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Abstract

Ubiquitin ligases play an integral role in fine-tuning signaling cascades necessary for normal cell function. Aberrant regula-
tion of ubiquitin ligases has been implicated in several neurodegenerative diseases, generally, due to mutations within the
E3 ligase itself. Several proteomic-based methods have recently emerged to facilitate the rapid identification of ligase—sub-
strate pairs—a previously challenging feat due to the transient nature of ligase—substrate interactions. These novel methods
complement standard immunoprecipitations (IPs) and include proximity-dependent biotin identification (BioID), ubiquitin
ligase—substrate trapping, tandem ubiquitin-binding entities (TUBEs), and a molecular trapping unit known as the NED-
Dylator. The implementation of these techniques is expected to facilitate the rapid identification of novel substrates of E3
ubiquitin ligases, a process that is likely to enhance our understanding of neurodegenerative diseases and highlight novel
therapeutic targets for the treatment of neurodegenerative diseases.
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E3 ubiquitin ligases and neurodegeneration

Neurodegenerative diseases are characterised by the for-
mation of insoluble protein inclusions within the brains
of affected patients [1]. This includes Alzheimer’s disease
(AD) [2], Parkinson’s disease (PD) [3, 4], Amyotrophic Lat-
eral Sclerosis (ALS)/Frontotemporal Dementia (FTD) [5-7],
and Huntington’s disease (HD) [8—11]. The accumulation
of proteins, which may co-localise with protein degradation
markers such as ubiquitin [5, 6, 9, 10, 12-14], implicates
defective protein turnover systems as a common mechanism
underlying neurodegenerative diseases.

The ubiquitin-proteasome system (UPS) is one of the
major intracellular protein degradation systems [15-17],
with defects frequently associated with neurodegenerative
diseases [18]. This system is composed of ubiquitylation
enzymes and the proteasome [19]. The process of ubiquity-
lation requires a cascade of enzymatic reactions involving
ubiquitin-activating enzymes (E1s), ubiquitin-conjugating
enzymes (E2s), and ubiquitin ligases (E3s) [20, 21]. To
begin, an E1 generates a high-energy thioester bond between
an internal active site cysteine residue and ubiquitin in an
ATP-dependent manner [20]. This form of ubiquitin is
transferred to a cysteine residue within an E2 (generating
E2-ubiquitin), which then co-operates with an E3 to mediate
the ubiquitylation of substrates [20]. To generate polyubig-
uitin chains on substrates, the E2 is recycled, dissociating
from the E3 after ubiquitin transfer and reassociating once
charged with a new ubiquitin molecule [22]. Through this
process, E1, E2, and E3 ligases facilitate the mono-, multi-,
and polyubiquitylation of substrates [21]. This modification
of substrates leads to diverse ubiquitin chain topology on
substrates [23], consequently, generating specific signals
that influence a wide range of biological processes such as
autophagic protein degradation [24], protein sub-cellular
localisation [25], DNA repair [26], and cell signalling events
[27].

Ubiquitin ligases or their components have been linked
to several neurodegenerative diseases, typically by contain-
ing mutations in their encoding genes or by interacting with
disease-associated proteins [28]. For example, mutations
in the gene PARK2, which encodes for Parkin, is found in
approximately 50% of patients with autosomal recessive
juvenile parkinsonism [29, 30]. In addition, mutations in
cyclin F and Ube3A have been linked to ALS/FTD [31, 32]
and Angelman Syndrome [33], respectively. E3 ligases may
also interact and mediate the ubiquitylation of proteins that
are key factors in disease initiation and progression. For
example, the E3 ligase, C-terminus of Hsc70-interacting
protein (CHIP), recognises and ubiquitylates Tau [34], a
protein that forms filamentous Tau inclusions in multiple
neurodegenerative diseases [35].
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Challenges associated with identifying
ligase-substrate pairs

