-mediated degradation (Meyer
and Rape, 2014; Grice and Nathan, 2016; Yau et al., 2017).
By regulating the degradation of innate immune factors, K11-
linked ubiquitination can affect the innate immune response. For
example, RNF26-mediated K11-linked ubiquitination of STING
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TABLE 1 | Overview of the functions of atypical ubiquitination and the associated E3 enzymes and DUBs.

Ubiquitin Modifying Substrate Functional outcome References
linkage enzyme
Linear LUBAC? ? Interaction of NEMO with linear chains potentiates NFkB activation. Rahighi et al., 2009; Hadian et al.,
2011; Kensche et al., 2012
NEMO Upregulates NFkB activation and disrupts MAVS-TRAFS interaction, Tokunaga et al., 2009; Belgnaoui
thereby inhibiting IRF3 activation and the IFN response. et al., 2012
? Interaction of MAVS with LUBAC leads to the formation of linear chains that Khan et al., 2016
disrupt the MAVS signalosome and prevent downstream signaling.
K11 RNF262 STING Inhibits STING degradation, leading to increased type | IFN and cytokine Qinetal., 2014
production.
UsP1gP Beclin-1 Stabilizes Beclin-1 and limits type | IFN production by disrupting the Jinetal., 2016
interaction between RIG-I and MAVS.
? RIP1 Interacts with NEMO. Dynek et al., 2010
K27 TRIM232 NEMO Leads to NFkB and IRF3 activation. Arimoto et al., 2010
NEMO and Recruits the DUB A20 to remove K63-linked chains from NEMO, thereby Liuetal., 2014
Rhbdd3 preventing excessive NFkB activation.
TRIM23?2 TRIM23 Activates TBK1 and thereby induces antiviral autophagy. Sparrer et al., 2017
TRIM262 TRIM26 Interacts with NEMO, leading to increased type | IFN and cytokine Ran et al., 2016
production.
TRIM40? RIG-I and Induces proteasome-mediated degradation of RIG-I and MDA5, thereby Zhao et al., 2017
MDAS5 inhibiting the type | IFN response.
TRIM212 MAVS Enhances type | IFN production. Liu H. et al., 2018; Xue et al., 2018
MARCH8? MAVS Induces autophagy-mediated degradation of MAVS, thereby restricting the Jinetal., 2017
type | IFN response.
RNF1852 cGAS Induces IRF3 activation and the production of type | IFNs and Wang et al., 2017
proinflammatory cytokines.
AMFR2 STING Recruits TBK1 to STING and induces IRF3 activation and the production of Wang Q. et al., 2014
type I IFNs and proinflammatory cytokines.
USP13 and STING Inhibits IRF3 activation and the production of type | IFNs and Chen et al., 2017; Sun et al., 2017
usp21P proinflammatory cytokines.
UsP1gP TAKA Inhibition of proinflammatory cytokine production. Leietal., 2019
K27 and K29 RNF342 MAVS Induces autophagy-mediated degradation of MAVS, thereby restricting the Heetal, 2019
type I IFN response.
K29 SKP1-Cullin- ASK1 Induces IFNB and IL-6 production. Yuetal., 2016
Fox212
K33 UsP3sP TBK1 Prevents TBK1 degradation and induces IRF3 activation. Linetal., 2016
RNF22 STATH Suppresses ISG transcription. Liu S. etal.,, 2018

This table summarizes the E3 enzymes and DUBs that (de)conjugate atypical ubiquitin chains in the context of the innate immune response and the effects of
(de)conjugation of these chains on the innate immune response. @Indicates that the modifying enzyme is an E3 ligase, whereas bindiicates that the enzyme is a DUB.

causes inhibition of STING degradation. Thereby, the production
of type I IFNs and proinflammatory cytokines is potentiated (Qin
et al, 2014). On the other hand, RNF26 can induce autophagy-
mediated degradation of IRF3, which limits the production of
type I IFNs. This is dependent on the E3 ligase activity of RNF26,
but the authors could not identify which ubiquitin linkage is
involved (Qin et al., 2014). Overall, it seems that RNF26, partially
via K11-linked ubiquitination, can both prevent and promote the
induction of type I IFNs via the degradation of its target, and that
this is under strict temporal regulation.

The presence of K11- and K48-linked chains on Beclin-
1, a protein interacting with MAVS, has been associated with
proteasome-mediated degradation of Beclin-1 (Jin et al., 2016).
Removal of K11-linked chains by the DUB USP19 prevents this
and leads to Beclin-1 stabilization. Stabilized Beclin-1 induces
autophagy and inhibits the interaction between RIG-I and MAVS,
thereby limiting the production of type I IFNs upon SeV

or vesicular stomatitis virus (VSV) infection. This way, K11-
linked ubiquitination of Beclin-1 indirectly inhibits autophagy
and promotes the type I IFN response by inducing Beclin-1
degradation (Jin et al., 2016).

Lastly, there is some evidence that NEMO can bind K11-
linked chains, which are for example conjugated to receptor-
interacting serine/threonine-protein kinase 1 (RIP1), a kinase
associated with the TNFa receptor (Dynek et al., 2010). However,
it is unclear what the effects of this interaction are.

K27-LINKED CHAINS: BALANCING
ACTIVATION AND INHIBITION?

It is becoming more and more evident that K27-linked chains are
important regulators of the innate immune response. The first
evidence for this came from a study by Arimoto et al. (2010).
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They showed that E3 ligase TRIM23 can conjugate K27-linked
chains to NEMO and that this is required for the induction
of NFkB and IRF3 upon activation of RLR signaling (Arimoto
et al., 2010). K27-linked chains on NEMO subsequently serve
as an interaction platform for other factors that regulate the
innate immune response. This is for example illustrated by
binding of Rhbdd3, a serine protease that regulates epidermal
growth factor signaling, to K27-linked chains on NEMO. This
leads to K27-linked ubiquitination of Rhbdd3 and recruitment
of the DUB A20. A20 then removes K63-linked chains from
NEMO, thereby preventing excessive NFkB activation. By this
mechanism, Rhbdd3 was shown to control the activation of
dendritic cells and to limit Th17 cell-mediated colitis in mice
(Liu et al., 2014).

TRIM23 is also auto-ubiquitinated with K27-linked chains.
As a result, TRIM23 activates TBK1 by its GTPase activity.
TBK1 subsequently phosphorylates the selective autophagy
receptor p62, which leads to the induction of autophagy
upon infection with several different DNA and RNA viruses
(Sparrer et al., 2017).

Another E3 ligase that is auto-ubiquitinated with K27-
linked chains is TRIM26. Upon activation of RLR signaling,
TBK1 phosphorylates TRIM26, leading to TRIM26 auto-
ubiquitination. NEMO then interacts with the K27-linked
chains conjugated to TRIM26, which induces the expression
of proinflammatory cytokines, type I IFNs, and interferon
stimulated genes (ISGs) (Ran et al., 2016).

Another E3 ligase of the TRIM family, TRIM40, was
shown to conjugate K27- and K48-linked chains to the
dsRNA sensors RIG-I and Melanoma Differentiation-Associated
protein 5 (MDAS5). This leads to attenuation of RNA virus-
induced RLR signaling. Mechanistically, TRIM40-mediated
ubiquitination of RIG-I and MDA5 induces proteasome-
mediated degradation of these proteins (Zhao et al, 2017).
Therefore, the authors conclude that both K27- and K48-
linked chains are involved in proteasome-mediated degradation.
However, they do not discriminate between the functions of these
two linkages. Since K48-linked chains have strongly been linked
to proteasome-mediated degradation, it may be likely that the
proteasome-mediated degradation could be attributed to K48-
linked ubiquitination, while the role of K27-linked chains in
degradation of RIG-I and MDA5 remains unclear.

Lastly, TRIM21 has been suggested to catalyze K27-linked
ubiquitination of MAVS (Liu H. et al., 2018; Xue et al., 2018).
TRIM21 expression is induced by infection with different RNA
viruses and it potentiates the innate immune response (Liu H.
et al,, 2018; Xue et al.,, 2018). These studies clearly demonstrate
that TRIM21 has antiviral effects. However, the presented
Western blots which show that TRIM21 exerts its effects via K27-
linked ubiquitination are not very convincing, and this should be
further investigated.

Another E3 ligase that can conjugate K27-linked chains to
MAVS, is MARCHS (Jin et al, 2017). MARCHS is recruited
to MAVS by Tetherin, an ISG that restricts the release
of enveloped viruses (Evans et al, 2010). Recruitment of
MARCHS8 by Tetherin induces K27-linked ubiquitination of
MAVS followed by the degradation of MAVS by selective

autophagy. This provides a negative feedback loop by which
the innate immune response is restricted (Jin et al, 2017).
Another E3 ligase that induces autophagic degradation of
MAVS, is RNF34. RNF34 catalyzes both K27- and K29-linked
ubiquitination of MAVS (He et al., 2019). However, the authors
also show that RNF34 is important for the clearance of damaged
mitochondria by mitophagy, so the question is whether the
degradation of MAVS is specific or is a result of mitophagy
(He et al., 2019).

RNF185-mediated K27-linked ubiquitination of cGAS, and
AMFR-mediated K27-linked ubiquitination of STING both lead
to the induction of a proinflammatory and antiviral response
upon stimulation with different DNA ligands or infection
with the DNA virus herpes simplex virus 1 (HSV-1). K27-
linked ubiquitination of ¢cGAS and STING is required for
TBK1 activation (Wang Q. et al., 2014; Wang et al,, 2017).
Mechanistically, K27-linked chains on STING are responsible
for the recruitment of TBK1 to STING (Wang Q. et al,, 2014).
The DUBs USP13 and USP21 were shown to remove K27-linked
ubiquitin from STING (Chen et al, 2017; Sun et al., 2017).
These studies confirmed that K27-linked ubiquitin activates the
immune response upon infection with several DNA viruses or the
intracellular bacterium Listeria monocytogenes (Chen et al., 2017;
Sun et al., 2017).

TGFp-activated kinase 1 (TAK1) is a protein that is activated
by various inflammatory stimuli and subsequently induces
activation of NFkB signaling. TAK1 activation is strongly
regulated by posttranslational modifications, including K48- and
K63-linked ubiquitination (Hirata et al., 2017). Recently, it was
shown that TAK1 can also be K27-linked ubiquitinated and that
both K27- and K63-linked chains can mediate the interaction
with TAK1-binding protein 2 (TAB2) and TAB3. Removal of
K27- and K63-linked chains by USP19 inhibited TNFa- and
IL-1B-induced NFkB activation, suggesting that these ubiquitin
chains normally activate TAK1 downstream signaling (Lei et al.,
2019). However, the authors could not discriminate between the
role of K27- and K63-linked chains, due to technical constraints.

In summary, K27-linked chains are important activators of
the innate immune response, in this context often conjugated
by members of the TRIM family but also by other E3 ligases.
These chains are also part of negative feedback loops that
prevent excessive inflammation and immunopathology, hence
K27-linked ubiquitin chains could be used to give a temporary
controlled boost to the innate immune system, when this is
deemed necessary by the cell.

K29-LINKED CHAINS ON ASK1
ACTIVATE IRF3

Very little is known about the role of K29-linked ubiquitination
in the innate immune response. It has been shown that the
SKP1-Cullin-Fbx21 (SCF) E3 ligase complex is activated upon
VSV and HSV-1 infection. This complex then catalyzes K29-
linked ubiquitination of apoptosis signal-regulating kinase 1
(ASK1), thereby inducing phosphorylation of JNK1/2, p38,
and IRF3, and activation of the transcription factor activator
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protein-1 (AP-1). Altogether, this leads to the production of
IFNB and interleukin-6 (Yu et al., 2016). However, it remains
to be elucidated how virus infection leads to the activation
of ASK1 signaling.

K33-LINKED CHAINS MODULATE RLR
AND TYPE | IFN SIGNALING

K33-linked ubiquitination is associated with cGAS-STING- and
RLR-induced type I IFN signaling. Upon infection with different
DNA and RNA viruses, TBK1 is K33-linked ubiquitinated,
which leads to IRF3 activation (Lin et al., 2016). This can
be reversed by the DUB USP38. USP38-mediated removal
of K33-linked ubiquitin is associated with an increase in
K48-linked ubiquitination and subsequent proteasome-mediated
degradation of TBKI, thereby downregulating the antiviral
response (Lin et al., 2016). Another study describes K33-linked
ubiquitination of the type I IFN-induced transcription factor
STAT1. This is mediated by the E3 ligase RNF2. Upon interferon
stimulation, RNF2 binds to STAT1 in the nucleus and mediates
K33-linked ubiquitination of the STAT1 DNA binding domain.
This leads to the dissociation of STAT1 from the promotor of
several ISGs, thereby suppressing the production of ISGs (Liu S.
et al., 2018). These two studies demonstrate two different ways
in which K33-linked chains can be involved in the regulation
of the innate immune response. Further studies are necessary
to elucidate how these mechanisms complement each other and
regulate RLR and interferon signaling.

TOOLS TO STUDY SPECIFIC UBIQUITIN
LINKAGES IN THEIR BIOLOGICAL
CONTEXT

Probably the most reliable technique to identify specifically
linked ubiquitin chains on a purified substrate or in the total
cellular ubiquitin pool, is using mass spectrometry. However,
this is relatively elaborate, and may not be available to all
researchers. Furthermore, this does not allow the identification
of specific ubiquitin linkages conjugated to a specific substrate
in cells. Most biochemical studies that try to identify specific
ubiquitin linkages therefore rely on expression of ubiquitin
mutants that contain only one lysine residue (KX-only mutants)
or individual lysine-to-arginine substitutions (KXR mutants).
These are then individually co-transfected into cells together
with the other proteins of interest. However, using this approach
it is hard to study the role of a specific ubiquitin linkage in
the innate immune response, as most cultured cells, such as
the often-used 293T cells, have important deficiencies in these
pathways (Burdette et al., 2011; Lin et al, 2014). Therefore,
one should use cells that have an intact innate immune system,
however, transfection of these cells is usually rather inefficient
and subsequent virus infection is very hard. Another frequently
used method are in vitro ubiquitination and deubiquitination
assays. Although these can be a helpful tool, such assays
do not take into account the subcellular localization of the

proteins involved and do not allow to study the effects of
a specific chain on a specific target in the innate immune
response. Therefore, methods are needed to directly detect
specific ubiquitin linkages in cells. For linear, K11-, K27-,
K48-, and K63-linked chains, linkage-specific antibodies have
been generated (Newton et al., 2008; Matsumoto et al., 2010,
2012). These have been used with varying results, and in
most cases they hardly produce any specific signal when used
in cell lysates. The generation of linkage-specific antibodies
is apparently very challenging, which is probably due to the
sometimes very subtle structural differences between different
ubiquitin chains.

An alternative to antibodies are affimers. These are small
scaffold proteins of which the sequence is based on a
phytocystatin consensus sequence (Tiede et al., 2014, 2017). The
insertion of two variable peptide regions into this sequence was
used to construct a phage-display library that can be screened
for any protein of interest (Tiede et al., 2014). Michel et al.
(2017) have described the development of an affimer against
K6-linked ubiquitin. This affimer was used successfully in pull
downs, Western blotting, and confocal microscopy (Michel et al.,
2017). Using the affimer, the cellular E3 ligase that catalyzes
Ké6-linked ubiquitination, a DUB with strong preference for K6-
linked ubiquitin and a substrate could be identified (Gersch et al.,
2017; Michel et al., 2017; Heidelberger et al., 2018). In addition,
an affimer against K33-linked ubiquitin was developed. However,
this affimer also recognized K11-linked ubiquitin (Michel et al.,
2017). Most likely this is the result of heterogeneity in the
conformation of polyubiquitin chains, which is why chains linked
via different residues can have closely resembling conformations
(Wang Y. et al, 2014). Although this shows that it can be
hard to achieve linkage-specificity, affimers could be a powerful
alternative for antibodies.

In addition to methods that directly detect a specific
type of ubiquitin chain, linkage-specific DUBs can be used
to discriminate between different linkages in a cell lysate
or on a target that was precipitated using pull-downs. The
following linkage-specific DUBs are available: OTULIN for
linear chains, Cezanne for Kl1l1-linked chains, Otubain-1 for
K48-linked chains, and AMSH or OTUDI for K63-linked
chains (Mevissen et al., 2013). No DUBs are known that have
specificity for K6-, K27-, K29-, and K33-linked chains. However,
OTUD3 and USP30 have a strong preference for K6- and
K11-linked chains, whereas TRABID has a strong preference
for K29- and K33-linked chains. When OTUD3 or USP30
are used in combination with Cezanne, the discrimination
between K6- and Kl1-linked chains can be made (Mevissen
et al., 2013; Cunningham et al., 2015). Based on this principle,
a method was developed termed ubiquitin chain restriction
(UbiCRest) in which in vitro ubiquitinated proteins, cell
lysates, or precipitated immunocomplexes are incubated with
a combination of the aforementioned linkage-specific DUBs
(Hospenthal et al., 2015).

The UBDs of linkage-specific DUBs and other proteins that
interact with specific ubiquitin linkages can also be exploited as
biosensors. TRABID has 3 NZF domains that can bind a variety
of different ubiquitin chains. The NZF1 domain specifically binds
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K29- and K33-linked chains (Kristariyanto et al., 2015). This
NZF1 domain was used to pull down polyubiquitin chains from
cells. Subsequently, the immunocomplexes were treated with the
Crimean-Congo Hemorrhagic Fever virus OTU (vOTU) DUB to
discriminate between K29- and K33-linked chains (Akutsu et al.,
2011; Kristariyanto et al., 2015). According to the authors, vOTU
cleaves all types of ubiquitin chains except for K29-linked chains
(Kristariyanto et al., 2015). Contrary to this, there is also evidence
that vOTU cleaves all linkages except for linear chains (Mevissen
et al., 2013). Using their approach, the authors showed that K29-
linked ubiquitin can be part of heterotypic chains containing
also K48-linked ubiquitin (Kristariyanto et al., 2015). Two other
biosensors have been described, one that is based on the UBAN
domain of NEMO and recognizes linear chains and one that is
based on the NZF domain of TAB2 and recognizes K63-linked
chains. These domains were coupled to GFP and could thereby
be used in microscopy and live cell imaging (van Wijk et al., 2012;
Greenfeld et al., 2015). Although these biosensors are a valuable
tool, their development depends on the availability of a UBD that
specifically binds to a certain ubiquitin linkage.

Another method to obtain insight in the cellular function of a
specific ubiquitin linkage has been developed by Xu et al. (2009).
They developed a tetracycline-inducible RNAi system with which
the expression of all four ubiquitin genes can be knocked down
and replaced by a KXR mutant. Using cells expressing K63R
ubiquitin, they could show that K63-linked chains are required
for IKK activation, but only by IL-1 and not by TNFa (Xu
et al., 2009). Although this setup is laborious to create and
leads to a general depletion of a specific ubiquitin linkage, this
strategy can be very useful in elucidating the role of a certain
linkage in the innate immune response or any other signaling
cascade of interest.

In summary, for M1-, K48- and K63-linked chains rather well-
functioning antibodies, linkage-specific DUBs, and UBD-based
biosensors exist, whereas for most of the other linkages, including
K27- and K33-linked chains, very few or no tools are available.
Potentially, new UBDs could be developed based on the structure
of UBDs in complex with ubiquitin chains for which no specific
UBD is known. By structure-guided mutagenesis, it would in
theory be possible to develop new biosensors that recognize for
example K27- or K33-linked chains.
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The Ubiquitin CODE constitutes a unique post-translational modification language relying
on the covalent attachment of Ubiquitin (Ub) to substrates, with Ub serving as the
minimum entity to generate a message that is translated into different cellular pathways.
The creation of this message is brought about by the dedicated action of writers,
erasers, and readers of the Ubiquitin CODE. This CODE is greatly expanded through
the generation of polyUb chains of different architectures on substrates thus regulating
their fate. Through additional post-translational modification by Ub-like proteins (UbL),
hybrid Ub/UbL chains, which either alter the originally encrypted message or encode
a completely new one, are formed. Hybrid Ub/UbL chains are generated under both
stress or physiological conditions and seem to confer improved specificity and affinity
toward their cognate receptors. In such a manner, their formation must play a specific,
yet still undefined role in cellular signaling and thus understanding the UoCODE message
is crucial. Here, we discuss the evidence for the existence of hybrid Ub/UbL chains in
addition to the current understanding of its biology. The modification of Ub by another
UbL complicates the deciphering of the spatial and temporal order of events warranting
the development of a hybrid chain toolbox. We discuss this unmet need and expand
upon the creation of tailored tools adapted from our previously established toolkit for the
Ubiquitin Proteasome System to specifically target these hybrid Ub/UbL chains.

Keywords: ubiquitin-like modifiers, hybrid chains, SUMO and ubiquitin signaling, NEDD8, ISG15, proteotoxic
conditions, stress conditions, toolbox

INTRODUCTION

Ubiquitin (Ub) is a 76 amino acid, highly conserved protein among eukaryotes post-translationally
modifying proteins thereby dictating almost every fundamental cellular process. Malfunction of
its action drives diverse pathologies such as cancer and neurological disorders like Parkinson’s,
Alzheimer’s, and Huntington’s disease (McNaught et al., 2001; Du and Mei, 2013; Ciechanover
and Kwon, 2015). It exerts its action through the covalent attachment of its C-terminus to the
target substrates by an orchestrated enzymatic cascade composed by three different enzyme families
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named El, E2, E3 (writers of the code) (Figure1A). This  which the RING1 domain recruits the E2-Ub complex, followed
conjugation process, commonly referred to as ubiquitination, is by thioester transfer of Ub to a cysteine in the RING2 domain
initiated once the E1l activating enzyme catalyzes adenylation  (Spratt et al., 2014).

of the C-terminus of Ub at the expense of ATP thereby Different ubiquitination patterns can be observed depending
forming a high-energy E1-Ub thioester. Afterwards, the activated ~ on the constitution of the lysine residues of the substrate, giving
Ub is transferred by trans-thioesterification to the cysteine of  rise to mono-ubiquitination or multi mono-ubiquitination,
the E2 conjugating enzyme which allows E3 ligase mediated  respectively. Additionally, this enzymatic process can be
Ub conjugation the substrate lysine residue through a stable  repeated by utilizing the e-amine functionality of any of the
peptide bond. Ub transfer to the substrate can be carried out  seven internal lysine residues or the N-terminal amine of Ub.
by three different mechanisms depending on the nature of  Thus, self-conjugation of Ub to any of these residues permits the
participating E3 ligase [RING, HECT, and RING-in-between-  formation of eight different homogenous polymeric Ub chains
RING (RBR)] (Zheng and Shabek, 2017). Activated Ub can be (M1, K6/11/27/29/33/48/63). Due to the different disposition
transferred onto the catalytic cysteine of the HECT E3s via a  adopted by each of these Ub linkages, a wide variety of cellular
transthioesterification reaction followed by conjugation to the  signaling (Akutsu et al, 2016) events can be modulated all
lysine residue of the substrate. Alternatively, transfer of the  exerting different biological outcomes. For instance, Lys-48 and
E2-Ub thioester to the substrate lysine is accomplished by the  Lys-63 linked poly-Ub, the best characterized polymeric chains
contribution of a scaffolding RING E3 enzyme accommodating  are mainly involved in proteasome mediated protein degradation
both the E2-Ub complex and the substrate. RBR E3s catalyze Ub  and cell signaling respectively, whereas the cellular responses
conjugation by a concerted RING/HECT hybrid mechanism in  of the remaining linkages, known as atypical chains, remains

A El, E2, E3

Proteases

Homotypic Ub-Chains
8 different linkages

.............

.............

Hybrid Ub/UbL
Chains

Nemmmmmnt

.............................

O :NEDD8 < »: Substrate
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FIGURE 1 | Complexity of the ubiquitin CODE (A) General overview ubiquitination process. (B) Ubiquitin chain types.

Frontiers in Chemistry | www.frontiersin.org 113 January 2020 | Volume 7 | Article 931


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Pérez Berrocal et al.

Hybrid Ub/UbL Chains Introducing Cross-Functionality

undefined (Kulathu and Komander, 2012). Furthermore,
complexity can be augmented through permutation of linkages,
either through modification of different internal lysines
(branched chains) or by repetition of different linkages within
the chain (heterologous/mixed chains) thereby endowing the
UbCODE with an extraordinary versatility and specificity
(Nakasone et al., 2013; Stolz and Dikic, 2018; Haakonsen and
Rape, 2019) (Figure 1B).

To counterbalance ubiquitination and further sculpting
the physiological effects or rescuing proteins destined for
proteasomal degradation, dedicated proteases known as
deubiquitinases (DUBs) not only remove mono-Ub from their
substrates, but also alter Ub chain topology (editors of the code)
(Leznicki and Kulathu, 2017). Alternatively, modulating the
formation and processing of Ub chains can be achieved through
their interaction with Ubiquitin Binding Domains (UBDs).
These UBDs are endowed with a specific affinity toward Ub or
UDb chains permitting the modulation of both chain elongation
as well as governing the interaction of the Ub chains with the
substrates (Dikic et al., 2009).

While Ubiquitin represents the minimum entity to express
a code, the Ubiquitin CODE as coined by Komander and
Rape, it is a highly complex, yet still elusive signaling system
reliant on the interplay of its “writers,” “editors,” and “readers”
(Komander and Rape, 2012). Nonetheless, intricacy arises when
Ub, is further “PTMylated” by the classical modifications such
as acetylation (Ohtake et al., 2015), phosphorylation (Herhaus
and Dikic, 2015), or ribosylation (Vivelo et al, 2019), or
even by some Ubiquitin-like proteins (UbL). Structurally and
biochemically similar to Ub, UbLs are covalently attached to
the lysine residues of their substrates through the sequential
action of dedicated activating, conjugating, and ligating enzymes.
Conjugation of UbLs to Ub and vice versa, results in hybrid
chains, expanding the utility of the Ubiquitin CODE to enable
an extensive crosstalk among the different UbL pathways and the
UPS (Schmidt and Dikic, 2006; Schimmel et al., 2008; Geoffroy
and Hay, 2009; Hjerpe et al., 2012a) (Figure 1B). However,
the assembly, topology, architecture, as well as the encoded
information of these Ub/UbLs hybrid chains remains cryptic
warranting the development of suitable reagents to decipher this
intricate CODE.

Given the breadth of this review, we will focus on evidence
supporting the existence of these Hybrid Chains with ubiquitin-
like modifiers mainly composed of Ub and the UbL proteins
NEDD8, SUMO, and ISG15 as well as the future potential for
this emerging field. Additionally, we will touch upon the crosstalk
between the Ubiquitin and the Ubiquitin-like enzyme cascades
that cooperate to form hybrid Ub/UbL chains.

UBIQUITIN-LIKE PROTEINS AND HYBRID
CHAIN FORMATION

Small Ubiquitin-Related Modifier (SUMO)

SUMOylation, which is involved in a large plethora of
fundamental cellular processes, is catalyzed through the interplay
of specific enzymes and counteracted by the action of SUMO

specific isopeptidases (Pichler et al., 2017). The SUMO family
is composed by three different members known as SUMO-1, -2,
and -3, which, subsequent to the exposure of their C-terminal di-
glycine signature, are conjugated onto specific lysines embedded
within a SUMO consensus motif ({-Lys-X-Glu, with | encoding
a hydrophobic residue of their substrates) (Geiss-Friedlander and
Melchior, 2007). While the most predominant isoforms SUMO-
2 and SUMO-3 are virtually identical and mainly form K11-
linked polymeric chains (Matic et al., 2008; Hendriks et al., 2014),
SUMO-1 bears only a 50% sequence similarity and does not form
polymeric chains give the absence of the necessary conserved
lysine residue within the consensus motif (Saitoh and Hinchey,
2000). However, it has been shown that SUMO-1 can be linked
to the end of a poly-SUMO-2/-3 chain, effectively terminating
chain growth (Matic et al., 2008). Formation of SUMO-2/-3
chains is elicited upon cellular stressors such as heat shock
(Saitoh and Hinchey, 2000) and their recognition is mediated
by SUMO interactive motifs (SIMs)- specific regions interacting
with SUMO and SUMO polymers (Song et al., 2004).

Hybrid SUMO-Ub Chains

In addition to modification with SUMO itself, several proteomic
studies have identified that Ubiquitination at various lysines
in SUMO-1-3 can occur (Danielsen et al, 2011; Wagner
et al., 2012; Hendriks et al., 2014; Hendriks and Vertegaal,
2016). Interestingly, while SUMO-1 cannot be SUMOylated, it
is Ubiquitinated at six lysine residues most likely inducing a
different response than Ubiquitinated SUMO-2/3 (Hendriks and
Vertegaal, 2016). Thus, given the sheer number of Ubiquitination
sites in SUMO a plethora of hybrid chains combinations
are possible.

Intriguingly, proteomics revealed not only the vast number
of modification possibilities on the different SUMO isoforms,
but also allowed to identify whether the modification occurs
on SUMO or on the Ubiquitin lysines (Hendriks et al., 2014,
2017), further increasing the complexity (Figure 2A). The hybrid
chains predominantly occur upon specific stressors (Hendriks
et al., 2014) (Figure 2A) and despite the advances in detection
and elucidation of the branched architecture of SUMO-Ub
hybrid chains, comprehending their cellular function is still in
its infancy. Discerning their physiological roles is of utmost
importance since the architecture of hybrid SUMO-Ub chains
expands the potential for distinct signaling events by SUMO
and Ub.

SUMO-Ub Chain Signaling

Hybrid chains can be recognized by a variety of receptors
containing tandem SUMO-interacting motifs (SIMs) and UBDs.
Moreover, to counterbalance or alter the effect of SUMOylation,
subsequent ubiquitination of poly-SUMOylated proteins,
catalyzed by SUMO-targeted Ubiquitin ligases (STUbls) can
ensue. Upon recognition of the poly-SUMO signal through
virtue of their SIMs, STUbls install a specific Ub-linkage onto
the lysine of the SUMO-modification (Sriramachandran and
Dohmen, 2014). Although, SUMO-Ub chains were primarily
identified on proteins impending proteasomal degradation
(Lallemand-Breitenbach et al., 2008; Tatham et al., 2008; Erker
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FIGURE 2 | proteomics so far (Hendriks et al., 2014). (B) Canonical and atypical pathways (Leidecker et al., 2012) and dual activity of HUWE1 under stress conditions
which lead to formation of hybrid chains which protect the UPS by via the formation of aggregates that are no longer processed by the proteasome (Maghames et al.,
2018). The insert displays identified Ub-Nedd8 linkages (Leidecker et al., 2012). (C) Although the mechanism for the formation of ISG15 hybrid chains is still
outstanding, data supporting the existence of Ub-ISG15 is available. First, K29 gets ISGylated, followed by K48 as the second ISG15 site (Fan et al., 2015).

et al,, 2013; Mclntosh et al., 2018), roles in maintaining genome
stability (Guzzo et al., 2012; Nie and Boddy, 2016) have been
assigned more recently through the K63 poly-ubiquitination of
poly-SUMO chains (Figure 2A). Here RNF4, a STUbI, mediates
poly-ubiquitination of SUMOylated proteins, thereby evoking
the recruitment of RAP80 and its subsequent interaction with
BRCA1 complex, to promote genomic stability (Guzzo et al,
2012). Another example involves Arkadia which ubiquitinates
SUMOylated xeroderma pigmentosum C (XPC), a pivotal player
in nucleotide excision repair, driving XPC to UV-damaged DNA
sites (Poulsen et al., 2013).

DUBs such as USP11 can trim or reverse ubiquitination on
hybrid SUMO-Ub chains to modulate the associated cellular
responses (Hendriks et al., 2015). Thus, the amalgamation
of ubiquitination and SUMOylation resembles an efficacious
strategy to confer both specificity and increased affinity to the
target proteins (Aillet et al., 2012; Guzzo et al., 2012).

Neural Precursor Cell Expressed,

Developmentally Downregulated 8 (NEDDS8)
Akin to SUMOylation, Neddylation is accomplished by its own
specific enzymes and is counterbalanced by a few dedicated
proteases (Enchev et al., 2015). Given the similarities between
Ubiquitin and Nedds8, it is unsurprising that both have the
propensity to form hybrid chains. However, the formation
of Ubiquitin-Nedd8 hybrid chains occurs predominantly in
response to proteotoxic stress, perhaps as a mechanism to
dampen cellular signaling in this context or to protect the
UPS from proteotoxicity (Maghames et al., 2018; Santonico,
2019). Neddylation and the Nedd8 enzyme cascade have been
demonstrated to be crucial to the development of neurological
disorders (Dil Kuazi et al., 2003; Mori et al., 2005; Chen et al.,
2012; Luetal,, 2013). Thus, given the protective role of Ubiquitin-
Nedd8 hybrid chains against proteotoxic stress, these complex
posttranslational modifications may play a pivotal role in the
pathogenesis and progression of neurodegenerative diseases
(Ross and Poirier, 2004; Gestwicki and Garza, 2012; Dantuma
and Bott, 2014; Valastyan and Lindquist, 2014; Sweeney et al.,
2017).

In an attempt to elucidate the architecture of the hybrid
chains several hybrid linkages were determined by SILAC-
based proteomics upon proteasomal inhibition (Leidecker et al.,
2012) (Figure 2B). Neddylation occurs via the interplay of
enzymes relying on its own specificity and is referred to as
the “Canonical” pathway. However, under stress conditions
such as proteasome inhibition, oxidative stress, or heat
shock Neddylation is mediated “atypically” by the Ubiquitin
activating enzyme UBEI instead (Hjerpe et al, 2012a,b;
Leidecker et al, 2012). This tight synchronization of the
Ubiquitin and Nedd8 systems to fine-tune the cellular response

during proteotoxic stress has been observed not only for
UBE1, but also for also for the E3 ligase HUWEIL, a
crucial component of the Protein Quality Control (PQC)
pathway (Xirodimas et al, 2008; Sung et al, 2016a,b),
which targets ribosomal proteins (RPs) and protects the UPS
from stress-induced toxicity by ribosomal protein aggregation
(Maghames et al., 2018) (Figure2B). Importantly, during
the persistence of stress, the unconjugated Ub pool is
rapidly depleted triggering Neddylation through the Ubiquitin
pathway and targeting several substrates typically ubiquitinated
(Leidecker et al., 2012) (Figure 2B). Akin to the sophisticated
regulatory system provided by DUBs, research underscores
that Nedd8-Ub hybrid chains seem to be modulated in
a similar fashion by DUBs subsequent to cellular stress
(Leidecker et al., 2012; Singh et al., 2012, 2014).

Interferon (IFN)-Stimulated Gene 15 (ISG15)
Firstly identified upon IFN treatment on Ehrlich ascites tumor
cells (Farrell et al., 1979), ISG15 had initially not been identified
as an Ubiquitin-like protein, until cross-reactivity toward Ub
antibodies suggested the existence of UbL proteins (Haas et al.,
1987). Unlike all other UbLs, ISG15 is composed of two Ub like
domains tethered by a “hinge” polypeptide sequence. Analogous
to Ub, ISG15 can be conjugated onto the target substrates
through the orchestrated interplay of its E1, E2, and E3 enzymes
through its exposed C-terminal glycine (Perng and Lenschow,
2018). Given its increased activation upon interferon stimulation,
conjugation of ISG15 to protein substrates plays a crucial role in
the antiviral response and thereby constituting a key contributor
to innate immunity (Harty et al., 2009; Durfee et al., 2010; Perng
and Lenschow, 2018).

In contrast to Ub, SUMO and NEDDS8 (Jones et al.,
2008), ISG15 has not been reported to generate polymeric
chains and does not seem to have specific ISG15-interacting
motifs. Although some studies have suggested an antagonistic
relationship of Ub and ISG15 in certain contexts such as during
tumorigenesis (Liu et al.,, 2003; Desai et al., 2006; Kim et al.,
2006; Malakhova and Zhang, 2008; Wood et al., 2011), evidence
of a crosstalk between ISG15 and Ub conjugation pathways
still remains perplexing. Unexpectedly, a proteomic study
revealed that ISG15 was conjugated to Ub (Giannakopoulos
et al, 2005), and further investigation by Zhang et al
corroborated the formation of hybrid ISG15-Ub chains (Fan
et al,, 2015) (Figure 2C).

Little is known about the biological function of these hybrid
Ub-ISG15 chains, but it has been established that they do
not act as proteasomal degradation signals. Thus, ISG15 could
potentially function as a chain termination moiety to rescue
ubiquitylated proteins from degradation. However, given the
fact that ISG15 is predominantly conjugated to Ub via K29, a
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plausible role of these hybrid chains could be modulation of
K29-Ub mediated biological signaling (Kulathu and Komander,
2012). Moreover, this type of hybrid chains could trigger new
signaling pathways exerting different biological outcomes, but
the assignment of their biological role is a daunting task since
no ISG15 interactive motifs have been identified and readers
containing both UIM and ISG15 interacting motifs cannot
be predicted.

PERSPECTIVES

Considering the impact of ubiquitination on regulating a vast
array of fundamental biological processes, with dysregulation
of the dedicated enzymes giving rise to pathologies such
as cancer and neurodegenerative diseases, understanding its
function merited the development and innovation of respective
tools. Advances in synthetic strategies for generating ubiquitin,
constituted a qualitative leap forward in the development of
a plethora of ubiquitin assay reagents and numerous activity-
based probes (ABPs) enabling study of enzymes involved in the
complex system of ubiquitination (El Oualid et al., 2010; Ekkebus
et al., 2013; Hameed et al., 2017).

