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The ubiquitylation machinery regulates several fundamental
biological processes from protein homeostasis to a wide variety
of cellular signaling pathways. As a consequence, its dysregula-
tion is linked to diseases including cancer, neurodegeneration,
and autoimmunity. With this review, we aim to highlight the
therapeutic potential of targeting E3 ligases, with a special
focus on an emerging class of RING ligases, named tri-partite
motif (TRIM) proteins, whose role as targets for drug develop-

ment is currently gaining pharmaceutical attention. TRIM
proteins exert their catalytic activity as scaffolds involved in
many protein–protein interactions, whose multidomains and
adapter-like nature make their druggability very challenging.
Herein, we give an overview of the current understanding of
this class of single polypeptide RING E3 ligases and discuss
potential targeting options.

1. Introduction

Ubiquitylation is a highly complex post-translational modifica-
tion (PTM) that is stringently conserved in all eukaryotic cells.[1]

It is a crucial cellular process targeting a substrate protein with
a specific pattern of ubiquitin (Ub) molecules, thereby deter-
mining its cellular fate.[2] Physiologically, ubiquitylation regu-
lates protein degradation through the ubiquitin proteasome
system (UPS) and modulates a wide variety of cellular signaling
pathways, including cell differentiation and proliferation, apop-
tosis, DNA damage response, protein localization and traffick-
ing, autophagy, and endocytosis.[3] In particular, the ubiquityla-
tion machinery is linked to the regulation of the stability and
activity of tumor suppressor or oncogene products,[4] to the
ability of cells to degrade toxic protein aggregates,[5] and to the
activation and aberration of specific inflammatory pathways.[6]

Consequently, dysregulation of this system can lead to several
pathological conditions, including cancer onset and progres-
sion, neurodegeneration, and autoimmunity. Therefore, target-
ing the UPS has tremendous potential for intervention on
multiple pathologies and is considered a privileged pharmaco-
logical target for drug development.[7]

A huge number of possible combinations of ubiquitin
patterns decorating the substrate protein can be obtained,
generating a complex and dynamic “ubiquitin code“. This code
is made up of “writers” (E1–E2–E3 enzymes) responsible for
ubiquitylation that can be reversed or modified by “erasers/
editors” deubiquitinases (DUBs). Finally, “readers”, carrying
ubiquitin binding domains (UBDs), are able to recognize with
specific affinity ubiquitylated substrates and to interpret the
resulting Ub chain patterns built on the substrate lysine.[8] The
complexity of the system is increased by considering that
substrates can be modified by Ub not only on a single Lys
residue (mono-ubiquitylation), but also on multiple Lys residues
(multi-monoubiquitylation). Additionally, alternative Ub modifi-
cations have been reported, for example, conjugation via a

peptide bond to the N-terminal amino group of the substrate[9]

or via thio- or oxy-ester bonds to cysteine or serine/threonine
residues, respectively.[10] Moreover, Ub can be post-translation-
ally modified itself by ubiquitylation on its seven lysine residues
(K6, K11, K27, K29, K33, K48, K63) and its N-terminal methionine
leading to the formation of polyubiquitin chains. According to
the number, linkage and sites of ubiquitylation, different chain
architectures can be obtained (homogeneous, alternated,
branched).[8] One more layer of complexity is given by the
possibility of Ub to undergo different types of PTMs, such as
ribosylation, phosphorylation, acetylation and conjugation to
ubiquitin-like proteins (UBLs).[11]

The ubiquitin code is written by the finely tuned and
combined action of three types of enzymes, named E1 ubiquitin
activating enzyme, E2 ubiquitin conjugating enzyme, and E3
ubiquitin ligase. By consuming ATP, E1 forms a high-energy
thioester intermediate on its active-site Cys with Ub that is then
transferred on the E2 Cys active site through a trans-thiolation
reaction[8] (Figure 1A). At this stage, E3 ligases play a crucial role
in substrate recruitment and specificity, catalyzing the transfer
of Ub onto the substrate directly or by the intermediacy of a
ubiquitylated E3, depending on the nature of the ligase
involved (Figure 1B). Three general classes of E3 s based on
mechanism and topology of Ub transfer have been identified:
really interesting new gene (RING), homologous to E6AP
C terminus (HECT) and ring-between-RING (RBR). HECT and RBR
ligases become ubiquitylated on their Cys active site via trans-
thiolation reaction with the E2-Ub conjugate, before releasing
Ub onto the substrate. RING ligases, instead, act as scaffolds
accommodating concomitantly the E2-Ub thioester and the
substrate to catalyze direct transfer of Ub onto the target
protein.[12]