Given that defects in E3 ubiquitin ligases may be contribut-
ing factors in disease initiation and progression, it becomes
important to identify substrates that are ubiquitylated by
each E3 ligase. By doing so, it becomes possible to identify
interactions that may influence the progression of disease.
Identifying ligase and substrate pairs can be challenging,
however, due to the nature of ligase—substrate interactions.
Some challenges associated with identifying ligase—sub-
strate pairs include: (1) transient interactions between the
E3-ligase and substrate. Standard immunoprecipitations
(IPs) are based on maintaining the interaction between pro-
tein-binding partners post-lysis [36]; however, ligase—sub-
strate interactions are typically transient [37], making it
more difficult to detect the presence of substrates following
standard IPs. (2) Many proteins that are ubiquitylated by E3
ligases are rapidly degraded through the proteasome [15,
16]. As a result, the abundance of substrates may be rela-
tively low, which necessitates the development of strategies
that can stabilise protein substrates for subsequent proteomic
identification. (3) Ubiquitylation does not always lead to pro-
tein degradation [23]. Thus, developing strategies that can be
used to identify substrates targeted for proteasomal degrada-
tion may not necessarily be useful when targeting substrates
that are tagged for other biological outcomes such as protein
translocation. (4) Ubiquitylation is a reversible post-transla-
tional modification. Ubiquitylation of substrates is reversible
due to the activity of deubiquitylases (DUBs), making it
more challenging to identify ubiquitylated substrates [38].
(5) Many proteins can be ubiquitylated by more than one
ligase [39—41]. This redundancy of protein ubiquitylation
results in the need to validate specific ligase—substrate pairs.

Proteomic-based methods designed
to identify ubiquitin ligase-substrate pairs

As a result of these difficulties, as well as the time-con-
suming nature of identifying and validating ligase—substrate
pairs, it is estimated that only ~ 15% of ubiquitylated proteins
have been matched with their corresponding ubiquitin ligase
[42]. Over the years, several proteomic-based methods have
emerged, which enable the identification of ligase—substrate
pairs. IPs followed by mass spectrometry (IP-LC/MS) have
been the primary route used to identify targets of a protein
of interest [43] (see Sects. “Immunoprecipitations and ubig-
uitylation assays” and “Combining immunoprecipitations,
bioinformatics, and structural data’’). However, several new
proteomics-based techniques have emerged, which enable
the rapid identification of ligase—substrate pairs. These novel
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techniques include proximity-dependent biotin identification
(BiolD) [44, 45] (see Sect. “Proximity-dependent biotin
identification (BiolD)”), ubiquitin ligase—substrate trapping
[46—48] (see Sect. “Ubiquitin ligase—substrate trapping”),
use of tandem ubiquitin-binding entities (TUBEs) [49] (see
Sect. “Tandem ubiquitin-binding entities”), and application
of the NEDDylator [50] (see Sect. “NEDDylator”). These
techniques followed by further biochemical studies greatly
enhance the possibility to explore novel functions of E3
ligases. In the context of neurodegeneration, these methods
can provide valuable insight into altered signalling pathways
that can be a consequence of disease-causing mutations in
E3 ligases. In addition, these methods enable the identifica-
tion of ligase and substrate pairs that may assist in under-
standing the mechanisms by which ubiquitylated protein
deposits are formed.

Immunoprecipitations and ubiquitylation assays

The initial route used to identify ligase—substrate pairs has
been to detect the physical interaction between the two using
IPs followed by mass spectrometry (IP-LC/MS) [43]. This
method has previously been implemented to identify the
interaction partners of F-box proteins—proteins that are
the substrate recruitment units of multi-protein E3 ubiqui-
tin ligases. For example, D’Angiolella et al. use IP-LC/MS
workflows to identify interaction partners of the F-box pro-
tein and cyclin F, and have successfully identified and vali-
dated substrates such as RRM2 and CP110 [51, 52]. IP-LC/
MS studies involve immunoprecipitating the E3 ligase or
components of the E3 ligase from cell lysates and subse-
quently identifying co-IP partners using mass spectrometry.
Notably, this method relies on quality antibodies of reliable
specificity. Furthermore, identifying ligase—substrate pairs
using this method relies on maintaining a stable interaction
between the ligase and substrate. Thus, although this method
has successfully been used to identify some substrates of E3
ligases, such as Skpl-Cull-F-box(SCF)*¥'" F it is likely
that many substrates cannot be identified due to their tran-
sient/weak interactions between the ligase—substrate pairs
[37].

One method that can be used in addition to a standard
IP-LC/MS workflow to differentiate substrates from bind-
ing partners has been exemplified by Peschiaroli et al., who
have identified putative substrates of p-TrCP1 and 2 (herein
referred to as p-TrCP) using a dual-tagging strategy [53].
Notably, f-TrCP are well-studied F-box proteins that, similar
to cyclin F, are capable of forming a multi-protein SCF E3
ubiquitin ligase (SCFPT™P), which mediates ubiquitylation
of substrates and thereby influences a range of downstream
biological processes [54]. B-TrCP1 and 2 are examples of
well-characterised E3 ligases, as over a decade of research
has been devoted to identifying their substrates [55]. Over

50 substrates of B-TrCP have been characterised to date and
new substrates are still being uncovered [56].