The modification of Ub by another UbL complicates the
deciphering of the spatial and temporal order of events, as
well as the underlying biological role of this modification,
underscoring the urgent need for new next generation ABPs
and assay reagents. The lack of a robust methodology to
chemically access some UbL proteins has hampered the study
on the biological role that hybrid chains display as well as the
identification of their readers, writers, erasers, and interpreters.
Generating such complex hybrid chains is a challenging feat as
the E2/E3 enzymes generating these linkages in vitro remain
unknown. So far, only (semi)-synthetic strategies for obtaining
ubiquitinated Rubl, the yeast NEDD8 homolog (Singh et al.,
2014) and SUMO-2-K63diUb hybrid chains (Bondalapati et al.,
2017) have been reported. Only in the last decade, efforts to devise
synthetic strategies for UbL proteins such as Nedd8 (Mulder
et al, 2014), SUMO (Dobrota et al., 2012; Wucherpfennig
et al, 2014; Mulder et al., 2018) and Ufml (Ogunkoya
et al,, 2012; Witting et al., 2018) have been undertaken. More
recently, ISG15 synthesis has been accomplished as a modular
synthesis of both domains and its subsequent ligation (Xin
et al,, 2019). These developments in the chemical synthesis
of UbL proteins in combination with the advancements made
in polyUb probes (Mulder et al.,, 2014; Flierman et al., 2016;
Paudel et al, 2019) open a new avenue to UbL and hybrid
Ub/UbL reagents allowing research on their respective enzymatic
cascades, but also enabling in depth studies on their crosstalk
with ubiquitin.

Mass spectrometry (MS) has become an invaluable tool in
the quest for understanding cell signaling and in particular to
study the UPS (Heap et al, 2017). This type of proteomics
relies on the isolation and enrichment of the target proteins
through affinity-based approaches (Mattern et al., 2019) such
as affimers, antibodies targeting the di-Glycine signature,
anti/mini/nanobodies, endogenous tags, biotin, and molecular

entities based in the repetition of UBDs and SIMs capturing poly-
Ub and SUMO chains, respectively (TUBES and SUBES) (Hjerpe
et al., 2009; Da Silva-Ferrada et al., 2013) with a high affinity.
However, many of these approaches cannot be undertaken in
the study toward hybrid Ub-UbL biology since they are not
endowed with specific affinity toward these linkages or due to the
shared homology under Ub and UbL proteins as exemplified by
the shared GG remnant after enzymatic digestion. To overcome
these pitfalls, an UbiSite antibody approach (Akimov et al,
2018) which relies on LysC digestion has recently been described
to allow differentiation among Ub and UbL proteins. The
translation of the existing affinity technologies toward hybrid
chains and UbL proteins would facilitate the understanding of
the crosstalk among the different Ub-UbL proteins. For example,
an elegant combination of SIMs and UBDs, a mixed TUBE/SUBE
approach, could potentially enrich for substrates endowed with
hybrid chains generated by STUbLs. Unsurprisingly due to the
high similarity of Nedd8 and Ub, all known binding domains
with affinity for Nedd8 display cross-reactivity with Ub. Recently,
the first specific binding domain for Nedd8 was reported
(Castagnoli et al., 2019) and thus a similar approach as the
TUBES/SUBES could potentially be designed, “NEBES.”

Furthermore, a proteomic approach called Ubi-clipping
(Swatek et al., 2019) has shown the great percentage (10-
20%) of which branched chains are present in polymeric forms
of Ub. This method relies on an engineered version of an
ISG15-specificenzyme that partially removes Ub from substrates
and leave the characteristic diglycine signature on Ub while
simultaneously allowing the identification of different branched
architectures. The translation of such technology into the hybrid
chains field would shed light on the different architectures that
such chains exhibit. In addition to this innovation, the generation
of specific antibodies toward the linkage of hybrid chains, in a
similar fashion as the first Ub branched K11/K48 antibody (Yau
etal., 2017) could be a feasible approach toward the generation a
Hybrid Chain Tool Box.

Despite the recent advances made in developing innovative
reagents on the Ubiquitin-field, there are still many conundrums
to be resolved regarding the writers, editors and readers of
this part of the Ub CODE. The origin of the identified
Ub-SUMO linkages in which Ub is SUMOylated is still
unclear, the possibility of a parallel mechanism such as the
STUbL in which SUMO ligases target polyUb-chains and
SUMOylate (UbTSLs) them might explain their existence. The
enzymes catalyzing the formation of Ub-ISG15 hybrid chains
are still unknown and efforts to identify them should be
undertaken. Moreover, the formation of these hybrid chains
confers an extra layer of complexity to the CODE that could
be translated into terms of specificity and increased affinity
that the “readers” display for them. Such readers must be
endowed with “hybrid” recognition domains which could be
screened by bioinformatic analysis as exemplified in the discovery
of RAP80 (Nie and Boddy, 2016). It has been shown that
hybrid chains are processed by the proteasome more efficiently
compared with poly-Ub or poly-SUMO chains. This pronounced
affinity could be derived from the improved recognition of
either a proteasome subunit or of a shuttle protein containing
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the aforementioned “hybrid” recognition domains. For the
Ub-Nedd8 and Ub-ISG15 hybrid chains, the field is less
explored and hybrid chain recognition domains still need to
be identified.

The fact that Ub and UbL proteins can generate this array
of chains, conferring new architectures and topology to the
chains and thereby triggering different signaling events, increases
complexity of the already intricate Ubiquitin CODE. The current
knowledge regarding hybrid-chain formation is based upon
chain formation between Ub and UbL proteins. However, a
recent report revealed that a small fraction of NEDD8 becomes
modified by KO0-SUMO (Hendriks et al, 2017). Although
SUMOylation of NEDDS is likely to be a very rare event, it
does extend the knowledge regarding hybrid chain cross-talk and
opens a new perspective to the intrinsic code (Hendriks et al.,
2014). The creation of tailored tools specific toward these hybrid
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Ubiquitination is a process in which a protein is modified by the covalent attachment
of the C-terminal carboxylic acid of ubiquitin (Ub) to the e-amine of lysine or N-terminal
methionine residue of a substrate protein or another Ub molecule. Each of the seven
internal lysine residues and the N-terminal methionine residue of Ub can be linked to
the C-terminus of another Ub moiety to form 8 distinct Ub linkages and the resulting
differences in linkage types elicit different Ub signaling pathways. Cellular responses
are triggered when proteins containing ubiquitin-binding domains (UBDs) recognize and
bind to specific polyUb linkage types. To get more insight into the differences between
polyUb chains, all of the seven lysine-linked di-ubiquitin molecules (diUbs) were prepared
and used as a model to study their structural conformations in solution using NMR
spectroscopy. We report the synthesis of diUb molecules, fully '®N-labeled on the
distal (N-terminal) Ub moiety and revealed their structural orientation with respect to
the proximal Ub. As expected, the diUb molecules exist in different conformations in
solution, with multiple conformations known to exist for K6-, K48-, and K63-linked
diUb molecules. These multiple conformations allow structural flexibility in binding with
UBDs thereby inducing unique responses. One of the well-known but poorly understood
UBD-Ub interaction is the recognition of K6 polyubiquitin by the ubiquitin-associated
(UBA) domain of UBXN1 in the BRCA-mediated DNA repair pathway. Using our synthetic
N-labeled diUbs, we establish here how a C-terminally extended UBA domain of
UBXN1 confers specificity to K6 diUb while the non-extended version of the domain
does not show any linkage preference. We show that the two distinct conformations
of K6 diUb that exist in solution converge into a single conformation upon binding to
this extended form of the UBA domain of the UBXN1 protein. It is likely that more of
such extended UBA domains exist in nature and can contribute to linkage-specificity in
Ub signaling. The isotopically labeled diUb compounds described here and the use of
NMR to study their interactions with relevant partner molecules will help accelerate our
understanding of Ub signaling pathways.

Keywords: isotope labeled diubiquitin, NMR, extended UBA domain, UBXN1, solid phase peptide synthesis
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Kédiub vs. UBA-Domain of UBXN1

INTRODUCTION

Ubiquitin (Ub) is a small protein of 76 amino acids, involved
in the post-translational modification of several proteins in cells
(Hochstrasser, 1996; Hershko and Ciechanover, 1998). Ub is
attached to a target protein in a process called ubiquitination
which employs a specific combination of three enzyme classes:
Ub activating enzyme E1, Conjugating enzyme E2, and Ub ligase
E3 (Schefner et al., 1995). On the other hand, ubiquitin can be
removed from its substrates by enzymes called deubiquitinases
(DUBs) (Komander et al., 2009a). Ub is attached to a target
protein as a monomer or as a polymeric chain (polyUb) in which
individual Ub molecules are attached via their C-terminal residue
to one of the seven lysine residues (K6, K11, K27, K29, K33,
K48, and K63) or the N-terminal methionine residue of other Ub
molecules (Meierhofer et al., 2008; Akutsu et al., 2016). Different
types of Ub modifications cause different responses, such as
regulation of protein turnover and DNA-repair signaling and
are therefore ubiquitination is essential in maintaining cellular
homoeostasis. The polyUb chains vary in length, type of linkage
(homotypic or branched) and the position of the modified lysine
residues in target proteins (Li and Ye, 2008). Recognition of
different polyUb chains by Ub binding domains (UBDs) is
essential for stimulation of Ub signaling pathways.

The enzymatic assembly of all but K27-linked homotypical
ubiquitin chains can be achieved by using the required
combination of ubiquitinating E1-E2-E3 enzymes (Zhang et al.,
2005; Hospenthal et al., 2013; Michel et al., 2015; Faggiano
et al., 2016). However, there is lack of control over the length
of polyUb chains generated when using enzymatic methods and
this often requires either mutating the Ub monomer to halt
the chain extension or using extensive purification methods to
separate different Ub polymers. In addition, such techniques are
known for being less selective and require post-synthesis clean-
up of undesired chains using chain-specific DUBs. This results
in low yields and long preparation times. To circumvent this,
in the past years, we and others have reported the synthesis of
ubiquitin chains using chemical tools (El Oualid et al., 2010;
Kumar et al., 2010; Moyal et al,, 2012; van der Heden van
Noort et al.,, 2017). The use of a thiolysine handle at the sites
of ubiquitination and the omission of enzymes resulted in the
generation of diUbs of all seven isopeptide linkages (Merkx et al.,
2013). These chains have been used extensively to study the
biochemical properties of DUBs (Faesen et al., 2011; Licchesi
etal., 2011).

To study the structural behavior of diUb molecules in
solution by nuclear magnetic resonance spectroscopy (NMR),
segmental isotope-labeled diUb reagents can be a valuable tool.
Such a diUb molecule consists of a labeled Ub moiety linked
to an unlabeled Ub moiety at defined positions. Synthesis of
labeled diUb molecules has been reported previously relying
on expressing recombinant Ub using an evolved tRNA/tRNA-
synthetase system, followed by selective deprotection, chemical
ligation and purification of diUb molecules (Castafieda C. et al,,
2011; Castanieda C. A. et al., 2011). These diUb molecules can be
used to study the intermolecular interactions with other proteins
involved in the ubiquitin pathway.

It has been reported that Ub chain interactions with other
proteins frequently involve a hydrophobic patch containing
residues such as Leucine 8, Isoleucines 36 and 44, and Valine
70 on the ubiquitin surface (Figure 1, labeled in red) (Sloper-
Mould et al., 2001). This patch is also involved in interactions
between the Ub monomers in a diUb molecule or in polyUb
chains. However, the position of interacting residues and the
strength of the interaction between monomers differ for each
Ub linkage (Wang et al., 2014). Although structural information
on commercially available K48 (van Dijk et al., 2005; Ryabov
and Fushman, 2007; Zhang et al., 2009) and K63 (Komander
et al,, 2009b; Weeks et al, 2009; Liu et al, 2015; He et al,
2016) Ub chains and other atypical Ub chains of K6- (Virdee
et al., 2010; Hospenthal et al., 2013), K11- (Bremm et al.,
2010; Matsumoto et al., 2010; Castaneda et al., 2013), K27-
(Gao et al, 2016), K29- (Kristariyanto et al., 2015a), and K33-
(Castaneda C. A. et al., 2011; Kristariyanto et al., 2015b; Michel
et al., 2015) linkages is available, a comparative study on diUb
structural dynamics in solution is necessary to get an idea
on the differences in structure of different Ub linkages. Since
structure-function relationships are known to be directive in
ubiquitin signaling, it is essential to uncover the structural
details of diUb molecules. For obtaining structural details, X-ray
crystallography and increasingly also single-particle EM can be
used to obtain high-resolution snapshots of protein folding and
interactions of diUb molecules with some of their interacting
proteins. On the other hand, NMR spectroscopy can provide
a more dynamic view on structural transitions due to changes
in environmental conditions and allows kinetic analyses of
binding and dissociation between proteins and their interacting
partners. In this study, we synthesized all seven isopeptide-linked
diUbs using native chemical ligation of different proximal lysine-
Ubs to a distal °N-labeled Ub. A comparative study on the
interactions between the °N-labeled distal Ub and the unlabeled
proximal Ub for each of the diUb linkages showed different
interaction details in good agreement with previously reported
data (Castafieda et al., 2016a,b). Furthermore, we demonstrate
here the usefulness of these tools for gaining structural insights
into the selective recognition of a unique Ub-binding domain
(UBD) for a diUb linkage.

Each ubiquitin linkage-type leads to a different response in
cells, based on their recognition by specific proteins containing
a UBD. UBDs provide a structural basis for different responses
by recruiting Ub chains and other proteins associated in their
respective pathway. For example, the DNA repair pathway is one
of the crucial pathways in cells that utilize polyUb signaling and
is essential in maintaining genomic integrity during or after cell
division. DNA damage can be repaired by several mechanisms
(Schwertman et al, 2016). Among them, Non-Homologous
End Joining (NHE]) and Homologous Recombination (HR) are
the most prevalent DNA-damage repair pathways. It has been
observed that a Ubiquitin ligase called BRCA1 is involved in both
of these DNA repair pathways. BRCA1 is an oncogene that is
mainly associated with the prevalence of breast cancer (Rosen
et al., 2003).

The BRCA-mediated DNA repair pathway involves the
recognition of K6 polyubiquitin chains on BRCAI protein
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Lys48 lled44

FIGURE 1 | Structure of Ub (PDB: 1UBQ) showing the positions of all seven
lysine residues (colored in blue). In addition, hydrophobic residues (colored in
red) known to be involved in protein interactions are also highlighted.

by another protein called UBXN1 (Ohta et al., 2011). The
UBXNI protein contains a UBD that belongs to the family
of ubiquitin-associated domain (UBA) at its N-terminal tail
(Wu-Baer et al, 2010). The UBA domain is one of the
earliest types of defined ubiquitin-binding domains described
in literature (Hofmann and Bucher, 1996). These domains are
short (about 45 amino acids) polypeptide sequences and are
frequently observed in the enzymes associated with the ubiquitin
machinery. The UBA domains usually consists of three alpha-
helix modules which include a highly conserved hydrophobic
surface that can bind efficiently with hydrophobic areas of Ub or
polyUb chains (Mueller and Feigon, 2002). The UBA sequences
are conserved among proteins and enzymes involved in the
proteasome degradation pathway (Chen et al., 2001) and in DNA
repair (Kozlov et al., 2007).

Although it has been established that the UBA domain of
UBXNI can specifically recognize a K6 polyUb chain attached
to the BRCA1 Ub ligase (Wu-Baer et al, 2010), the mode
of interaction between the isolated UBA domain and the K6-
Ub chain is largely unknown. Using our synthetic diUbs and
biophysical techniques, we established how only an extended
version of the UBA domain (UBAext1-52) of the UBXN1 protein
binds selectively to K6 diUb. To illustrate the interaction of K6
diUb with UBAext1-52 of the UBXN1 protein, we monitored
their titration by NMR and revealed which residues in the
distal Ub of the K6 diUb molecule are important for this
interaction. Understanding this interaction between the extended
UBA domain and K6 Ub chains will help in understanding the
interaction preference over other Ub chains.

MATERIALS AND METHODS

Expression of UBE1 Enzyme and '°N
Isotopic Labeling of Ubiquitin

All chemicals were obtained from Sigma unless stated otherwise.
The ubiquitin-activating enzyme (UBAI) was recombinantly

expressed with N-terminally fused hexahistidine tag (His6-tag).
The enzyme was expressed in BL21 E.coli cells by adding 1 mM
IPTG when the OD600 reached 0.6, followed by culturing the
cells at 18°C overnight. Cells were then sonicated in a lysis
buffer containing 20 mM Tris-HCI, 250 mM NaCl and 5mM 2-
Mercaptoethanol at pH 8. The supernatant was incubated with
TALON® metal affinity resin and after two washing steps, the
UBA1 was eluted at 250 mM Imidazole concentration in the
elution buffer. The imidazole was removed from the buffer using
10 kDa cut-off spin columns (Millipore). The final concentration
of the enzyme was measured using a Nanodrop™.

>N-enriched ubiquitin was expressed as an untagged protein
using a pET2A expression system in BL21 E.coli cells in minimal
essential medium. The M9 minimal essential medium contained
50 mM NazHPO4, 50 mM KH2PO4, 5mM Na2504, 50 mM
NH4CL 2mM MgSOy, 0.01% glycerol, 0.001% glucose, and
0.004% lactose (inducer). After expression by autoinduction at
37°C overnight, cells were spun down at 3,700 G for 10 min and
resuspended in Milli-Q™ water containing protease inhibitor
cocktail tablets. Then the suspension was heated to 85°C for
30 min, cooled down to room temperature and added with 0.3 mg
DNase per 50 mL suspension along with 10 mM MgSOy. After
heating again at 85°C for 30 min, the cell lysate was spun down
at 20,000 rcf. The supernatant was purified by cation-exchange
chromatography at 4°C using AKTA Unichromat 1500- “PRO”
system (15 x 185mm column packed with Workbeads™ 40S)
with two mobile phases: 50 mM NaOAc, pH 4.5 (solvent A), and
1M NaCl in 50 mM NaOAc (solvent B), pH 4.5 (Flow-rate 5
mL/min). All fractions were checked on an SDS-PAGE gel. The
pure fractions collected from the cation-exchange column were
re-purified over a C18 Atlantis preparative reverse-phase HPLC
on a Shimadzu Prominence system using two mobile phases: A
= 0.05% TFA in water and B = 0.05% TFA in CH3CN (Column
temperature 40°C, flow rate 7.5 mL/min, UV-signal is measured
at 230 and 254nm). Typical ubiquitin yields were 80 mg/L of
cell culture.

Preparation of Lysine-Linked Diubiquitin

Molecules

The ' N-Ub-MESNa thioester was obtained according to a
previously reported procedure with >95% yield, which was then
purified using RP-HPLC and lyophilized (Oualid et al., 2012).
I>N-Ub-MESNa thioester ligations were performed using the
following conditions: 125mM HEPES-NaOH pH 8; 100 mM
MESNa; 10 mM MgCly; 10 mM ATP and 250 nM UBALI enzyme
at a concentration of 550 M N Ubiquitin. The °N-Ub-
MESNa thioester was then purified using reversed-phase HPLC
(RP-HPLC). Ub (K6, K11, K27, K29, K33, K48, and K63) 3-
thiolysine derivatives were prepared using chemical synthesis on
a solid phase. Diubiquitins were synthesized using a previously
reported procedure (El Oualid et al., 2010). Native chemical
ligation was performed by adding equal amounts of >N Ub
MESNa thioester and thiolysine-Ub to a final concentration of
50 mg/mL in 6 M Gnd.HCI 0.2 M sodium phosphate bufter pH
8 containing 100 mM MPAA and 50 mM TCEP. After overnight
ligation, the product was analyzed by LCMS and then diluted
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in desulphurization mix to a final concentration of 1 mg/ml
protein (Diubiquitin). This mix contains 6 M Gnd.HCI 0.2 M
sodium phosphate buffer pH 6.8, 200 mM TCEP, 50 mM reduced
Glutathione, and 50 mM radical initiator VA-044 (2,2’-Azobis[2-
(2-imidazolin-2-yl)propane]dihydrochloride). After overnight
desulphurization, the product was analyzed by LCMS and
purified with RP-HPLC.

Preparation of UBA Peptides
UBA(1-42) and UBA(ext1-52) peptides were synthesized at 2
pmol scales, coupled with TAMRA on the N-terminus and
purified by reversed-phase HPLC. Stock concentrations of
TAMRA-UBA peptides were measured using a standard curve of
TAMRA-K-G from 0 to 800 nM in 20 mM Tris pH 7.6 and 150
mM NaCl.

The amino acid sequence of the UBA domain of the UBXN1
protein is as follows:

10 20 30
MAELTALESL | EMGFPRCGRA EKALALTGNQ
40 50

G EAAMDW.M EHEDDPDVDE PL.

Analysis of Ubiquitin and Diubiquitin
Molecules

The Ub and diUb molecules were analyzed by 12% Nu-PAGE
SDS gel electrophoresis using MES buffer and Seablue plus 2® as
a protein marker. Isolated products with an expected molecular
weight (MW) of 17,212 Da were observed as a single band in
the gel at around 17 kDa. The MW of the product were also
confirmed by LC/MS using a Phenomenex Kinetex C18 (2.1 x
50 mm, 2.6 um) column (flow rate: 0.8 mL/min; runtime: 6 min;
mobile phases: A = 1% CH3CN, 0.1% formic acid in water and
B = 1% water and 0.1% formic acid in CH3CN; column T =
40°C. Protocol: 0-0.5 min: 5% B; 0.5-4 min: 5-95% B gradient;
4-5.5 min: 95% B). Final yields were measured after freeze-drying
the product.

For Circular Dichroism (CD) measurements, a JASCO CD
J1000 machine was used (UMC, Utrecht, the Netherlands).
Samples were dissolved in DMSO and then diluted in
NMR buffer containing 20 mM NaH,PO4 pH 6.8 to a final
concentration of 4 M. Measurements were performed at
25°C using wavelengths ranging from 260 to 185nm in a
span of 100m deg. The scanning speed was 20 nm/min and
measurements from 10 experiments were averaged. After CD
measurements, the samples were subjected to BCA assay to
determine actual concentrations. Based on the observed values of
CD measurements and concentration from BCA assay, CD plots
were prepared.

NMR Measurements

Freeze-dried ubiquitin and diubiquitin samples were dissolved in
5% DMSO (Biosolve) in Milli-Q® water and then redissolved
in NMR buffer containing 20 mM NaPO4 pH 6.8 and 10%
D, 0. Then, samples were taken in 15ml 3.5 kDa Millipore spin
filter tubes and spun-washed with three volumes of NMR buffer
until DMSO was almost completely removed (LC/MS analysis).
Concentrated samples were diluted to 500 pL with NMR buffer

and the final concentration was determined using BCA assay
using ubiquitin as standard. The pH was carefully measured
using a Mettler TOLEDO pH probe.

All NMR studies were carried out on a Bruker 900
MHz spectrometer with a TCI cryoprobe, at 298K
(25°C). ['H, !>N] HSQC-spectra were acquired, processed
and calibrated using standard methods. Chemical Shift
Perturbations (CSPs) were calculated by comparing the ['H,
I>N] HSQC spectra of mono Ub with that of each of the
diUb molecules/ The CSP was calculated according to the
following formula

csp=\/ (02A8N)” + (ASH)?

where ASH and ASN are the chemical shift differences for 'H
and 1°N, respectively.

The spectra of K6 diUb indicated two different co-existing
conformations. An “open conformation” was assigned based on
similarity with the mono-Ub spectrum.

Fluorescence Polarization and Microscale

Thermophoresis Measurements

Fluorescence polarization (FP) measurements were performed
at room temperature preceded by overnight incubation of
UBA(ext1-52) domain with diubiquitin at 4°C. Total assay
volume was 20 pL in black 384-well plates (low volume,
flat bottom, non-binding surface; Corning®; ref 3820). All
diubiquitin variants and concentrations were measured in
triplicate. The concentration of synthetic TMR-labeled UBA
domain was unchanged at 5nM while diubiquitin was added in
six steps of increasing concentrations from 0.78 to 25 wM. A UBA
domain-only control (0 uM diubiquitin) was used to normalize
measured FP values to 0. For these measurements, native
diubiquitins were used and prepared as described previously
(El Oualid et al., 2010). DiUbs were additionally purified by
gel filtration on a HiLoad 16/600 superdex 75 pg column (GE
Healthcare) in 20mM Tris pH 7.6 and 150mM NaCl. The
measurements were carried out in a FP binding buffer (20 mM
Tris pH 7.6, 150mM NaCl, 0.5 mg/ml BGG, 1% TX-100).
Before each measurement, the plates were briefly centrifuged
for 1min at 4°C and 500G. Read-out was performed on
a PHERAstar plate reader (BMG labtech) using a TAMRA
filter. Statistical analyses were performed with GraphPad Prism
7 software using non-linear regression analysis [one site
binding (hyperbola)].

Microscale thermophoresis (MST) measurements were
carried out using the synthetic TAMRA-UBAdomains in
FP binding buffer. Concentrations of K6 diUb ranged
from 1.53 to 50 uM. Samples were incubated for 30 min to
allow binding and measured in hydrophobic capillaries on a
Monolith NT.115 reader (NanoTemper Technologies, Munich,
Germany) using 30% LED and 40% IR-laser power. The
analysis was performed with GraphPad Prism 7 software using
non-linear regression analysis [log (inhibitor) vs. response
(three parameters)].
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RESULTS

diUb Synthesis and Validation by Gel,
LCMS

Diubiquitin molecules were synthesized using our previously
established native chemical ligation procedure (Figure2) (El
Oualid et al., 2010). Briefly, the different proximal Ub moieties,
containing a 8-thiolysine building block instead of a lysine
residue, were generated using Fmoc SPPS. The distal 1*N-Ub
part was prepared by recombinant bacterial expression in *N-
ammonia enriched M9 minimal medium and converted to °N-
Ub MESNa thioester using UbEl enzyme and MESNa. The
proximal and '*N-distal Ub precursors were ligated using native
chemical ligation conditions. The product was then subjected
to chemical desulfurization using TCEP and VA-044 and finally
purified by reversed-phase HPLC.

The purified product was dissolved in DMSO and refolded
into NMR buffer (20mM NaPO4 pH 6.8 and 10% D,0).
I>’N-Ub was also purified by HPLC and refolded using
the same procedure. To check for proper folding, the
products were examined by Circular Dichroism (CD) using
commercially available Ub as a control. Based on SDS-
PAGE analysis (Supplementary Figure S1A), the CD spectra
(Supplementary Figure $S1B) and LC/MS analysis, the distal °N
labeled diUbs (Supplementary Figures S14-S21) are found to
be pure and properly refolded.

Comparison of NMR Data of Monoub and

diUb Molecules

By NMR, a 2D ['H.1°N] HSQC spectrum was obtained for °N-
Ub (Supplementary Figure S2). Although most of the signals
were identified and assigned according to a previously reported
data (Cornilescu et al., 1998), signals corresponding to Metl,
Glu24, and Gly53 backbone amides were missing. The data
showed that monoUb is properly folded.

We compared the ['H, >N] HSQC spectra of each of the
different >N-diUb molecules (Supplementary Figures $3-S9)
(hereafter referred to as diUbs) to that of monomeric >’N-Ub
to reveal interactions between the distal Ub and proximal Ub
moieties. Chemical shift perturbations (CSP) were calculated
from 'H to '°N resonance frequency-differences between signals
of the same residue in both monoUb and diUb spectra. This
was plotted in a graph, illustrating the influence of the attached
proximal Ub on residues in the '*N-distal Ub moiety (Figure 3).
Previously using a similar approach, the K48 (van Dijk et al.,
2005; Hirano et al., 2011; Lai et al., 2012) and K63 (Jacobson et al.,
2009; Liu et al., 2015) diUbs have been extensively studied. In
our experiments, we also analyzed the NMR spectrum of all other
diUb molecules.

CSPs are useful in determining the changes in the local
environment of amino acids, which can be attributed to direct
or indirect interactions but cannot be differentiated as such.
All diUb spectra showed a common CSP behavior in the C-
terminal region of the distal Ub module, where the isopeptide
linkage with the proximal Ub module is located. However, the
hydrophobic region in Ub including the residues of Leus8, Ile36,
Ile44, and Val70 and its surroundings also showed CSPs to a

varying degree of magnitude and signal shift directions. In the
case of K6 diUb, spectral changes were mostly observed for
Leus, Ile36, and a small region in the second beta-sheet covering
residues Thr12, Ilel3, and Thrl4. K11 diUb showed similar
behavior encompassing residues Thr9, Ile13, Thr14, and Arg42.
Here, Lys48, which is in the hydrophobic region surrounding
Ile44 residue, was also disturbed. The elusive K27 diUb showed
changes for Thr9 and Lys48 nearby the hydrophobic patch
that surrounds Leu8 and Ile44 residues, respectively. K29 diUb
showed disturbances in Leu8, Ile13, Thr14, and Lys48, similar
to that of K11 diUb. Intriguingly, the spectra of K27 diUb and
K29 diUb show variation likely because the lys29 residue in
K29 diUb is more solvent-exposed compared to lys27 in K27
diUb. Similar effects as with K29 diUb were also observed for
K33 diUb. K48 diUb, which is the most studied so far, showed
CSPs for Val5, Ilel3, areas around Ile44 and Val70, encompassing
the hydrophobic patch of Ub, suggesting a compact folding as
had been observed in X-ray crystal structures of K48 polyUb
chains (Varadan et al., 2005). Finally, K63 diUb shows the least
interactions between the distal Ub and proximal Ub, in line
with the reported open conformations known for K63 linked
Ub chains. Comparing the overall CSPs of each of the diUbs
measured in our NMR experiment, we observed that K6 diUb,
K11 diUb, K29 diUb, and K48 diUb showed more perturbations
than K27 diUb, K33 diUb, and K63 diUb.

Of particular interest was the K6 diUb spectrum which
showed signal-doubling for Thr12, Ile13, and Thr14 and residues
Asp32 and Ile36 (Figures 4A-E). After ruling out the presence of
impurities in the K6 diUb sample (Supplementary Figures S1A,
$15), we further analyzed this phenomenon. Based on the
reported crystal structure for K6 diUb, the region around Asp32
and Ile36 is away from the interface between the two Ub moieties
(Virdee et al., 2010). Our data suggest that there is a second
conformation in solution. Assuming that relaxation properties
and NMR lineshapes between the two conformations are similar
we estimate the major and minor populations in an approximate
ratio of 70:30 for K6 diUb (Figure 4). In the major conformation,
Leu8, Asp32, and Ile36 could interact with Thr12, Ilel3, and
Thr14 residues (“loop-in” conformation) which is in agreement
with a compact diUb fold. In the minor conformation, there is
less effect from Ile36 and therefore less perturbations are seen
in Thr12, Tle13, and Thr14 residues (“loop-out” conformation)
indicating that this K6 diUb conformation is less compact than
the closed one but comparable to K48 diUb.

A Novel C-Terminally Extended UBA
Domain of the UBXN1 Protein Binds
Specifically to K6-Linked Diubiquitin in
vitro

K6-linked polyubiquitin chains are known to be involved in
BRCA-mediated DNA repair (Ohta et al., 2011). The BRCA1
protein forms a complex with BARDI to gain its ubiquitin
ligating activity. In addition to ubiquitinating many substrates
involved in the DNA repair pathway with Ké6-linked polyUb
chains (Sato et al., 2008), the BRCA1-BARDI1 heterodimer
complex can also auto-ubiquitinate itself with K6-linked polyUb
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FIGURE 2 | Schematic representation of the synthesis of '*N-labeled diUb. '®N-Ub was expressed in a bacterial expression system; thiolysine (inset) containing Ub
was synthesized from Fmoc-based SPPS. (i) 100 nM UbE1, 100 mM MESNa, pH 8; (i) 50 mM TCEP, 6 M Gnd.HCI; (iii) Ub-thiolysine after step (i), 100 MM MPAA, 6M
Gnd.HCI, pH 8; (iv) room temperature, overnight incubation; (v) buffer exchange to remove MPAA, 100 mM TCEP, 100 mM VA-044, 6 M Gnd.HCI, pH 7.
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chains (Chen et al., 2002; Wu-Baer et al., 2010). In this auto-
ubiquitinated state, BRCA1-BARDI ligase activity is significantly
reduced by binding to the protein UBXN1 (Wu-Baer et al,
2010). UBXNI contains an N-terminal UBA domain (residues
1-42) that binds to K6-linked polyubiquitin chains conjugated
to BRCA1, while the C-terminal sequences of UBXNT1 bind the
BRCA1/BARDI1 heterodimer in a ubiquitin-independent fashion
(Wu-Baer et al., 2010). However, the isolated UBA(1-42) domain
of UBXNT1 did not bind with K6 polyUb chains, while deletion
of this section in full length protein did abolish K6 interaction.
This implied to us that there might be more residues beyond
the UBA domain that are important for the K6-linked ubiquitin
interaction (Wu-Baer et al., 2010).

To study this in more detail, we set out to investigate
the specificity of the UBXN1 UBA domain for K6 diUb
molecules using a Fluorescence Polarization (FP) binding assay
in which TAMRA-labeled UBA peptide was added to different
concentrations of unlabeled diUbs of all linkage types. Consistent
with the findings of Wu-Baer et al.,, we also did not observe
binding of K6 diubiquitin with the canonical UBA domain (1-42)
of UBXNI1 (Supplementary Figure S10) (Wu-Baer et al., 2010).
On comparing the UBA domains of other proteins, we found that
the 10 amino acids following the C-terminus of all conventional
UBA domains that we compared showed the existence of a
conserved sequence (Table 1). Interestingly when looking at the
alignment, a previously unnoticed WxxxH motif was found to be
conserved only in the extended versions of the UBA domain and
not the shorter ones. To investigate whether this C-terminally
extended version of the UBA domain of UBXN1 had any effect

on binding to K6 diUb, we repeated the FP binding assay
with the UBA (1-52) domain. We observed a tight and linkage
specific binding to K6 diubiquitin (Figure 5). We quantified the
linkage specific binding of UBA(ext1-52) to K6 diUb with an
approximate Ky of 1.43 £ 0.31 WM which was validated with an
orthogonal technique called microscale thermophoresis (MST)
and found a similar K4 value of 1.05 & 0.12 M.

Carefully analyzing the NMR structures of the isolated UBA
domains of UBASH3A (pdb: 2CRN), UBASH3B (pdb: 2CPW),
UBACI1 (pdb: 2DAI), USP5 UBA2 (pdb: 2DAK), and USP13
(pdb: 2LBC), we found that all three alpha-helices in the
conventional UBA domain are structurally conserved whereas
the first few residues of the 10 residues extending from the
C-terminus starts from the last alpha-helix and then becomes
largely unstructured (Figure 6). The C-terminal UBA extension
in UBXN1 seemingly adds to K6 diubiquitin specificity and
further research is needed to investigate whether this holds
true for the other proteins containing this conserved C-terminal
UBA extension and thereby establishing a functional role of this
conserved motif.

NMR of K6 diUb With the UBA (1-52)
Domain of UBXN1 Provides an Insight Into
the Mode of Interaction

To further study the interaction between the UBA(extl-52)
domain of UBXN1 and K6 diUb, we titrated the UBA(extl-
52) with >N-K6 diUb and monitored this by NMR. Signals
corresponding to Lys 48, GIn49, Leu69, Leu71, and Leu73
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TABLE 1 | Comparison of UBA domain sequences from different Ub binding proteins.

| normal UBRA |

UBXN1
UBASH3A
UBASH3B
UBACA1
USP5

USP5

USP13
USP13

N=aN-—-

* *

The C-terminal extension adds about 10 amino acids at the C-terminal end of the conventional UBA domain. Moreover, all extended UBA domains have a totally invariant WxxxH motif
within the 3rd helix. While this region is part of the conventional UBA fold, the conservation of this motif is only found in extended UBA-domain-containing members. The Trp and His

residue in the conserved WxxxH motif is indicated with a star (*).

disappeared after adding more than 1 equivalent of UBA(extl-
52), suggesting that these sites are in direct interaction with the
UBA peptide. For other residues, signal shifts were observed.
The CSP results indicated a distinct role of the hydrophobic
patch on the distal Ub moiety that encompasses the residues
Leu8, Ile44, Ala46, and Val70. Moreover, the residues Val5 to
Thr9, Lysl11, Ile13, and Thr14, surrounding Leu8 of the distal Ub,
were also perturbed (Figure7A, Supplementary Figure S11).
Interestingly, shifts in Thr12, Ile13, and Thr14 were observed
and explained previously as the “loop-in” and “loop-out”
conformations for K6 diUb (Hospenthal et al., 2013).

Some signals that were split in the reference spectrum
converged upon the addition of UBA(extl-52) peptide.
For example, Thrl2, Ilel3, and Thrl4 were split in the
unbound K6 diUb spectrum, but upon adding increasing
concentrations of the UBA(extl-52) peptide, their signals
converged (Supplementary Figure S12). This indicates that the
two different conformations of K6 diUb change into a single
conformation upon binding with UBA(ext1-52) peptide. The
fact that Ile44 and Leu8 show higher CSP values implying that
the K6 diUb molecule is changing preferring the “loop-out”
conformation upon interacting with the UBA peptide. However,
residues Asp32 and Ile36 (Supplementary Figure S13) remained
doubled, suggesting that the binding to the UBA(extl-52)
domain has local effects, but does not affect the structure of the
entire distal Ub module.

Using the known X-ray crystal structure of K6 diUb,
the interacting residues were mapped on the Ub surface
(Figures 7B,C). It appears that the residues interacting with the
extended UBA peptide are positioned away from the proximal Ub
moiety. The fact that the Leu8 residue of distal Ub is positioned
at the interface between the distal Ub and proximal Ub moieties
may suggest a dual role for this residue in interacting with both
the proximal Ub and UBA peptide.