Addressing the activity of E3 s to unveil new therapeutic
strategies, relies on the identification of an effective targeting
mode depending on the nature of the ligase involved. Whilst
HECT and RBR detain an active-site Cys that can be exploited
for the design of covalent-based inhibitors and probes,[13] RING
ligases are devoid of such a unique catalytic site. Additionally,
RING ligases can be further classified as “multi-subunits” and
“single polypeptide” RING E3 s (Figure 1B). The former are
exemplified by the cullin-RING ligases superfamily (CRL), whose
biological function is achieved by binding to additional partners
or adaptors, offering multiple targeting sites.[14] The latter are
described as single polypeptide RING E3 with peculiar regu-
latory events of activation and catalysis that are yet to be
elucidated.[15]
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Tripartite motif proteins (TRIMs) represent the largest
subfamily of single polypeptide RING E3 ligases, including
approximately 80 members in humans (Figure 2), that have
been reported to catalyze direct transfer of Ub,[16] SUMO[17] or
ISG15[18] onto the substrate protein. However, not all TRIM
proteins have been functionally characterized so far. Dysregula-
tion of TRIM ligases has been linked to a variety of pathological
conditions, as summarized in Table 1.[19] Therefore, their
importance as targets for drug discovery is gradually gaining
attention. In this review, we provide an overview of the current
understanding of this emerging class of single polypeptide
RING E3 ligases. Here, we highlight challenges in their
druggability and discuss potential targeting options.

2. Emerging Drug Development Strategies
Targeting the Ubiquitin Machinery

Considering the impact of ubiquitylation on the regulation of a
vast array of fundamental biological processes, all enzymes
involved in the ubiquitylation machinery are emerging as
potential targets for drug discovery.[7] However, as E3 ligases

play a crucial role in substrate recruitment and target specificity,
they have gained more pharmaceutical attention.[20]

The possibility of interfering with ubiquitin signaling for
therapeutic purposes was in first instance evaluated through
the development of peptide-based inhibitors that directly target
the proteasome, preventing degradation of ubiquitylated
proteins.[21] Structurally, these inhibitors contain an electrophilic
site attached to a linear or cyclic peptide chain that mimics the
substrate protein.[21] Their binding is based on the interaction of
this electrophile with key nucleophilic Thr residues in the
catalytic β1, β3, β5 subunits of the proteasome.[22] Among these
inhibitors, Bortezomib (Velcade®) and Carfilzomib (Kyprolis®) are
the only two currently approved drugs that target the UPS and
they are clinically used for the treatment of multiple
myeloma.[23] Nevertheless, targeting of the proteasome itself
can negatively influence a vast array of protein networks as it
results in an overall increase of protein levels.[24] An alternative
way of targeting the UPS is by inhibition of the ubiquitylating
enzymes.

In humans, there are two known E1-activating enzymes[60] –
UBA1, UBA6 (MOP4) – and around 40 different E2-conjugating
enzymes.[61] E1 inhibitors have been extensively developed and
the topic has been previously reviewed.[62] Targeting ubiquityla-
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tion at the E1 level globally disrupts the UPS, similarly to the
effects provoked by directly targeting of the proteasome.
Conversely, inhibition at the E2 level would confer higher target
specificity. However, few options for E2 inhibition have been
reported to date: CC0651 that allosterically binds hCdc34
preventing p27Kip1 ubiquitylation, thus inhibiting cell
proliferation;[63] compound TZ9, developed by the use of a
virtual screening approach, that competitively binds the
catalytic site of Rad6, essential for post-replication DNA
repair;[64] NSC697923 and BAY 11-7082 that both inhibit Ubc13
by covalent adduct formation through a Michael addition at the
Cys active site, thus inhibiting DNA damage and NF-kB signal-
ing in human cells.[65]

As the regulation of Ub signaling is hierarchical with more
than 600 E3 ligases reported to date, playing a crucial role in
substrate recruitment and specificity, targeting the activity of
E3 s represents the most powerful strategy to manipulate the
Ub system. Despite the importance of this class of enzymes,
their activity and related regulatory mechanisms remain
enigmatic for most, especially in the case of “non-Cys active
site’’ ligases. In particular, RING ligases function as scaffolds
bringing other proteins in close proximity and how this spatial
arrangement promotes the isopeptide bond formation still
remains unknown.[15] Notoriously, these scaffolding non-enzy-
matic proteins, lacking well-defined catalytic pockets, have for

long been considered outside of the druggable space of cellular
targets. However, after the discovery of immunomodulatory
drugs thalidomide, pomalidomide and lenalidomide which bind
cereblon (CRBN), the substrate-receptor component of a DCX
(DDB1-CUL4-X-box) E3 protein ligase complex,[66] the activity
and the structure of multi-subunit cullin-RING ligases could be
characterized, allowing the identification of structural protein
domains suitable for the development of inhibitors.[14] To date,
both peptidic and small-molecule inhibitors have been de-
signed for Von-Hippel-Lindau protein (VHL), the substrate-
receptor region of the multi-subunit E3 CUL2VHL;[67] Mouse
double minute 2 homologue (MDM2), which plays a crucial role
in p53 stabilization,[68] and Inhibitor of apoptosis proteins (IAPs),
key regulator of cell survival.[69] All represent illustrative
examples of effective targeting strategies directed on RING
ligases and the topic has been exquisitely reviewed recently.[70]