The process of the dual-tagging strategy begins with a
standard IP of the ligase of interest, in this case p-TrCP.
The immunoprecipitated ligase along with co-immuno-
precipitated proteins are subsequently used in an in vitro
ubiquitylation assay whereby all components required for
ubiquitylation are incorporated in vitro. Notably, in this case,
ubiquitin is tagged with a Flag-tag. As the in vitro ubiquity-
lation proceeds, associated substrates are ubiquitylated, after
which they can be pulled down using Flag-tagged ubiquitin
and identified using MS-based workflows [53, 57, 58]. Using
this method, novel ubiquitylated substrates of f-TrCP were
identified including Claspin [53], PCDC4 [58], and REST
[57]. Importantly, validation of these substrates and further
investigation into the biological implications of this ubiqui-
tylation linked the E3 ligase to novel biological processes
including termination of the DNA replication checkpoint
response [53], proper activation of the spindle assembly
checkpoint [57], and promotion of protein translation and
cell growth [58].

Limitations and challenges

While this strategy has been useful in identifying novel
substrates of SCFPTP_difficulties of this process can arise
due to the two-step process involved. In the first step, the
ubiquitylation process proceeds with low efficiency, and in
the second step, there is low recovery of ubiquitylated pro-
teins. Thus, although this process enables the discrimination
between interaction partners and substrates, the number of
substrates identified is likely to be limited.

Combining immunoprecipitations, bioinformatics,
and structural data

Low et al. have also identified substrates of f-TrCP2 using
IPs followed by proteomics, which they refer to as affin-
ity—purification mass spectrometry (AP-MS). In this case,
Low et al. identified high-confidence substrates of f-TrCP2
by applying a combination of structural information, bioin-
formatics platforms, and IPs. Three forms of $-TrCP2 were
used in the approach, wild-type p-TrCP2, B-TrCP2 (R447A),
and mutant f-TrCP2, with a deleted F-box. The latter are
strategically placed mutations as the R447A mutation is situ-
ated in the substrate-binding area of B-TrCP2 which prevents
binding and ubiquitylation of substrates [59, 60]. The F-box
deletion in B-TrCP2 prevents the formation of a functional
SCFPTCP2 E3 ligase; however, it may still bind substrates
[61]. This provides two controls which are necessary for
comparison in this study and assisted Low et al., in eliminat-
ing binding partners from the list of candidate substrates.
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To minimise non-specific binding, Low et al. used con-
structs that encode B-TrCP2 in frame with 2xFlag and 2xHA
tags. These tags were used to sequentially IP B-TrCP2, using
one tag and then the other. The idea is that the sequential IPs
using antibodies recognising the HA-tag and then Flag-tag
reduce the presence of non-specific proteins that are associ-
ated with each immunocomplex. The final immunocomplex
is then subjected to standard proteomic analyses.

Identifying substrates

Using this method, Low et al. reported 1626 proteins that
interacted with p-TrCP2 through the WD40 domain, or
substrate-binding region. However, given the large reported
number of substrates, it is likely that many of these proteins
were non-specific interaction partners of secondary bind-
ing proteins. As a result, additional filtering processes and
the use of bioinformatics platforms were required. These
filtering processes involved using the Contaminant Reposi-
tory for Affinity Purification (CRAPome) as well as Per-
seus software suites, which enabled the removal of common
contaminating proteins as well as false-positives results. In
addition, the resulting interaction partners were scanned for
the presence of a conserved phosphodegron sequence, which
is necessary for their recognition by f-TrCP. The phosphode-
gron sequence recognised by B-TrCP is well defined, which
assisted in the identification of substrates. Using this infor-
mation, the number of putative ligase substrates was reduced
to 221 for further validation [61].

Limitations and challenges

Low et al. have established a workflow which effectively
incorporates AP-MS, structural information, and degron
mining to identify high-confidence substrates of f-TrCP2.
The resulting list of putative substrates includes a series of
known B-TrCP substrates. One consideration for the appli-
cation of this method, however, is that it involves stringent
wash steps which may come at a loss of weaker interaction
partners. Furthermore, B-TrCP is a well-studied F-box pro-
tein with a solved crystal structure [59] and a well-defined
substrate-binding region [61]. Thus, using this approach for
poorly studied F-box proteins with fewer known substrates
and little structural information may be more challenging.