DISCUSSION

Structures of all seven isopeptide-linked diUb molecules have
been characterized using X-ray crystallography (Weeks et al,
2009; Bremm et al.,, 2010; Virdee et al, 2010; Hirano et al,

2011; Kristariyanto et al., 2015a,b; Pan et al., 2016). These
crystal structures broadly fall into two categories: compact (K6,
K48, K11, K27, K29, K33) and open (M1, K63) conformations
(Wang et al., 2014). Some Ub chains, however, are known
to exist in intermediate forms in solution. For example,
K48 chains obtain two different conformations in addition
to several intermediate structures (Lai et al., 2012). This
structural flexibility is essential to facilitate polyUb signaling
where K48 polyUb chains contribute to proteasomal degradation
(Jacobson et al, 2009). Although they mainly exist in a
compact conformation, 10% of K48 Ub chains exist in an
open conformation exposing the hydrophobic patches to make
these accessible for interactions with proteins such as the
UBA domain of hHR23A which leads to the recruitment of
K48 poly-ubiquitinated substrates for proteasomal degradation
(Varadan et al, 2005). In another study, the K48 diUb
molecule has been found to exist predominantly in an open
conformation (Hirano et al., 2011). It is clear that the existence
of multiple conformations of K48 polyUb chains in cells are
essential to bind with different proteins and elicit different
responses and further research is needed to study the structural
dynamics of K48 polyUb chains in cells. Although X-ray
data can reveal different conformations of diUb molecules,
solution NMR is convenient to study the dynamics between
different conformations and interactions with specific binding
domains. Moreover, control of the environment in NMR
experiments offers freedom to study solution structures at
different physiological conditions, pH or temperature. Given
the advances in chemical synthesis of Ub and Ub molecules
containing thiolysine, we were able to generate distally labeled
diUbs and studied the interactions between the two Ub moieties
from the perspective of distal Ub. The synthesis of Ub chains by
genetic incorporation of protected lysine residues using modified
tRNA synthetases followed by selective chemical ligation and
deprotection has also enabled generating diUb molecules of
all linkages which were then analyzed by NMR spectroscopy
(Castaneda et al., 2016b). Both approaches have demonstrated
the advantages of using chemoenzymatic procedures to make
diUb molecules to study their structural dynamics related
to functionality.
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FIGURE 6 | (A) Structural comparisons of extended UBA domains. The C-terminal extension of all the UBA domains mentioned here is found to be disordered.
(B) The UBA-domain containing proteins are color coded along with their respective PDB IDs.

For a better understanding of ubiquitin signaling pathway,
it is essential to know how polyUb-specific interacting proteins
recognize different polyUb chains. These interacting proteins
often contain a specific UBD that can bind to specific polyUb
chains, leading to different cellular responses. The best-
studied Ub-interaction system is the K48 polyUb chain
type and its corresponding interacting protein hHR23a
in the proteasomal degradation system. Recently, it has
been shown that hHR23a protein also recognizes K27 Ub
chains, thereby implicating it in the DNA repair mechanism
(Castanieda et al, 2016b). Although K48 chains are readily
available for in-vitro studies, K27 chains are impossible to
make via biochemical strategies and recombinant enzymes.
Hence the chemical synthesis of these chains, such as
shown in this study, may develop into a valuable tool in

identifying the interacting proteins and establish a mechanism
of binding.

DNA repair pathways are essential for the maintenance of the
integrity of genomic DNA. The DNA repair pathway requires
the efficient action of different protein complexes including the
BRCA complex. Ubiquitination also plays an essential role in this
pathway by adding different ubiquitin chains onto the proteins
involved. For instance, the BRCA/ABRAXIS protein complex can
be polyubiquitinated with K6, K48, and K63 polyUb chains by
different sets of ubiquitin ligation enzymes and each of these
modifications leads to different responses in the cell. Of special
interest is the polyubiquitination with K6 chains which leads to
recruitment of the DNA polymerase complex to restart DNA
synthesis after DNA repair has been accomplished (Morris and
Solomon, 2004). For K6 polyUb chains, UBXN1 acts as a specific
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receptor protein and its UBA domain has been reported to
be involved in chain recognition. However, the exact mode of
binding has not been shown using any biophysical methods
so far. In this study, we showed that to achieve binding to
K6-linked ubiquitin, instead of the canonical UBXN1 UBA (1-
42) domain, an extended version of the UBXN1 UBA domain,
UBA(ext1-52), is needed. For the first time, we gain structural
insight into the recognition of this elusive K6-specific ubiquitin-
binding domain. Our results suggest that different conformations
of K6 chains are locked into one dominant conformation upon
binding with the UBXN1 UBA(ext1-52) domain. The additional
10 amino acids long C-terminal extension of the conventional

UBA domain is found to be conserved among different proteins
and is therefore important to study this in more detail in
future experiments.

CONCLUSION

We have synthesized all isopeptide-linked distally >N labeled
diUb chains using native chemical ligation. This allowed us to
study their conformations in solution and the interactions of the
distal Ub moiety with the proximal Ub moiety by NMR. We
also established that the additional C-terminal residues of the
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bond, and not exclusively due to the interaction between the interface of the
distal and proximal Ub.

conventional UBA domain of UBXN1 protein are essential in
binding specifically with K6 diUb molecule.

Upon comparing different diubiquitins of each linkage, we
observed that K48-, K6-, K29-, and K11- diUbs were in a
relatively closed conformation while K33-, K27-, and K63- diUbs
were in a more open conformation. The CSPs revealed that
K6 diUb exhibits the most closed conformation among all
diubiquitins, whereas K63 exhibits the most open conformation.
In general, calculating the total CSPs of all residues in each of
the diUb spectra, excluding the C-terminal tail encompassing
residues 70 to 76, provided a tentative overview on the degree
of compactness for each of the diUb molecules (Figure 8). In
addition, we found that certain diUbs like K6 diUb, K48 diUb,
and K63 diUb exist in more than one conformation. For instance,
in K6 diUb the residues Val5, Thr12, Ile13, Thrl4, Asp32, and
Ile36 gave rise to two signals.

Using our synthetic >N diUbs, we established how only
an extended version of the UBA domain (UBAextl-52) of
the UBXNI1 protein binds selectively to K6 diUb, using NMR
titration experiments, revealing the crucial residues in the distal
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E3 ubiquitin ligases are the ultimate enzymes involved in the transfer of ubiquitin to
substrate proteins, a process that determines the fate of the modified protein. Numerous
diseases are caused by defects in the ubiquitin-proteasome machinery, including when
the activity of a given E3 ligase is hampered. Thus, inactivation of E3 ligases and the
resulting effects at molecular or cellular level have been the focus of many studies during
the last few years. For this purpose, site-specific mutation of key residues involved in
either protein interaction, substrate recognition or ubiquitin transfer have been reported
to successfully inactivate E3 ligases. Nevertheless, it is not always trivial to predict which
mutation(s) will block the catalytic activity of a ligase. Here we review over 250 site-
specific inactivating mutations that have been carried out in 120 human E3 ubiquitin
ligases. We foresee that the information gathered here will be helpful for the design of
future experimental strategies.

Keywords: ubiquitin, E3, mutation, ligase, inactivation

UBIQUITINATION, THE UBIQUITIN CODE AND E3 LIGASES

Ubiquitin is a 76-amino-acid protein, highly conserved among organisms (Zuin et al., 2014),
used-through the ubiquitin-proteasome system- to regulate many cellular processes. Proteins are
covalently modified on their Lys residues with ubiquitin via amide isopeptide linkages (Laney and
Hochstrasser, 1999). Frequently, ubiquitinated proteins are targeted for degradation through the
proteasomal system on an ATP hydrolysis-dependent manner (Hershko and Ciechanover, 1998;
Komander and Rape, 2012). But protein ubiquitination participates in a plethora of additional
cellular responses including regulation of gene expression, cell signalling, cell cycle, DNA repair
and apoptosis (Pickart, 2001; Gilberto and Peter, 2017).

The ubiquitination reaction requires the coordinated action of three types of enzymes termed
El, E2, and E3. First, ubiquitin is activated with ATP in a process carried out by an activating E1
enzyme. Once ubiquitin is activated, it is transferred to the Cys on the active site of a conjugating
E2 enzyme. Finally, ubiquitin is generally linked to a Lys of the target protein through an isopeptide
bond, formed between the C-terminal carboxyl group of ubiquitin and the e-amino group of the
Lys. Substrate specificity in ubiquitination is attributed to E3 ligases, who are able to interact with
both the ubiquitin-charged E2 and the substrates to be modified (Metzger et al., 2014). Like most
post-translational modifications (PTMs), ubiquitination is reversible and deubiquitinating enzymes
(DUBs) are responsible for hydrolysing the isopeptide bond between ubiquitin and substrate
proteins or between ubiquitin molecules.
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Proteins can be modified by ubiquitin in a wide range of
manners. For instance, in addition to Lys, ubiquitin can be
conjugated via a peptide bond to the N-terminal amino group of
the substrates (Ciechanover and Ben-Saadon, 2004), as well as to
Cys or Ser/Thr residues by thio- or oxy-ester bonds, respectively
(Wang et al., 2012). Substrates can be mono-ubiquitinated,
meaning modified in a single residue by only one ubiquitin.
Multi-mono-ubiquitination occurs when several residues of a
given protein are simultaneously modified with one ubiquitin
each. Poly-ubiquitination occurs when the C-terminus of another
ubiquitin associates to one of the seven Lys (Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48, and Lys63) or the N-terminal Met (Met1)
on the previously added ubiquitin molecules. Consequently, a
ubiquitin chain is formed on the target protein. Depending on
how ubiquitin residues are bound together, different ubiquitin
chain architectures can be formed: (i) homogenous, if the Lys
used throughout the chain is the same (e.g., Lys48-linked chains),
(ii) heterogeneous, if they alternate (e.g., Lys48-Lysl1-linked
chains) and (iii) branched, if multiple Lys of the same ubiquitin
are modified at the same time. Altogether, ubiquitin can generate
a huge amount of different types of modifications on any given
protein (Komander and Rape, 2012). Consequently, ubiquitin-
mediated cellular responses will depend not only on the specific
residues of the substrate that are modified but also on the
topology of the ubiquitin chains that are formed.

Eukaryotic cells express hundreds of ubiquitin E3 ligases,
which can operate in different cellular contexts, respond to
numerous cellular signals, and process diverse protein substrates
(Zheng and Shabek, 2017). Ubiquitin E3 ligases have been
classically classified in two different groups, based on conserved
structural domains and the mechanism by which ubiquitin is
transferred: RING (really interesting new gene)-type E3s and
HECT (homologous to the E6AP carboxyl terminus)-type E3s.
Whereas RING E3 ligases directly transfer the ubiquitin from the
E2-ubiquitin complex to the substrate (Figure 1A), HECT-type
E3s transfer ubiquitin to their own catalytic Cys before linking
it to the substrate (Figure 1B; Deshaies and Joazeiro, 2009).
Additionally, a third group of E3s, that combines features from
both RING- and HECT-type E3 families, has been established: the
RING between RING (RBR) family (Figure 1C). RBR and RING
E3s share RING binding domains, but RBR family members have
the ability to generate a thioester intermediate with ubiquitin, as
HECT-type E3s do (Morreale and Walden, 2016).

Typically, one E3 ligase is able to modify several substrates, as
well as to bind different E2s. The same protein can, therefore, be
ubiquitinated by different E2/E3 combinations, which will lead to
different ubiquitination patterns (Metzger et al., 2014). Substrate
recognition by HECT-type E3 ligases depends on protein-protein
interactions that are mediated by specific motifs typically located
in the N-terminal of the HECT domain (Scheffner and Kumar,
2014). Substrate recognition by RING-type E3s is achieved either
through regions of the E3 other than the RING domain, in
the case of monomeric E3s, or through substrate recognition
elements in other domains, in the case of multi-subunit RING
E3s (Metzger et al., 2014). On the other hand, some studies have
reported that substrate proteins have a short linear sequence,
known as degron, important in the regulation of protein

degradation rates. Not all degron are ubiquitin-dependent, but
if they are, it appears that they facilitate the recognition of the
substrate protein by the E3 ligase. Degrons can be modified by
kinases and other enzymes. These modifications appear to be
crucial for timing the interaction between E3 and substrate, even
though they are not always necessary and many substrates of
HECT-type E3s and CRLs are able to recognise their substrates
in their native forms (Kanelis et al., 2001; Kamadurai et al., 2009;
Rotin and Kumar, 2009; Fukutomi et al., 2014; Munoz-Escobar
et al,, 2015). In order to increase the specificity toward their
substrates, many E3 ligases, such as TRIMs, are able to form
homo- and heterodimers and recognise multiple degrons located
in the same substrate (Li et al., 2014). Moreover, the effect is
summatory and a robust degron may have the same effect as two
weak degrons (Welcker et al., 2013).

The role mediated by E3 ligases is so crucial, that their
activity must be tightly controlled in order to ensure they solely
act when necessary. Oligomerisation is one of the mechanisms
that modulate the activity of HECT- and RING-type E3s. For
instance, structural studies suggest that the trimeric arrangement
of E6AP activates the ligase (Ronchi et al, 2014), whereas
homodimerisation of the HECT domain of HUWE] results in
enzyme inactivity (Sander et al., 2017). RING-type E3s can act as
independent enzymes, but most of them tend to form homo- or
heterodimers, and even more complex multi-subunit assemblies
in order to mediate ubiquitination (Metzger et al., 2014). For
instance, RING E3 ligases cIAP, RNF4, BIRC7, IDOL, CHIP, and
Prp19 homodimerize, and RING domains of both units interact
with E2 proteins. By contrast, RING-type E3 ligases BRCA1-
BARDI1, Mdm2-MdmX, and RING1B-Bmil form heterodimers.
While BRCA1 and Mdm2 have the ability to interact with E2
proteins, their partners do not. But they function as enhancers
of ligase activity and interact with substrates (Brzovic et al., 2001;
Joukov et al., 2001; Wang et al., 2004; Cao et al., 2005).

In this review we aim to provide a detailed description of
mutations in ubiquitin E3 ligases, with the outlook that such
detailed and structured catalog of mutants will provide a pattern
to be considered by future researchers when designing new
mutations on their E3 ligases.

MUTATIONS ON RING-TYPE E3 LIGASES

RING-type E3s are conserved from human to yeast. It is
estimated that the human genome encodes above 600
different RING-type E3s. The RING domain was first
characterised by Freemont et al. (1991). The canonical
sequence for this 40-60 amino acid long domain is Cys-X;-
CYS-X(9739)-CYS—X(173)—HiS-X(273)-CyS-Xz-CyS-X(4743)-CyS-
X;3-Cys. The conserved Cys residues (seven in total) and
the single His are disposed in a “cross-brace” topology to
coordinate two zinc ions and stabilise its structure (Figure 2;
Deshaies and Joazeiro, 2009).

Initially, the role of RING domains was uncertain, although
it was known they were involved in protein-protein interactions
as well as in a wide range of cellular processes (Deshaies and
Joazeiro, 2009). However, it was not until 1997 that the function
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FIGURE 1 | Mechanism of action of RING-, HECT- and RBR-type E3 ubiquitin ligases (A) Schematic representation of a RING-type ubiquitin E3 ligase. RING E3s
bind both the E2-ubiquitin and the substrate to be ubiquitinated, so bringing them together allows direct conjugation of ubiquitin (Ub) on the substrate by the E2.
A monomeric RING E3 ligase is shown for illustrative purposes. (B) Schematic representation of a HECT-type ubiquitin E3 ligase. Ubiquitin is transferred first to a
cysteine (C) of the HECT domain through a thioester bond and then to the substrate. (C) Schematic representation of an RBR-type ubiquitin E3 ligase. Two RING
domains are separated by an in-between-RING (IBR) domain. Ubiquitin is first transferred to a cysteine (C) of the second RING domain through a thioester bond and

then to the substrate.

of RING domains was elucidated by Bailly and co-workers
(Bailly et al., 1997). Moreover, in 1999, Joazeiro and co-workers
observed that the adapter protein c-Cbl bears two domains
that act coordinately to mediate ubiquitination and subsequent
degradation of substrates. Whereas the SH2 domain of c-Cbl
served to recognize specific substrates, the RING domain was
necessary to recruit and activate an ubiquitin-conjugating E2
(Joazeiro et al., 1999). After that, a similar role was conferred
to a number of RING domain-containing proteins (Lorick et al.,
1999). At present, it is accepted that the RING domain present
in all RING E3s associates and activates E2-Ub conjugates
promoting the direct transfer of ubiquitin from the E2 to the
target protein (Figure 1A).

The interaction between the RING domain of E3 ligases
and E2s was first elucidated with the crystal structure of
Cbl's RING domain bound to UbcH7 E2 (Zheng et al,
2000). The combination of many structural studies allowed the
characterization of the four residues of each protein that play
a crucial role in the interaction, those are shown in green in
Figure 2. Located between Cys residues C; and C; of the RING
domain, a hydrophobic residue (Ile, Leu or Val) interacts with
two Pro residues from the E2. Those two prolines are localised in
one of the two loops that compose the accessible surface of the
E2 enzyme. Additionally, another hydrophobic residue (typically
Trp, His or Leu) from the E3 interacts with a Phe and a Pro
present on the second loop of the E2. Simultaneously, this Pro
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FIGURE 2 | The zinc coordinating residues in RING domains. Schematic
representation of the cross-brace” topology of RING domains. The RING
domain contains seven conserved cysteines and one histidine (yellow) which
are involved in the coordination of two atoms of zinc. The third cysteine
mediates the ubiquitin transfer in the second RING domain in RBR E3
ubiquitin ligases (contour labelled in orange). Four conserved residues (green)
guide the interaction with the E2 conjugating enzyme. Mutation of the last
residue of the domain (dark blue), which is normally a positively charged
arginine or lysine, compromises the stability of the adjacent cysteine, affecting
the coordination of the zinc atom.

interacts with a Pro of the E3 located between Cys residues Cg
and C;. Which in turn, is also connected to an Ala localised in
the same loop of the E2. Finally, this same Ala of the E2 also
interacts with a hydrophobic amino acid (typically Val, Phe or
Ile) located straight after the Pro between Cg and C; of the E3
(Deshaies and Joazeiro, 2009).

More recently, structural studies focused on RING-type
E3:E2-Ub complexes have revealed the mechanism by
which this class of ubiquitin ligases facilitates Ub transfer
to substrate proteins. The E2-Ub complex has a flexible
topology with multiple inter-domain configurations that
are altered upon E3 binding (Pruneda et al, 2011). More
precisely, binding of RING E3 reduces the dynamics of E2-
Ub and stabilizes in an ensemble of closed conformations.
This modification facilitates the reactivity for substrate Lys
that can perform the corresponding nucleophilic attack
(Pruneda et al., 2012; Soss et al, 2013). Studies carried
out on dimeric E3s such as RNF4 or BIRC7 also support
the same mechanism by showing that a positively charged
residue (Arg or Lys) conserved in many RING E3s just
straight after the last zinc-coordinating Cys supports the non-
covalent interaction with the E2-Ub complex (Dou et al., 2012;
Plechanovov et al., 2012).

As mentioned above, although some RING-type E3s act
independently, they have the tendency to form homo- and
heterodimers. Most RING-type E3s dimerise through their RING
domain, such as RNF4 homodimers or MDM2/MDMX and
BRACI1/BARDI heterodimers (Brzovic et al., 2001; Linke et al.,
2008; Liew et al., 2010). Nevertheless, there are exceptions.
For instance, MARCHY E3 ligase can form active dimers with
RING-less variants (Hoer et al., 2007), whereas viral RING-type
E3s MIR1 and MIR2 are believed to homodimerise via their
transmembrane domain (Lehner et al., 2005). The tripartite motif

(TRIM) family members in metazoans contain an additional
domain termed B-box. Like the above mentioned RING domain,
the B-box domain is a zinc-binding domain. However, whereas
the RING domain is essential for E2 binding and E3 ligase
activity, it has recently been shown that the B-box domain is
involved in chain assembly rate modulation (Lazzari et al., 2019).
Similarly, the U-box domain is also related to the RING domain,
but unlike the B-box, it can interact with E2s. Additionally, the
U-box domain has no coordinating zinc, so in order to ensure the
stability of the structure, zinc-binding residues present in RING
are replaced by charged and polar residues (Aravind and Koonin,
2000; Vander Kooi et al., 2006).

Inactivating RING-Type E3s by Mutating

the Zinc-Coordinating Residues
Since the coordination of the two atoms of zinc by the RING
domain is crucial for E3 ligase activity, mutants that abolish such
coordination have often been used to create ligase-dead versions
of those E3 enzymes. Mutation of any of the conserved Cys and
His involved in zinc binding should compromise the E3 activity,
and so have all been, individually or jointly, mutated for that
purpose (Figure 3). The mutated residue of choice to prevent
E3 ligase activity appears the first conserved Cys (C;) of the
RING domain, followed by the His (H), C;, C3, and C4. To
our knowledge, Cy is the only key residue on the domain that
has not been individually mutated for this purpose. However, it
has been shown that simultaneous mutations on either C;+C>
or C¢+Cy abolish the ligase activity of AMFR and some TRIM
family members, respectively (Wang et al, 2014; Liu et al,
2017a; Lee et al,, 2018a). As shown in Figure 3, many E3 ligases
have been inactivated by simultaneous mutations on C;+C;.
Less frequently, additional double mutations and even the triple
C1+C,+Cs mutant have been efficiently applied to block the
activity of distinct RING-type E3 ligases (Figure 3).
Zinc-coordinating Cys and His residues have been
preferentially mutated into Ala in order to abolish the ubiquitin
ligase activity of E3s (Figure 3). Nevertheless, in some cases, this
type of substitution might be insufficient. In a recent research
focused on studying TRIM27-dependent ubiquitination of UPS7,
it was shown that a quadruple TRIM27 mutant, in which four
zinc-coordinating residues of the RING domain (Cysl16, Cys19,
Cys31 and Cys33) were mutated into alanine, was still capable
of ubiquitinating USP7. By contrast, the TRIM27 mutant, in
which four zinc-binding residues of the B-box (Cys96, Cys99,
His107, and Aspl10) were simultaneously substituted by Ala,
was incapable of ubiquitinating USP7 (not illustrated in Figure 3;
Zaman et al., 2013). Moreover, it should be taken into account
that in some cases a dominant negative effect may be acquired
by the mutated E3 ligase. For example, CBL Cys381Ala mutant
is not capable of ubiquitinating EGFR and thus, the subsequent
desensitization of the receptor is abolished. However, CBL
Cys381Ala mutant is still capable of interacting with EGFR,
and consequently, competes with wild type CBL compromising
CBL-mediated EGFR ubiquitination (Waterman et al., 1999).
Similarly, the plant E3 ubiquitin ligase SINA1 mutant on the
C, of the RING domain Cys47Ser mutant retains dimerisation
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FIGURE 3 | Mutations that alter zinc coordinating residues in RING domains. Wheel diagram showing the reported mutations in RING domains, classified first
whether a unique (single) or various (multiple) residues were mutated simultaneously. Most of the inactive E3 enzymes have been obtained by mutating key residues
into alanine (yellow). Lack of activity can also be acquired by mutations into serine (orange). Mutations into other residues have been also employed (white). Zinc

coordinating residues of the first (pink) and the second (light pink) RING domains in RBR-type E3 ubiquitin ligases (pink) have also be modified in order to achieve
inactivation. References to all the mutations shown in this figure are provided in Supplementary Table S1.

and substrate binding ability but lacks ubiquitination activity
(den Herder et al., 2012).

Despite less frequently, in a number of investigations, the
Cys involved in zinc coordination have also been efficiently
mutated into serine. Indeed, this type of point mutation that
results on E3 ligase inactivation has served to uncover, among
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others, the role of MDM2, RNFS8, and SIAH1 RING E3s in
cell cycle regulation, DNA damage response and Wnt signalling,
respectively (Ji et al., 2017; Tian et al., 2017; Tripathi and Smith,
2017). Additionally, although there are fewer examples, it has
been demonstrated that mutating the His into Glu, Tyr or Arg
is sufficient to inactivate the ligase activity of MKRN1, RNF2, and
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RNF43 E3s, respectively (Xia et al., 2014; Loregger et al., 2015;
Lee et al., 2018b; Figure 3). Similarly, it has been shown that
mutating C, of RAD18 and CBL into Phe and Arg, respectively,
as well as substituting C3 of CNOT4 into Arg or Cs of RAG1
into Tyr has an inhibitory effect (Albert et al, 2002; Jones
and Gellert, 2003; Williams et al., 2011; Javadi et al., 2013). It
should be noted, however, that in search of structure-function
relationships, the safest approach is to mutate into the smaller Ala
residue (Fersht et al., 1999). Introducing larger residues might -
in addition to preventing the coordination of the zinc- result in
further distortions on the overall fold of the protein.

Especially in the absence of the molecular structure, deciding
the residues that should be mutated might not always be
straightforward, but appropriate sequence alignments can
provide sufficient insight. For instance, TRIM37 has two adjacent
Cys residues (Cys36 and Cys37) that could correspond to
the C4 involved in zinc coordination (Supplementary Figure
S1). Therefore, to ensure the inactivation of the enzyme,
both Cys were simultaneously mutated (Kallijarvi et al., 2005;
Wang et al, 2017). Similarly, ZNRF4 has two His nearby
(His329 and His332) and in principle, either of them could
be involved in coordinating zinc atoms. Once again, both
His were mutated in order to obtain a catalytically inactive
form of the E3 (Bist et al, 2017). Based on metal-binding
studies, MDM2 His457 was initially confirmed to be the
conserved His involved in zinc-coordination (Lai et al., 1998).
Nevertheless, His452 is also essential, as demonstrated in auto-
ubiquitination assays of this E3 ligase, with both His residues
being necessary (Fang et al., 2000). It was later elucidated that
His452 actually takes the place of the conserved Cys Cs in
the zinc coordination, as illustrated in the sequence alignment
in Figure 4B.

Additionally, there are few E3s bearing RING domains in
which a non-conserved amino acid plays an indirect but pivotal
role in the coordination of the zinc atom, and therefore, can
be mutated in order to disrupt the activity of the ligase. For
example, Thr455, which was originally believed to be directly
involved in the zinc-coordination based on an incorrect primary
sequence alignment, has been reported to abolish -upon its
mutation- MDM2-dependent p53 ubiquitination (Boddy et al.,
1994; Fang et al., 2000).

Inactivating RING-Type E3s by Mutating

the E2-Interacting Residues

It has previously been described that RING E3s interact with
E2-Ub conjugates via their RING domain to directly transfer
the ubiquitin to the substrate protein. Therefore, disrupting
the interaction between E2s and RING-type E3s has also been
extensively used to block, or at least reduce ubiquitination
mediated by RING E3s. All three key hydrophobic residues on
E3s that mediate the interaction with E2s (shown in green in
Figure 2) have been recurrently mutated to compromise the
activity of the E3s. As shown in Figure 4A, numerous RING-
type E3 ligases have been successfully inactivated by mutating the
first Ile/Leu, the second Trp/Leu or the last Ile/Val into Ala. The
first Ile/Leu has been mutated in BRCA1, BMI-1, CHFR, CNOT4,

RING1, RNF2, RNF8 and TRIM3 (Albert et al., 2002; Eakin et al.,
2007; Alchanati et al., 2009; Kim et al., 2010; Mallette et al., 2012;
Raheja et al., 2014; Liu et al., 2018; Shen et al., 2018). The second
Trp/Leu was mutated abolishing ligase activity in BRAP, CBL,
MARCHS, MARCHY9, MDM2, and TRIM?7 (Joazeiro et al., 1999;
Chen et al., 2012; Hayes et al., 2012; Chakraborty et al., 2015;
Fan and Wang, 2017; Tan et al., 2019). Finally, the last Ile/Val
was successfully mutated in KIAP and TRIM3 (Dou et al., 2012;
Raheja et al., 2014). All these hydrophobic residues are conserved
as seen in Figure 4B. However, to our knowledge, no one has
mutated the E2-interacting Pro (located between C6 and C7) with
the aim to disrupt the association with the E2 enzyme. Given the
special properties of this cyclic amino acid, one certainly would
have to be weary of additional conformational effects that could
be caused by its mutation to Ala. Additionally, MDM2 mutant
variants I1e440Glu and Ile440Lys prevent MDM2-dependent
ubiquitination of p53, by disrupting the E2-ubiquitin binding
by the E3 ligase without altering its RING domain structure
(Nomura et al., 2017). This residue, however, is barely conserved
across the different RING domains.

However, other types of mutations have also been efficiently
applied to disrupt the interaction between E2s and E3s. For
instance, one of the few U-box-type E3s that has been mutated
is CHIP, also known as STUBI, which was inactivated by
substituting His260 into Glu (Seo et al, 2018). Likewise, the
U-box domain-containing UBE4B E3 can be inactivated by
mutating a Pro (Pro1140) that is conserved among U-box-type
E3 ligases (Pro269 in CHIP) into Ala (not included in Figure 4;
Okumura et al., 2004; Li et al., 2018).

Inactivating RING-Type E3s by
Disrupting Substrate Recognition, E3

Dimerization and Stability

Many RING-type E3 ligases possess a conserved positively
charged residue (Arg or Lys) in the last position of the RING
domain, which appears to be essential for the ubiquitination
activity of the E3. Nevertheless, it is still controversial whether
the effect of mutating this residue results from the impaired
interaction with E2s or from destabilization of the RING domain
(Figure 4A, included in stabilization) (Albert et al., 2002; Linke
etal,, 2008; Lienlaf et al., 2011; Dou et al., 2012; Raheja et al., 2014;
Nomura et al., 2017). But this uncertainty is not surprising given
that mutations have been generated to substitute the positively
charged residue by a very diverse choice of residues (mostly
to Ala, but also to Glu, Pro and even Arg, as can be seen in
Figure 4A. Future studies should preferably limit the mutations
to substituting the positively charged residue by Ala.

As shown in Figure 4A, a number of other single point
mutations, as well as multiple point mutations, have been
generated along different positions of the RING domain to
compromise protein stability and hence, E3 ligase activity,
but no clear pattern can be predicted based on the studies
reported so far. For example, the Tyr37Ala mutant in BRCA1
lack ligase activity, being therefore incapable of reversing
y-radiation hypersensitivity of BRCA1-null human breast cancer
cells (Ruffner et al., 2001). In the case of the RADI18 ligase,
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FIGURE 4 | Mutations on RING- and RBR-type E3s that affect E2-interaction, domain stabilisation, protein dimerization or substrate recognition. (A) In RING-type
E3 ubiquitin ligases, inactivation can be obtained by abolishing the interaction with E2 ubiquitin-conjugating enzymes (green). This has mostly been achieved by
mutating the conserved 1st (I/L) and 2nd (W/I/L) hydrophobic residues indicated in Figure 2. Other mutations affecting the stabilisation of key residues of the domain
(blue), dimerization or the interaction with a specific substrate also abolish the ligase activity (purple). For the stabilisation affecting mutations, those have been
classified whether a unique (single) or various (multiple) residues were mutated simultaneously. References to all the mutations shown in this figure are provided in
Supplementary Table S1. (B) Alignment of the RING domains of the RING-type ES ligases involved in E2-interacting and stabilisation mutations within the RING
domain. Conserved amino acids are highlighted in yellow and orange, respectively, for the Zn-coordinating Cys and His residues, and in green for the E2-interacting
residues. The conserved positively charged residues at the end of the RING domain are highlighted in blue. Mutated E2-interacting residues are shown in bold and
underlined. Mutated residues involved in stabilisation are shown in bold. Mutated residues involved in dimerisation are underlined and shadowed.
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the Ile50Ala/Arg51Ala inactive mutant allowed to study the
formation of ternary complexes with RAD6A (Masuda et al.,
2012); these two residues were selected due to being highly
conserved among species.

RING-type E3s that act as dimers can also be inactivated by
preventing their dimerization process. For instance, mutation of
Val461Glu and Val263Arg within the RING domain diminishes
oligomerisation and activity of XIAP and KIAP Iligases,
respectively (Poyurovsky et al., 2007; Dou et al., 2012; Nakatani
et al, 2013). In other cases, however, the dimerization
affecting residues are immediately after the RING domain
(Supplementary Figure S2), as revealed for example by the
mutation Phe490GIln in MDM2 (Poyurovsky et al, 2007).
Another approach consists of inactivating oligomeric E3 ligases
without affecting the oligomerisation process itself. For example,
RNF4 Vall34Ala and Ile153Ala mutants can form dimers but
are catalytically incapacitated (Liew et al., 2010; Dou et al,,
2012). Similarly, other E3 ligase mutants have been shown to
act in a dominant negative due to their homo-dimeric nature.
For example, mutant Fbw7 has a dominant-negative effect when
dimerising with wild-type Fbw?7, being able to effectively bind
their substrate MYC but not to ubiquitinate and degrade it
(Welcker et al., 2013).

Several experiments have also been carried out mutating
specific residues on E3 ligases that are critical for the interaction
with a given substrate, such as Leu146GIn mutation on the B-box
containing E3 MID1 that cannot associate, nor ubiquitinate its
substrate PP2A alpha-2 (Du et al,, 2013; Figure 4).

MUTATIONS ON HECT TYPE E3 LIGASES

The human HECT-type E3 family consists of 28 members
that are divided into three different groups depending on
their N-terminal domain architecture: (i) the NEDD4 subfamily,
characterized by containing a C2 domain, a HECT domain and
two to four WW domains, which bind to the PY motifs of target
proteins (Staub et al., 1996; Kanelis et al., 2001); (ii) the HERC
subfamily, which integrates at least one regulator chromosome
condensation 1 (RCCl1)-like domain (RLDs) and a reduced
HECT domain; and (iii) the other HECT subfamily, that embrace
HECT-type E3s not fitting the above mentioned two subfamilies.

Despite those differences, all HECT-type E3s share a ~350
amino acid long HECT domain, that was first described in human
papilloma virus E6 associated protein (E6AP) (Huibregtse et al.,
1995). In the HECT domain, a conserved Cys forms thioester-
linked-intermediate complexes with ubiquitin (Figure 1B),
before being transferred and attached to the substrate through
a transthiolation reaction. This conserved Cys is located in
the C-terminal region of the HECT domain, while the E2
interacting site is localised in the N-terminal site (Figure 1B;
Rotin and Kumar, 2009).

Inactivating HECT-Type E3s

Given that an active site Cys is required for the formation of
a thioester intermediate with ubiquitin, a typical approach is
to mutate this specific Cys to generate ligase dead versions

of HECT E3 ligases. As shown in Figure 5A, the majority
of HECT-type E3 ligases have been inactivated by replacing
this catalytic Cys by Ala. This approach has served to unveil,
among others, the involvement of HERC3 in immune response
(Hochrainer et al., 2015), the role of NEDDA4L in EnaC receptor
recycling (Zhou et al., 2007), and the contribution of SMURF1 to
Axin degradation (Fei et al., 2013).

Less frequently, some ligase dead HECT-type E3s have been
generated by substitution of the active Cys into Ser (Figure 5A).
It has been reported that when the catalytic Cys of an E3 is
mutated into Ser, the residue is still capable of binding through
an oxyester bond with ubiquitin, but incapable to transfer it to
substrates, which might result in a dominant-negative effect. In
ubiquitination assays employing this type of ligase dead E3s, a
stable monoubiquitinated version of the E3 has been detected
(Lee et al., 2014). This approach has allowed, among other things
to discover many substrates of distinct HECT-type E3 ligases. For
instance, it was found that wild type version of HACE1L could
ubiquitinate and target for degradation the small GTPase Racl,
but the Cys876Ser ligase dead version of the E3 ligase could not
(Torrino et al.,, 2011). Similarly, HERC2 C4762S and HUWE
C4341S mutants failed to ubiquitinate their substrates BRCA1
and N-Myec, respectively (Zhao et al, 2008; Wu et al., 2010).
The sequence alignment for all the HECT domain E3 ligases
illustrated in Figure 5A is shown around the catalytically active
Cys in Figure 5B.

MUTATIONS ON RBR TYPE E3 LIGASES

RING between RING family members contain two RING
domains (RINGI1 and RING2) that are separated by an in-
between-RING (IBR) zinc-binding domain. Morett and Bork
first characterised these domains in 1999 in a sequence profile-
based characterisation (Morett and Bork, 1999). In the process of
confirming reports that UbcH?7 could also interact with RBR E3s,
they discovered that these RBR E3s act as RING/HECT hybrids.
The first RING domain serves as the E2 binding platform, while
the Cs3 of the second RING serves as the active site that mediates
ubiquitination similarly to HECT E3 ligases (Wenzel et al., 2011;
Figures 1C, 5C).

Inactivating RBR-Type E3s

As it happens with HECT-type E3, the mutation of the catalytic
Cys in the RING2 of RBR E3s results in the inactivation of these
enzymes. However, unlike in HECT-type E3 ligases, in RBR E3s
the active Cys has been mostly substituted by Ser, and less by Ala
(Figure 5A). For example, C983S substitution in MIB2 resulted
in ligase inactivation, and therefore, prevented ubiquitination of
its substrate TANK-binding kinase 1 (Ye et al., 2014). Similarly,
mutating the active Cys of ARIH2 (also called TRIAD1) into Ser
or Ala completely abolished autoubiquitination of the RBR-type
E3 ligase. Parkison disease has been shown to develop in patients
carrying a Cys431Phe mutation at the catalytic Cys of the RBR-
type E3 ligase PRKN; those mutants have also been characterized
in the lab (Sarraf et al., 2013), in addition to the more common
substitutions to Ser and Ala (Liu et al., 2017b; Xin et al., 2018).
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FIGURE 5 | Inactivation of HECT- and RBR-type E3 ligases by mutation of the catalytic cysteine. (A) Mutation of the catalytic cysteine into an alanine (light pink), a
serine (pink) or another residue (white) abolishes transference of ubiquitin onto the substrate. Inactivation of the catalytic cysteine of RBR-type E3 ubiquitin ligases is
obtained by mutation of the third conserved cysteine in the second RING domain. (m) indicates that this mutation has been done in the mice homolog of the protein.
References to all the mutations shown in this figure are provided in Supplementary Table S1. (B) Alignment of the HECT domains of the HECT-type E3 ligases. The
conserved catalytic cysteine is highlighted in pink. (C) Alignment of the RING2 domains of the RBR-type E3 ligases. Conserved zinc-coordinating cysteines and
histidine on the second RING domain of mutated RBR E3 ligases are highlighted in yellow and the mutated catalytic cysteine is highlighted in pink.
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In order to generate ligase dead versions of RBR-type E3s,
it has been also shown to be plausible to preserve the active
Cys, and instead mutate the zinc-coordinating residues in either
of the two RING domains, substituting by Ala one or several
of those key residues. For instance, ARIHI and RNF144A have
been successfully inactivated by modifying their RING1 domain
(Figure 3, dark pink). Whereas mutating C4 of ARIH1 (Cys208)
was sufficient to inhibit the ligase, Cys20 and Cys23 (C1+C2)
were simultaneously modified to block the catalytic activity of
the RBR-type E3 RNF144A (Ho et al., 2014; von Stechow et al.,
2015). On the contrary, ARIH2 and RNF31 have been inactivated
by mutating their RING2 domain zinc-coordinating Cys residues
(Figure 3, light pink). Cells expressing an ARIH1 mutant in
which the C2 of the RING2 domain was mutated into Ala
(ARIH2 Cys300Ala mutant) was no longer able to ubiquitinate
NLRPL3 (Kawashima et al, 2017). Similarly, Smit and co-
workers generated various ligase dead versions of RNF31 by
mutating simultaneously Cys871 and C874 (C1+4-C2) or Cys890
and Cys892 (C4+-C5) of the RING2 domain (Smit et al., 2012).

CONCLUSION

Mutations on E3 ligases have been associated with a number of
diseases, including neurological disorders (George et al., 2018;
Osinalde et al., 2019). Thus, understanding their mechanism of
action, as well as identifying which substrates are regulated by
each E3 at different developmental stages and cell types, will
provide invaluable knowledge that might contribute to develop
therapeutic strategies to treat these diseases. Generation of E3
ligase dead mutants can certainly provide crucial information for
this purpose. While the use of gene silencing techniques might
be more appropriate to study the phenotypes derived from the
loss of function of E3 ligases, the overexpression of ligase death
versions can provide information about (i) the E2 enzymes they
work with, (ii) substrate recognition domains and (iii) existing
mechanism that regulate their activity. Additionally, a number of
biochemical experiments do benefit from comparing the ectopic
expression of wild type active E3 ligases with their mutated
inactive variants.

As evident from all the examples shown in this review, there
are multiple options to disrupt the activity of an E3 ligase.
As illustrated by the sequence alignment in Figure 4B, the
first necessary step is to identify which are the key residues
in our ligase of interest. This is an essential step to ensure
that any mutagenesis performed has a higher chance of success
in disrupting the E3 ligase activity. For example, not all
cysteine residues within a RING domain are involved in zinc
coordination, as can be seen in the sequence alignment of Mdm2
in Figure 4B. When this cysteine of the Mdm2 RING domain
was mutated (Kostic et al., 2006) the zinc coordination was
maintained and no disruption to the ubiquitination activity of
Mdm?2 was detectable.

It is worth mentioning that mutating key residues involved
either in the coordination of the zinc ions, dimerisation, proteins
stabilization or E2 interaction might not always be sufficient
to abolish the catalytic activity of the E3 ligase. The resulting

mutation replacing the original residue that is substituted
can actually be determinant in order to have a functional
effect. For instance, mutating Phe495 of XIAP into either Ala,
Tyr or Trp completely prevents E3 ligase autoubiquitination.
However, XIAP Phe495Leu mutants appear to be functionally
wild-type like (Nakatani et al., 2013); but might not be that
surprising given the partial hydrophobic similarity between those
two amino acids.

As illustrated within this review, so far one of the most
frequent approaches for RING E3 ligases has been to mutate
the residues involved in the zinc coordination (Cys and His
residues, shaded in yellow and orange, respectively, in Figure 4B).
Eliminating the zinc coordination on the RING domain is well
known to severely disrupt the ubiquitination activity of those
E3 ligases. However, this breakdown of the global structural
integrity of the RING construct might lead to a severe effect in
the folding and expression levels of the E3 ligase (Chasapis et al.,
2010). Therefore, for certain experiments might be more effective
to generate less disruptive point mutations. For example, the
mutation of the hydrophobic residues (Ile, Leu, Trp, Val, shaded
in green in Figure 4B) that mediate the interaction with the E2
conjugating enzyme, as demonstrated for a number of RING
E3 ligases. To our knowledge this approach has not yet been
employed for the E2-interacting RING domain of RBR E3 ligases,
but it should indeed be an interesting experiment to perform.

Another approach that has been used as well is to eliminate by
mutagenesis the positive charge of the Lys or Arg residue located
straight after the last zinc-coordinating Cys of the RING domain.
It is yet unclear, however, whether the effect caused by this
mutation is on the interaction with E2s or from destabilization
of the RING domain.

Mutations on the active Cys of HECT- and RBR-type E3
ligases are very straight forward, as they generate, without
further effect to the structure and stability of the E3, ligase-
dead versions of these enzymes. Those are of good value to be
used as the best control in experiments overexpressing the wild
type ligase, for example, to identify substrates in an unbiased
manner. Additionally, if mutating the active site Cys to Ser, the
formation of an oxyester to ubiquitin can be used with the aim
to obtain a dominant-negative version of the ligase; the E3 will
recruit the E2 and the substrate but the ubiquitination reaction
cannot proceed since the ubiquitin cannot be released once it has
conjugated to the E3.

To investigate the regulation of a specific protein by a
particular HECT or RBR E3, however, it might be more suitable
to mutate the ligase at the substrate recognition motif. Moreover,
in some cases, as is the case of some RING E3s, the inactivation
of E3 enzymes is not achieved by a single point mutation,
even though such residue is defined as a key amino acid
involved in substrate recognition. Hence, in such situations,
several residues must be simultaneously mutated in order to
disrupt the E3 ligase function. The generation and usage of
E3 mutants have revealed unexpected and important lessons
about the complexity of this family of enzymes. Nevertheless,
a complete understanding of E3 ligases still requires more
research, in which the generation of novel E3 ligase mutants will
undoubtedly be decisive.
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Instant and adequate handling of misfolded or otherwise aberrant proteins is
of paramount importance for maintaining protein homeostasis in cells. The
ubiquitin/proteasome system (UPS) is a central player in protein quality control as
it operates in a seek-and-destroy mode, thereby facilitating elimination of faulty proteins.
While proteasome inhibition is in clinical use for the treatment of hematopoietic
malignancies, stimulation of the UPS has been proposed as a potential therapeutic
strategy for various neurodegenerative disorders. High-throughput screens using
genetic approaches or compound libraries are powerful tools to identify therapeutic
intervention points and novel drugs. Unlike assays that measure specific activities of
components of the UPS, reporter substrates provide us with a more holistic view of the
general functional status of the UPS in cells. As such, reporter substrates can reveal
new ways to obstruct or stimulate this critical proteolytic pathway. Here, we discuss
various reporter substrates for the UPS and their application in the identification of key
players and the pursuit for novel therapeutics.

Keywords: reporter assay, ubiquitin-proteasome system, high-content screen, high-throughput drug screening,
proteolysis

TARGETING THE UBIQUITIN/PROTEASOME SYSTEM (UPS)

Cells need to balance production, maintenance and degradation of their proteome throughout their
entire lifespan, which may vary depending on the type of cell from hours to decades. Proteins
that fail protein quality control are a potential risk for protein homeostasis and are targeted for
destruction by the ubiquitin/proteasome system (UPS) (Ciechanover, 2005). Proteasome-mediated
degradation is initiated by conjugation of the protein modifier ubiquitin to lysine residues of
proteins designated for destruction. This initial ubiquitin moiety can be used for the assembly
of ubiquitin chains, which are formed through ubiquitylation of one out of seven internal lysine
residues in ubiquitin (Komander and Rape, 2012). Conjugation of ubiquitin to substrates is
regulated by an enzymatic cascade consisting of E1 ubiquitin-activating enzymes, E2 ubiquitin-
conjugating enzymes, and E3 ubiquitin ligases (Figure 1). In some cases, specific E4 ubiquitin
chain elongators are involved in extending the ubiquitin chains on substrates (Koegl et al., 1999).
Subsequently, proteins are degraded into small peptide fragments inside the proteolytic chamber
of proteasomes (Bard et al., 2018). Ubiquitylated substrates often require the unfoldase activity of
the ubiquitin-targeted segregase valosin-containing protein (VCP), also known as p97, before they
can be processed by the proteasome (Twomey et al., 2019). Moreover, several ubiquitin shuttle
factors are responsible for the delivery of the substrate to the proteasome (Elsasser and Finley,
2005). To allow efficient degradation, ubiquitin chains have to be removed prior to degradation,
which is facilitated by the POH1 deubiquitylating enzyme (DUB) at the entrance of the proteasome
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FIGURE 1 | Complexity of the ubiquitin/proteasome system (UPS). Via an enzymatic cascade consisting of E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating
enzymes and E3 ubiquitin ligases, ubiquitin is transferred to substrate proteins. E2-bound ubiquitin can be passed on to an E3, which transfers it to the substrate
(continuous arrows), or via E2-E3 complexes, where the E2 transfers the ubiquitin to the E3-bound substrate (dashed arrows). DUBs remove ubiquitin chains from
proteins, which can either promote or inhibit degradation of substrates. Substrates are transferred to the proteasome by various ubiquitin shuttle factors and often

proteasomal
degradation

(Verma et al., 2002; Yao and Cohen, 2002). In contrast, the
proteasome-associated DUB USP14 can rescue proteins from
degradation by removing ubiquitin chains before the proteasome
has initiated degradation (Kraut et al., 2007).

Due to their hyperactive state and compromised genome
integrity, cancer cells produce elevated levels of aberrant proteins.
This phenomenon is believed to make them more susceptible
to drugs that restrict the activity of the UPS (Bruning and
Juckstock, 2015). Pharmacological inhibition of the UPS is
typically accomplished by targeting the proteasome (Kisselev
and Goldberg, 2001). Bortezomib was the first FDA-approved
proteasome inhibitor and currently serves as a drug for first-
line treatment of multiple myeloma and mantle cell lymphoma
(Adams, 2004). Despite the fact that the successful introduction
of proteasome inhibition for treatment of hematopoietic
malignancies has provided the field with an encouraging proof-
of-principle, other therapeutic strategies for UPS inhibition
remain in an early exploratory stage. The few clinically approved
UPS-targeting drugs are rather crude in their action as they all
target the main chymotrypsin-like activity of the proteasome
(Fricker, 2019). Concerns regarding the observed adverse effects,
the development of resistance against proteasome inhibitors and

the poor activity of proteasome inhibitors toward solid tumors
are strong arguments for the development of drugs directed
against other targets within the UPS.

On the other hand, enhancing UPS activity may be desirable in
diseases where accumulation of misfolded proteins is responsible
for cellular dysfunction and decay, which is the case for
a broad variety of neurodegenerative diseases characterized
by accumulation of protein aggregates, such as Alzheimer’s,
Parkinson’s and Huntington’s disease as well as amyotrophic
lateral sclerosis (Boland et al., 2018). As most compounds
block catalytic activities of enzymes, pharmacological stimulation
might potentially be more challenging. However, due to the
complex nature of the UPS, overall stimulation may be feasible
through inhibition of specific enzymes that slow down the
process. In line with this notion, it has been shown that the
USP14 inhibitor TU1 stimulates the degradation of aggregation-
prone proteins, such as tau and TDP-43, both linked to
neurodegenerative diseases (Lee et al., 2010).

One of the most daunting tasks in the development of new
modulators of the UPS is the identification of proteins and
processes that can be targeted. More than 40 E2 conjugation
enzymes can pair with over 600 different E3 ligases, while around
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100 DUBs are involved in the removal of ubiquitin chains.
Moreover, a vast number of proteins is involved in coordinating
this process, guiding substrates to the proteasome and prepare
them for efficient degradation. It is hard to predict how inhibition
of individual players will affect the overall efficacy of the
UPS. Screening campaigns are often designed to interrogate
the activity of a specific enzymatic target, which requires a
preselection of a target-of-interest. An alternative approach are
phenotypic assays that are based on the ectopic expression of
engineered fluorescent UPS substrates, which lack a biological
function but can be readily and quantitatively detected by their
fluorescence (Neefjes and Dantuma, 2004). The latter assays are
unbiased and allow the identification of novel ways to modulate
UPS activity without requiring a priori knowledge on the mode
of action of the targets.

UPS REPORTER SUBSTRATES

UPS reporter substrates are based on targeting an otherwise
stable protein for proteasomal degradation through the
introduction of a degradation signal (Neefjes and Dantuma,
2004) (Figure 2A). Degradation signals, so-called degrons,
are conserved motifs that target proteins for proteasomal
degradation. One of the first identified degrons is the N-terminal
amino acid of proteins (Bachmair et al, 1986). This was
discovered by expressing fusion proteins with an N-terminal
ubiquitin moiety, which will be proteolytically cleaved in cells,
leaving the C-terminal protein with an amino terminus that
corresponds to the sequence following the DUB cleavage site.
Depending on the nature of the new N-terminal amino acid,
it may function as a degron that recruits ubiquitin ligases and
determines the half-life of the protein.

When the DUB cleavage of the N-terminal ubiquitin was
prevented by substituting the final glycine of ubiquitin to valine
(G76V), proteins were still found to be destabilized, but this
time another set of proteins was involved in their recognition
and degradation (Johnson et al, 1992). In these fusions, the
uncleavable N-terminal ubiquitin is marked with ubiquitin
chains that target it for proteasomal degradation (Johnson et al.,
1995). This type of engineered proteins are known as ubiquitin
fusion degradation (UFD) substrates.

Both the N-end rule and UFD degradation signals are versatile
motifs that can be used to target most proteins-of-interest
for degradation. Both degrons were used for the development
of the first green fluorescent protein (GFP)-based reporter
substrates that were expressed in cells (Dantuma et al., 2000)
and mice (Lindsten et al., 2003). Expression of a luciferase
carrying multiple UFD signals enabled also in vivo analysis of
the effect of drugs on UPS activity in xenograft transplants in
mice (Luker et al,, 2003), while a UFD-targeted version of a
photoconvertable fluorescent protein allowed determination of
the half-lives of UPS substrates in living nematodes (Hamer et al.,
2010), illustrating the potential of this approach.

Another engineered degradation signal that has been used for
the generation of reporter substrates is a short C-terminal linkage
(CL) referred to as CL1. The CLI peptide was identified in a

yeast screen aimed at identifying peptide extensions that degrade
proteins dependent on endoplasmic reticulum (ER)-anchored
ubiquitin-conjugating enzymes involved in marking misfolded
ER proteins for proteasomal degradation (Gilon et al., 1998,
2000). C-terminal tagging of GFP with CL1 resulted in a short-
lived GFP, which has been used for generating cellular (Bence
et al., 2001) and mouse UPS models (Bove et al., 2006; Liu et al.,
2006). Fluorescent proteins destabilized by CL1 tend to aggregate
most probably due to its hydrophobic nature (Menéndez-Benito
et al., 2005; Link et al., 2006). As such, GFP-CLI and related
fluorescent reporters may be in particular suited to probe into
the ability of cells to eliminate aggregation-prone proteins by
proteasomal degradation.

In addition to these engineered motifs, naturally occurring
degradation signals have also been exploited to destabilize
reporter proteins. Fluorescent proteins have been provided
with natural degradation signals or fused to full-length
proteasome substrates. A natural motif used for this purpose
is the PEST sequence of ornithine decarboxylase (ODC).
The ODC degradation signal has the special feature that
it can target proteins for ubiquitin-independent proteasomal
degradation, thereby bypassing the complex machinery for
ubiquitylation (Hoyt et al., 2005).

Other full-length proteins that have been used for the
generation of reporter substrates are the heavy chain (HC)
of major histocompatibility complex (MHC) class I molecules,
which, in the presence of the viral proteins US2 or US11, is
rapidly dislocated from the ER into the cytosol, ubiquitylated
and disposed by the proteasome (Schust et al., 1998). MHC-
HC shares this pathway with other proteins targeted for ER-
associated degradation (ERAD) (Berner et al., 2018). Another
commonly used ERAD reporter substrate is the T cell
receptor subunit CD33. When expressed in other cells than T
lymphocytes, CD33 fusions are orphan subunits unable to find
their binding partner, resulting in targeting of these fusions to
the ERAD pathway (Yang et al., 1998).

While MHC class I and CD38 require ERAD proteins that
facilitate identification of the reporter as aberrant in the ER
and its translocation into the cytosol, the CLI1-destabilized
reporter substrates, which are cytosolic reporters, will only
engage the final steps of the ERAD pathway. Thus, different UPS
reporters display differential sensitivities for different branches
of the UPS: the N-end rule and UFD substrates behave as
soluble, properly folded proteins, CL1 mimics aggregation-prone
proteins, CD38 and MHC class I HC are ERAD substrates and
ODC-destabilized proteins report on the status of ubiquitin-
independent degradation.

UPS REPORTER-BASED SCREENS

A number of genetic and compound screens have been published
in which the usage of UPS reporters played a central role. In these
screens, transiently transfected or stably integrated reporters
in mammalian cells served as read-outs for global changes in
the UPS in high-throughput screens for genetic or chemical
modulators (Figure 2B).
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FIGURE 2 | ubiquitin-independent degradation (FP-mODC). (B) Overview of the steps involved in high-throughput screens using fluorescent reporters of the UPS.
Model: Fluorescent reporters are expressed in cell or animal models suited for high-throughput screening. Screening format: Compound libraries or genetic libraries
can be used. Modulation of genetic expression can be achieved via siRNA, shRNA, or CRISPR/Cas9 approaches. Readout: Fluorescence microscopy, flow cytometry
or fluorimetry can be used as a fluorescence readout or for sorting a specific cell population by fluorescence activated cell sorting (FACS). Analysis: Hits can be
identified through readout of fluorescence intensity or sequencing of selected cells. Validation: Examples of various methods that can be used to validate hits.

Phenotypic assays based on reporter substrates have been
used for the discovery of novel inhibitory compounds. A
ChemBridge library consisting of around 16,000 compounds
was screened using a cell line expressing the HC of enhanced
green fluorescent protein (EGFP)-tagged MHC-I HC (EGFP-
HC) and viral US2, resulting in targeting EGFP-HC for ERAD.
This screen resulted in the identification of two structurally-
related inhibitory compounds: Eeyarestatin 1 (Eerl) and 2 (Eer2)
(Fiebiger et al., 2004). Follow-up studies revealed that Eerl
blocks EGFP-HC degradation by interfering with VCP-mediated
segregation and suggested that this may be due to inhibition of
the VCP-associated DUB ataxin-3 (Wang et al., 2008). In line
with the model that Eer1 interferes with the function of VCP, Eer1
induced accumulation of a VCP-dependent reporter, while it did
not interfere in the degradation of a VCP-independent substrate
(Chou and Deshaies, 2011).

In another screening campaign for UPS inhibitors, the library
of pharmacological active compounds (LOPAC) was tested in a
high-throughput format using cells that expressed the ubiquitin-
independent substrate ZsGreen-ODC. Surprisingly, disulfiram,
an FDA-approved drug for treatment of alcohol addiction, was
found to inhibit UPS activity and displayed cytotoxic effects on
a myeloma cell line (Rickardson et al.,, 2007). Disulfiram had
been previously found to interfere with NF-kB activity (Wang
et al., 2003). This was later pinpointed to copper-dependent
inhibition of the proteasome, whose activity is required for NF-
kB translocation (Chen et al.,, 2006). In a more recent study,
the ditiocarb-copper complex, a metabolite of disulfiram, was
shown to also impair degradation of a UFD reporter substrate via
inhibition of the VCP-adaptor protein NPL4 (Skrott et al., 2017),
suggesting that disulfiram may modulate several targets within
the UPS.

Genetic UPS screens are commonly based on manipulation
of the gene expression in reporter cells using siRNA, shRNA or
CRISPR/Cas9 technology. Cells expressing a UFD-destabilized
reporter were used in a screen aimed at identifying proteins
involved in the mammalian UFD pathway (Poulsen et al,
2012). An siRNA-based library targeting 558 genes was
used in this screen. This led to the identification of several
UFD components including HUWEL, a HECT domain
ubiquitin ligase. A natural substrate of HUWEI is UBBT!, an
aberrant ubiquitin found in neurological and non-neurological
protein misfolding disorders (Van Leeuwen et al, 1998).
UBB*! has an uncleavable N-terminal ubiquitin moiety and
resembles artificial UFD substrates (Lindsten et al., 2002). It
is noteworthy that HUWE is overexpressed in lung, breast
and colon carcinoma, suggesting also a possible role in
tumorigenesis (Adhikary et al., 2005; Yoon et al., 2005; Kao et al.,
2018).

A genome-wide CRISPR/Cas9 library was screened using a
GFP-CL1-expressing cell line. Fluorescence-activated cell sorting
(FACS) was employed to obtain a population enriched for
cells with elevated GFP-CL1 levels, which were subsequently
analyzed by barcode sequencing (Leto et al, 2019). This
resulted in the identification of new genes of the ERAD
ubiquitin conjugation machinery, including the ubiquitin ligase
RNF139/TRC8 and ubiquitin-conjugating enzyme UBE3C. In
a different screen, the near-haploid cell line KBM7 (Carette
et al, 2009), stably expressing mCherry-CL1 was used to
sort mCherry™8" cells by flow cytometry after insertional
mutagenesis with a gene-trapping retrovirus (Stefanovic-Barrett
et al., 2018). In addition to RNF139/TRCS8, a second ER-
resident E3 ligases, MARCH6, was found to function in
ubiquitin-dependent degradation of soluble and tail anchored
ER proteins.

In a UPS-specific and genome-wide siRNA-based screen, a
fluorescently tagged, thermally unstable nuclear reporter was
used to identify proteins involved in nuclear protein quality
control (Pegoraro et al, 2012). The screen was performed
by analyzing 384-well plates with automated fluorescence
microscopy. Besides a number of hits that were anticipated,
such as proteasome subunits, they found the proteasome
assembly chaperone POMP (Burri et al, 2000; Fricke et al.,
2007), and eIF3, a translation initiation complex (Abbott and
Proud, 2004), to be important for efficient nuclear protein
quality control.

Upon construction of two novel shRNA-based libraries, the
fluorescent reporter ZsGreen-mODC was used to validate the
functionality of these libraries (Paddison et al., 2004; Silva et al.,
2005). Cells were transfected with an expression vector for
the ZsGreen-mODC reporter together with either a plasmid
library consisting of 7,000 unique shRNAs (Paddison et al,
2004) or a sub-library consisting of shRNAs specific for a
large number of kinases and proteasome subunits shRNAs
(Silva et al., 2005). The performance of the library and setup
of the screen was confirmed as shRNAs directed against
proteasome subunits were readily identified by accumulation of
the reporter substrate. In this particular case, the UPS reporter
were used as a fast and robust tool for validation of the
screening libraries.

CONCLUDING REMARKS

With the appearance of advanced techniques and equipment,
high-throughput and high-content screenings have become
attractive approaches for addressing biological questions and
drug development. Many different fluorescent substrate reporters
have emerged over the vyears in parallel with a better
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understanding of the UPS and an increased awareness of the UPS
as therapeutic target. A number of opportunities for optimizing
these reporter assays and tailoring them to specific purposes
remain. Although some UPS reporter mouse strains have been
generated, it is obvious that mouse models are not suited for
large-scale screening efforts. However, other animal reporter
models, such as nematodes (Hamer et al., 2010), fruit flies
(Pandey et al., 2007), and zebrafish (Imamura et al., 2012), open
possibilities to perform genetic and compound screens on a larger
scale in in vivo models.

In addition to UPS inhibitors, there is an emerging interest
for UPS stimulators, which may be harder to identify with
the currently available assays. Hence, there is a need for the
development of novel reporters that are more suited for detecting
an increase in UPS activity. A point of improvement may be
the use of internal stable reference proteins, which have been
already applied in some screens (Yen and Elledge, 2008; Yen
et al, 2008; Wu et al, 2016). These reference proteins can
correct for differences in synthesis of the reporter and may
give a more robust readout, thereby reducing the number of
false hits. Due to the relatively low steady-state levels of the
presently available reporter substrates, detection of enhanced
degradation in high content screens may be problematic, even
in the presence of a stable reference protein. Two recent studies
elegantly overcame this limitation by creating a system in
which the expression of the reporter protein is repressed by a
transcriptional regulator (Zhao et al., 2014; Zeng et al., 2019).
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Protein ubiquitination is a key post-translational modification regulating a wide range of
biological processes. Ubiquitination involves the covalent attachment of the small protein
ubiquitin to a lysine of a protein substrate. In addition to its well-established role in
protein degradation, protein ubiquitination plays a role in protein-protein interactions,
DNA repair, transcriptional regulation, and other cellular functions. Understanding the
mechanisms and functional relevance of ubiquitin as a signaling system requires the
generation of antibodies or alternative reagents that specifically detect ubiquitin in
a site-specific manner. However, in contrast to other post-translational modifications
such as acetylation, phosphorylation, and methylation, the instability and size of
ubiquitin—76 amino acids—complicate the preparation of suitable antigens and the
generation antibodies detecting such site-specific modifications. As a result, the field
of ubiquitin research has limited access to specific antibodies. This severely hampers
progress in understanding the regulation and function of site-specific ubiquitination in
many areas of biology, specifically in epigenetics and cancer. Therefore, there is a
high demand for antibodies recognizing site-specific ubiquitin modifications. Here we
describe a strategy for the development of site-specific ubiquitin antibodies. Based on
a recently developed antibody against site-specific ubiquitination of histone H2B, we
provide detailed protocols for chemical synthesis methods for antigen preparation and
discuss considerations for screening and quality control experiments.

Keywords: ubiquitin, histone H2B, H2B-K123ub, PCNA, monoclonal antibody

INTRODUCTION

The covalent attachment of ubiquitin (Ub) to proteins constitutes a key post-translational
modification mechanism. Ubiquitin, a polypeptide of 76 amino acids, is perhaps best known for
its role in protein degradation (Rosenbaum et al., 2011; Claessen et al., 2012; Geng et al., 2012;
Komander and Rape, 2012; Varshavsky, 2012). However, more recently ubiquitin has also emerged
as a powerful and versatile signaling system that regulates many different biological pathways (Chen
and Sun, 2009; Husnjak and Dikic, 2012; Ramanathan and Ye, 2012; Oh et al., 2018; Rape, 2018;
Clague et al., 2019; Mattern et al., 2019; Spit et al., 2019). Ubiquitin can influence protein-protein
interactions, protein targeting and sorting, and regulates processes such as gene expression, and
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DNA repair (Ranjitkar et al., 2010; Piro et al., 2012; Marteijn et al.,
2014; van Cuijk et al., 2014; Zhao et al.,, 2014; Venkatesh and
Workman, 2015). Ubiquitin impinges on many critical processes
in the cell and thereby plays major roles in normal development
and human aging and disease. The molecular mechanisms
involved are topics of intensive research, both in basic science
as well as in the clinic (Chen and Sun, 2009; Geng et al., 2012;
Mattiroli and Sixma, 2014).

Ubiquitin-mediated protein degradation typically involves the
attachment of poly-ubiquitin chains (poly-Ub) to target proteins
(Varshavsky, 2012). Here, ubiquitin moieties are attached to each
other via a lysine 48 (K48) residue of another ubiquitin molecule.
This process has been studied extensively and is relatively well-
understood because monitoring poly-ubiquitination requires
simple non-specific detection methods and can be easily
modulated by inhibition of the proteasome, the molecular
machine that degrades K48-poly-ubiquitylated proteins. In
contrast, the understanding of other signaling- and degradation-
functions of ubiquitin is much less developed because of the
lack of specific reagents required to study them. Different
ubiquitination patterns involve the attachment of one ubiquitin
molecule (Ub1) to a specific lysine residue of a target protein or
the attachment of a poly-ubiquitin chain involving homogeneous
or mixed chains by forming isopeptide bonds between the N-
terminal methionine (Metl-linked ubiquitination) or any of
the other internal lysines on ubiquitin (Lys6, Lysl1, Lys27,
Lys29, Lys33, Lys63) (Chen and Sun, 2009; Husnjak and Dikic,
2012; Ramanathan and Ye, 2012; Oh et al., 2018; Rape, 2018;
Clague et al., 2019; Mattern et al., 2019; Spit et al.,, 2019).
Efficient monitoring of these types of events requires reagents
that specifically recognize the attachment of ubiquitin to one
particular lysine residue of a protein or of ubiquitin itself
(poly-Ub) (Fujimuro et al, 1994; Fujimuro and Yokosawa,
2005; Newton et al., 2008, 2012; Matsumoto et al., 2010, 2012;
Fulzele and Bennett, 2018; Mattern et al., 2019; van Wijk et al.,
2019). To date, very few reagents exist that fulfill these criteria.
Whereas many antibodies have been developed to detect a range
of known protein modifications (e.g., acetylation, methylation,
phosphorylation), generation of antibodies against site-specific
ubiquitination appears to be far from trivial. As a result, a limited
number of suitable antibodies exists that allow for the monitoring
and studying of specific ubiquitination events.

The development of site-specific ubiquitination antibodies
faces several critical challenges due to the large size and
reversibility of the ubiquitin modification. First, whereas a
methylated lysine or phosphorylated serine can be easily
incorporated into synthetic peptides by standard synthesis
methods, incorporation of a ubiquitinated lysine requires
advanced chemistry. As a way out, short fragments of ubiquitin
have been used in immunization strategies. However, as
evidenced by the small number of good antibodies this approach
has not always been successful. Second, ubiquitin is covalently
attached to lysine residues in proteins but can be readily removed
by deubiquitinating enzymes that are also present in plasma,
likely as a result of leakage from dead cells. Therefore, the
native ubiquitin-lysine isopeptide linkage is likely to be cleaved
upon immunization.

To solve these problems, we applied synthesis of full-length
ubiquitin and derivatives thereof that can be attached to target
peptides of choice and applied chemical ligation technologies
that allow synthesis of well-defined Ub-modified polypeptides,
either with a native isopeptide linkage using thiolysine mediated
ligation or with a proteolytically stable bond using click
chemistry. In the latter case the overall structure around the
native Ub-Lysine environment is preserved to a maximum extent
by only replacing the native isopeptide bond between Ub and
the lysine residue with a proteolytically stable amide triazole
isostere. This enables the use of immunization antigens that
closely resemble the isopeptide linked Ub conjugate. The triazole
isostere has been shown to be a good amide-bond mimic that
is tolerated and has been utilized in biological settings involving
triazole-based poly-Ub chains as well as in activity-based probes
(Weikart et al., 2012; Dresselhaus et al., 2013; McGouran et al.,
2013; Flierman et al., 2016). The introduction of the whole
ubiquitin protein in a proteolytically stable form is expected
to increase the chance of exposing a site-specific epitope for
generating high quality antibodies. This idea is supported by the
recent success of a monoclonal antibody specific for ubiquitin
on lysine 123 of yeast histone H2B (yH2B-K123ub1), which was
obtained using this approach (van Welsem et al., 2018; Vlaming
et al,, 2019). H2BK123ub in yeast or H2BK120 in metazoans
is known to play key roles in regulating gene expression,
chromatin dynamics, and DNA repair (Fuchs and Oren, 2014;
Cole et al, 2015; Morgan and Wolberger, 2017; Marsh and
Dickson, 2019; Worden and Wolberger, 2019). The antibody
has successfully been used for immunoblots and chromatin
immunoprecipitation assays (Vlaming et al., 2016, 2019; van
Welsem et al., 2018) and thereby enabled the deconstruction of a
bidirectional regulatory mechanism between histone methylation
and histone ubiquitination (Vlaming et al., 2016, 2019; van
Welsem et al., 2018).

The generation of monoclonal antibodies in mice involves
multiple steps: (i) design and synthesis of non-hydrolyzable Ub-
peptide conjugates for immunization; (ii) design and synthesis
of extended native iso-peptide linked Ub-peptide conjugates
for screening; (iii) immunization, and generation and screening
of hybridomas; (iv) clone selection and antibody validation
in native context (Figure1). In this manuscript we focus on
the steps that are specific for synthesis of ubiquitin-peptide
conjugates for the generation of site-specific ubiquitin antibodies
(steps i and ii), as detailed excellent general protocols for
antibody development (step iii) and validation (step iv) have
been described elsewhere (Egelhofer et al., 2010; Yokoyama et al.,
2013; Greenfield, 2014; Ossipow and Fischer, 2014; Kungulovski
et al.,, 2015; Marcon et al., 2015; Rothbart et al., 2015; Uhlen
et al., 2016; Guillemette et al., 2017; Holzlohner and Hanack,
2017; Edfors et al., 2018; Venkataraman et al., 2018; Weller, 2018;
Marx, 2019). In addition, we discuss the rationale for the design
of antigens used for immunization and screening. Finally, we
provide examples of Ub-specific screening and validation assays
and discuss possible pitfalls based on the immunization scheme
to obtain site-specific antibodies against yeast H2B-K123ub (van
Welsem et al,, 2018; Vlaming et al, 2019) and attempts to
develop antibodies specific for lysine 164 of human proliferating
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FIGURE 1 | Outline of site-specific Ub antibody development. (i) design and synthesis of non-hydrolyzable Ub-peptide conjugates for immunization; (i) design and
synthesis of extended native iso-peptide linked Ub-peptide conjugates for screening; (iii) immunization, and generation and selection of hybridomas; (iv) selection of

(ii) Extended native U

.—SR RES
l

(iv) Antibo

cell nuclear antigen (huPCNA-K164ub). Modification of PCNA
by ubiquitin critically regulates the function of PCNA in DNA
damage tolerance (Hoege et al., 2002; Mailand et al., 2013; Kanao
and Masutani, 2017; Uckelmann and Sixma, 2017).

Given the urgent need for site-specific ubiquitin antibodies in
the field, our protocol and design strategies will be of great help to
other researchers in the field of small-protein modifications and
could facilitate the production of these reagents, thereby enabling
insights into the dynamics of ubiquitination.

MATERIALS AND EQUIPMENT

In this section we describe the reagents and equipment
required for the synthesis of Ub-conjugates. In section Methods
we describe the synthesis methods and the rationale of the
conjugate design. In section Anticipated Results we show how
the conjugates are used for screening and clone selection
in steps and we provide examples of validation experiments
for step.

Reagents and Equipment Used for

Ub-Conjugate Synthesis and Analysis
Reagents for Conjugate Synthesis

Fmoc-amino acids were purchased from Novabiochem, solvents,
N,N-Diisopropylethylamine (DiPEA), and acetic anhydride
from Biosolve, peptide coupling reagents Benzotriazol-1-yl-oxy-
tripyrrolidinophosphonium  hexafluorophosphate ~ (PyBOP),
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate (HBTU) and Hydroxybenzotriazole
(HOBt) from Novabiochem (Merck).

Equipment and Software for Ub-Conjugate Synthesis
and Analysis

Syro II MultiSyntech Automated Peptide synthesizer
Waters 2795 Separation Module (Alliance HT)

Waters 2996 Photodiode Array Detector (190-750 nm)
Phenomenex Kinetex C18 (2.1 x 100, 2.6 um) column
LCTTM  Orthogonal  Acceleration = Time  of
Mass Spectrometer

Waters Atlantis T3 C18 (30 x 250 5 um)

Waters Mass Lynx Mass Spectrometry Software 4.1.

Flight

Reagents Used for Ub-Conjugate

Crosslinking

General Reagents

e KLH (Pierce 77600 Imject mcKLH)

e BCP (Pierce 77130 Imject Blue Carrier Protein)

e Glutaraldehyde solution 25%, EM grade (Sigma G5882).

Antibodies Used in This Study

e yH2BK123ubl (mouse monoclonal
RRID: AB_2737407

e yH2BK123ubl (non-specific rabbit polyclonal serum; #NKI-
162611, this study)

#152107, Ximbio)

e yH2B  (rabbit polyclonal;  #39238, Active Motif)
RRID: AB_2631110
e Ubiquitin  (mouse  monoclonal;  #NKI-28B8A12/D7,

this study)
e PCNA-K164ub (non-specific mouse monoclonal; #NKI-
1G5B7/F10, this study)
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e PCNA (mouse monoclonal; #PC10/Sc-56, lot 10710, are acetylated at the N-terminus to eliminate the positively

Santa Cruz) charged N-terminal amino group, which is often erroneously
e PCNA-K164ub [rabbit monoclonal; #D5C7P, lot 11/2014, Cell ~ recognized by antibodies raised against short peptides. Similarly,
Signaling Technology (CST)] the C-terminus of the peptide is amidated. ELISA screens are
e H2A (rabbit polyclonal serum; #39235, Active Motif)  performed with native iso-peptide linked Ub- polypeptides that
RRID: AB_2687477 are two amino acids longer at the N-terminus and/or C-terminus
e H4 (rabbit monoclonal; #05-858, clone 62-141-13, lot:  (depending on the position of the ubiquitination site in the
2459608, Millipore). protein) than the immunization antigen to more closely mimic

the native protein (as discussed below and see Figure 2). When
using mice, a complete 10-mouse immunization scheme, clone-
METHODS selection, and screening protocol together typically requires 4 mg
Ub conjugate. For the negative control ELISA screens, 4 mg non-
modified peptide and 4 mg free Ub is required per protocol.
Immunizations in larger animals typically require more material.