Proximity-dependent biotin identification (BiolD)

Proximity-dependent biotin identification (BiolD) can be
used to identify weak/transient protein interactions in live
cells [45, 62]. This approach makes use of biotin ligase
(BirA), a~35 kDa DNA-binding protein ligase derived
from Escherichia coli [63]. The process of biotinylation by
this biotin ligase occurs through a two-step process. First,
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the biotin ligase generates a highly reactive biotinoyl-AMP
intermediate in an ATP-dependent manner [64]. In its wild-
type form, activated biotin is held within the active site of
BirA until it is released to label a specific substrate [64].
BirA has since been engineered to generate a promiscuous
variant of the biotin ligase (denoted as BirA*), which does
not specifically biotinylate any particular substrate. BirA*
contains an R118G mutation within its active site [45],
which results in a reduced association with activated biotin
[65]. As a result, the intermediate diffuses away from the
active site of BirA* leading to biotinylation of any lysine
residues in close proximity to BirA*. In this way, BirA* can
biotinylate proteins in close proximity to BirA* in a promis-
cuous fashion. These biotinylated proteins can be effectively
isolated with avidin/streptavidin conjugated to beads, before
identification using proteomics.

For the application of BiolD, the protein of interest
is fused in frame with BirA* before the fusion protein is
expressed in live cells [45]. In recent years, Coyaud et al.
have applied BiolD as a complementary method to IPs
to identify substrates of B-TrCP [44]. As shown in Fig. 1,
Coyaud first expressed the f-TrCP-BirA* fusion protein in
live cells. Once expressed, B-TrCP was still able to form a
functional, multi-protein E3 ligase to ubiquitylate substrates.
When biotin was introduced, it became activated by mutant
BirA*, and due to the reduced affinity for activated biotin,
lysine residues of surrounding proteins were biotinylated.
This included lysine residues on binding partners, substrates,
and proteins within the labelling radius.

Enriching substrates

To distinguish substrates from binding partners or other
biotinylated proteins, Coyaud et al. made use of proteasome
inhibition by treating cells with MG132. B-TrCP mediates
the ubiquitylation of substrates for proteasomal degradation
[66]. Thus, in cases where cells are not treated with MG132,
substrates are ubiquitylated and subsequently degraded by
the proteasome. In contrast, when cells are treated with
MG132, substrates accumulate allowing for their subsequent
identification by mass spectrometry. When comparing these
two data sets, biotinylated proteins that match a “substrate
profile” were those which had accumulated in response to
MG132 (when comparing the ratio of +MG132/untreated
cells). These proteins represent likely substrates as they are
within proximity to the E3 ligase and accumulate in response
to proteasome inhibition.

Limitations and challenges
A limitation of this method is the promiscuity of the biotin

ligase. The labelling kinetics of the BiolD is slow, with the
half-life of the intermediate in the minute range [67]. Thus,
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Fig. 1 BiolD workflow used to identify substrates of p-TrCP. Flag-
tagged BirA* is fused in frame with B-TrCP and the fusion protein is
expressed in live cells, enabling the formation of a functional multi-
protein E3 ligase (1). Biotin is activated by BirA*, leading to promis-
cuous biotinylation of surrounding proteins (2). Proteasome inhibi-

typical workflows using BiolD require labelling timeframes
for~24 h [68] to generate decent amounts of sample for
analysis. This results in a fairly large labelling radius. In
addition, proteasome inhibition is used in this workflow,
which leads to the biotinylation of proteins that may have
accumulated during the 24 h labelling period. A challenge,
therefore, exists in reducing the number of false-positive
results.

Ubiquitin ligase—substrate trapping

Ubiquitin ligase—substrate trapping or “ligase trapping”
is another proteomics-based strategy used to identify
ligase—substrate pairs [46—48]. This method is similar to
a standard IP; however, the ligase of interest is fused to a
polyubiquitin-binding region which enables the enrichment
of ubiquitylated substrates [47]. Specifically, the polyubiqui-
tin-binding region is a ubiquitin-associated domain (UBA),
a well-conserved domain of approximately 45 amino acids
in length [69]. Proteins that contain UBA domains are fre-
quently involved in facilitating proteasomal degradation by
binding to polyubiquitylated proteins as well as subunits of
the proteasome [70]. For example, a well-studied class of
UBA containing proteins is the UbL-UBA family. Notably,
the UBA domain within these proteins may enable stronger
binding to polyubiquitin compared to monoubiquitin [71],
a feature which makes them particularly useful for targeting
polyubiquitylated proteins. For the application of substrate
trapping, the small UBA domain derived from proteins,
Rad23 or Dsk2, is encoded in frame with an E3 ligase of
interest and expressed in live cells [46]. As substrates are
ubiquitylated by the E3 ligase, the associated UBA binds
to the polyubiquitin chain, thereby literally trapping the
substrate with the ligase complex for further isolation and

tion, using MG132, stabilises biotinylated substrates (3). Biotinylated
proteins are isolated by streptavidin (4) and analysed using LC-MS/
MS (5). Peptides identified are analysed using a suite of bioinfor-
matics programs and proteins stabilised by MG132 are classified as
potential substrates of B-TrCP (6) (Image adapted from [44])

identification using mass spectrometry. Ligase trapping and
similar applications have been applied in yeast and mam-
malian cells [46—48].