Rationale Antigen Design

Chemical ligation methods are used to synthesize well-defined
Ub-modified polypeptides of ~15-17 amino acids either with
in the central residue a native isopeptide or proteolytically
stable Ub bond (Figure 2). Proteolytically-stable Ub-polypeptide ~ General Methods

conjugates are used for the initial immunization. If the peptide = LC-MS measurements are performed on a system equipped with
corresponds to an internal sequence, immunization peptides a Waters 2795 Separation Module (Alliance HT), Waters 2996

A Native isopeptide
Proteolytically stable
O 7
- H
Ub75 A N HNJ\/N Ub75
H | ,N \‘\ ¢ - = o)
N > r/// -
O
PEG—Biotin
Step (i) " Step (ii)
< 4
Ubiquitinated-polypeptide o
Ub75 N N
B H/\[ N
N3 N
o o
o ) E N B W
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NH,
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FIGURE 2 | Synthesis of ubiquitinated polypeptides. (A) Design of the proteolytically-stable and native isopeptide-linked ubiquitinated polypeptides; (B) Schematic
representation of the key CUAAC reaction to generate non-hydrolyzable Ub-polypeptides; (C) Schematic representation of the key steps to generate isopeptide linked
Ub-polypeptides in which the sequence used in panel B is extended (indicated by -X- and explained further in the text).
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Photodiode Array Detector (190-750 nm), Phenomenex Kinetex
C18 (2.1 x 100, 2.6 um) column and LCTTM Orthogonal
Acceleration Time of Flight Mass Spectrometer. Samples are run
using 2 mobile phases: A (0.1% formic acid in H,O/acetonitrile
99:1 v/v) and B (0.1 % formic acid in H,O/acetonitrile 99:1 v/v) at
a flow rate of 400 pL/min; gradient: 0-0.5 min, 5% B; 0.5-8 min,
— 95% B; 8-10 min 95% B, 10-12 min, — 5% B. Data processing
is performed using Waters Mass Lynx Mass Spectrometry
Software 4.1 (deconvolution with Maxent1 function).

General Purification Procedures

The crude product is dissolved in a minimal amount of warm
DMSO and then diluted by addition to MilliQ water and purified
by RP-HPLC on a Waters Atlantis T3 C18 30 x 250 5um.
Column Mobile phases: A = 0.05% agq. trifluoroacetic acid (TFA)
and B = 0.05% TFA in CH3CN. Ub peptides are purified with a
gradient: 20—45% B over 25 min, while the short polypeptides
(15-17 AA) are purified with a gradient: 5—95% B over 25 min,
Flow rate = 37 mL/min. Pure fractions (>95%), as judged by
LC-MS are pooled, lyophilized and used as such.

Synthesis of Mono-Ubiquitin Precursors

Ub

The Ub(1-75) and Ub(1-76) peptide sequences are synthesized
on resin following the procedures described before (EI Oualid
et al., 2010; Mulder et al.,, 2014). In brief, (Ub) is synthesized
on a Syro II MultiSyntech Automated Peptide synthesizer using
standard 9-fluorenylmethoxycarbonyl (Fmoc) based solid phase
peptide chemistry on a 25-pmol scale. Starting with the pre-
loaded Fmoc-Gly trityl resin (0.18 mmol/g, Rapp Polymere
GmbH), each successive amino acid (Novabiochem) is double
coupled in 4 molar excess using PyBOP (4 equiv) and DiPEA
(8 equiv) as coupling regents. The N-terminal methionine
residue in the sequence is replaced by the known isostere
Norleucine. Deprotection of the Fmoc group is achieved with
20% piperidine in N-Methyl-2-pyrrolidone (NMP) (2 x 2 and
1 x 5min). After completion of all coupling cycles, the N-
terminus is protected with a Boc group by overnight treatment
with Boc-anhydride in Dichloromethane (DCM). The resin is
rinsed with DCM (3x5mL) and treated with 5mL of DCM/
Hexafluoroisopropanol (HFIP) (4:1 v/v) for 30 min and filtered.
The resin is rinsed with DCM (3 x 5mL) and the combined
filtrates are concentrated to obtain the partially protected Ub
peptide 1-75.

UbPA

The partially protected peptide residue Ub(1-75) (1 equiv) is
redissolved in DCM and reacted with PyBOP (5 equiv), propargyl
amine (10 equiv) and triethylamine (TEA) (20 equiv). The
reaction mixture is stirred over night at room temperature.
After removal of the solvent in vacuo, the residue is treated
with TFA/H,0/iPr3SiH/phenol (90/5/2.5/2.5 v/v/v/v, 1 mL for
5 umol Ub(1-75)-PA) for 3 h followed by precipitation with cold
Et,O/pentane (3/1v/v). Purification by HPLC gives Ub-PA as a
white powder.

UbSEt

The partially protected peptide residue Ub(1-76) (1 equiv) is
redissolved in DCM and reacted with pyBOP (5 equiv), EtSH
(10 equiv) and DiPEA (10 equiv). The reaction mixture is stirred
overnight at room temperature. The solvent is removed in vacuo
and the residue treated for 3h with TFA/H,O/iPr3SiH/phenol
(90/5/2.5/2.5 v/v/v/v, 1mL for 5 pmol UDbSEt) followed by
precipitation with cold Et,O/pentane (3/1 v/v). Purification by
HPLC gives UbSEt as a white powder.

Synthesis of Peptide Precursors

Synthesis of Azidoornithine Peptide Precursor for
Synthesis Non-hydrolyzable Conjugates

The peptides are synthesized on a Syro II MultiSyntech
Automated Peptide synthesizer using standard Fmoc based solid
phase peptide chemistry on a 100-pwmol scale. Starting with
pre-loaded resin for Fmoc Peptide synthesis (Rapp Polymere
GmbH), each successive amino acid (Novabiochem) is double
coupled (2 x 25min, in the event of difficult coupling extended
to 2 x 70min) in 4 molar excess using PyBOP (4 equiv)
and DIiPEA (8 equiv) as coupling regents. Deprotection of
the Fmoc group is achieved with 20% piperidine in NMP
(2 x 5min). After completion of all coupling cycles, the
resin is treated with acetic anhydride to acetylate the N-
terminus or modified with a biotin-PEG moiety to facilitate
Surface Plasmon Resonance (SPR) measurements. In the latter
case, a PEG spacer (8-Fmoc-amino)-3,6-dioxaoctanoic acid
(AK Scientific, Inc., Union city, CA, 4 equiv), is coupled
to the N-terminus using PyBOP (4 equiv) and DIPEA (4
equiv) in NMP for 25min. at ambient temperature. The
Fmoc protection group is removed as described and biotin
is coupled subsequently using HBTU (2-(1H-benzotriazol-1-
yD)-1,1,3,3-tetramethyluronium hexafluorophosphate, 4 equiv),
HOBt (1-hydroxybenzotriazole, 4 equiv), DIPEA (8 equiv), and
carboxy-functionalized biotin (Sigma-Aldrich, 4 equiv) in NMP
and reacted for 2.5h. After removal of the solvent in vacuo,
the residue is treated for 3h with TFA/H,O/iPr3;SiH/phenol
(90/5/2.5/2.5 v/v/v/v, 1mL for 5pmol peptide) followed by
precipitation with cold Et,O/pentane (3/1 v/v). Purification by
HPLC gives the peptide as a white powder.

In the synthesis of immunization peptides, the lysine is
replaced for an azidoornithine (azOrn) moiety and the choice
for solid support is based upon the peptide sequence. Peptides
corresponding to an internal protein sequence, as for the
PCNA-K164 peptide (UniProtKB - P12004, AA 156-172:
ac-DAVVISCAazOrnDGVKFSAS-CONH;), are synthesized
on a preloaded rink-amide resin. While peptide sequences
corresponding to the C-termini of the protein, as for the
H2B-K123 peptide (UniProtKB - P02294, AA 115-130: ac-
SEGTRAVTazOrnYSSSTQA-COOH), are synthesized on a
preloaded PEG-polystyrene support resin (PEG-PS).

Synthesis of y-Thiolysine Peptide Precursor for
Synthesis Native Conjugates

The peptides are synthesized on a Syro II MultiSyntech
Automated Peptide synthesizer using standard Fmoc based
solid phase peptide chemistry on a 100-pmol scale. Starting
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with pre-loaded PEG-polystyrene support resin (PEG-PS) for
Fmoc Peptide synthesis (Rapp Polymere GmbH), each successive
amino acid (Novabiochem) is double coupled (2 x 25 min, in the
event of difficult coupling extended to 2 x 70 min*) in 4 molar
excess using PyBOP (4 equiv) and DiPEA (8 equiv) as coupling
regents. Deprotection of the Fmoc group is achieved with 20%
piperidine in NMP (2 x 5min). After completion of all coupling
cycles the resin is treated with acetic anhydride to acetylate the
N-terminus. After removal of the solvent in vacuo, the residue
is treated for 3h with TFA/H,0/iPr3SiH/phenol (90/5/2.5/2.5
v/v/v/v, 1 mL for 5 pmol peptide) followed by precipitation with
cold Et;O/pentane (3/1 v/v). Purification by HPLC gives the
peptide as a white powder.

*Note: We encountered difficulties in the synthesis of
PCNA-K164 peptide (UniProtKB - P12004, AA 156-172: ac-
DAVVISCAazOrnDGVKFSAS-CONH;) following our regular
procedure (double couplings 2 x 25min) on the Syro II. The
desired peptide could not be obtained and truncated versions
of the peptide were found. To solve this, we synthesized this
peptide on an Intavis MutiPep CF automated peptide synthesizer
with a real-time UV monitoring enabling the optimization
of reaction parameters like deprotection and coupling times
during the synthesis. From cycle 13 onwards the coupling
times were extended to 2 x 70 min (corresponding to peptide
sequence DAVV).

Synthesis of Ub-Peptide Conjugate
Synthesis of Non-hydrolyzable End-Modified
Ub-Peptide Conjugates

UDbPA and the azidoornithine peptide are each dissolved in
warm DMSO at a concentration of 50 mg/mL. 200 pL of the
UbPA DMSO stock (10 mg) is added to 15mL 8M urea, 100 mM
phosphate buffer pH 7, followed by addition of 1.2 equiv of the
azidoornithine peptide. To the resulting solution is added 600
nL of a freshly prepared CuAAC catalyst solution. This is made
by first mixing 200 L of a 25 mg/mL CuSO4-5H,0 solution in
MQ with 200 wL of a 120 mg/mL sodium ascorbate solution in
MQ, affording a dark brown solution. Upon addition of 200 pL
of a 50 mg/mL Tris((1-benzyl-4-triazolyl)methyl)amine (TBTA)
solution in CH3CN (Zhou and Fahrni, 2004), a colorless CuAAC
catalyst solution is obtained. After the reactions are finished,
as judged by LC-MS (~1h), the reaction is quenched by the
addition of 1.5 mL of 0.5 M EDTA, pH 7.0 and the crude product
purified by HPLC.

Synthesis of Native Iso-Peptide Linked Ub-Peptide
Conjugates

A solution of UbSEt (50 mg/mL) in 6M guanidine hydrochloride
(GdnHC(l), 0.15M sodium phosphate buffer, pH 7 and 250 mM
MPAA is mixed with a solution of the y-thiolysine peptide
mutant (1.5 equiv, 50 mg/mL) in 6M GdnHCI, 0.2M sodium
phosphate buffer, pH 7 and 250 mM 4-mercaptophenylacetic acid
(MPAA). After incubating the mixture overnight at 37°C, tris(2-
carboxyethyl)phosphine (TCEP) is added to reduce the MPAA
disulfide and the crude purified by HPLC.

Antigen Crosslinking

For coupling the synthesized antigen to carrier protein, several
methods can be considered (Yokoyama et al., 2013; Greenfield,
2014; Ossipow and Fischer, 2014; Holzlohner and Hanack,
2017), depending on the sequence of the peptide and the
compatibility with the chemical synthesis of the Ub-peptide
conjugates. Here we describe a general crosslinking protocol that
uses glutaraldehyde for amine-to-amine coupling; the internal
lysines on Ub provide several amines for efficient coupling to
the carrier protein. To avoid selecting clones specific for the
crosslinked conjugate, it is important to perform the screening
of hybridomas with non-crosslinked peptide-Ub conjugates,
as explained in more detail below in section 4. To use the
synthesized Ub-peptide conjugate for immunization, prior to
injection they are crosslinked to Keyhole limpet hemocyanin
(KLH) or Blue Carrier Protein (BCP), or a mix of both carrier
proteins. Generally, reacting equal mass amounts of Ub-peptide
conjugate and carrier protein will achieve sufficient molar
excess. Dissolving the Ub-peptide conjugate must be performed
with great care to avoid precipitation of the conjugate. First,
dissolve the peptide in warm DMSO at a concentration of
40 mg/mL. Then add the DMSO solution dropwise to PBS
buffer (phosphate-buffered saline containing 100 mM phosphate
buffer), while gently shaking the mixture. Next buffer exchange
and concentrate the solution to a final concentration of 10 mg/mL
Ub-peptide in PBS. Combine one volume carrier protein (10
mg/mL in PBS) with one volume Ub-peptide conjugate (10
mg/mL in PBS) and mix. Add 1/200 volume of glutaraldehyde
(5% in H,0) and mix briefly on a vortex. Incubate for 5min
at room temperature and repeat the addition of glutaraldehyde
three times. Incubate 30 min on ice. Add 1/10 volume 1M
glycine pH 8.5 and incubate for 5min at room temperature.
Dialyze overnight against PBS. Adjust the concentration to the
equivalent of 2mg/mL Ub-peptide conjugate. Store at —20°C.
For primary and secondary immunizations of 10 mice, 4 mg Ub-
peptide conjugate (400 l of a 10 mg/mL solution) was combined
with 4 mg carrier protein (400 wl of a 10 mg/mL solution). After
addition of glutaraldehyde and during dialysis, some aggregation
may occur. The immunizations are performed with the mix of
soluble and insoluble conjugates since both have been reported
to be immunogenic.

Immunization

Immunization of animals, monitoring the immune response and
antibody production of selected clones by ELISA, production of
hybridomas, and subcloning and isolation of specific hybridomas
is frequently outsourced to a third party specialized in antibody
development using proprietary protocols. All hybridomas
described in this study were delivered by ThermoFisher Scientific
(Life Technologies). All animals used by Thermo Scientific are
assured by the Office of Laboratory Animal Welfare. Upon
request additional accreditations can be provided. Here we
focus on Ub-peptide conjugate synthesis and considerations for
validation of site-specific Ub antibodies. Preferably, multiple
mice (10 or more) and different genetic mouse backgrounds are
immunized to maximize the diversity of the antibody repertoire
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and immune response. Following primary immunization, the
animals are boosted several times until the response stabilizes.

Antibody Production and Purification

Following hybridoma clone selection and expansion, the
yH2B-K123ubl and candidate PCNA-K164ubl antibodies
were produced and purified in house using the following
protocol. Hybridoma clones are initially expanded in flasks
in Dulbecco’s Modified Eagle Medium (DMEM) or Iscove’s
Modified Dulbeccos Medium (IMDM) with L-glutamine
containing Penicillin and 15-20% fetal calf serum (FCS). The
percentage of serum is dropped by 1-2% on every passage until a
concentration of 3-6% FCS is reached to minimize the amount
of bovine IgG in the media. The final expansion is performed in
roller bottles in which the cells are grown for 10-12 days until
~50% of the cells die. The supernatant is collected and debris and
cells are removed by centrifugation. The cleared supernatants are
stored at 4°C in the presence of 0.02% sodium azide. The pooled
supernatants are concentrated and dialyzed using an artificial
kidney (Fresenius Medical Care Hemoflow F40S, Polysulfone
Capillary Dialyzers; following the manufacturer’s instructions)
in MES buffer (25 mM 2N-morpholino ethanesulfonic acid, pH
5,5, set with 5M NaOH), reaching a 20-fold concentration of
proteins. The IgGs are purified over ABx resin (Bakerbond ABx
prep scale 40 um JT Baker 7269-00) on a fast protein liquid
chromatography (FPLC) system (NGC Bio-Rad) (Ross et al.,
1987; Chen et al., 1988) and eluted with an ammonium sulfate
gradient (0-100% 500mM (NH4),SO4 + 20mM KH,PO4
pH6.7) to avoid pH shock (compared with classical ProtA
and ProtG methods). Since every antibody has a different
elution pattern, the peak fractions are identified by SDS-PAGE

analysis for the presence of the IgG light and heavy chains, and
subsequently pooled and dialyzed against PBS to remove the
ammonium sulfate and azide. Antibodies are stored at 4 degrees
for short term use, or frozen in aliquots.

ANTICIPATED RESULTS

Ub-Peptide Conjugates and Antigen

Crosslinking

During the synthesis of the Ub-peptide conjugates, traces
of monoUb precursors can remain present. Therefore, the
purification of the proteolytically-stable Ub-polypeptide
conjugates should be performed with great care, in particular
as these are used for the immunization. Typically, purification
by HPLC is sufficient to remove these traces as can be judged
via LC-MS analysis (Figure 3). If difficulties are encountered,
an additional size exclusion, or cation purification can be
performed (El Oualid et al., 2010). To use the synthesized
Ub-peptide conjugates for immunization, prior to injection they
are crosslinked to carrier proteins. A crucial step here involves
dissolving the Ub-conjugates in warm DMSO. When this step is
overlooked and buffer added immediately to Ub, the protein will
crash out of solution.

Immunization of Mice, Generation of
Hybridomas, and Isolation of Stable Clones

The polyclonal serum after immunization with a non-
hydrolyzable end-modified Ub-peptide conjugate will typically
contain a mix of antibodies, e.g., anti-peptide, anti-ubiquitin,
and anti-peptide-Ub (Figure 4). Given the relatively large size
of the Ub moiety, a substantial anti-Ub response is expected,
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FIGURE 3 | LC-MS analysis of ubiquitinated polypeptides. Example of LC-MS analysis based on PCNA-K164 (UniProtkKB P12004). Diode Array chromatogram (top),
MS spectrum of peak (bottom) and Deconvoluted mass of product peak (insert) of (A) the non-hydrolyzable Ub-conjugate and (B) the isopeptide linked Ub-conjugate.

Frontiers in Chemistry | www.frontiersin.org

163

February 2020 | Volume 8 | Article 111


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

van Kruijsbergen et al. Developing Site-Specific Ubiquitin Antibodies

Peptideg,: + Ub

Lysine + Ub

Peptide + Ub Peptide

FIGURE 4 | Expected types of antibodies upon immunization with peptide-Ub conjugates. Polyclonal serum after immunization with a non-hydrolyzable end-modified
Ub-peptide conjugate will typically contain a mix of antibodies. (A) Antibodies recognizing the site-specific ubiquitin on the native protein can be identified using an
extended version of the antigen used for immunization. Other antibodies might recognize (B) an epitope that includes the terminus of the immunization antigen and
hence these antibodies will not recognize ubiquitin in the native extended protein, (C) the peptide independent of Ub, (D) Ub independent of the peptide, and (E) a
K-Ub conjugate independent of the peptide context.

A Clone H2Bub H2B  ub B

a 2.648 0.056 0.083 Strain genotype yH2B-K123ub1 status

b 2.056 0.072 0.085 1. WT WT

c 2.636 2.746 0.123 2. brelA absent

d 2,530 2.630 0.112 3. DOT1-OE overexpressed

e 2,710 0.176 2.717 4. ubp8A;FLAG-H2B overexpressed + H2B shift

f 2.659 0.158 2.604 5. ubp8A;FLAG-H2B-K123R absent + H2B shift
C D
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FIGURE 5 | Validation of the site-specific antibody against yeast histone H2B-K123ub1 using engineered cell lines. (A) Example of ELISA screening of supernatants of
hybridoma cultures that identified clones specific for the H2B-K123ub1 conjugate (#a,b) and clones non-specifically recognizing the H2B peptide (#c,d) or ubiquitin
(#e,f). (B~F) Following ELISA screens, antibodies produced from selected hybridomas against yH2B-K123ub were validated by immunoblot analysis using whole-cell
extracts of a panel of engineered yeast strains. The panel includes (1) WT (normal H2B-K123ub1), (2) bre1A (no H2B-K123ub1), (3) DOT1-OE (more H2B-K123ub1),
(4) ubp8A; FLAG-H2B (more H2B-K123ub1 and size shift due to FLAG-tag), (5) ubp8A; FLAG-H2B-K123R (no H2B-K123ub1 and H2B size shift due to FLAG-tag).
The strains (BY4741, NKI4558, NKI4553, NKI2563, NKI2564) and protocols have been described previously (Viaming et al., 2014; van Welsem et al., 2018). The
antibodies and polyclonal serum indicated are described in the main text and section 2.2.2.

which we indeed observed in immunized mice (see below) and
rabbits (Figures 5A,E). Nevertheless, it is useful to monitor
the general immune response by ELISA to decide which
of the mice will be used for hybridoma generation. After a
final boost with antigen, spleens of three positive mice are
harvested to isolate the antibody-producing cells for cell fusion
to generate hybridomas. Hybridoma clones of ~30 96-well
plates are screened by ELISA using the native extended Ub-
peptide conjugate and peptide and ubiquitin alone to identify
clones that specifically recognize the site-specific ubiquitin
attachment. Positive and specific clones identified by ELISA
that show increased or stable production of specific antibodies
(Figure 5A) are also screened by immunoblot analysis with
recombinant proteins to confirm that antibodies in these

clones recognize the native ubiquitin linkage on the complete
protein (Figures 5, 6).

Design Principles for Immunization- and
Screening-Antigens

Since the validation assays are labor intensive, several design
principles are recommended in the ELISA screening protocol to
eliminate as many false positive clones as possible.

To identify clones that produce Ub site-specific antibodies,
hybridoma culture supernatants are screened by ELISA. ELISA
screens are performed with polypeptides that are two amino acids
longer at the N-terminus and/or C-terminus (depending on the
position of the ubiquitination site in the protein) than the antigen
to more closely mimic the native protein and to eliminate clones
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FIGURE 6 | Characterization of candidate site-specific antibody against human PCNA-K164ub1 using recombinant proteins and cell lysates. (A) Following ELISA
screens, antibodies produced from selected hybridomas against PCNA-K164ub were examined by immunoblot analysis using recombinant proteins that were
enzymatically ubiquitinated. The recombinant proteins used are shown on a Coomassie-stained gel. (B-F) Immunoblots of recombinant proteins with the indicated
antibodies and recombinant proteins. Asterisk indicates degradation product; double asterisk indicates aggregation product. The selected PCNA-K164ub clone
produced non-specific antibodies since ubiquitinated H2A was also detected. (G) Immunoblot analysis of whole-cell lysates of HEK-293T cells treated or not with
20J/m? UV for 5h, confirmed the lack of specificity of the selected clone (non-specific), while a UV-induced PCNA-K164ub1 increase was detected with a
commercially available site-specific antibody (CST). Histone H4 was used as a loading control.

that recognize the N- and/or C terminal ends of the peptide
normally not present in the full-length protein. The yH2B peptide
was not extended at the C-terminus because it represents the
C-terminal end of the native H2B protein.

While immunizations are performed with non-hydrolyzable
UDb conjugates, ELISA tests are performed with a native peptide-
ubiquitin linkage to avoid the selection of clones that recognize
the non-native bond (Figures 2, 4). A specific signal in the
ELISA test is a requirement for a specific antibody but it does
not guarantee that an antibody will be effective. An example of
different ELISA results is shown in Figure 5. In our experience,
not all ELISA-positive clones recognized the target in subsequent
validation assays. This highlights the importance of validation
assays using native substrates.

Validation of the Antibody

Validation of antibodies is critical but it has often been
overlooked. Fortunately, there are many recent initiatives to
improve the guidelines for quality control and thereby the
value of the antibodies and the results that are generated with
them (Egelhofer et al., 2010; Algenés et al., 2014; Bradbury and
Pliickthun, 2015; Kungulovski et al., 2015; Marcon et al., 2015;

Rothbart et al., 2015; Uhlen et al., 2016; Guillemette et al., 2017;
Edfors et al,, 2018; Venkataraman et al., 2018; Weller, 2018; Marx,
2019). Validation of site-specific Ub-antibodies is very important
given the abundance of ubiquitin modifications in the cell and
the complexity of the epitope. Here we describe several examples
of quality control experiments for site-specific Ub-antibodies.
During the initial screening and validation tests, only a small
amount of antibody is typically available, limiting the number
of experiments that can be performed. On selected clones that
give a positive and specific response by ELISA, immunoblots
can be performed as a secondary screening to identify those
antibodies that recognize the full-length ubiquitin conjugate
but in a denatured form. Based on the combined screening
results, clones are selected for expansion and purification of
secreted immunoglobulins, as described above. It is also useful
to consider the immunoglobulin class and subclass in the context
of the downstream applications of the antibodies. If the peptides
are synthesized with a biotin-moiety, this allows for using the
conjugates in assays such as Surface Plasmon Resonance (SPR) to
determine the binding properties of the antibodies in more detail.

A convenient method for validation of purified antibodies is
the analysis of the full-length modified proteins by immunoblot.
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Here we show two examples, taking advantage of different sets
of reagents. Figure 5 summarizes the screening and validation
results of the yH2B-K123ub antibody. Yeast strains, antibodies
and protocols to detect H2BK123ubl by immunoblot assays
have been described previously (Vlaming et al., 2016, 2019; van
Welsem et al., 2018). In the ELISA screens, clones were identified
that produced antibodies recognizing H2B-K123ubl and not
recognizing unmodified H2B or free Ub. We also observed
clones that recognized Ub non-specifically (Figures 5A,E and
see below), one of which we selected for expansion and
antibody production. The clones with site-specific signals in
ELISA (e.g., see Figure5A) were examined on immunoblots
with yeast strains in which yH2B-K123ub was wild-type, absent,
increased, and shifted by the addition of a short epitope tag
on H2B (Figures 5B-F). When using cell extracts, this has the
added Dbenefit that non-specific reactions to other cellular—
ubiquitinated—proteins can be identified. Together, the signals
observed in this panel of strains demonstrated the specificity
of the antibody for yH2B-K123ub in yeast. Importantly,
the specificity was subsequently confirmed by chromatin-
immunoprecipitation assays, which demonstrated loss of signal
in strains lacking yH2B-K123ub and gain of signal in strains with
excess of it (van Welsem et al,, 2018; Vlaming et al., 2019). Of
note, injection of the yH2B-K123ub conjugate in rabbits resulted
in a strong polyclonal response including non-specific antibodies
against H2B and Ub (e.g., see Figure 5F), highlighting the need
for selecting monoclonal antibodies. This is in contrast with
antibodies against smaller modifications such as methylation,
phosphorylation, or acetylation, for which specific polyclonal
antisera have been successfully developed.

While cell extracts provide a powerful system to determine
antibody specificity, it is not always straightforward or even
possible to modulate the levels of the site-specific ubiquitination
in cells, for example due to redundant enzyme activities,
compensating ubiquitination and deubiquitination activities,
fitness defects due to ubiquitination changes, or insufficient
knowledge of the enzymes involved. However, in some cases the
epitope in cells can be abolished by mutation of the target lysine
to arginine, as we previously demonstrated for PCNA-K164
(Krijger et al., 2011). Another limitation is that for some sites, the
endogenous, cellular levels may be too low to allow for detection
during the screening and validation without an enrichment
procedure. A powerful alternative to using cell extracts is the use
of recombinant proteins and installing the ubiquitination with
chemical and/or enzymatic methods. Figures 6A-F summarizes
the results of the screening and validation phase of an antibody
against ubiquitinated lysine 164 on human PCNA (PCNA-
K164ub). Clones recognizing the PCNA-K164ubl and not
recognizing unmodified PCNA peptide or free Ub in ELISA
were examined on immunoblots using recombinant proteins
(Figures 6A-F). Recombinant human PCNA was purified and
ubiquitinated enzymatically as described previously (Hibbert
and Sixma, 2012). Recombinant nucleosomes enzymatically
ubiquitinated at histone H2A-K13/15 by RNF168 and H2A-
K125/127129 by BRCA1-BARD1 (Zhu et al., 2011; Mattiroli
et al., 2012, 2014; Kalb et al., 2014; Uckelmann et al., 2018;
Dharadhar et al., 2019; Horn et al, 2019) were included

as controls (Figures 6A-C). Among the analyzed clones we
observed antibodies recognizing PCNA and Ub alone. We
also identified antibodies recognizing PCNA-K164ubl but not
unmodified full-length PCNA or Ub (Figure 6D). However,
the selected clones appeared not to be site-specific because
enzymatically ubiquitinated histone H2A on lysine 13/15 or
125/127/129 was also detected (Figure 6D). These results suggest
that the selected clone produces antibodies recognizing the
ubiquitinated lysine in PCNA but not specifically in the context
of PCNA. Indeed, in cellular extracts, these antibodies detected
a range of proteins, further indicating the lack of specificity
for PCNA (Figure 6G). Therefore, when using recombinant
proteins for validation, it is important to include independent
ubiquitinated proteins in the analysis. It may also be beneficial
to include independent peptide-Ub conjugates in the ELISA
screens for selection and monitoring of hybridoma clones.
Antibodies recognizing lysine-Ub conjugates provide powerful
reagents for detecting poly- and mono-ubiquitinated proteins in
cells and for affinity purification (Fujimuro and Yokosawa, 2005;
Fulzele and Bennett, 2018; van Wijk et al., 2019). The clones
we describe here potentially expand the toolbox for detecting
protein ubiquitination but it will be important to determine their
binding properties to the different types of linkages in more detail
(Fujimuro et al,, 1994; Newton et al., 2008, 2012; Matsumoto
et al., 2010, 2012), and to do so in the assays of interest and not
just on immunoblots.

DISCUSSION

Whereas polyclonal antibodies can specifically recognize sites
carrying small post-translational modifications, a polyclonal
response against ubiquitinated targets will lead to a mix of
antibodies recognizing the ubiquitinated site, the unmodified
peptide, any ubiquitinated lysine, and ubiquitin alone, as
we experienced in yH2B-K123ubl and PCNA-K164ubl
antibody screens. Therefore, the generation of site-specific
ubiquitin antibodies will typically require the development
of monoclonal antibodies. The antibodies we describe here
were generated in mice. It has recently become possible
and more popular to develop monoclonal antibodies in
rabbits using different technologies (Weber et al., 2017). Since
rabbits have highly distinctive antibody repertoires, this may
offer powerful additional opportunities. Another powerful
alternative is the generation of single-chain antibodies or
nanobodies in llamas. Nanobodies recognizing linear and
conformational epitopes can be obtained, which may be
of special relevance for ubiquitinated conjugates (https://
instruct-eric.eu/platform/nanobody-discovery). The synthesis
of Ub-peptide conjugates and the suggestions for design
and validation experiments are also applicable to rabbit
monoclonals and nanobodies. However, with larger animals,
more antigen is typically needed for immunization. Using
automated linear solid phase peptide synthesis and the
chemical synthesis ligation technologies described, we are
able to fully synthesize site-selective ubiquitinated peptides in
a native conformation as well as proteolytically stable non-
hydrolyzable derivates. This synthetic approach enables the
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specific incorporation of desired tags, labels, and mutations
in high yields with high purities. Access to these well-defined
ubiquitinated peptides, is of utmost importance in these types
of studies.

The complexity and size of the site-specific ubiquitination
epitope also means that stringent screening and validation
strategies are required for the selection of appropriate antibodies.
Initial screening of hybridoma clones is typically performed
by ELISA. Recent advances in next generation sequencing
offer powerful alternative strategies for antibody selection
by identifying the genes encoding the antibody of interest.
These methods are based on identifying clones dominating the
total plasma cell repertoire following secondary immunization
(Haessler and Reddy, 2014; Parola et al., 2018). However,
when immunizations are performed with ubiquitinated peptides,
the expanding clones will represent antibodies against peptide,
ubiquitin, and non-specific lysine-ubiquitin conjugates and only
a minority of the clones will produce site-specific antibodies (e.g.,
see Figures 5, 6). Therefore, more targeted screening methods
are still required when complex antigens are used and when
site-specific ubiquitin antibodies are wanted. Validation of the
antibodies by immunoblot analysis, as we describe in Figures 5,
6, provides a convenient way of validating the specificity and
sensitivity of the antibody. This is especially useful during the
early stages of validation, when limiting amounts of antibody
are available from the culture supernatants of the clones.
However, this assay does not predict how well the antibody
will work for other applications. Similarly, a specific signal on
immunoblots does not guarantee that the antibody is specific in
other assays. Therefore, once the antibody has been produced
at larger scales, it should always be carefully tested in the
application of interest. Validation assays, whether using cells or
recombinant proteins, should include several critical negative
controls, including the non-modified protein, free ubiquitin, and
independent ubiquitinated proteins. Fortunately, the expanding
tool sets for genome editing and in vitro ubiquitination allow
for the generation of many powerful control settings for future
antibody development. With regard to ubiquitination sites on
chromatin, one protein of special interest is histone H2A or
the histone variant H2AX (Mattiroli and Sixma, 2014; Du et al.,
2019; Marsh and Dickson, 2019). H2A is ubiquitinated at several
sites by specific enzyme complexes and each with a specific
role in DNA damage response, DNA repair, and gene silencing
(Mattiroli and Sixma, 2014; Marsh and Dickson, 2019). We hope
that our protocols will be of use for others in the community
to develop novel site-specific antibodies against these and other
important epitopes.
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Ubiquitin Networks

Katarzyna Kliza*t and Koraljka Husnjak*

Institute of Biochemistry Il, Medical Faculty, Goethe University, Frankfurt, Germany

Ubiquitination regulates nearly all cellular processes by coordinated activity of ubiquitin
writers (E1, E2, and E3 enzymes), erasers (deubiquitinating enzymes) and readers
(proteins that recognize ubiquitinated proteins by their ubiquitin-binding domains).
By differentially modifying cellular proteome and by recognizing these ubiquitin
modifications, ubiquitination machinery tightly regulates execution of specific cellular
events in space and time. Dynamic and complex ubiquitin architecture, ranging from
monoubiquitination, multiple monoubiquitination, eight different modes of homotypic
and numerous types of heterogeneous polyubiquitin linkages, enables highly dynamic
and complex regulation of cellular processes. We discuss available tools and
approaches to study ubiquitin networks, including methods for the identification and
quantification of ubiquitin-modified substrates, as well as approaches to quantify
the length, abundance, linkage type and architecture of different ubiquitin chains.
Furthermore, we also summarize the available approaches for the discovery of novel
ubiquitin readers and ubiquitin-binding domains, as well as approaches to monitor
and visualize activity of ubiquitin conjugation and deconjugation machineries. We also
discuss benefits, drawbacks and limitations of available techniques, as well as what is
still needed for detailed spatiotemporal dissection of cellular ubiquitination networks.

Keywords: ubiquitin, ubiquitin receptor, affinity purification, mass spectrometry, E3 ligase, deubiquitinating
enzyme

INTRODUCTION

Post-translational modifications (PTM:s) greatly increase the complexity and functional diversity
of the proteome, ensuring rapid and dynamic cellular responses to the environmental and
intracellular factors (Walsh et al., 2005). Extensive research over the last few decades has
revealed elaborate control of a variety of cellular processes by a small protein ubiquitin
(Ub), including cellular proteostasis, DNA repair, trafficking and immunity (Varshavsky, 2006;
Kulathu and Komander, 2012).

Ub is a small, highly compact globular protein, with the exception of its unrestrained and
flexible C-terminal tail (Figure 1A). To achieve high cellular Ub concentrations, 4 different genes
(UBB, UBC, RPS27, and UBA52) encode Ub in mammals. Genes UBB and UBC encode linear
fusions of 3 and 9 Ub molecules, respectively, whereas RPS27A and UBA52 encode Ub as in-frame
fusion to a small and large ribosomal protein, respectively (Figure 1B) (Ozkaynak et al., 1984;
Finley et al., 1989).

Protein modification by Ub (ubiquitination) occurs through the formation of the covalent bond
between a—carboxyl group of the terminal glycine (Gly) residue of Ub and, typically, e-amino group
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FIGURE 1 | Multicomponent enzymatic machineries assemble and disassemble ubiquitin modification. (A) Ub belongs to the B-grasp fold (3-GF) family (Vijay-Kumar
et al.,, 1987), in which B-GF is formed by five-stranded B-sheet, a short 31¢ helix and a 3.5-turn a-helix. The C-terminal Ub tail is essential for Ub conjugation and
hence, for all the Ub functions. Functionally relevant Ub residues are depicted in different colors. The figure was generated from the PDB entry 1UBQ by PyMOL
v1.7.6.0 software. (B) Coordinated activity of Ub-activating (E1), Ub-conjugating (E2), and Ub-ligating enzyme (ES3) is required for Ub attachment to substrate protein.
The action modes of the three main groups of E3 ligases (RING, HECT and RBR) are also depicted. In mammals, Ub is encoded by four different genes: UBA52 and
RPS27A genes encode a single Ub molecule fused to the ribosomal subunits L40 and S27a, respectively (depicted as RP-Ub), UBB and UBC genes encode 2
different polyUb precursor proteins (exemplified here as Ubg fusion). More than 100 cellular DUBs process newly translated Ub-containing polypeptides, remove Ub

from modified substrates and disassemble unanchored Ub chains.
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of an internal lysine (Lys) residue of the substrate. Interestingly,
some mammalian and viral E3 ligases target thiol group of
cysteine (Cys) residue (Cadwell and Coscoy, 2005; Williams
et al, 2007), whereas a subset of substrates, such as ataxin-
3 and tau, is modified by the attachment of Ub to an
a-amino group of their N-terminal residues, in a process
known as N-terminal ubiquitination (Ciechanover and Ben-
Saadon, 2004). Additionally, serine (Ser) and threonine (Thr)
residues can also function as ubiquitination sites, forming
hydroxyester bonds between Ub and target proteins (McDowell
and Philpott, 2016) and thus expanding the biological importance
of ubiquitination even further.

Ubiquitination is achieved by a coordinated and sequential
enzymatic cascade (Figure 1B). Classically, Ub is activated in
an ATP-dependent reaction by an Ub-activating (E1) enzyme
and subsequently transferred to the active Cys residue of an
Ub-conjugating (E2) enzyme, followed by Ub attachment to a
substrate mediated by an Ub-ligating (E3) enzyme. Until now,
two Els, nearly 30 E2s and over 600 E3s have been identified in
humans. Mechanistically, E3 ligases belong to either RING (really
interesting new gene), HECT (homologous to E6-AP C terminus
or RBR (RING-between-RING, hybrid RING-HECT) classes and
can generate Ub linkages of different length and architecture
(Metzger et al., 2012; Walden and Rittinger, 2018).

The activity of ubiquitination machinery can be reversed
by more than 100 deubiquitinating enzymes (DUBs), which
hydrolyze isopeptide or peptide bond resulting in Ub
deconjugation from the ubiquitinated protein (Figure 1B)
(Komander et al., 2009; Mevissen and Komander, 2017). DUBs

affect cellular pool of free Ub by releasing newly synthesized
Ub from Ub precursors, removing non-essential Ub molecules
and recycling Ub from the former ubiquitination events
(Reyes-Turcu et al., 2009; Grou et al., 2015).

Different Forms of Ubiquitin

Modifications Exist in Nature

Cellular Ub modifications occur in various forms, which are
usually referred to as “Ub code.” Modification by a single
Ub moiety (monoubiquitination) is the most abundant Ub
modification that regulates DNA repair, transcription, signal
transduction, viral budding, endocytosis and even proteasomal
degradation (Chen and Mallampalli, 2009; Braten et al., 2016).
After Ub is transferred to the g-amino group of a target
Lys, any of the eight amino groups of Ub (Metl, Lys6,
Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) can be attached
to the C terminus of another Ub to form Ub chain of
variable length, linkage type and configuration (homo- and
heterotypic/branched Ub chains). Even though functional
significance of several Ub modifications (such as Lys48- and
Lys63-linked ubiquitination) is largely known, the biological
significance of other Ub modifications is still far from being
fully understood (Figure 2). Amongst the homotypic Ub chains,
Lys48-linked Ub polymers were historically first identified and
are predominant among homotypic polyUb chains (Peng et al.,
2003; Swatek and Komander, 2016). These Ub linkages mark
proteins for proteolytic degradation, which in turn regulates
signal transduction, cell division, stress response, adaptive
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FIGURE 2 | Cellular ubiquitin modification comes in different formats. Single Ub moieties can modify proteins at one (monoubiquitination) or several (multiple
monoubiquitination) Lys residues. Ub can form eight distinctive homotypic linkages, either through Met1 (linear Ub chain) or 7 internal Lys residues (Lys6-, Lys11-,
Lys27-, Lys29-, Lys33-, Lys48-, and Lys63-linked Ub chains). Additional complexity is achieved through the formation of heterotypic Ub chains, which contain
multiple Ub linkages and adopt mixed or branched topology. Furthermore, heterologous polymers contain additional UBLs, such as SUMO or NEDDS8, within Ub
chains. Ub molecules undergo various PTMs, including phosphorylation and acetylation, which regulate their binding properties and abilities to generate Ub chains.
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immune system and development (Hershko and Ciechanover,
1998; Wang and Maldonado, 2006; Park et al., 2007). The
remaining homotypic polyUb chains are collectively called
atypical (Liu et al., 2015; Swatek and Komander, 2016), and their
physiological roles are nicely summarized elsewhere (Kulathu
and Komander, 2012; Akutsu et al., 2016). Branched Lys11/Lys48
and hybrid Metl/Lys63 linkages were recently implicated
in proteasomal degradation and NFkB signaling, respectively
(Emmerich et al., 2013; Meyer and Rape, 2014; Grice et al., 2015).

Besides by ubiquitination, Ub molecules can also be
modified by acetylation, phosphorylation, ADP-ribosylation,
phosphoribosylation, ~ deamidation, = SUMOylation  and
succinylation (Figure 2). Ub acetylation negatively regulates
Ub chain elongation by competing with ubiquitination to
regulate the stability of target proteins (Ohtake et al., 2015). By
using mass spectrometry (MS) approach, Ohtake et al. (2015)
identified acetylation of endogenous Ub at residues Lys6, Lys48,
and Lys63. Since the same Ub residues are involved in Ub
chain formation, it is not surprising that acetylation inhibits
Lysl1-, Lys48-, and Lys63-linked polyUb chain elongation by
several E2 enzymes in vitro, without significantly affecting E1
and E2 charging or substrate monoubiquitination (Ohtake
et al., 2015). Moreover, two of the major histones, H2A and
H2B, were proposed as substrates for acetylated monoUb.
Ser/Thr kinase PINK1 accumulates on depolarized mitochondria
upon decrease in mitochondrial membrane potential and
phosphorylates N-terminal Ub-like (UBL) domain of E3 ligase
PARKIN (Kondapalli et al., 2012; Shiba-Fukushima et al., 2012;
Kazlauskaite et al., 2014; Okatsu et al., 2018), as well as Ub itself
(Kane et al., 2014; Koyano et al., 2014). Both modifications occur
at the homologous position (Ser65) in PARKIN UBL domain
and Ub. PARKIN UBL domain keeps PARKIN in autoinhibited
state (Chaugule et al., 2011), and phosphorylated Ub is sufficient

to allosterically activate it by unlocking its autoinhibition (Kane
et al., 2014; Koyano et al, 2014; Wauer et al, 2015a). This
topic was recently reviewed in great detail in Herhaus and
Dikic (2015) and Swatek and Komander (2016). Interestingly,
phosphorylation at Ser65 affects Ub structure, E2 discharging
and formation of Ub chains by a subset of E2 and E3 enzymes,
such as CDC34, UBCI13/UEV1A, TRAF6 and HOIP (Wauer
et al., 2015b). Some DUBs are also impaired in hydrolyzing
Ser65-phosphoUb-containing chains (Wauer et al., 2015b). Even
though other residues in Ub molecule have also been reported
to be phosphorylated in various MS screens, the physiological
significance of these modifications is not yet known.

Yang et al. (2017) have recently shown that Ub can undergo
NAD™-, El- and E2-dependent monoADP-ribosylation. The
process is catalyzed by a heterodimer of ADP-ribosyltransferase
PARPY and histone E3 ligase DTX3L. Since ADP-ribose is
attached to the C-terminal Gly residue of Ub, monoADP-
ribosylation of Ub prevents Ub conjugation and consequently
impedes the Ub ligase activity and the function of DTX3L
in non-homologous end joining (NHEJ) DNA repair pathway
(Yang et al., 2017).

Many pathogens have evolved intricate mechanisms to hijack
Ub system of the host, often mimicking components of the
host Ub system, such as E3 ligases (Maculins et al., 2016) and
DUBs (Pruneda et al, 2016). Recently discovered Legionella
pneumophila effector SdeA utilizes unique, ATP-independent
and NAD™-dependent ubiquitination mechanism that does not
involve host E1 and E2 enzymes (Qiu et al., 2016). SdeA possesses
intrinsic monoADP-ribosyltransferase and phosphodiesterase
activities, which enable intermediate ADP-ribosylation and
subsequent phosphoribosylation of Ub Arg40 residue. SdeA
subsequently mediates ubiquitination of the target protein
by conjugating phosphoribosylated Ub to Ser residue of the
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recognize specific PTM-modified Ub modifications.

substrate through phosphodiester bond (Bhogaraju et al,
2016). Several proteins were shown to be ubiquitinated by
SdeA, including small GTPase Rab33b and ER component
RTN4 (Qiu et al., 2016; Kotewicz et al., 2017). Ser-linked
ubiquitination of those proteins affects their cellular functions.
Since SdeA-mediated ADP-ribosylation and phosphoribosylation
of Ub inhibit activation of E1 and E2 enzymes, they
also impair a plethora of essential Ub-dependent cellular
processes, such as proteasomal degradation and mitophagy
(Bhogaraju et al., 2016).

Cif proteins from enteropathogenic Escherichia coli (E. coli)
(EPEC) and Burkholderia pseudomallei bacteria belong to the
group of bacterial effectors targeting Ub signaling by catalyzing
deamidatation of Ub at residue GIn40, which inhibits polyUb
chain formation (Cui et al., 2010).

Recent proteomic studies have also revealed Ub modification
by a small Ub-like modifier (SUMO) at multiple Lys residues
(Galisson et al., 2011; Lamoliatte et al., 2013; Hendriks et al.,
2014). Additionally, ubiquitinated SUMO has also been reported
(Lamoliatte et al., 2013; Hendriks et al., 2014).

Ubiquitin Readers Decode Ubiquitin
Code and Induce Specific Cellular

Responses
Ub code is recognized by proteins containing single or multiple
Ub-binding domains (UBDs), referred to as Ub readers or

decoders that, more or less specifically, recognize Ub chain
topology and length and enable execution of specific cellular
processes (Husnjak and Dikic, 2012).

Ub readers interact with their targets in a transient, non-
covalent way (Figure 3A) and are often found in a complex
with E3 ligases and DUBs, where UBDs contribute to enzyme
functionality and/or substrate selectivity, exemplified by the
functional coupling between proteasomal Ub receptor RPN13
and DUB UCH37 (Reyes-Turcu and Wilkinson, 2009). Moreover,
intrinsic UBDs often determine functionality of ubiquitinating
and deubiquitinating enzymes.

UBDs utilize diverse surfaces to contact Ub or Ub polymers,
which usually engage confined areas to interact with UBDs.
Ub:UBD binding induces mild conformational changes in
Ub surface, providing optimal Ub:UBD interface. Although
majority of Ub surface is polar, it possesses few hydrophobic
patches essential for Ub:UBD interaction, including the most
frequently utilized Ile44/Val70 patch and the less common
Ile36 and Phe4 patches (Sloper-Mould et al., 2001; Winget and
Mayor, 2010). Another non-canonical hydrophobic area centered
on Leu8 was identified in members of Y-family translesion
synthesis (TLS) polymerases (Bienko et al., 2005). Interestingly,
C-terminal part of Ub serves as a binding surface for DUB
USP5/IsoT and assists in cleaving unanchored polyUb chains
(Reyes-Turcu et al., 2006).

UBDs are typically independently folded, modular domains
of up to 150 amino acids and with remarkable structural
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heterogeneity that can accommodate a large number of known
Ub modifications. UBDs have been classified into nearly 25
subfamilies based on adapted structural folds, which can be
divided into helical (i.e., Ub-associated, UBA; Ub-interacting
motif, UIM), zinc finger (ZnF), Ub-conjugating-like, pleckstrin
homology (PH) and other domains (Table 1 and Figure 3B).
Interestingly, not all the members of a specific UBD family can
bind Ub, as exemplified by SH3 (Stamenova et al., 2007) and CUE
(Lim et al., 2019) domains.

Moreover, a subset of Ub readers with no obvious,
structurally defined UBDs has been identified, including
intrinsically disordered protein Dss1/SEM1 that binds Ub
by binding sites characterized by acidic and hydrophobic
residues (Paraskevopoulos et al., 2014). As such “Ub-
binding activities” are hard to predict both structurally and
bioinformatically, it is unclear how many of such proteins are yet
to be identified.

The low-affinity interactions between UBDs and Ub are
critical for rapid, timely and reversible cellular responses to a
particular stimulus. However, specificity and amplification of
Ub binding are required for effective and timely transmission
of biological information. This is achieved by a number of
different strategies. Approaches toward preferential recognition
of various Ub linkages include: existence of Ub linkage-
selective UBDs (Figure 3C), differential Ub recognition
by UBDs with multiple Ub-binding surfaces, Ub chain
specificity induced by UBD dimerization or through UBD
conformational adaptation, as well as through contribution
of sequences situated outside UBDs to Ub binding. On
the other hand, increased avidity of Ub:UBD interaction
is achieved by implementing various strategies, such as:
ability of UBDs to sense Ub chain length, cooperative Ub
binding by tandem of identical or combination of different
UBDs (Figure 3D), regulation of accessibility of Ub-binding
modules (through inter- and intramolecular interactions
and steric hindrance) (Figure 3E), multimerization of Ub-
modified proteins and/or Ub receptors (Figure 3F) and coupled
ubiquitination of UBD-containing proteins (Husnjak and Dikic,
2012; Rahighi and Dikic, 2012).

Post-translational Modifications of
Ubiquitin Receptors Affect Their

Interactions With Ubiquitin

Ub receptors undergo PTMs that modify their affinity to
Ub (Figure 3G). Phosphorylation of selective autophagy
receptor p62/SQSTM1 UBA domain (at Ser403) by casein
kinase 2 (CK2) and innate immunity regulator tank-binding
kinase 1 (TBK1) increases its affinity toward Ub and regulates
autophagic clearance of ubiquitinated proteins and pathogens
(Matsumoto et al., 2011; Pilli et al., 2012). Furthermore, TBK1
also phosphorylates other autophagy receptors, including
OPTINEURIN (OPTN), NDP52 (CALCOCO2) and TAX1BP1
(Richter et al., 2016). Phosphorylation of OPTN UBD (Ub-
binding domain in ABIN proteins and NEMO; UBAN) at
residue Ser473 increases its binding capacity to various Ub
chains and enables binding to Ser65-pUb chains, implicating

OPTN in PINKI-driven PARKIN-independent mitophagy
(Richter et al., 2016).

SENSITIVE TOOLS HELP DISSECT
CELLULAR PROCESSES REGULATED
BY UBIQUITIN SYSTEM

In order to study spatiotemporal organization and dynamics
of the Ub system, a set of powerful tools has been developed
in the last decade, ranging from approaches that study Ub
covalent targets, as well as non-covalent “executors” of Ub
modifications. Moreover, recent advancement in techniques
that enable measurement of the enzymatic activities within Ub
system has significantly improved our understanding of the
physiological significance of the Ub system (Figure 4).

Methods to Study Covalent

Modifications by Ubiquitin

Identification of Substrates Modified by Ubiquitin and
Ubiquitin Chains

Detection and characterization of Ub targets are often
challenging due to typically small fraction of a specific protein
being modified by Ub, as well as due to highly dynamic nature
of Ub modifications. Several techniques enable enrichment and
identification of ubiquitinated proteins. Among those, the most
common method utilizes transient or ectopic expression of
N-terminal epitope-tagged Ub variants, which can be directly
conjugated to the substrates as monomers or incorporated
into Lys-linked Ub polymers. The cellular epitope-tagged Ub
conjugates are then enriched by affinity purification (AP)
(Figure 5A). The original proteomic study identified 110
ubiquitination sites in 72 Ub targets isolated from Ub-deficient
strain of S. cerevisiae expressing 6xHIS-Ub (Peng et al., 2003).
Similar strategy enabled detection of 669 Ub-modified human
proteins and 44 ubiquitinated peptides in HeLa cell line
(Meierhofer et al., 2008). The use of 6xHIS tag enables protein
purification under denaturing conditions, thus promoting
disassembly of protein complexes and inhibition of DUB activity.
Due to the existence of polyHIS stretches within eukaryotic
proteins, alternative tags, such as STREP, have also been
developed (Danielsen et al., 2011). Another technology takes
advantage of the strong biotin:avidin and biotin:neutravidin
interactions and is based on the existence of biotinylatable
motifs (Figure 5B) (Franco et al, 2011; Lectez et al., 2014).
Here, an N-terminal, 16-amino acids biotin-accepting tag is
fused to Ub in tandem with E. coli biotin ligase BirA. Upon
biotin treatment of cells, such Ub variant can be recognized and
biotinylated by BirA, followed by AP. The strategy allows in vitro
and in vivo identification of high and low abundant proteins
and minimization of false positive hits due to very stringent
denaturing conditions (Franco et al., 2011). Proteomic analysis
of in vivo biotinylated Ub enabled detection of 48 neuronal
Ub conjugates from Drosophila melanogaster (D. melanogaster)
embryos, as well as 393 specific ubiquitinated substrates from
mouse liver (Franco et al., 2011; Lectez et al., 2014).
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TABLE 1 | List of currently known ubiquitin-binding domains.

Domains Abbreviation Name Examples (proteins with specific UBD)
Helical UM Ub-interacting motif RPN10, VPS27, USP28, ATAXIN-3, EPS15, STAMT,
STAM2, RAP80, DNAJB2, USP37, USP25, EPSINs
MIU Motif interacting with Ub Rabex-5, RNF168
umi UIM- and MIU-related UBD RNF168
DUIM Double-sided UIM HRS
UBA Ub-associated domain PLIC1/2, HHR23A/B, p62, NBR1, Cbl-b, USP5,
UBCH1, HERC2, Vps13D, USP25
CUE Coupling of Ub to ER degradation domain Cue2, Vps9
GAT GGA and TOM domain GGA1, GGA2, GGA3, TOM1
UBAN Ub-binding domain in ABINs and NEMO ABINT, ABIN2, ABIN3, NEMO, OPTN
VHS VPS27, HRS and STA domain VPS27, HRS, STAM1, STAM2, GGA1, GGA2,
GGAS3, TOM1
UBM Ub-binding motif Polymerase iota, Rev1
MyUb Myosin VI UBD Myosin VI
AnkUBD Ankyrin (Ank) repeat UBD TRABID
Zinc finger (ZnF) uBz Ub-binding ZnF domain TAX1BP1, Polymerase eta, WRNIP1, FAAP20
NZF Npl4 ZnF domain Npl4, Vps36, TAB2, TAB3, HOIP, HOIL-1L, SHARPIN
ZnF A20 ZnF of A20 domain A20, Rabex-5
ZnF UBP (PAZ, BUZ) ZnF of Ub-specific processing protease domain USP5, USP20, HDAC6, BRAP2
Ub-conjugating-like uBC Ub-conjugating domain UbcH5¢
UEV Ub E2 variant domain TSG101, Mms2
Pleckstrin-homology (PH) GLUE GRAM:-like Ub-binding in EAP45 domain Eap45
PRU Pleckstrin-like receptor for Ub Rpn13
Others Jab1/MPN domain Prp8
PFU PLAA family UBD Doal, PLAA
SHS, variant Slat, CIN85, amphiphysin
WD40 repeat p-propeller Doal, PLAA, Fbxw8, Met30, WDR61, PAF, WDR5
DC-UbP_N UBTD2
MDA-9 UBD MDA-9

The observation that mutation of Ub residue Leu73 to
Pro renders polyUb chains resistant to proteolytic cleavage by
numerous DUB families led to generation of epitope-tagged
Ub Leu73Pro variant that enables purification of stabilized
Ub conjugates from cellular extracts and their subsequent
proteomics-based identification (Figure 5C) (Bekes et al., 2013).
Moreover, Ub and its single Lys variants, in which specific Lys
residues are mutated to non-ubiquitinatable amino acids (either
Arg or Ala), are frequently used to confirm ubiquitination of
protein of interest and to determine the type of conjugated Ub
linkage(s) (Kirisako et al., 2006; Kim and Huibregtse, 2009).
Finally, since N-terminal tagging abolishes the ability of Ub to
form Metl-linked (linear) Ub chains, recently developed Lys-
less, internally STREP II-tagged Ub (INT-Ub.7KR) has been
successfully used for the MS-based AP (AP-MS) of many novel
linear Ub targets (Figures 5D,E) (Kliza et al., 2017).

The abovementioned methods can be combined with either
MS or traditional Western blotting.

Identification of Substrates and Their
Ubiquitin-Modified Sites

Since MS enables simultaneous identification of Ub-modified
proteins and precise mapping of ubiquitination sites on
these proteins, several approaches were specifically designed

for MS-based identification of ubiquitinated proteins. Serine
protease trypsin cleaves Ub after residue Arg74, leaving a
diGly remnant from the C terminus of Ub covalently attached
to the ubiquitinated Lys residue (“Ub remnant peptide”),
thus allowing localization of Ub modification (Xu et al,
2010). Ub remnant profiling (Figure 6A) is a widely used
immunopurification method for the identification of Lys
ubiquitination sites by MS that exploits monoclonal antibody
for selective enrichment of tryptic peptides containing Lys
residue with diGly adduct (Xu et al, 2010; Kim et al,
2011; Wagner et al., 2011). Despite its substantial input in
proteomic analysis of ubiquitinome, Ub remnant profiling
has several limitations, such as additional enrichment of
diGly-remnant peptides derived by tryptic digestion of UBL
modifiers ISG15 and NEDDS, bias toward amino acid sequence
of remnant peptides and inability to recognize linear Ub
signature peptide.

Blagoy Blagoev’s group has developed the StUbEx PLUS
technique, which overcomes two drawbacks of Ub remnant
profiling: recognition of UBL proteins and remnant peptide
amino acid sequence preference (Akimov et al., 2018b). To detect
ubiquitination sites, the method utilizes internally 6xHIS-tagged
Ub in the endogenous Ub knockdown background (Akimov
et al., 2018b). Insertion of 6xHIS tag near the C terminus of Ub
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enables enrichment of HIS-Ub-modified substrates (Figure 5D).
Subsequent proteolytic cleavage after Lys residues generates
ubiquitinated peptides, which can be detected by MS. In a proof
of concept experiment, StUbEx PLUS identified over 41,000
unique diGly-Ub remnant peptides in nearly 7,800 Ub targets in
U20S cells upon proteasome inhibition (Akimov et al., 2018b).
However, StUbEx PLUS is more laborious technique than Ub
remnant profiling.

The same group has recently developed UbiSite antibody
(Figure 6B), which shows significantly improved specificity
toward ubiquitinated peptides, since it recognizes the C-terminal
13 amino acids of Ub that remain attached to modified peptides
after proteolytic digestion with the endoproteinase LysC (Akimov
et al.,, 2018a). Importantly, the antibody also allows detection
of N-terminal ubiquitination and has enabled identification of
over 63,000 unique ubiquitination sites on 9,200 proteins in two
human cell lines (Akimov et al., 2018a). Nevertheless, just like Ub
remnant profiling and StUbEx PLUS, it cannot recognize linear
Ub signature peptide.

Noteworthy, in all of the MS-based approaches, sample
preparation is critical for reliable identification of residues
covalently modified by Ub. The iodoacetamide (IAA) is an
alkylating chemical compound commonly used to block Cys
residues in sample digestion procedures. However, IAA is not
suitable for identification of ubiquitinated protein residues, as
it can additionally react with unmodified Lys residues, leaving
a modification of the same mass as a diGly remnant, thus
mimicking ubiquitination site (Nielsen et al., 2008). Another
alkylating agent, chloroacetamide, is therefore recommended for
proteomic discovery of ubiquitination sites.

Combined fractional diagonal chromatography (Ub-
COFRADIC) is a sensitive alternative approach for identification
of ubiquitination sites, initially described in Arabidopsis thaliana
(A. thaliana) cells (Figure 6C). This multi-step method exploits

chemical modification of free primary amines by acetyl groups,
which blocks unmodified Lys residues and leaves ubiquitinated
Lys residues unmodified. The subsequent deubiquitination by
catalytic core of USP2 (USP2cc) exposes the now free amine
groups on previously ubiquitinated Lys residues and enables
the attachment of Gly-BOC tags to non-acetylated Lys residues.
Trypsin digestion of such modified proteins leads to proteolytic
cleavage at the C-terminus of Arg, but not Lys residues. After
reverse phase HPLC, fractions containing peptides are collected
and treated with trifluoroacetic acid (TFA) to remove the BOC
groups. Consequently, the residues previously targeted by Ub
are now marked by the presence of Gly residues, which can
be identified by MS. This proteomics-based approach enabled
identification of 3,009 ubiquitination sites on 1,607 plant proteins
(Walton et al., 2016). Alike Ub remnant profiling, UbiSite and
StUbEx PLUS, Ub COFRADIC is limited to MS studies and
is incompatible with standard validation techniques, such as
Western blotting and immunofluorescence. Noteworthy, this
method generates relatively large peptides, which make MS
identification more challenging.

Assessment of Ubiquitin Linkage Type, Chain Size
and Architecture

Antibodies specifically recognizing Ub modifications are yet
another type of reagents for identification of ubiquitinated
proteins. While some antibodies detect all Ub-modified proteins
(FK2 antibody) (Fujimuro et al., 1994), the others were
engineered to selectively recognize single or a subset of specific
Ub modifications, such as polyUb chain-specific FK1 antibody
(Fujimuro et al, 1994). Moreover, Ub chain topology can be
determined by several Ub linkage-specific antibodies, which
specifically recognize Metl, Lys11, Lys27, Lys48 and Lys63 Ub
linkages (Matsumoto et al., 2010, 2012; Newton et al., 2012).
Ub antibodies have been predominantly utilized to confirm
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substrate ubiquitination and only to a lesser extent in proteomic
studies (Matsumoto et al., 2010, 2012; Newton et al., 2012).
The FK2 antibody was the first antibody used for initial MS-
based global ubiquitination analysis, which led to identification
of 670 Ub substrates and 18 ubiquitination sites in HEK293T
cells (Matsumoto et al., 2005). Similar approach resulted in
detection of 70 Ub targets from MGI132-treated MCF-7 cell
line (Vasilescu et al., 2005). Moreover, proteomic analysis of
immunoprecipitated Metl-linkages from Salmonella-infected
HCT116 cells detected 32 putative linear Ub targets (Fiskin
et al,, 2016). Among advantages of Ub antibodies are detection
of ubiquitinated proteins at the endogenous level and a wide
applicability, including Western blotting, immunoprecipitation,
immunofluorescence and flow cytometry. Since Ub linkage-
specific antibodies often exhibit high cross-reactivity, their
usage requires proper controls and highly defined experimental
conditions (Beaudette et al., 2016).

Yet another technique for identification of Ub-modified
proteins and evaluation of their Ub modifications is based on
Ub-binding modules. Due to typically low binding affinity of
UBDs toward Ub, synthetic multiple repeats of UBDs (tandem
Ub-binding entities, TUBEs) were engineered (Figure 7A).
Expressed as recombinant epitope-tagged fusions, those tools
are characterized by high overall Ub-binding avidity and
enable efficient capturing of both high and low abundant
Ub targets from cellular lysates (Hjerpe et al., 2009; Mattern
et al, 2019). A large number of available Ub traps differs
in number and types of UBDs, length of linkers and type
of epitope tags. While affinity UBD-based tools are widely
used for the confirmation of specific protein ubiquitination,
several reports demonstrated their applicability for proteomic
analysis of ubiquitinated proteins. Identification of over 290
ubiquitination sites and 223 putative ubiquitinated proteins
in HEK293T cells has been demonstrated in ubiquitinome

Frontiers in Molecular Biosciences | www.frontiersin.org

171

February 2020 | Volume 7 | Article 21


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

Kliza and Husnjak

Resolving the Complexity of Ubiquitin Networks

l Mass spectrometry

Ub modification
UBL modification (1)

4

A B C NH2 NH2
.....lﬁ?}n;@.@w®w 0000606 - 506, v @@ @ )-coon
b ® Ub & NH2- *)-cooH
3 . Ub N2
substrate @@ @@ 09®@® substrate 0@ @ 0®@" i‘*:::;lahon.
lTrypsin digestion l LysC digestion
NHz- .. . -COOH
... . )-COOH
—_— 50 060~ w@a,
60 Q0= - =@&~ Ub )
Ub o e ¢ -
® substrate @@ (@ 0® @C
substrate @® (@00 @€ b4 4 NH:_.. . ico0i
Immunopurification ;
l (UbSite-Ab) v @ @ @@L coor
Immunopurification NH2@)
(GlyGlyLys Ab) . ¢ Acylation ‘
®0
%% N 0006 0006 vz () @ @ )-coon
eDee g o, v @@ @ coon
e oo o

4

FIGURE 6 | Methods for mapping ubiquitination sites in proteins. (A) Ub remnant profiling is based on trypsin digestion of the proteome (cells are previously lysed in
urea-containing buffer) combined with immunoprecipitation with monoclonal antibody raised against Lys-¢-Gly-Gly motif that remains on ubiquitinated substrate after
trypsin cleavage. Samples are further processed and analyzed by LC-MS/MS. Such approach does not distinguish between modifications by Ub and other UBLs
(such as NEDD8 and ISG15), and cannot be applied for Met1- and N-terminally Ub-modified proteins. (B) UbiSite antibody recognizes the last 13 amino acids of Ub
that remain attached to ubiquitinated proteins upon LysC cleavage. Enriched ubiquitinated proteins are further analyzed by MS. Even though UbiSite approach
distinguishes between modifications by Ub and other UBLs, it cannot be used for studying linear ubiquitination, as it does not recognize the signature peptide of
linear ubiquitination after tryptic cleavage: Gly-Gly-Met-GIn-lle-Phe-Val-Lys. (C) Ub-COFRADIC approach distinguishes between free (« or £) and modified primary
amines to enable identification of ubiquitinated Lys residues. Initial acetylation by NHS-acetate is only possible on free amines, leaving ubiquitinated Lys residues
non-acetylated. Subsequent addition of USP2cc removes all the Ub moieties from Lys residues and enables the attachment of Gly linked to a hydrophobic
tert-butyloxycarbonyl (Gly-BOC tag) to previously non-acetylated Lys residues. Trypsin then cleaves C-terminally of Arg residues (but not C-terminally of acetylated
Lys). Peptides collected after the first reversed phase (RP)-HPLC run are treated with TFA to remove BOC groups, followed by additional RP-HPLC and MS. In
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analysis, which used PLIC-1 UBA-based TUBE (Shi et al,
2011). Another proteomic study utilized a tandem of hybrid
UBDs (ThUBDs) to analyze total ubiquitinated proteins, which
enabled detection of 1092 and 7487 Ub targets in yeast and
liver MHCC97-H cell line, respectively (Gao et al, 2016).
The recombinant HIS fusion of PLIC2 UBA domain enabled
enrichment of polyUb chains from brains of Huntington’s
disease model mice, as well as patient samples (Bennett
et al., 2007). Moreover, Ub linkage-selective affinity UBD-
based probes have also been developed, including Lys29/Lys33
linkage-specific (TRABID NZF-based), Lys63 linkage-specific
(TAB2 NZF- and VPS27 UIM-based) and Metl1-linkage-specific
(UBAN-based) TUBEs (Emmerich and Cohen, 2015). By using
tandem VPS27 UIM-based probe, over 100 putative Lys63
Ub-modified proteins were identified in A. thaliana (Johnson
and Vert, 2016). UBAN-based M1-SUB probe combined with
proteomic analysis identified a single linear Ub-modified

substrate in THP-1 cells upon NOD2 stimulation (Fiil et al,
2013). Furthermore, the tandem of ZnF UBP domain and
hybrid Ub probe comprised of ZnF UBP and UBA domains
were designed for isolation of unanchored Ub chains and
unconjugated Lys48 linkages, respectively (Scott et al., 2016).
To summarize, affinity UBD-based reagents efliciently enrich
ubiquitinated endogenous substrates, protect Ub conjugates from
DUB-mediated proteolysis and proteasomal degradation and
have a wide range of applications, including MS, Western
blotting and microscopy (Hjerpe et al.,, 2009; Shi et al., 2011;
van Wijk et al., 2012). However, the use of UBD-based tools
for discovery of ubiquitinated substrates requires non-stringent
purification conditions that ultimately lead to purification of
protein complexes rather than individual Ub-modified proteins.
On top of that, some UBDs also bind proteins containing
intrinsic UBL domains, which results in a relatively high number
of contaminants.
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Since neither antibodies nor TUBEs selectively recognizing
several atypical Ub linkages were available, David Komander’s
group used the affimer technology to screen libraries of small,
non-antibody protein scaffolds with randomized surface to
develop the linkage-specific Ub affinity reagents for detection
of Lys6- and Lys33-linked polyUb chains (Michel et al., 2017).
The Lys6 affimer exhibits high selectivity toward Lys6-linked
polyUb chains, whereas the Lys33 Ub affinity reagent also
recognizes Lysl1 linkages. The proteomic analysis of proteins
enriched by Lys6 Ub affimer enabled identification of mitofusin-
2 and HUWEL as the Lys6 polyUb-specific substrate and E3
ligase, respectively. Both linkage-specific Ub affinity reagents are
suitable for in vitro and in vivo binding assays, MS, Western
blotting and immunofluorescence.

Ub Chain Restriction (UbiCRest) approach is mainly utilized
to confirm ubiquitination of putative substrates, which were
identified by other methods (Hospenthal et al., 2015). UbiCRest
kit provides a set of recombinant DUBs of defined linkage
specificities that enable qualitative determination of the type(s)
and architecture of Ub linkages modifying protein of interest
(Hospenthal et al., 2015). Hitherto, several studies successfully
applied UbiCRest, as shown by validation of linear polyUb targets
BCL10, CASP8 and TNFRI (Satpathy et al, 2015; Emmerich
et al,, 2016; Lafont et al., 2017). However, obtained results highly
depend on numerous factors, including reaction conditions,
concentration and enzymatic activity of DUBs, incubation
period, as well as method used for the enrichment of Ub-modified
substrate (Hospenthal et al., 2015).

Although linkage-specific antibodies can be used for studying
endogenous polyUb-modified proteins, they cannot clearly

distinguish between homotypic and heterotypic Ub chains.
Bispecific antibodies detecting heterotypic Ub chains exist
so far only for Lys11/LysK48-linked Ub chains (Yau et al,
2017). Complex topology of Ub chains, including branched
Ub linkages, prompted the development of novel MS-based
approaches for simultaneous detection of multiple modifications
on a single Ub moiety. While bottom-up MS (such as Ub
remnant profiling) enables characterization of linkages between
two Ub molecules, it cannot assess chain length and topology
due to trypsin digestion. Opposite to that, middle-down MS
utilizes minimal protease digestion of protein samples to
detect multiple PTMs on a single Ub molecule (Figure 7B).
It is based on the notion that under optimized conditions,
native folded polyUb is trypsinized only at the Arg74 residue
(Xu and Peng, 2008). In that way, minimal trypsinolysis,
by leaving Ub largely intact, enables detection of multiple
modifications by MS (Xu and Peng, 2008; Valkevich et al,
2014). Ub chain enrichment middle-down MS (UbiChEM-MS)
approach combines the enrichment of specific Ub chains using
linkage-specific UBDs with minimal trypsinolysis and middle-
down MS for the characterization of branched Ub conjugates
(Crowe et al., 2017).

Furthermore, David Komander’s group has recently published
Ub-clipping approach that utilizes an engineered viral protease
(LbP™*) to incompletely remove Ub from substrates, leaving the
C-terminal diGly dipeptide conjugated to the modification site
and enabling quantification of multiply diGly-modified branch-
point Ub (Swatek et al., 2019). By using that approach they could
estimate that around 10-20% of Ub in polymers can be found in
branched Ub chains.
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The length of substrate-attached Ub chains is usually
estimated by monitoring their gel mobility in SDS-PAGE.
However, due to the complex nature of ubiquitination
(different Ub modifications can be simultaneously attached
to a single protein), determining the length of Ub chains
is not straightforward. Ub-ProT (Ub chain protection from
trypsinization) method (Figure 7C) was recently developed
for assessing the length of substrate-attached polyUb chains
(Tsuchiya et al., 2018). The method is based on the use of Ub
chain protector, i.e. trypsin-resistant (TR)-TUBE, which consists
of biotin and 6xHIS tags and six tandem repeats of the PLIC1
UBA domain, in which all the Arg residues are replaced by Ala
(to prevent trypsin digestion of the TUBE). When substrate-
attached Ub chains are bound by TR-TUBE, they are resistant to
trypsin digestion and can be analyzed using a gel-based assay. By
combining this method with quantitative MS analysis, Tsuchiya
et al. (2018) determined the length and composition of Ub
chains in yeast, and of ligand-activated epidermal growth factor
receptor (EGFR) in mammalian cells. The observed disadvantage
of the Ub-ProT approach is differential protection of various
Ub linkages, as some of them (such as Lys6, Lys27, Lys29,
and Lys33) are less efficiently protected, similar to decreased
protection of branched over homotypic Ub linkages, which will
inevitably generate bias in data analysis. The development of
novel TR-TUBEs, with a uniform affinity toward all Ub linkages
and without preference for homotypic over heterotypic/branched
Ub linkages should improve the quality of this approach.

Quantification of Ub Modification

In general, quantitative measurements of ubiquitination can be
either relative or absolute and involve the use of various labeling
approaches, such as metabolic labeling (stable isotope labeling
with amino acids in cell culture; SILAC) or isobaric peptide
tagging (isobaric tags for relative and absolute quantitation;
iTRAQ and tandem mass tags; TMT).

Absolute quantification (AQUA) strategy is often used for
absolute quantification of proteins or PTMs. Isotopically labeled
synthetic peptide, corresponding to the tryptic peptide of the
protein of interest, is used as an internal standard with a
known concentration. In the Ub-AQUA approach, all eight
ubiquitinated diGly peptides can be labeled with a stable isotope
and used as internal standard that can be readily distinguished
by MS and used for quantification of corresponding native
peptides (Figure 8A) (Kirkpatrick et al., 2005). For examples,
Ub-AQUA approach was used to quantify various types of Ub
modifications of NEMO, an essential regulator of NF«B signaling
(Tkeda et al., 2011).