Ubiquitin ligase trapping in yeast

Ligase trapping was first established by Mark et al. [46] to
identify substrates of 8 F-box proteins found in yeast. This
ubiquitin trapping method involves expressing the ligase-
UBA fusion protein in cells alongside ubiquitin modified
with hexahistidine (Hisg)-tagged ubiquitin (Fig. 2). Once the
fusion protein and tagged ubiquitin is expressed in yeast,
substrates are ubiquitylated by the E3 ligase and become
trapped by the UBA. A two-step purification process then
follows to identify the trapped proteins. In the first step of
purification, the E3 ligase and trapped substrate are isolated
from cell lysates by immunoprecipitating the complex using
antibodies recognising the Flag-tag. This co-immunopre-
cipitated complex is then subjected to a second purifica-
tion step to minimise the number of contaminating proteins
that may have been co-immunoprecipitated. To do this, the
immunoprecipitated complex is exposed to buffers contain-
ing the chaotropic reagent, urea. By doing so, proteins are
denatured and protein—protein interactions are disrupted.
His4-tagged polyubiquitylated proteins can then be purified
using a nickel-nitrilotriacetic acid (NiNTA) affinity column.
This two-step purification procedure is followed by trypsin
digestion before resulting peptides are analysed by mass
spectrometry.

Enriching for substrates in yeast

Given that this process physically traps ubiquitinated pro-
teins in complex with the ligase of interest, the ubiquitylated
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Fig.2 Ubiquitin ligase—substrate trapping. The E3 ligase is fused in
frame to a UBA (green). When a substrate (grey) binds to the ligase
and is ubiquitylated, the ubiquitin moieties (yellow) become associ-
ated with the UBA, thereby ‘trapping’ the substrate with the ligase
and preventing it from being degraded by the proteasome (1). The

proteins are highly likely to be substrates of the specific E3
ligase at hand. Furthermore, non-specific binding partners
are diminished due to the two-step purification procedure.
Due to the double enrichment strategy, it becomes easy to
distinguish between substrates and non-specific binding
partners using substrate trapping. Overall, Mark et al. were
able to identify 17 known substrates and 18 novel substrates
of the 8 F-box proteins. The four most abundant putative
substrates of SCF*! were vacuolar/lysosomal hydrolases.
Previously, Safl was poorly characterised, with only one
reported substrate. Using this method, Safl could be linked
to novel processes involved in vacuolar/lysosomal hydrolase
function [46].

Ubiquitin ligase trapping in mammalian cells

Substrate trapping has since been applied in a mammalian
system by Loveless et al. [48] who have used the method
to identify substrates of B-TrCP in HEK293 cells. Twelve
previously known substrates were identified and 11 new sub-
strates were uncovered.

Similar to the application of ligase trapping in yeast, the
UBA domain of Rad23 was encoded in frame with -TrCP
and the fusion protein was expressed in modified HEK293
cells. The HEK293 Flp-In T-Rex cells used in this study
stably express Hiss-tagged ubiquitin upon treatment with
doxycycline or tetracycline. Thus, similar to the process used
by Mark et al., trapped proteins can be identified using a
two-step purification procedure—first by immunoprecipi-
tating the E3 ligase using the attached Flag-tag, and sub-
sequently pulling down his-tagged ubiquitylated proteins
under denaturing conditions using an NiNTA affinity column
or beads. Isolated proteins can then be identified using mass
spectrometry workflows.
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complex can then be pulled down using antibodies recognising the
Flag-tag (light pink) (2). The complex is subsequently denatured and
the hisg-ubiquitin-modified proteins are purified using Ni-NTA puri-
fication (light blue) (3). Upon trypsinisation, the substrates can be
identified using proteomics (Image adapted from [46])

Enriching for substrates in mammalian cells

Similar to Coyaud et al., Loveless used proteasome inhibi-
tion prior to cell harvesting to increase the identification of
polyubiquitylated proteins. One consideration, however, is
that the protein of interest may bind many ubiquitin-conju-
gated proteins and this may lead to false-positive results. To
demonstrate the specific functionality of the B-TrCP trap,
the group expressed a known substrate of f-TrCP, ATF4,
with an epitope tag in their cell line of interest. They then
compare substrate trapping using p-TrCP traps as well as two
unrelated F-box traps, in this case FBX024 or Fbw7 traps.
Notably, B-TrCP but not FBX024 or Fbw?7 traps could bind
polyubiquitylated ATF4 demonstrating the specificity and
functionality of this method [48].