Since Ub-AQUA approach cannot take into account any
experimental loss of protein, Ub-PSAQ approach has additionally
been developed. MS-based Ub protein standard absolute
quantification (Ub-PSAQ) approach uses stable isotope-labeled
free Ub and Ub conjugates as recovery standards, which
are added into lysates and captured with affinity reagents
either selective for free Ub (ZnF UBP domain that captures
unconjugated Ub by interacting with C terminus of Ub) or Ub
chains (PLIC2 UBA domain that binds Ub chains) (Figure 8B).
Additionally, half of the sample is treated with USP2cc, which

enables the conversion of all Ub species to free Ub in order to
measure total Ub, and captured by UBD ZnF UBP/BUZ affinity
reagent. Sample is subsequently washed, eluted, treated with
trypsin and quantified by LC-ESI TOF MS relative to the peptide
standard. The presence of DUB inhibitor in the assay prevents
interconversion of Ub species during assay (Kaiser et al., 2011).

Determination of Cellular Localization of Ubiquitin
Modifications

The techniques and approaches for visualizing Ub signals have
recently been reviewed in details by van Wijk et al. (2019).

Engineered UBD-based biosensors containing fluorescent tags
found important applications for Ub-binding modules in in vivo
visualization of Ub modifications. The UBAN-based biosensor
enabled monitoring of Metl linkages in TNFa-mediated NFxB
signaling and co-localization of linear Ub chains with cytosolic
Salmonella during xenophagy, whereas Lys63-selective UIM-
and NZF-based sensors traced localization and accumulation of
Lys63 linkages during DNA damage response (DDR), mitophagy
and upon IL-18 and TNF-related weak inducer of apoptosis
(TWEAK) stimulation (Sims et al., 2012; van Wijk et al., 2012).

Ubiquitination-induced ~ fluorescence ~ complementation
(UiFC) assay is a variation of TUBE-based biosensors. In
this technique, visualization of polyUb chains is achieved by
expression of two non-fluorescent, complementary fragments
of a fluorescent protein fused to UBDs. Upon UBD-mediated
binding to polyUb chains in close proximity, the fluorescence of
two fragments is restored (Chen et al., 2013; Pinto et al., 2016). As
a proof of concept, Lys48-linked Ub chains were visualized with
Epsinl UIM-based UiFC biosensors under various conditions
(i.e., mitophagy, proteasome inhibition) (Chen et al., 2013).
Importantly, levels of UBD-based biosensors have to be kept
low during experiment, as their high expression could restrict
activation of cellular signaling pathways (Sims et al., 2012; van
Wijk et al., 2012).

Several aforementioned Ub and Ub linkage-specific antibodies
(i.e., FK1 and FK2, Lys48- and Lys63-linked polyUb) are
suitable for immunocyto- and immunohistochemistry and are
widely used (Newton et al., 2008; Danielson and Hope, 2013;
Nakazawa et al., 2016). Among others, Metl-linked polyUb-
specific antibody was used to determine the effect of linear Ub
binding-deficient OPTN mutations in the onset of amyotrophic
lateral sclerosis (Nakazawa et al., 2016).

Identification of Post-translationally Modified
Ubiquitin and Ubiquitin Chains

Discovery of PTMs that modify Ub monomers and polymers
has predominantly been achieved by MS. As delineated
previously, MS detection of tryptic Ub peptides containing
specific modifications enabled identification of Ub PTMs such
as deamidation and phosphoribosylation (Cui et al., 2010;
Bhogaraju et al., 2019).

The abovementioned Ub-clipping method (Swatek et al,
2019) can also be used to determine the co-existing PTMs on Ub
modifications. As a proof of principle, such approach was used
to determine Ub architecture on depolarized mitochondria. The
analysis revealed that, under mitophagy-inducing conditions,
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Ub coat on mitochondria is composed mainly of monoUb
and oligoUb chains, with phosphoUb capping Ub chains
and therefore, preventing further extension of Ub polymers
(Swatek et al., 2019).

Currently, there are several available antibodies that
detect specific PTMs on Ub. The antibody recognizing
phosphorylation on Ub Ser65 is suitable for Western blotting
and has been used to study the effect of Ub phosphorylation
on the recruitment of Ub-binding mitophagy receptors to
depolarized mitochondria (Ordureau et al., 2018). Moreover,
the antibody detecting acetylation on Ub Lys48 residue,
suitable for ELISA and Western blotting, is available on
the market. However, it has not been reported in any
publication thus far.

Methods to Study Ubiquitination
Machinery

Identification of E3 Ligase Substrates

Identification of E3 ligase:substrate pairs is very challenging,
since interactions between E3 ligases and their targets are
very dynamic and of low affinity. Moreover, ubiquitination
of the substrates often exhibits stimulus- and spatiotemporal
dependency. Furthermore, individual substrates can be targeted
by several E3 ligases at different residues and at different
physiological conditions. Additionally, ubiquitinated substrates
are often marked for proteasomal degradation, which leads to
their fast removal from the cells.

A plethora of approaches has been established to enable
identification of E3 ligase substrates and review by Iconomou
and Saunders discusses them in details (Iconomou and Saunders,
2016). These include proximity-dependent biotin labeling
(BioID) (Roux et al, 2012; Coyaud et al, 2015), Ub ligase
substrate trapping (Mark et al., 2014, 2016; Loveless et al., 2015),
Ub-activated interaction traps (UBAIT) (O’Connor et al., 2015,
2018) and NEDDylator approach (Zhuang et al., 2013).

BioID approach allows the identification of proteins in the
close vicinity of a protein of interest in living cells. It is based on
the fusion of the E3 ligase with mutated form of biotin ligase BirA,
which biotinylates all the proteins in the close vicinity (around
10 nm), if biotin is available. Such “neighborhood tagging” allows
AP and subsequent MS-based detection of all the labeled proteins,
majority of which potentially being the E3 ligase substrates.
This approach enabled identification of 50 putative substrates of
SCEBTrCP1/2 (Coyaud et al., 2015).

Ligase trapping is an AP approach in which E3 ligases
fused to UBDs are used for isolation of ubiquitinated substrates
(Figure 9A). The presence of UBD increases the binding affinity
of the E3 ligase of interest toward its targets, thus increasing
sensitivity of the method. This technique enabled successful
identification of novel substrates of FBXL E3 ligases, including
Prbl (Mark et al., 2014). The selection of proper UBD (to ensure
effective enrichment of substrates), as well as fusion point (that
might potentially disrupt the substrate recruitment) is essential
for the proper functionality of the ligase trap.

UBAIT is a method belonging to ligase trapping class and
allows for identification of substrates for HECT and RING E3
ligases (Figure 9B). UBAIT tool consists of E3 ligase fused
to Ub moiety and target-interacting domain. The presence
of Ub enables El- and E2-mediated activation of UBAIT
and subsequent covalent capture of E3 ligase substrates. This
technique was applied to identify proteins interacting with
several Ub ligases, such as ITCH and RNF126 (O’Connor
et al., 2015). The drawback of this approach is that it
cannot distinguish between E3 ligase substrates and E3 ligase-
interacting proteins.

NEDDylator approach relies on the fusion between NEDDS8
E2 enzyme and substrate-binding region of desired E3 ligase
(Figure 9C). Such configuration allows artificial NEDDylation of
endogenous E3 ligase substrates, their enrichment (by denaturing
immunoprecipitation of exogenous NEDDS tag, such as 6xHIS)
and subsequent MS identification. As NEDDylation does not
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substrate, and MS-based identification of E3 ligase-target pairs.

occur at a high level in a cell, it is not difficult to distinguish
between endogenous and NEDDylator-induced modifications
and as such, to identify E3 ligase substrates.

Identification of DUB Substrates

Identification of DUBs and their targets is difficult due to several
reasons: the enzymatic activity of DUBs results in a rapid removal
of Ub modifications from the DUB substrates, the interaction
between DUBs and their substrates is often inducible and
spatiotemporally restricted, DUBs typically bind their substrates
with relatively low affinity and numerous DUBs require accessory
proteins for specific interactions with their targets. Therefore, a
limited number of studies have aimed to identify the substrates
for specific DUBs thus far.

A common technique is substrate AP with either recombinant
or ectopically expressed epitope-tagged DUB as bait (Bonacci
etal., 2018). However, this approach preferentially identifies DUB
interactors over DUB substrates. If known, point mutation of
the active site of investigated DUB, which decreases/abolishes the
proteolytic activity of the DUB, greatly facilitates identification of
DUB targets as it enables entrapment of ubiquitinated substrates.
This approach led to the identification of APC/C substrates
(i.e., Cyclin B and Aurora A) as targets of Cezanne/OTUD7B, a
Lys11 linkage-specific DUB (Bonacci et al., 2018). Another study

utilized similar approach to identify NFX1-123 as a substrate of
USP9X (Chen et al., 2019).

Yet another method for discovery of DUB targets is based
on in vitro deubiquitination of cell lysate with recombinant
DUB of interest. Together with reference lysate, samples are
then digested with trypsin, peptides are isotopically labeled and
subjected to Ub remnant profiling. This quantitative proteomic
approach enabled identification of two substrates of Salmonella
Typhimurium effector SseL (Nakayasu et al., 2015).

Measuring the Enzymatic Activity of Ubiquitination
Machinery

E3 ligases and DUBs have evolved in the last several
years as promising therapeutic targets in oncology and
neurodegeneration, as they are often perturbed in various
diseases and cancer types (Cromm and Crews, 2017; Harrigan
et al, 2018; Yang et al, 2018). Many research groups
and pharmaceutical industry are therefore developing specific
inhibitors and activators of these enzymes, as well as improving
and developing quantitative methods for measuring their
enzymatic activity both in vitro and in vivo. A comprehensive
review about activity-based probes (APBs) for ubiquitination
machinery has recently been published by Huib Ovaa’s group
(Witting et al., 2017).
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Initially developed ABPs contain Ub moiety with the
C-terminal Gly76 residue chemically modified with an
electrophilic warhead, such as aldehyde, vinyl sulfone (Ub-
VS), vinyl methylester (Ub-VME) and propargylamide (Ub-Prg)
to covalently bind proteins containing active Cys residue
(Borodovsky et al., 2001, 2002; Ekkebus et al., 2013). They have
been successfully used to identify novel DUBs and monitor
DUB activity (Borodovsky et al, 2002; de Jong et al, 2012).
The real advancement in the field came after the successful
diUb chemical synthesis, which opened new possibilities
in developing DUB probes (El Oualid et al, 2010; de Jong
et al,, 2012; Mulder et al.,, 2014; Flierman et al., 2016). Many
approaches have also been developed for assessing DUB
specificity, ranging from diUb probes mimicking all eight
different Ub linkages combined with MS (McGouran et al,
2013), diUb probes resembling native diUb that contain a
Michael addition acceptor for trapping the DUB active-site Cys
(Li et al., 2014), seven synthetic isopeptide-linked diUb FRET
probes with rhodamine-TAMRA for the absolute quantification
of chain cleavage specificity (Geurink et al., 2016) or monitoring
total cellular DUB activity by advanced chemoproteomics
(Pinto-Fernandez et al., 2019).

Many assays for assessment of E3 ligase activity are based
on monitoring E3 ligase autoubiquitination, either by Western
blotting or by measuring fluorescence. By combining time-
resolved fluorescence resonance energy transfer (TR-FRET)
based on lanthanide chemistry and TUBEs, Marblestone et al.
(2012) have developed an E3 ligase activity assay in which they
monitored the proximity of the autoubiquitinated E3 ligase and
biotinylated TUBEs in an E3-dependent polyUb chain formation
assay based on endogenous Ub. The method is limited to studying
E3 ligase activity of the specific, individual E3 ligase in vitro and

PTMs or additional protein components for their enzymatic
activity such approach can be technically very challenging.

The development of E1-E2-E3 activity probes was not as fast
as the development of DUB probes. Some ABPs, such as Ub-
Prg and Ub-VME, can also label active Cys in HECT E3 ligases
(Ekkebus et al., 2013).

Recently published cascading E1-E2-E3 ABP (Mulder et al.,
2016) is based on the use of the Ub variant in which Gly76
is replaced by dehydroalanine (Dha) that can be processed by
the cellular ubiquitination machinery (Hodgins et al., 1992;
Pickart et al., 1994; Mulder et al., 2016). Once added to lysate
or electroporated into cells, UbDha is activated by E1 enzyme
(through the formation of an adenylate intermediate) and the
activated reactive methylene group of the Dha moiety can then
either covalently trap the enzyme in an E1-UbDha thioether
adduct or follow the native resulting in an E1~UbDha thioester.
Such thioester can then be transferred to an E2 enzyme and either
form covalent thioether adduct with the probe or undergo native
trans-thioesterification. Following the ubiquitination pathway
UbDha can subsequently be transferred to an active site of either
HECT or RBR E3 ligases.

In this manner, the probe can travel through the entire E1-
E2-E3 cascade, where it “traps” catalytically active Ub-modifying
enzymes along the way. Unlike endogenous Ub, the probe
can irreversibly react with the active site Cys residue of target
enzymes in living cells. It can be also combined with MS
to identify or quantify E1-E2-E3 cellular activities. However,
in its current form the probe is not selective for specific
E2 or E3 enzymes and cannot capture RING E3 ligases in
a mechanism-dependent manner (Mulder et al.,, 2016), which
requires novel probe designs.

Pao et al. (2018) have recently developed a novel ABP
consisting of Ub-charged E2 conjugate with C-terminal activated
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vinylsulfide (E2-Ub-AVS) as the warhead for the detection
and identification of novel E3 ligases. By using their probe,
they identified MYCBP2/PHRI as so far unique E3 ligase with
esterification activity and intrinsic selectivity for Thr over Ser
(Pao et al., 2018). Like E1-E2-E3 probe, this approach also lacks
the ability to study specific E3 ligases and to monitor RING
E3 ligase family.

Additionally, Dha-based E2-Ub ABP was also developed
for monitoring HECT E3 activity in vitro and in vivo
(Xu et al., 2019).

The UPS-confocal fluorescence nanoscanning (UPS-
CONA) assay is based on the immobilization of the specific
substrate of interest on micro-beads. Fluorescently labeled
Ub is enzymatically conjugated to the substrate and can be
quantitatively detected on the bead periphery by confocal
microscopy. UPS-CONA approach can be used for studying
specific enzymes of the ubiquitination machinery, as well as for
measuring the selectivity of putative ubiquitination inhibitors
(Koszela et al., 2018).

Methods to Study Non-covalent

Ubiquitin Recognition

Identification of Novel Ubiquitin Readers and
Determination of Their Specificity Toward Ubiquitin
The number of currently known Ub readers is relatively low in
comparison to the number of proteins playing active roles in
ubiquitination and deubiquitination or those modified by various
Ub moieties. It is reasonable to speculate that there are still
multiple UBDs that remain unknown at the moment, especially
those specific for Ub linkages, those that are Ub chain length-
dependent or can specifically recognize heterotypic/branched Ub
linkages or even specific Ub PTMs.

The use of single Ub moiety lacking diGly motif at the C
terminus (to prevent potential conjugation to yeast proteins) as
bait in yeast two-hybrid (Y2H) screen led to the identification of
several novel UBD-containing proteins, including Pru domain of
RPN13 (Figure 10A) (Bienko et al., 2005; Husnjak et al., 2008;
Wagner et al., 2008). This approach is limited to UBDs that
bind single Ub moieties and cannot be used for Ub linkage-
specific UBDs.

Ub chains cannot be efficiently used for the AP of Ub chain-
specific UBDs, as cellular DUBs readily cleave them. However,
by combining chemically synthesized non-hydrolyzable diUb
molecules with AP/MS, Zhang et al. (2017) could successfully
enrich and identify many known and novel Ub interactors
with simultaneous evaluation of their Ub linkage specificity
(Figure 10B). The novel method, termed Ub interactor affinity
enrichment-MS (UbIA-MS) identified TAB2 and TAB3 as novel
Lys6 interactors and characterized UCHL3 as Lys27-specific Ub
receptor (Zhang et al., 2017).

Another promising approach for identifying novel UBDs is
the use of synthetic Ub variant that contains a photoactivatable
crosslinking side chain. Photoleucine (pLeu) incorporated into
fully synthetic Ub monomer does not prevent UBD binding to its
Ile44 patch and can be readily incorporated into polyUb chain,
without affecting the specificity of the binding (Figure 10C).
Once photoactivated by UV, it is able to crosslink nearby proteins,

thus stabilizing often very weak UBD:Ub interactions. By using
Ub-PT as a tool, Chojnacki et al. (2017) identified proteasomal
subunit Rpn1 as a novel Ub receptor. Moreover, Ub-PT can have
pLeu incorporated at multiple positions within Ub molecule,
making it very useful for capturing UBDs that interact in
different ways with Ub.

CONCLUDING REMARKS

Ub field has been extensively studied in the last several decades,
and its recognition as the promising drug target has initiated a
large number of studies aiming to improve our understanding
of the complex nature of ubiquitination regulation. Novel DUB
inhibitors have been developed, as well as multiple tools to
identify novel components (enzymes, scaffolds, and receptors),
to study enzymatic activity, cellular distribution, modes of
regulation and potential chemical inhibition of Ub system.

The use of proteolysis targeting chimeras (PROTACs) for
induction of specific protein degradation has emerged as
promising approach for targeting proteins that are otherwise hard
or impossible to target by small molecule approaches (Watt et al.,
2019), making further research of the Ub system a priority. Still,
there are many things that we do not know or that we have just
started to elucidate. Newly developed tools and approaches will
clearly shed a new light on our understanding of Ub systems and
ways how we can explore it for treating diseases.

OUTSTANDING QUESTIONS

There are still no straightforward approaches for determining
E3 ligases responsible for specific ubiquitination events.
Furthermore, ABPs specific for single E3 ligases (and many
DUBs) are still missing, as well as small molecules that can either
specifically inhibit (or potentially activate) these enzymes.

Even though numerous high-throughput MS studies have
identified tens of thousands of ubiquitination sites at the
proteome level (Kim et al., 2011; Wagner et al., 2011), for only
a small proportion of these modifications a specific E3 ligase
is known. Methods such as Ub remnant profiling do not allow
identification of E3 ligases that modify specific Lys residues on
identified proteins.

Due to transient interaction between E3 ligases and their
substrates, standard approaches (such as immunoprecipitation)
are not appropriate for identification of specific E3
ligases:substrate pairs, even more so since many (but not all) E3
ligases target their substrates for proteasomal degradation, thus
reducing their levels. In line with that, protein abundance upon
E3 ligase removal/inhibition or activation/overexpression cannot
be a good readout for identifying specific E3 ligase substrates.

As many E3 ligases are multicomponent complexes, whose
activation often depends on various PTMs, many of these
enzymes are difficult to be used in various high-throughput
screening efforts for their regulators. As ubiquitination is a
very complex PTM, with numerous heterotypic/branched and
combinatorial ubiquitination events, it is clear that all the
available methodology is still unable to fully comprehend the
extent and importance of these modifications.
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Many neurodegenerative disorders including Huntington’s Disease are hallmarked by
intracellular protein aggregates that are decorated by ubiquitin and different ubiquitin
ligases and deubiquitinating enzymes. The protein aggregates observed in Huntington’s
Disease are caused by a polyglutamine expansion in the N-terminus of the huntingtin
protein (Htt). Improving the degradation of mutant Htt via the Ubiquitin Proteasome
System prior to aggregation would be a therapeutic strategy to delay or prevent the
onset of Huntington’s Disease for which there is currently no cure. Here we examine
the current approaches used to study the ubiquitination of both soluble Htt as well as
insolubilized Htt present in aggregates, and we describe what is known about involved
(de)ubiquitinating enzymes. Furthermore, we discuss novel methodologies to study the
dynamics of Htt ubiquitination in living cells using fluorescent ubiquitin probes, to identify
and quantify Htt ubiquitination by mass spectrometry-based approaches, and various
approaches to identify involved ubiquitinating enzymes.

Keywords: ubiquitin, Huntington’s disease, huntingtin, neurodegenerative disease, proteasome, applications,
toolbox

INTRODUCTION

Protein Ubiquitination

Ubiquitin is a highly conserved small modular protein consisting of 76 amino acids that can be
attached to other proteins as a post translational modification (PTM). Ubiquitination can modulate
the properties of the target molecule, such as its cellular localization, interaction partners, protein
activity, or it can send the target protein for degradation. As such ubiquitination controls major
cellular processes including DNA repair, transcriptional regulation, cell cycle, protein turnover,
and stress response. Protein ubiquitination is selectively mediated via the sequential action of
three enzymes. First, ubiquitin is activated by a thioester bond formation with an internal active
site cysteine residue of an E1 ubiquitin-activating enzyme in an ATP dependent manner. The
activated ubiquitin is then transferred from the E1 enzyme to the cysteine residue of an E2 ubiquitin
conjugating enzyme. Finally, an E3 ubiquitin ligase catalyzes the transfer of ubiquitin to specific
target proteins (Hershko and Ciechanover, 1998). More than 600 different E3 ligases have been
identified and they account for a high selectivity toward target protein ubiquitination. There are
three main types of E3 ligases: RING/U-box ligases, RING-between-RING (RBR) ligases and HECT
ligases, which have a different mode of action for the transfer of ubiquitin to target proteins.
RING-type ligases transfer ubiquitin directly from the E2 enzyme to the target protein, while
HECT-type ligases associate with ubiquitin via their active site cysteine before transferring it to the
target protein. The RBR ligases use a combination of both strategies. These ligases harbor 2 RING
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domains, of which the RING1 domain is used to associate with
an E2 enzyme while the RING2 domain associates with ubiquitin
via its active site cysteine, before ubiquitin is transferred to the
target protein.

Ubiquitin associates with its C-terminal glycine residue to
target proteins. The canonical site of isopeptide bond formation
for ubiquitin is the epsilon-amino group of a lysine residue.
Other residues that can become a target for ubiquitination are
protein N-terminal methionine residues, cysteine, serine, and
threonine residues (McDowell and Philpott, 2013). Proteins can
become ubiquitinated with a single ubiquitin molecule, also
called monoubiquitination, or with two or multiple ubiquitin
molecules each bound to different target sites, which is called
multi-monoubiquitination. Alternatively, proteins can become
polyubiquitinated when ubiquitin associates with other ubiquitin
molecules on the target protein thereby forming a polyubiquitin
chain. Several residues of ubiquitin can be used for polyubiquitin
chain formation, including its N-terminal methionine residue
(M1) as well as several internal lysine residues: K6, K11,
K27, K29, K33, K48, and K63. These different chains display
different structures, thereby giving different signals which
determines the target protein’s fate (Akutsu et al, 2016).
For instance, K48 and K11 polyubiquitination are associated
with proteasome-mediated degradation, while K6 and K63
polyubiquitination play a role in DNA repair. Polyubiquitin
chains could be formed through one single ubiquitin linkage type
(homotypic) or via different ubiquitin linkage types (heterotypic).
Heterotypic polyubiquitin chains could furthermore be mixed
and/or branched, and contain ubiquitin-like proteins, like Small
Ubiquitin-like Modifier (SUMO). SUMO is a ubiquitin-like
protein that also associates with lysine residues on target
proteins, and thereby it can affect multiple cellular processes
such as protein translocation, DNA damage response and cell
cycle progression. SUMO-targeted ubiquitin ligases (STUBLS)
can attach ubiquitin to proteins that are already SUMOylated
and target them for ubiquitin-dependent degradation (Uzunova
et al., 2007). Finally, ubiquitin can be modified with other
PTMs such as phosphorylation, SUMOylation, acetylation, and
neddylation (Swatek and Komander, 2016). This all together
makes ubiquitination a versatile modification, also called the
ubiquitin code, and is reviewed in great detail elsewhere (Yau and
Rape, 2016).

Protein ubiquitination can be reversed by deubiquitinating
enzymes or DUBs which can cleave the peptide or isopeptide
bond between a conjugated ubiquitin molecule and the modified
protein. In humans over 100 different DUBs have been
identified and they show selectivity toward specific protein
substrates or toward specific polyubiquitin linkage types. The
latter category can be divided in different subgroups, including
DUBs that cleave within chains (endo-DUB-activity), DUBs
that remove ubiquitin molecules from the end of polyubiquitin
chains (exo-DUB activity), DUBs that prefer a specific chain
length, and finally, DUBs that cleave off entire polyubiquitin
chains. In general, members of the USP family of DUBs
show little specificity for polyubiquitin linkage types, while
members of the OTU family often display preferences for diverse

polyubiquitin chain types. For instance, OTUBI has a preference
for K48-polyubiquitin linkages, while OTUD7B/Cezanne cleaves
K11 ubiquitin linkages. Polyubiquitin linkage type specific DUBs
have been elegantly reviewed elsewhere (Clague et al., 2019), but
it is clear that the action of DUBs can suppress the abundance
of polyubiquitinated proteins in the cell, thereby influencing
the regulation of important cellular processes such as protein
degradation and thus protein turnover rates. The important role
of (de)ubiquitinating enzymes in selective protein turnover is
also reflected in numerous protein misfolding disorders when
efficient ubiquitination and turnover of particular proteins is
impaired either due to mutations in involved (de)ubiquitinating
enzymes or in disease-related target proteins. Mutations in E3
ligases and DUBs are linked to particular disorders, including
the DUB ataxin-3 (Spinocerebellar ataxia 3) (Kawaguchi et al,,
1994) and the E3 ligase Parkin (familiar form of Parkinson’s
Disease) (Kitada et al., 1998), which affects efficient target protein
recognition and subsequent ubiquitination, thereby limiting
protein degradation via the proteasome and autophagy. In
addition, mutations in disease-related proteins including the Htt
protein in Huntington’s Disease (HD) results in the generation of
aggregation-prone protein (fragments). Many neurodegenerative
disorders are hallmarked by intracellular protein aggregates,
and while these aggregates or inclusion bodies (IBs) are being
decorated with ubiquitin, the turn-over of the disease-related
proteins is apparently not efficient enough to prevent their
accumulation. Due to the monogenetic cause, the availability of
numerous in vitro and in vivo models, and the various techniques
to monitor intracellular protein aggregates, HD became a
commonly-used model to study ubiquitination dynamics and
the role of the Ubiquitin Proteasome System (UPS) in protein
misfolding diseases.

Huntington’s Disease

HD is one of nine polyglutamine (polyQ) diseases, and is caused
by an expansion of a CAG trinucleotide repeat in the exon-1
region of the Huntingtin (Htt) gene (MacDonald et al., 1993).
The wild-type protein contains 6-35 polyQ repeats, while an
expansion of more than 39 polyQ repeats in the mHtt protein
causes HD (Finkbeiner, 2011). The polyQ expansion makes the
protein aggregation prone and the aggregation of mHtt into IBs
are a hallmark for the disease (Imarisio et al., 2008; Finkbeiner,
2011). The polyQ region is located close to the N-terminus
of the Htt protein, which contains 17 N-terminal amino acids
including 3 lysine residues, followed by the polyQ region and a
polyproline region (Finkbeiner, 2011). Proteolysis of mHtt results
in the formation of different mHtt protein fragments of which
the N-terminal exonl fragment containing the polyQ expansion
was found to be the most pathogenic and is also observed in

Abbreviations: ABPs, activity-based probes; APEX, engineered ascorbate
peroxidase; BioID, proximity-dependent biotin identification; DUBs,
deubiquitinating enzymes; HD, Huntington’s disease; Htt, huntingtin; IB, inclusion
body; iPSCs, induced pluripotent stem cells; mHtt, mutant huntingtin; PolyQ,
polyglutamine; PROTACs, proteolysis targeting chimeras; PTM, post-translational
modification; UBA, ubiquitin-associated domain; UPS, ubiquitin-proteasome
system.
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FIGURE 1 | Overview of identified Htt ubiquitination sites. (A) Overview of
identified Htt ubiquitination sites. (B) Overview of published studies on Htt
ubiquitination site identification.

fibrillar aggregates in brains of HD patients (DiFiglia et al., 1997;
Schilling et al., 2007; Landles et al.,, 2010) and overexpression
of mutant Htt exonl results in HD-like symptoms in mice
(Mangiarini et al., 1996). The aggregation-prone fragments of
mHtt can be present in cells as monomers, soluble oligomers or
in insoluble aggregates including the insoluble IBs. The current
model is that especially soluble oligomeric mHtt species are toxic
to the cell, while large aggregates of mHtt sequester proteins
from their normal cellular environment, thereby interfering with
important processes such as transcriptional regulation (Schaffar
et al., 2004), proteostasis (Park et al., 2013), and transport
(Trushina et al., 2004). However, mHtt aggregates have also been
described as protective as they reduce the level of toxic soluble
mHtt species in the cell (Arrasate et al., 2004). Additionally,
soluble mHtt induced apoptosis was found to be reduced by
mHtt IB formation and led to a slower death by necrosis, which
also suggests that IB formation functions as a rescue mechanism
(Ramdzan et al., 2017).

Several PTMs of Htt, including phosphorylation,
SUMOylation, ubiquitination, acetylation, and palmitoylation
have been identified (as reviewed by Ehrnhoefer et al., 2011;
Saudou and Humbert, 2016). Many PTMs are localized at the
N-terminal region of Htt, and include acetylation, SUMOylation,
and ubiquitination at lysines 6, 9, and 15 and phosphorylation at
threonine 3 as well as at serines 13 and 16. These modifications
can affect the subcellular localization, aggregation and clearance
of Htt (Steffan et al., 2004; Thompson et al., 2009; Maiuri et al.,
2013; DeGuire et al., 2018). Most PTMs were found to be
localized in clusters within predicted unstructured domains and
not in the structured HEAT repeats as determined by using label
free quantitative mass spectrometry (Ratovitski et al., 2017). In
addition, mutations in various phosphorylation sites located in
protease-sensitive domains on the Htt protein affected cellular

toxicity, and are thus important functional regions (Arbez
et al., 2017). While various studies have mapped numerous
phosphorylation and acetylation sites, the number of identified
ubiquitination sites in Htt is so far limited to K6, K9, K15, K132,
K337, K631, K804, K837, and K2097 (Steffan et al., 2004; Yau
et al,, 2017; Koyuncu et al., 2018; Sap et al., 2019; Figures 1A,B).
Ubiquitination and SUMOylation of the N-terminus of mHtt
was found to affect both aggregation and HD pathology in cells
although the mechanism is still unclear (Steffan et al., 2004).

Htt Is a Target for
Ubiquitin-Proteasome-System and
Autophagy Dependent Degradation

Htt IBs are enriched with components of the protein quality
control machinery including ubiquitin, proteasome complexes,
and chaperones (DiFiglia et al., 1997; Wyttenbach et al., 2000).
A decrease in proteostasis and quality control during aging are
thought to play a role in the development and progression of
HD, which may explain that the onset of HD starts typically
at the 4th decade of life, although the mutant Htt protein is
already expressed prior to birth (Arrasate and Finkbeiner, 2012).
Several studies have shown that both wild-type Htt and mHtt
can be degraded by both the UPS and via autophagosomal
pathways. For example, mHtt protein fragments can be degraded
by the proteasome, as shown by in vitro degradation assays using
purified mHtt and proteasomes (Juenemann et al., 2013) or in
cells (Bhat et al., 2014). Targeting mHtt to the proteasome by
the N-end rule, or by using Atg5 knock-out MEF cells with
impaired autophagy also shows efficient proteasomal degradation
of mHtt (Juenemann et al., 2013). Inhibition of the proteasome
increased the number of Htt aggregates in cells and in induced
pluripotent stem cells (iPSCs) generated from HD-patients,
which can be quantified by microscopy or filter retardation
assays (Wyttenbach et al., 2000; Waelter et al., 2001; Koyuncu
et al., 2018). Furthermore, protein levels of both normal and
mutant full length Htt were increased by proteasome inhibition
in heterozygous iPSCs (Koyuncu et al., 2018). Interestingly,
longer mHtt fragments (508 a.a.) appear to be better targets for
proteasomal degradation when compared to smaller fragments
including Htt exonl (Bhat et al, 2014) which might be due
to the presence of unstructured HEAT-like repeat motifs in
mHtt that facilitate initiation of proteasomal degradation. Htt
levels are also regulated via autophagy, as shown by autophagy
inhibition by 3-methyladenine (3-MA) and bafilomycin which
increased the level of soluble mHtt protein fragments in striatal
cells, as observed by SDS-PAGE Western blot (WB). Also,
the number of cells with aggregates increased upon these
treatments, as observed by microscopy (Qin et al, 2003),
although autophagy inhibition also impairs protein degradation
via the UPS (Korolchuk et al., 2009). The p62/SQSTM1 protein
plays a role in targeting polyubiquitinated protein aggregates for
degradation via the autophagy pathway (Bjorkoy et al., 2005), but
the accumulation of the p62/SQSTMI1 protein due to autophagy
inhibition can also inhibit the clearance of ubiquitinated proteins
destined for proteasomal degradation. Stimulation of autophagy
with rapamycin or serum reduction lowered the levels of the
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Htt protein, and fasting has been proposed in order to induce
autophagy and thereby the clearance of mHtt (Ehrnhoefer et al.,
2018). Concluding, Htt appears to be a target for both the UPS
and autophagy, and enhanced selective degradation of mHtt
via these pathways might be a therapeutic strategy to prevent
or delay the onset of HD, with a key role for ubiquitin to
target Htt for degradation. Here we give an overview of the
current status of research focused on Htt ubiquitination, describe
tools that are used to study ubiquitination of both soluble and
insoluble mHtt, and discuss various developments including the
development of novel tools such as proximity-dependent biotin
identification (BioID), engineered ascorbate peroxidase (APEX),
tandem ubiquitin binding entities (TUBEs), and proteolysis
targeting chimeras (PROTACs:).

TOOLS TO STUDY UBIQUITINATION OF
SOLUBLE AND INSOLUBLE HTT

Methods to Study Aggregated Htt
Ubiquitination

The mHtt protein can be present in either a soluble or insoluble
fraction, and there are several methods available that one can
use to study the insoluble fraction. Mutant Htt aggregates
and IBs can be visualized using microscopy assays including
immunostaining and fluorescently-tagged proteins, and various
biochemical methodologies can be used to study differences in
levels of mHtt aggregation. When studying the ubiquitination
of Htt it is of importance to separate the soluble and insoluble
fractions efficiently as aggregated proteins might be ubiquitinated
differently when compared to their soluble counterparts. The use
of a mild lysis buffer, for instance buffers based on 1% Triton
X-100, was found to be suitable to separate the soluble fraction
from the insoluble fraction (Ochaba et al., 2018). In contrast,
stronger detergents such as SDS can solubilize the outer layer
of aggregates, which would subsequently contaminate the soluble
fraction, although it is a suitable protocol to access and study the
ubiquitination of the inner core of the aggregates (Juenemann
et al,, 2015). Two frequently used biochemical techniques to
study Htt aggregation are the filter retardation assay or filter
trap assay, and the soluble/insoluble assay or solubilization assay.
With a filter retardation assay, lysates are filtered through a
cellulose acetate membrane, whereby the soluble fraction goes
through the filter, while the insoluble fraction, including the
IBs, remains on the filter allowing subsequent immunostaining
similar to WB analysis (Wanker et al., 1999). Determining
ubiquitination of mHtt aggregates by fluorescence or electron
microscopy and the filter retardation assay can be performed
using antibodies directed to ubiquitin or directed to specific
polyubiquitin linkages. However, the obtained signal could be
derived from ubiquitinated Htt but also from co-sequestered
proteins that are modified by ubiquitin, and is thus not a proof
for direct ubiquitination of Htt itself. Here, the soluble/insoluble
assay has the advantage over the filter retardation assay to study
PTMs in both the soluble and insoluble fractions (Juenemann
et al,, 2015). Briefly, in this assay the cell lysates containing 1.5%
SDS are boiled after which the soluble and insoluble fractions

are separated by centrifugation, and subsequently the SDS-
insoluble fraction is dissolved and solubilized in 100% formic acid
(Carra et al.,, 2008). Another advantage of the soluble/insoluble
assay is that the samples are resolved by SDS-PAGE which
gives information about the molecular weight of the studied
proteins. Each ubiquitin molecule adds ~8.5 kDa to the target
protein, so an increased molecular weight of the protein of
interest will be visible in the form of one or more higher
molecular bands or a smear above the protein of interest when
stained with an antibody against the protein of interest on a
WB. Additional controls include the use of lysine-to-arginine
(KR) mutants of the protein of interest, by which the potential
ubiquitination sites of a protein of interest are mutated. The
higher molecular bands should not appear if the protein of
interest would have been ubiquitinated at the sites that were
mutated. Lysine-to-arginine substitutions can also be used to
identify ubiquitin sites for mHtt-exonl (Steffan et al., 2004)
which is described in more detail in paragraph Identification of
Htt Ubiquitination Sites. Mutation of lysine residues to arginine
residues can also be applied to the ubiquitin protein itself in
order to study polyubiquitin linkage types of a protein of interest
by expressing ubiquitin cDNA constructs with point mutations.
For instance, a K48-only ubiquitin mutant, of which all lysines
are mutated to arginines except for the lysine at position 48,
can only make K48 homotypic polyubiquitin chains. In contrast,
a K48R ubiquitin mutant, which contains all internal lysines
except at the 48th amino acid where the lysine is replaced with
an arginine, can make all polyubiquitin chains except for K48-
linked chains. Such Ub mutants were used to study K48 and
K63 polyubiquination in combination with stably expressed full
length wtHtt (23Q) and mHtt (120Q) in HEK293 cells (Bhat
et al, 2014). When full-length Htt was immunoprecipitated
under native conditions and analyzed for polyubiquitination by
SDS-PAGE WB, mHtt turned out to be mainly ubiquitinated
via K63-polyubiquitin. However, it is important to note that
immunoprecipitations under native conditions co-purify other
ubiquitinated material, and a pull-down experiment under
denaturation conditions (e.g., with the overexpression of His-
tagged ubiquitin variants and a strong lysis buffer) is more
suitable as to gain insights into ubiquitin linkage types onto
soluble Htt. In addition, overexpression of ubiquitin with
point mutations has its own shortcomings as overexpression
of ubiquitin mutants will affect and hamper many processes
in the cell. Concluding, typical approaches that could be used
to study the ubiquitination of mHtt IBs include visualization
by microscopy, and biochemical approaches such as the filter
retardation assay and the soluble/insoluble assay, in combination
with ubiquitin detection via specific antibodies and the use of
arginine-to-lysine mutants.

Enrichment Protocols for Small Pools of
Ubiquitinated Htt

A low stoichiometry of protein ubiquitination can make it
necessary to enrich the pool of ubiquitin-modified proteins
from the total pool of proteins, for example with the use of
pull downs via immunoprecipitation. A pull down directed
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FIGURE 2 | Enrichment strategies for ubiquitinated Hitt. (A) Antibodies directed against ubiquitin or a polyubiquitin linkage type can be used to enrich
ubiquitin-modified Htt from samples, after which the enriched Htt species can be visualized by SDS-PAGE WB with Htt-specific staining. This is the method of choice
in order to detect specific ubiquitination of a substrate. (B) Antibodies directed against Htt can be used to enrich Htt and ubiquitin modified Htt species from samples,
after which the enriched proteins can be visualized by SDS-PAGE WB with ubiquitin-specific staining. This method could give false positive results as
ubiquitin-modified co-sequestered proteins could contribute to the obtained ubiquitin detection signal. (C) TUBEs, which display a preferential affinity for M1, K48, or
K63 tetra-ubiquitin, could be used to enrich polyubiquitinated Htt from samples. (D) diGly-modified peptides, derived from ubiquitinated proteins after trypsin
digestion, could be enriched from samples with antibodies directed against this diGly remnant motif, and subsequently detected by LC-MS/MS.

against (poly)ubiquitin and subsequently visualized by SDS-
PAGE WB with immunostaining for the protein of interest
would be the best method to prove direct ubiquitination of the
protein of interest (Figure 2A). Similarly, the overexpression
of ubiquitin harboring an affinity tag could be used for
pull downs under native conditions, such as with Myc,
hemagglutinin (HA), FLAG, or glutathione S-transferase (GST)
tags. Alternatively, pull downs under denaturing conditions,
with for instance a poly-histidine (His) tag, could be done
with the advantage of a reduction of the amount of co-
purifying proteins. A pull down against Htt and a subsequent
visualization of the (poly)ubiquitin signal might give a wrong
impression due to putative co-purifying proteins which might be
ubiquitinated (Figure 2B). Alternatively, TUBEs, which consists
of a sequence of artificially generated and linked ubiquitin-
associated (UBA) domains that recognize polyubiquitin linkages,
can be used for pull downs (Figure2C). The advantage of
TUBEs over antibodies is that TUBEs protect the polyubiquitin
chains from DUBs and proteasomal degradation in the cell
lysate (Hjerpe et al, 2009). As described in the future
perspectives paragraph Capturing Polyubiquitinated Proteins
by Tandem Ubiquitin Binding Entities (TUBEs), TUBEs
have to our knowledge not been applied to study Htt
ubiquitination while it might yield valuable insight in the
polyubiquitin landscape during HD, as the use of another
isolated UBA domain, the UBA domain of ubiquilin-2, has
been successfully applied to enrich K48-linked polyubiquitinated

proteins from HD models and patient samples (Bennett
et al., 2007). A different approach is the combination of
immunoprecipitation and mass spectrometry in order to pull
down so-called diGly peptides in order to define which
lysines of proteins are ubiquitinated (Figure 2D). Ubiquitin
associates with its C-terminal glycine residue to lysine residues
of the target proteins, and upon digestion with trypsin a
glycine-glycine (diGly) remnant motif derived from ubiquitin
will remain on ubiquitin-modified lysine residues of proteins.
The branched diGly motif is subsequently recognized by a
specific antibody which could be used to enrich the diGly
peptides from the samples and since the branched diGly motif
on lysine residues results in mis cleavage of that specific
lysine residue the site of ubiquitination can be identified
using mass spectrometry (Kim et al, 2011; Wagner et al,
2011). The diGly peptides can be identified and quantified by
LC-MS/MS, by which both ubiquitinated proteins and their
ubiquitination sites can be characterized. The advantage of
this technique is the unbiased nature and the direct proof
of ubiquitination by mass spectrometry as well as a reduced
complexity of the sample as compared to protein-targeted
enrichments, as only the peptides that contain the diGly
remnants are pulled down (Figure2D). A disadvantage is
the inability to discriminate between diGly remnants derived
from ubiquitin and from ubiquitin-like proteins NEDDS8
and ISGI5. Recently an antibody named UbiSite has been
generated which recognizes the 13 C-terminal amino acids
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of ubiquitin (Akimov et al., 2018). This antibody is used in
Lys-C digested samples and could recognize ubiquitination
on lysine residues as well as ubiquitination of protein
N-termini. This antibody is thus specific for remnants derived
from ubiquitin.

Identification of Htt Ubiquitination Sites
Identification of Htt Ubiquitination Sites by
Lysine-to-Arginine Mutants

Since lysine residues are the canonical sites for isopeptide bond
formation with ubiquitin, mutation into residues that cannot
become ubiquitinated, such as arginine residues, can reveal the
lysine residues that function as sites for ubiquitin association.
The lysine-to-arginine mutants are then compared to the original
constructs to examine altered ubiquitination patterns. Htt exonl
contains 3 lysine residues, K6, K9, and K15, and several single
and multiple lysine-to-arginine mutants have been generated in
order to study SUMOylation and ubiquitination of Htt exonl
(Steffan et al., 2004). When these lysine-to-arginine mutants
were used for pull downs in combination with overexpressed
HIS-tagged SUMO and HIS-tagged ubiquitin, mutant Httex1
was shown to be modified both with SUMO-1 and ubiquitin,
whereas mutation of all lysine residues did not show a signal
for SUMOylation and ubiquitination. This indicates that Htt
exon-1 was directly SUMOylated or ubiquitinated at either one
or more of these lysine residues. Single and double mutations
of the Httex1 lysine residues to arginines revealed that K6 and
K9 were the main sites for ubiquitination and SUMOylation.
Interestingly, mutation of the three lysines to arginines reduced
HD pathogenicity, as expression of unmodified Httexlp 97QP
resulted in a rough eye phenotype in Drosophila, while expression
of the K6R, K9R, K15R mutant gave almost no detectable
phenotype, and resulted in decreased abundance of the Htt
exonl protein which may indicate that ubiquitination is not a
requirement for degradation.

Identification of Htt Ubiquitination Sites by Mass
Spectrometry

Mass spectrometry has proven to be a powerful tool for the
identification of PTMs, such as protein ubiquitination, and
has been applied to characterize Htt ubiquitination sites. For
instance, immunoprecipitation of the full-length Htt protein
from HEK293 cells that overexpress Htt-Q100 followed by mass
spectrometry revealed K631 and K2097 as Htt ubiquitination
sites (Koyuncu et al, 2018). Another study identified K337
as ubiquitination site of endogenous Htt (Yau et al., 2017).
As opposed to protein-level enrichment methods, the unbiased
large-scale detection of ubiquitination sites in samples enriched
for modified lysine-containing peptides has greatly enhanced
the number of identified ubiquitination sites. These modified
lysine-containing diGly peptides are pulled down with a K-e-GG
specific antibody, which is explained in more detail in paragraph
Enrichment Protocols for Small Pools of Ubiquitinated Htt
(Figure 2D) (Kim et al., 2011; Wagner et al., 2011). Pull down of
diGly-modified peptides reduces the complexity of the sample as
compared to a pull down with an antibody against the protein of
interest or against ubiquitin. Furthermore, this technique can be

combined with quantitative mass spectrometry approaches, and
both qualitative and quantitative differences in ubiquitination
can be found between different samples in an unbiased fashion.
In this way K6, K9, K132, K804, and K837 were identified as
ubiquitination sites of soluble full length Htt in brain lysates of
40 weeks old Q175 mice and wild-type controls (Sap et al., 2019).
K6 and K9 were mainly ubiquitinated at the mutant soluble Htt
protein, while K132, K804, and K837 were mainly ubiquitinated
at the wild-type soluble Htt protein. This indicates that the polyQ
expansion in the Htt protein affects ubiquitination.

STUDYING THE DYNAMICS OF HTT
AGGREGATE UBIQUITINATION

Ubiquitin Is Dynamically Recruited to mHitt
Aggregate IBs

Large intracellular Htt aggregates are often called IBs and are
detected in the brain of HD-affected patients, especially in the
cortex and striatum. These IBs were found to be decorated
by ubiquitin as well as with other proteostasis-related proteins
including proteasome complexes and chaperones, as shown in
human postmortem cortical tissues, HD mouse model brain
tissues and HD cell models (Davies et al., 1997; DiFiglia et al.,
1997; Waelter et al.,, 2001). It is not clear yet which function
ubiquitin fulfills at these IBs. Several microscopy-based studies
revealed that the recruitment of ubiquitin is not essential for
IB formation, since ubiquitination was not detected on nascent
aggregates in mice brain tissue of juvenile R6/2 mice but
only in later stages of disease, as demonstrated by using Ub
antibody staining followed by microscopy (Davies et al., 1997;
Gong et al., 2012). Furthermore, fluorescently-tagged ubiquitin
(YFP-Ub) and Htt-exonl (mCherry) were used to study the
recruitment of ubiquitin to Htt exonl IBs in living cells using
fluorescent microscopy (Hipp et al., 2012). Upon transfection,
Htt exonl was initially diffusely distributed through the entire
cytoplasm. However, when IBs became apparent, both IB size
and fluorescence intensity increased rapidly, with the majority
of fluorescently-labeled mHtt exonl being recruited to IBs
within 20-30 min. Interestingly, co-expressed YFP-tagged Ub
was recruited toward mHtt exonl IBs at a later stage when the
IBs had already reached their mature size. This suggests that
ubiquitination is not required for mHtt IB formation, and that
Ub recruitment may depend on recruitment of ubiquitinating
enzymes to IBs first. In addition, a 3xKR mutant Htt-exonl with
all lysines mutated to arginines and unable to form ubiquitin
chains, can still form intracellular aggregates, indicating that
mHtt IB formation is independent of ubiquitination of Htt itself
(Juenemann et al., 2015).

Initial experiments to study dynamics of Ub recruitment
to mHtt IBs were done using GFP or YFP-tagged ubiquitin
combined with Fluorescent Recovery After Photobleaching
(FRAP) protocols in living cells. Here, a small region of
the fluorescent aggregate is photobleached and recovery of
fluorescence is monitored in time. Since photobleaching is
permanent, recovery can only occur when bleached proteins
exchange with fluorescent proteins from the surroundings by
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diffusion or active transport. Since no recovery was observed
when fluorescently-tagged Ub present in IBs was photobleached,
these studies indicate that Ub is irreversibly sequestered into
IBs (Raspe et al., 2009; Bersuker et al., 2016). However, the
commonly-used GFP (or variant) tags are relatively large as
compared to the size of the labeled target protein, especially
when considering that GFP is ~27 kDa in size, while ubiquitin is
~8.5 kDa. By using synthetic ubiquitin labeled at the N-terminus
with Tetramethylrhodamine (TAMRA-Ub) and electroporated
into living cells (Figures 3A,B) it was more recently shown
that ubiquitin is reversibly recruited to mHtt IBs (Juenemann
et al, 2018). The TAMRA label is with its mass of only
~0.5 kDa much smaller than GFP (and variants) tags and
it was found that TAMRA-labeled Ub behaves more similar
to endogenous Ub when compared to GFP-tagged Ub. While
GFP-tagged Ub can be expressed following transfection of
cells with cDNAs, the TAMRA-Ub has to enter the cell via
micro-injection or electroporation. Electroporation involves the
application of a very short electrical pulse (few microseconds
or milliseconds) which disturbs the phospholipid bilayer and
forms temporary small pores through which the TAMRA-Ub
can enter the cell. Electroporation can be performed using a
cuvette with cells in suspension, or alternatively an adherent
cell electrode can be used to electroporate adherent cells on
coverslips, allowing for immediate visualization by microscopy.
Note that in both cases electroporation has to be performed at low
temperature to prevent uptake of TAMRA-Ub via endocytosis, as
resulting fluorescent puncta represent internalized TAMRA-Ub
in vesicles instead of cytoplasmatic TAMRA-UD being involved
in mono-ubiquitination and internalization of endosomes. Upon
electroporation, TAMRA-UD is mainly present in the nucleus
and on cytoplasmic vesicles, but when mHtt induced IBs are
present most TAMRA-Ub is recruited to IBs (Figure 3C). Both
TAMRA-Ub and endogenous Ub are present in the entire
mHtt aggregates, including the inner core, and TAMRA-Ub
was incorporated into Ub linkages including poly-ubiquitinated
mHtt itself (Juenemann et al., 2018). This can be visualized
by SDS-PAGE WB after lysing cells and solubilizing the
insoluble fraction including aggregated mHtt (Figure 3D). FRAP
experiments showed that TAMRA-Ub was reversibly recruited to
mHtt IBs, which was prevented when either E1 ligase or DUB
inhibitors were used (Juenemann et al., 2018). This indicates
that (de)ubiquitinating enzymes recruited to IBs are involved in
mHtt ubiquitination as well as of other proteins sequestered into
IBs, resulting in ongoing ubiquitination and deubiquitination of
proteins present in IBs with reversible recruitment of ubiquitin.

Recruitment of Ubiquitin Related Enzymes
to Htt IBs

The reversible recruitment of Ub into mHtt IBs and the
dependency on active E3 ligase and DUB activities as described
above indicate that different E3 ligases and DUBs are recruited
to aggregates. Indeed, several ubiquitin ligases and DUBs have
been observed to co-localize with mHtt IBs, but only a few E3
ligases have so far been identified to affect mHtt aggregation,
including Ube3a, CHIP, WWP1, and UBR5. Ube3A is an E3

ligase known to promote proteasomal degradation of misfolded
proteins by enhancing K48-linkage type poly-ubiquitination,
and Ube3A protein levels were found to be reduced during
aging. When Ube3A levels were selectively decreased in HD
mouse brains an increase in aggregate formation was observed
combined with reduced ubiquitination of the IBs (Maheshwari
etal.,, 2014). In contrast, overexpression of Ube3A reduced mHtt
accumulation and aggregation (Bhat et al., 2014), suggesting
that Ube3A is at least involved in ubiquitination of mHtt or
sequestered proteins. Another E3 ligase that is recruited to mHtt
IBs is the C-terminus of Hsc70-interacting protein (CHIP). Both
the ubiquitination and the rate of degradation of mHtt was
increased when CHIP was transiently overexpressed in cells,
while aggregation and cell death were reduced (Jana et al,
2005). In vivo studies using mice that were haploinsufficient
for CHIP showed an accelerated HD disease phenotype, while
overexpression of CHIP showed a reduction in mHtt aggregates
in zebra fish models of HD (Miller et al., 2005). Similar to
Ube3A and CHIP, also the E3 ligase WPP1 is recruited to mHtt
aggregates, but its activity appears to enhance mHtt levels and
aggregation in both in vivo and in vitro models. This may be
the result of ineffective ubiquitination as WWP1 ubiquitinates
mHtt at an atypical position of Lys-63, which may impair efficient
targeting to the UPS (Lin et al., 2016). More recently the role of
UBR5 in mHtt IB formation was demonstrated, which appears
to be required for proteasomal degradation of both normal and
mutant Htt. Knockdown of UBRS5 increased mHtt aggregation
and neurotoxicity in invertebrate models, while loss of UBR5
increased Hitt levels and IB formation in iPSCs expressing mHtt
(Koyuncu et al,, 2018). Intriguingly, this effect may be mediated
by UBR5-mediated heterotypic ubiquitin K11/K48-linked chains
that are also present in mHtt IBs, and which promote rapid
proteasomal clearance of aggregation-prone proteins (Yau et al.,
2017). Besides these E3 ligases also the E2 enzyme Ube2W
has been reported to affect mHtt aggregation (Wang et al,
2018), which could be the result of the preference of Ube2W to
ubiquitinate proteins with a disordered N-terminus.

The recruitment of E3 ligases and DUBs to mHtt IBs
is likely to be due to the presence of numerous target
proteins present in IBs either due to active recruitment or
sequestration. By using fluorescent reporter proteins that can
become reversibly and conditionally misfolded it was shown
that the misfolded conformation of the reporter was targeted
for ubiquitin-dependent degradation unless mHtt aggregates
were present, resulting in the sequestration of these reporter
proteins (Bersuker et al, 2016). Interestingly, only reporter
constructs in a misfolded conformation accumulated at mHtt IBs,
whereas constitutively ubiquitinated reporters which were not
misfolded were not recruited to mHtt IBs. These data suggest
that the folding state of a protein is the primary determinant
for sequestration of proteins in an IB, instead of active
recruitment of ubiquitinated proteins toward mHtt IBs. This
reporter system nicely shows that the sequestration of misfolded
proteins, possibly in a promiscuous fashion, contributes to
mHtt aggregation. However, several recruited (de)ubiquitinating
enzymes appear to be functional and enzymatically active as
shown by using activity-based probes (ABPs) to label recruited
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FIGURE 3 | Application of TAMRA-Ub to study ubiquitination of mHtt aggregates (A) Scheme of TAMRA-Ub with Ub being fluorescently labeled on the N-terminus
with TAMRA (5-tetramethylrhodamine, excitation 550 nm, emission 590 nm). (B) Electroporation of adherent cells with TAMRA-Ub dissolved in mannitol buffer, placed
on ice to prevent intravesicular staining due to uptake by endocytosis. (C) TAMRA-Ub electroporated into cells is mainly localized in the nucleus and present on
vesicles, while upon mHtt expression most TAMRA-Ub is recruited into the mHtt aggregate. (D) Upon electroporation of TAMRA-Ub, cells can be lysed and
aggregates can be solubilized and separated by SDS-PAGE, with fluorescent bands representing TAMRA-Ub conjugated proteins.
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enzymes. ABPs target only the active form of an enzyme, which
allows for the identification and quantification of the pool of
active enzymes in a biological sample. The development and
application of ABPs for protein (de)ubiquitination was recently
reviewed by Mulder and colleagues (Mulder et al., 2019). Recent
examples for the usage of two chemically synthesized ABPs in
HD are Cy5-Ub-Dha and Cy5-Ub-PA. Cy5-Ub-Dha is an ABP
which reacts with active cysteine residues of El, E2, and E3
enzymes and can irreversibly label active enzymes involved in
protein ubiquitination (Mulder et al., 2016). Cy5-Ub-PA is a
specific inhibitor of DUBs of the UCH, USP, and OTU DUB
families, and fluorescently labels them (Ekkebus et al., 2013).
Similar to TAMRA-Ub, most ABPs are not cell permeable and
electroporation was used to introduce the ABPs into cells. These
probes were electroporated into cells expressing GFP-tagged
mHtt-exonl to visualize aggregates. While the Cy5-Ub-Dha
staining for active E1, E2, and E3 enzymes showed staining
of entire aggregates, the Cy5-Ub-PA staining was present as a
ring around the aggregates (Juenemann et al., 2018), suggesting
that DUBs were mainly active in the periphery of mHtt IBs,
while ubiquitinating enzymes were also active in the core of
Htt IBs. Similarly, when using GFP-tagged enzymes, GFP-tagged
ubiquitin ligase NEDD4.1 showed a complete co-localization
with Htt aggregate staining, while co-transfection of GFP-tagged
DUB USP5 resulted in a ring-formed staining around the
aggregates (Juenemann et al., 2018). Together these data suggest
that enzymes are active at mHtt aggregates, and that active
ubiquitin ligases are found in both the core and periphery of IBs,
while DUBs were found to be active at the periphery.

Detecting Polyubiquitination of the Htt

Protein

Degradation-Associated Polyubiquitination in HD
Pathology

Mass spectrometry is an important tool to characterize
ubiquitin association sites, and to distinguish different forms
of ubiquitination, such as mono- and polyubiquitination.
Whereas, tryptic peptides derived from mono-ubiquitin contain
only unbranched peptides, tryptic peptides derived from
polyubiquitin chains contain branched peptides as a result
of isopeptide-bond formation between the C-terminal glycine
residue of one ubiquitin molecule and the internal lysine residue
of the other ubiquitin molecule. The ubiquitin-AQUA method
was developed for the absolute quantification of ubiquitin,
using isotope-labeled internal standard peptides for all seven
possible polyubiquitin chain linkages, as well as internal standard
peptides specific for mono-ubiquitination (Kirkpatrick et al.,
2006). When known amounts of (heavy) isotope-labeled internal
standard peptides were added to (light) samples, heavy and
light peptides were subsequently separated by reversed phase
high-performance liquid chromatography (HPLC) and analyzed
by a targeted quantitative mass spectrometry approach named
multiplexed Selected Reaction Monitoring (SRM). With this
method one can measure the amount of total ubiquitin, the
amount of monoubiquitin and polyubiquitin, as well as the
amount of targeted substrate. This technique has been applied to

study the function of the UPS in HD, using the UBA domain from
human ubiquilin 2 (UBQLN2) to capture polyubiquitin chains
from HD samples (Bennett et al., 2007). Here, polypeptides
were eluted, digested with trypsin and measured by mass
spectrometry and the abundance of the ubiquitin K48 diGly
peptide was compared with a heavy labeled spiked-in peptide.
K48 diGly peptide abundance was used as a measure of the UPS
functioning as an increase in abundance of the ubiquitin K48
diGly peptide correlated with an increase in MG132 proteasome
inhibitor concentration in cell culture. The authors observed
an increase in the pool of K48 polyubiquitin linkages during
HD pathology while the increase in the unconjugated ubiquitin
pool was minimal or absent. In R6/2 HD mice expressing
expanded mHtt exonl, elevated levels of K48 polyubiquitin
linkages were first detected in cortex and striatum of 6 weeks
old mice. Furthermore, a small increase in K48 polyubiquitin
linkages was observed in 22 months old HdhQ!%/Q150 “knock-
in” HD mice expressing full-length mHtt. Finally, half of
the tested human HD cortex and striatum samples showed
increased levels of the UbK48 isopeptide as compared to control
(Bennett et al., 2007). Together these results suggest that the
proteasome function is impaired during HD and that levels of
polyubiquitin K48 linkages could be used as a biomarker for
UPS impairment.

A recent global proteome and global ubiquitinome analysis of
brain tissues of 40 weeks old homozygous Q175FDN mice that
express full-length Htt with 175 polyQ repeats, and Q20 wild-
type mice as control, used the diGly remnant of ubiquitin left
on protein substrates after trypsin digestion to enrich peptides
derived from ubiquitinated proteins using a specific antibody.
When label-free quantification was used to compare relative
protein and diGly peptide levels between HD and wild-type
samples, increased levels of the ubiquitin protein and of ubiquitin
K48-diGly peptides were observed in the insoluble fraction of
HD mice brains (Sap et al., 2019). A similar result was obtained
when HA-tagged ubiquitin mutants were transfected into cells
expressing mHtt. These ubiquitin mutants contained lysine-to-
arginine substitutions at all lysine residues except for either
K48 or K63 and can therefore only make K48- or K63-linked
polyubiquitin chains. Upon co-transfection of these mutants with
mHtt into cells only co-localization of Htt-positive inclusions
and K48 polyubiquitin was observed by fluorescence microscopy
following immunostaining for K48 and K63 polyubiquitin,
indicating that mutant Htt inclusions are K48-polyubiquitinated
(Kah et al, 2005). Interestingly, mHtt IBs were also shown
to be ubiquitinated via K11/K48 branched chains, which are
mainly associated with enhanced degradation of regulators
of mitosis by the proteasome. Heterotypic ubiquitination has
been difficult to study, and to identify these branched chains
bispecific antibodies were developed that detect K11 and K48
polyubiquitin linkages which are in close proximity, which allows
for the identification of K11/K48 heterotypic polyubiquitin
chains (Yau et al., 2017). Heterotypic chains adopt a branched
or mixed topology due to ubiquitin-modification of more than
one site on a single ubiquitin molecule. K11/K48-branched
chains were identified on mitotic regulators, misfolded nascent
proteins but also on mutant Htt, as fluorescent staining with
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the bispecific K11/K48 antibody co-localized with Htt-Q73-
GFP aggregate staining in HeLa cells, embryonic stem cells
and in differentiated neurons as observed by microscopy. Also
aggregates of Q175 mHtt in mice brain were recognized by
the K11/K48 bispecific antibody. Furthermore, purification of
His-tagged wtHtt and mHtt from HeLa cell lysates under
denaturing conditions followed by SDS-PAGE WB revealed that
primarily mHtt samples were polyubiquitinated with K11- and
K48-polyubiquitin linkages. The branched chains on mHtt were
confirmed by using an ubiquitinTEV/FFAG system, which results
in ~2 kDa stamps on wild-type ubiquitin molecules whereby
the presence of two or more stamps on one ubiquitin molecule
indicates branched chains (Meyer and Rape, 2014; Yau et al.,
2017). Also, proteins with a role in the K11/K48 quality control
pathway co-localized with Q73 mHtt aggregates in HeLa cells,
such as BAG6, p97/VCP, UBQLN2, and P62/SQSTMI1, as was
shown by microscopy. Inhibition of protein degradation and
inhibition of the stabilization of newly synthesized misfolded
proteins led to a loss of co-localization of K11/K48 Ub with
Htt aggregates. In contrast, co-localization was maintained when
new protein synthesis was blocked during these treatments.
These results suggest that mHtt aggregates compete with newly
synthesized misfolded proteins for a limited pool of enzymes
involved in the Ub K11/K48-specific quality control system,
including ubiquitin E3 ligases UBR4 and UBR5, ubiquitin-
selective segregase P97/VCP and proteasome shuttles of the
UBQLN family.

Atypical Forms of Polyubiquitination in HD

Also other polyubiquitin linkages have been associated with
mHtt IBs. E3 ubiquitin ligase TRAF6 was found to be localized
with mHtt IBs, especially at the outside. Overexpression of
ubiquitin mutants which could only make homotypic chains
revealed that TRAF6 facilitates atypical polyubiquitination of
wildtype and mutant Htt with K6, K27, or K29 polyubiquitin
chains. TRAF6 expression also enhanced aggregate formation
and atypical ubiquitination of mHtt aggregates (Zucchelli
et al., 2011). Htt aggregates were shown to be modified with
linear M1-linked polyubiquitin chains (van Well et al., 2019).
Usually ubiquitin associates with its C-terminal glycine residue
to a lysine residue on a target protein, but in MI-linked
ubiquitination the protein’s N-terminal methionine is the target
for ubiquitination. A MI-linked polyubiquitin chain is then
formed by incoming ubiquitin molecules that associate with
their C-termini to the N-terminal methionine of the preceding
ubiquitin molecule. N-terminal polyubiquitination is catalyzed
by the linear ubiquitin chain assembly complex (LUBAC), which
comprises HOIL-1, HOIL-1 interacting protein (HOIP) and
SHARPIN (Kirisako et al., 2006). M1 polyubiquitination can be
reversed by the DUBs CYLD and OTULIN (Komander et al.,
2009; Keusekotten et al., 2013). Van Well and colleagues also
observed recruitment of components of the LUBAC complex
(responsible for linear ubiquitination) including HOIP, HOIL-
1L, and Sharpin to mHtt aggregates, as well as the recruitment
of proteins that are known to associate specifically to M1-
linked ubiquitination such as NEMO (NF-kB essential modifier)
and Optineurin. Several sample types were studied including

human neuronal SH-SY5Y cells expressing wild-type or mHtt,
human frontal cortex HD samples and cortex and striatum
of R6/2 HD mice. Both soluble and insoluble mHtt appeared
to be directly ubiquitinated with linear ubiquitin as shown by
immunoprecipitation of HA-tagged Htt exon1 and 3xKR variants
of Htt-exonl. In addition, sequestration of transcription factor
Spl to mHtt aggregates was affected by the levels of linear
ubiquitin. Results of this study suggest that linear ubiquitination
prevents unfavorable protein sequestration in aggregates, and
promotes the degradation of misfolded proteins in a P97/VCP-
and proteasome-dependent manner.

FUTURE PERSPECTIVES

While many aspects of the role of ubiquitination in HD, including
identification of Htt ubiquitination sites, dynamics of ubiquitin
recruitment to IBs, and alterations in the ubiquitinome during
HD progression can be studied with current methodologies,
various remaining challenges remain to be addressed. These
include the quantification of low levels of polyubiquitination
and the identification of polyubiquitin linkages as well as the
identification of involved (de)ubiquitinating enzymes.

Identification of Ubiquitin Ligases Involved
in Htt Ubiquitination

Standard techniques for the identification of ubiquitin ligases
specific for Htt would include microscopy-based co-localization
assays, siRNA knockdown screens to determine the effect of
knockdown of individual E3 ligases on soluble and insoluble
mHtt levels, or the identification of a physical interaction
using a yeast two hybrid assay or affinity-purification followed
by mass spectrometry. Immunoprecipitation assays rely on
the specificity of the antibody and the stable interaction
between proteins throughout the procedure. There are a
number of challenges when aiming to identify a specific E3
ligase. First of all is the typically very transient nature of
their interaction (Pierce et al., 2009), which makes it difficult
to identify these interactions with the standard techniques.
Secondly, the rapid targeting of ubiquitinated substrates
for protein degradation decreases the abundance of ligase
substrates in the sample. Thirdly, ubiquitination is a reversible
modification and rapid deubiquitination can make it challenging
to identify ubiquitinated substrates. Finally, substrates could
be ubiquitinated by different ubiquitin ligases, which hampers
identification of involved E3 ligases by selective knockdown.
Several novel approaches may enhance the possibility to identify
new ubiquitin ligase-substrate pairs, including BioID and APEX.

Proximity-Dependent Biotin Identification (BiolD)

BioID can be used to identify proteins in close proximity of
a protein of interest in living cells (Roux et al.,, 2012, 2018).
This approach makes use of the fusion of a protein of interest
with a mutant form of the biotin ligase enzyme BirA (BirA*),
which has been engineered in such a way that it can biotinylate
neighboring proteins in a promiscuous fashion. Upon addition
of biotin, proteins which are in close proximity (~10nm) of
the fusion protein are biotinylated and these could be efficiently
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proteasome-dependent degradation.

PROTAGCS bring together the protein of interest (Htt in this case) and a ubiquitin ligase, leading to ubiquitination of the protein of interest and subsequent

enriched from samples due to the strong interaction of biotin
with avidin/streptavidin conjugated beads (Figure 4A), which
also makes it possible to study insoluble proteins, while a spatial
resolution can be obtained by targeting BirA* to a location-
specific protein. Additionally, with the use of split-BiolD
constructs, consisting of a split BirA* molecule, it is possible

to confirm the interaction of two proteins of interest while also
biotinylating other members of the protein complex (Schopp
et al, 2017). After enrichment of the biotinylated proteins mass
spectrometry is used to identify the interactomes of the fusion
proteins. The advantages of BioID are the identification of weak
and/or transient protein-protein interactions of both soluble and
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insoluble proteins, and the possibility to study protein-protein
interactions at specific subcellular localizations. Disadvantages
of the BioID approach include fusion of BirA* to the protein
of interest which accounts for an additional mass of ~ 35 kDa,
which could affect the structure, function and localization of the
protein of interest. However, a smaller and improved version
of BioID, named BiolD2, is also available (Kim et al., 2016).
Whether the optimal location of the BirA* is at the N-terminal
or C-terminal side of the protein of interest will depend on
the target protein. The expression of the fusion protein should
ideally be done at endogenous levels, as high expression levels,
as for instance obtained via transient expression systems, might
result in increased levels of false positives. Hence expression
under the control of an endogenous promotor is advised.
Another limitation of this method is the relatively slow labeling
kinetics of the BioID, which results in labeling timeframes of
typically 12-24h (Varnaite and MacNeill, 2016). However, also
improved versions, called TurboID and miniTurbo, were recently
developed and can label neighboring proteins within 10 min
(Branon et al., 2018). BioIlD experiments could result in a large
number of unspecific hits, which makes selection of the right
control experiments important in order to discriminate between
specific and unspecific interactors. Negative controls that could
be used are either the parental cell line, or the expression of
an epitope-tagged BirA* protein at similar levels as the BirA*
fusion protein (Lambert et al., 2015). Quantitative proteomics
could be used in combination with BioID in order to eliminate
background proteins. BioID has been successfully applied to
identify substrates of E2 ubiquitin conjugating and E3 ubiquitin
ligase enzymes (Coyaud et al., 2015; Bakos et al., 2018; Dho et al,,
2019). The fusion of a BioID molecule with wtHtt or mHtt might
lead to the identification of novel enzymes with a role in the
ubiquitin pathway.

Engineered Ascorbate Peroxidase (APEX)

A functionally related method to BioID is the 28 kDa APEX
(Rhee et al., 2013). Upon treatment with hydrogen peroxide and
biotin-phenol, APEX catalyzes the oxidation of biotin-phenol to
generate the short-lived biotin-phenoxyl radical, which results
in the biotinylation of proteins in close proximity to APEX. An
improved version of APEX, APEX2, exhibits a higher sensitivity
as compared to the original (Lam et al., 2015). Similar as with
the BioID approach the biotinylated proteins can be enriched
with streptavidin beads and subsequently identified by mass
spectrometry (Figure 4B). APEX labeling times as short as 1 min
could be used to biotinylate neighboring proteins, making it a
much faster method as compared to BioID. This higher temporal
resolution makes it possible to study interactome dynamics over
time. Disadvantages of APEX are the fusion of a tag with the
protein of interest, as well as the toxic effect that the biotin-
phenol reagent can have in living cells, making it unsuitable for
in vivo studies (Che and Khavari, 2017).

Capturing Polyubiquitinated Proteins by
Tandem Ubiquitin Binding Entities (TUBES)

TUBESs can be used to enrich polyubiquitinated substrates from
the cell (Hjerpe et al., 2009). TUBEs consist of four UBA domains

separated by flexible linkers and fused to a tag or agarose
bead to facilitate purification and detection. They have a higher
affinity for polyubiquitin as compared to single UBA domains,
and can be expressed in cell lines where they associate with
polyubiquitinated proteins and protect them from proteasomal
degradation as well as from the action of DUBs, thus stabilizing
polyubiquitinated proteins. These polyubiquitinated proteins can
subsequently be enriched by standard immunoprecipitations.
Currently, TUBEs with specificity for M1, K48, and K63
homotypic polyubiquitin chains are available. A disadvantage of
TUBEs is that they recognize homotypic polyubiquitin chains
and it is not clear which part of the ubiquitin landscape consists
of homotypic chains vs. mixed and branched polyubiquitin
chains. Trypsin-resistant TUBEs (TR-TUBEs) could be used for
protein identification by mass spectrometry, as otherwise high
abundant peptides derived from the TUBE proteins will not be
generated and measured by mass spectrometry. The application
of TUBEs might increase the pool ubiquitinated Htt species
by protecting them from the action of DUBs and proteasomal
degradation, which might facilitate the identification of novel Htt
ubiquitination sites or might shed more light on the regulation of
K48-linked polyubiquitin targeting for degradation by the UPS.

Targeted Protein Degradation by
Proteolysis Targeting Chimeras (PROTACS)

Therapeutic strategies for HD focus on mHtt lowering in order
to slow down or delay the onset of disease, either by reducing
synthesis of mHtt or by accelerating the turnover of mHtt prior
to aggregation. Various antisense oligonucleotide approaches
are entering the clinic with the aim to reduce Htt mRNA
levels, often requiring invasive approaches including repeated
CSF injections or direct delivery of AAV viruses in the brain.
Alternatively, one could aim to reduce mHtt protein levels
by improving the turnover of mHtt via the UPS. This would
require the identification of involved ubiquitinating enzymes and
manipulating their activities.

Novel strategies also include the development of PROTACs
to induce proteasome-dependent protein degradation via a
targeting molecule (reviewed by Gu et al., 2018; Schapira et al,,
2019; Zou et al,, 2019). The designed hybrid molecule contains
a moiety to recognize the substrate protein, and another moiety
to recruit an E3 ligase to induce ubiquitination and subsequent
proteasome-dependent degradation (Figure 4C). In the case of
HD, one could use moieties recognizing the expanded polyQ tract
of mHtt, or other Htt-specific domains that are accessible for
PROTAC molecules. The challenge will be to generate a ligand
with sufficient specificity for mHtt over wtHtt or other proteins
with a polyQ repeat. Both peptide-based and small molecule-
based PROTACs have been developed to recruit E3 ligases, with
the latter being preferred as they can easier enter the human
body (An and Fu, 2018). An important benefit of the PROTAC
approach is that it is not required to identify the natural E3 ligase
that targets Htt, as recruiting an E3 ligase to a substrate is often
sufficient to trigger activity. In the case of HD, an E3 ligase able
to generate K48-linkages might be sufficient, or E3 ligases like
UBR5 to generate bi-specific K11/K48 linkages for accelerated
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degradation. In this way, the PROTAC takes advantage of
the intracellular proteostasis pathways to selectively target and
degrade disease-related proteins. Yet while representing a short-
cut to accelerate Htt turnover via ubiquitination, PROTAC
strategies may also encounter problems with permeability
(especially by crossing the blood-brain barrier), off-target effects
and stability.

Final Remarks

The toolbox to study ubiquitination in HD is quickly expanding
with new technologies including the possibility to use fluorescent
activity probes to detect alterations in (de)ubiquitinating enzyme
activities, new developments in proteomics to study alterations
in the ubiquitinome, and chemical synthesis of ubiquitin with
a variety of modifications including fluorophores and linkages.
The possibility to synthesize Htt peptides with PTMs and the
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