Limitations and challenges

A drawback of this system is that the ligase is trapped in
complex with the substrate. This potentially limits the num-
ber of substrates that can be identified. Another considera-
tion when applying ligase trapping is that optimising the
linker length and configuration between the F-box and UBA
can be a time-consuming process. This is required, however,
to ensure that the ligase does not interfere with substrate
binding and polyubiquitin chain formation.

Tandem ubiquitin-binding entities

Yoshida et al. used a similar ubiquitin-binding approach to
identify substrates of FBXO21. Here, Yoshida et al. use tan-
dem-repeated ubiquitin-binding entities (TUBEs) to enrich
polyubiquitylated substrates [49]. TUBEs are based on UBA
domains whereby four UBAs are bound to the protein of
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interest. In addition to having higher affinity to tetra-ubiq-
uitin compared to single ubiquitin molecules, TUBEs pro-
tect polyubiquitylated proteins from being degraded by the
proteasome or undergoing de-ubiquitylation by DUBs [72].
Once the ligase and TUBEs are co-expressed in mammalian
cells, the TUBEs are able to capture polyubiquitylated pro-
teins. The TUBEs (attached to polyubiquitylated proteins)
are enriched by standard IP procedures using antibodies rec-
ognising the Flag-tag before the isolated proteins are trypsin
digested and analysed using mass spectrometry. Notably, the
use of trypsin-resistant TUBEs (TR-TUBEs) prevents the
trypsin digestion of the highly abundant TUBE proteins, a
process that maximises the identification of substrates by
MS as they will not be masked by the presence of high abun-
dant proteins belonging to TR-TUBE:s.

Enriching for substrates

As a negative control, Yoshida et al. have mutated the F-box
domain of FBXO21. This mutation prevents the formation of
a functional E3 ligase, and thus, substrates could be defined
as those that increased when comparing the wild-type con-
trol to the F-box mutant. Using this method, Yoshida et al.
identified and validated TARS and EID1 as substrates of
FBXO21. Both were strong candidates as they met the cri-
teria for being potential substrates and could be reproducibly
enriched and identified.

In addition to capturing ubiquitylated substrates, this
assay can be used to obtain information about the ubiqui-
tylated residues, further providing evidence that these sub-
strates are ubiquitylated. To do so, Yoshida et al. used an
antibody that recognises a ubiquitin remnant motif, K-E-GG,
a lysine modified with two glycine residues. Using this
method, Yoshida et al. found that>95% of identified pep-
tides captured contained the K-E-GG motif, further allowing
them to map out the ubiquitin sites.

RING E3 ligase

Fig.3 The concept of the NEDDylator (right) is based on the fusion
of a ligase of interest with a modified E2-ligase. Under normal cir-
cumstances (left), E2 ligase brings activated ubiquitin (yellow) to the
E3-ligase, such that ubiquitin is transferred on to substrate (grey).

Limitations and challenges

This TUBE approach does not identify substrates in com-
plex with the E3 ligase at hand; however, an advantage is
that there is no need to characterise and optimise a fusion
protein between the UBA domain and F-box of interest.
Rather, investigators co-express TR-TUBE and variations
of the F-box protein of interest. Nevertheless, overexpression
of an F-box protein may lead to a cascade of ubiquitylation
reactions, many of which may not be directly caused by the
overexpressed ligase itself.

NEDDylator

An alternative approach for the physical identification of
substrates makes use of the NEDDylator [50]. This process
works by fusing a modified E2 ligase to the F-box of interest.
E2 ligases are integral to the cascade of events leading up to
substrate ubiquitylation. Normally, the E2 ligase is respon-
sible for binding the activated ubiquitin and positioning the
activated ubiquitin close to the substrate by docking on the
E3 ligase complex [73]. In the application by Zhuang et al.,
the E2 is modified, such that it is primed with a homolog of
ubiquitin, NEDDS, instead of ubiquitin itself. Although this
modification is similar to ubiquitin, NEDD8 modifications
are rare and stable [50]. Thus, as the substrate interacts with
the ligase, E2-NEDDS facilitates the transfer of NEDDS to
the substrate, rather than ubiquitin (Fig. 3).

Substrate enrichment strategy

Although the functional E3 ligase loses the ability to ubiq-
uitylate substrates, it is now able to transfer NEDD8 onto
substrates. These NEDDylated proteins can be isolated using

His-biotin-tagged NEDD8 (HB-NEDDS) under denaturing
conditions, reducing the number of background interaction

(N3
o™

NEDDylator

In comparison, the NEDDylator enables the transfer of His-biotin-
tagged NEDD8 (green) to the substrate, enabling isolation of NED-
Dylated substrates by pull-downs
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partners identified using LC—MS/MS. Furthermore, due
to the low abundance of NEDDS8 in mammalian cells, the
enrichment of background-NEDDylated proteins is low.
Finally, the transfer of a NEDD8 moiety rather than ubiq-
uitin stabilises tagged substrates that are otherwise labelled
for rapid proteasomal degradation.

Limitations and challenges

This workflow elegantly enables the precise NEDDylation
of E3 ligase substrates; however, much work must go into
engineering the fusion protein. Creating the NEDDylator for
human XIAP required removal of the RING domain (435-
497) from XIAP to prevent association with E2 primed with
ubiquitin. Furthermore, the N-terminus of XIAP was fused
via a flexible linker to the E2 carrying NEDDS, another
aspect which must be optimised to ensure that NEDDS8 can
be transferred from the E2 to substrate. Although laborious,
these are important considerations when constructing any
NEDDylator chimeric proteins, as the engineered protein
needs to be able to form an active ligase complex, capable of
NEDDylating proteins brought to the complex by the F-box
protein.

This workflow could become more challenging for the
application of larger, multi-protein SCF complexes as they
require additional protein interaction partners to generate the
functional E3 ligase. In addition, in an SCF E3 ligase com-
plex, the F-box protein can be switched with over 60 other
F-box proteins in mammalian cells. Thus, the NEDDylated
proteins may not be specific to any given F-box protein.

Comparison of techniques

A comparison of MS-based methods used to identify sub-
strates of E3 ligases is summarised in Table 1. Although
there are a variety of methods that are available to identify
substrates, the use of -TrCP in HEK293 cells enables some
comparison between these methods. However, a major factor
is the amount of starting material used and the stringency
applied in classifying substrates. The best comparison of a
standard IP to a novel method comes from Coyaud et al.,
as they implement both BioID and IP-MS to identify sub-
strates of -TrCP. Coyaud et al. demonstrated that a greater
number of substrates were identified by the BiolD approach
compared to a standard IP approach. Furthermore, some
putative substrates that could be identified by BiolD were
not observed by standard IPs, demonstrating the ability of
BiolD to identify transient protein interactions.

Overall, methods such as BiolD can identify the highest
number of putative substrates; yet, it is worth considering
that biotinylation of proximal proteins may lead to the inclu-
sion of false-positive results at a higher rate than methods
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such as ubiquitin ligase trapping and the NEDDylator. The
latter methods proceed through a more targeted approach
and are followed by stringent multi-step purification pro-
cedures or purifications under denaturing conditions. This
typically results in the identification of fewer but more con-
fident putative substrates.

Validation methods

Regardless of the method used, there is an important need
to validate the interaction between ligases and potential sub-
strates. There are several ways that potential targets of E3
ligases can be validated. In the examples from this review
(see Table 1), approaches include in vitro or in vivo ubig-
uitylation assays, siRNA knockdown assays, cycloheximide
(CHX) chase assays, and degron mining. In vitro ubiqui-
tylation studies using recombinant proteins are considered
to be the gold standard; however, these do not account for
post-translational modifications and feedback regulation by
DUBs, which would affect functionality of each component.

In addition to validating the interaction between the
ligase—substrate pairs, further biological assays are also
required to understand the impact of substrate ubiquitylation
on biological processes. While identifying novel substrates
is an important step in characterising an E3 ligase, the bio-
logical significance may be of greater value when teasing out
the mechanisms that link defects in E3 ligases with disease.

Application of proteomic approaches
for understanding molecular mechanisms
underlying neurodegenerative diseases

Identifying ligase and substrate pairs may have important
real-world outcomes when it comes to developing novel
therapeutics for the treatment of neurodegenerative diseases.
Not only does this process assist in identifying substrates
that may be dysregulated due to enzyme dysfunction, the
process may also assist in identifying ubiquitylation events
that lead to the deposition of ubiquitylated inclusions that
are characteristics of disease. For example, Parkin may
bind and ubiquitylate TDP-43, consequently influencing the
aggregation of TDP-43 [74]; a protein found in ubiquitylated
inclusions in the post-mortem tissue of most ALS patients
and more than half of FTD patients [75]. In addition, the
E3-ligase CHIP may collaborate with chaperones to ubiq-
uitylate and degrade Tau [34]. In mouse models of Tauopa-
thies, CHIP removes aberrantly phosphorylated Tau species
[76], whilst the silencing of CHIP leads to an increase in
Tau levels [77]. In agreement with this, CHIP protein levels
are inversely proportional to the accumulation of sarkosyl-
insoluble Tau in AD patients [78]. Together the data suggest
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that protein quality-control mechanisms in neurons may be
an important regulator of tauopathies. Accordingly, CHIP
and associated chaperones have become attractive targets
for the management of tauopathies [34].

Given that these ligases may directly impact the proteo-
stasis of key pathological proteins, E3 ligases themselves
have also become potential targets for the management of
disease. For example, Parkin has been considered to be a
target for the treatment of PD [79]. With the identification
of the crystal structure of Parkin, several insights have been
gained in terms of mechanisms that lead to ligase activation
and the means by which mutations may impair structure/
function and protein—protein interactions [80-82]. Accord-
ingly, small molecule drugs may be designed, based on the
crystal structure, to regulate Parkin activity [80] as well
as ligase—substrate interactions. The enzymatic activity
of SCF¥linF i5 also affected by ALS-causing mutations.
Specifically, the S621G mutation leads to increased ligase
activity [83], a result contributing to the accumulation of
K48-linked ubiquitylated proteins [84] and accumulation
of proteins intended for proteasomal degradation [31]. The
ligase activity and substrates of cyclin F may, therefore, also
be seen as potential therapeutic targets for the treatment of
ALS and FTD. Difficulties in developing therapeutic tar-
gets for cyclin F, however, lie in the fact that cyclin F forms
part of a larger multi-protein ubiquitin ligase complex [85].
In addition, the crystal structure of cyclin F, which could
enable rational drug design, has not yet been elucidated.

Conclusions and future prospects

In the last few years, the standard procedure that has been
used to identify ligase—substrate pairs has evolved sig-
nificantly, enabling the rapid identification of multiple
ligase—substrate pairs. It is expected that as the field moves
forward, more substrates are characterised, and clearer sub-
strate profiles are obtained, the identification of ligase—sub-
strate pairs may involve a series of additional steps, such as
applying known information concerning protein expression
profiles, degron sequences, and structural information. By
doing so, it will become easier to identify high-confidence
substrates using more effective but less stringent methods.
It is possible that, in the next 5 years, bioinformatics
will become increasingly popular for the identification and
validation of these pairs. Substrates of ligases may display
typical characteristics, which include the presence of phos-
phodegrons, expression profiles, biological roles, interac-
tion sites, and localisation—qualities that may be quickly
cross-referenced against experimentally obtained results that
are curated over many years. This process will be highly
complementary to laboratory-based methods, and may be
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an efficient way to quickly identify if proteins are likely sub-
strates of a given E3 ligase.

Given that neurodegenerative diseases are characterised
by the deposition of insoluble protein inclusions tagged by
protein degradation markers, a key direction in the field is to
identify processes that may lead to the deposition of insolu-
ble proteins and/or mediate the removal of such deposits.
A benefit of many of the emerging methods is the ability to
identify substrates of ligases that are insoluble in standard
IP buffers. This feature makes them particularly promising,
especially when challenged with the increasing insolubility
of some substrates that occurs during disease. A consid-
eration, however, is that each ligase may mediate the ubig-
uitylation of multiple substrates. Thus, identifying single
ligase—substrate pairs may not reveal the breadth of func-
tions that may be defective due to disease-causing mutations,
and, as a result, a variety of interactions will require vali-
dation and further assessment to understand the complete
impact of ligase dysfunction in neurodegenerative diseases.

Overall, the application of these novel methods enables
the rapid identification of multiple putative substrates of E3
ligases and will assist not only in characterising novel bio-
logical roles of E3 ligases, but will also assist in determining
processes that may be perturbed when E3 ligases contain
disease-causing mutations. Ultimately, identifying processes
that are managed by E3 ligases will help linking mutations
in E3 ligases with disease pathogenesis and also provide
novel targets for therapeutic intervention of neurodegenera-
tive diseases.
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