Targeting the ligase activity of TRIM proteins has recently
emerged as a promising therapeutic strategy. For instance, in
the treatment of cancer, as members of this family can
modulate the stability and function of important regulators of
carcinogenesis through their ubiquitylation activity, driving cell
cycle progression or apoptosis, proliferation or differentiation,
respectively.[56] Additionally, there are several examples of TRIM
proteins that function as nuclear receptors and transcription co-
activators/co-repressors of oncogenic pathways.[56] Importantly,

Figure 1. Mechanism of ubiquitin transfer. A) Ub forms a thioester intermediate with the E1 and is then transferred to the E2 through a trans-thiolation
reaction. B) Next, E3 ligases (RING, HECT or RBR) catalyze the transfer of Ub onto the substrate directly or by intermediacy of a Ub-thioester. SBD: substrate
binding domain; CUL: cullin protein; A: adaptor; R: substrate-receptor; C: C-terminal domain, N: N-terminal domain; R1: RING domain 1, B: in-between domain,
R2: RING domain 2.
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some TRIMs are encoded by genes involved in specific cancer-
related chromosomal re-arrangements. An illustrative example
is offered by TRIM19 that is encoded by the promyelocytic
leukemia (PML) gene, responsible for acute promyelocytic
leukemia (APL).[71] The wide role of TRIMs in various human
ailments is summarized in Table 1.

3. TRIpartite Motif Proteins: Structural
Determinants

Despite the emerging role of TRIM ligases in diseases and their
importance as targets for drug discovery, addressing the activity
of this class of E3 s comes with several challenges. TRIM
proteins, as RING ligases, belong to the largest class of E3 s that
are devoid of a catalytic Cys; therefore, the identification of an
effective targeting mode cannot rely on abolishment of enzyme
activity through direct covalent inhibition of the catalytic
(nucleophilic) site. Conversely, manipulating the activity of TRIM
proteins, requires a detailed analysis of their multidomain

nature. Identification of potentially druggable structural motifs
and characterization of their function will ultimately help to
define valuable targeting options within this subclass of
proteins.

TRIM proteins, also referred as RBCC (RING, B-Box 1/2,
coiled-coil) proteins, are characterized by the presence of a
conserved N terminus which includes one RING domain, one or
two B-Box domains and a coiled-coil domain, representing the
hallmark of all family members. A variable C-terminal substrate
binding domain (SBD) has been identified to convey substrate
recruitment and specificity.[72] Based on the presence and
arrangement of these domains, TRIMs have been grouped into
12 different classes (Figure 2).

3.1. RING domain

The N terminus RING domain is the “catalytic center” of TRIMs,
responsible for the engagement of the thioester linked E2-Ub
conjugate. Structurally, RING domains are zinc-finger proteins
with eight chelating residues (Cys or His) tetrahedrally

Figure 2. Classification of TRIM/RBCC proteins. The N-terminal domain (N) or RBCC motif is mostly conserved in TRIM family members and includes RING, BB1
(B-box 1), BB2 (B-box 2), and CC (coiled-coil domain). A variable C-terminal domain (C) classifies TRIMs into 12 different classes and includes COS (COS box
motif), FN3 (FibroNectin type III motif), PRY, SPRY (SPla and the RYanodine receptor), PHD (Plant Homeodomain), BRD (bromo domain), FILAMIN, NHL (NCL-
1/HT2A/LIN-41), MATH (meprin and TRAF homology domain), ARF (ADP ribosylation factor)/SAR, TM (transmembrane motif), and a variable domain. The
presence of certain domains can vary even among members of the same class, as indicated by brackets.
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coordinating two zinc ions (Figure 3 I A). Initially, these zinc
finger domains were identified as A-box preceding the B-
boxes and thought to consist of 60–80 amino acids with eight
zinc-binding Cys. Later, also His was identified to coordinate
the zinc ions and A-box was renamed the RING domain. This
His and Cys arrangement is well conserved across species and
is structurally significant to obtain active tertiary conformation
(Figure 3 I B).[72]

The active conformation of TRIM proteins appears to be
variable among family members. In some cases, dimerization of
the RING domain is required for activity, as it has been reported
for TRIM69 and TRIM32.[73,74] RING homo-dimerization is medi-
ated by two short helices identified by the N- and C-terminal
regions adjacent to the core of the RING domain that are
predicted to form a four-helix bundle in the dimeric RING
structure.[73] However, the propensity to dimerize can be
affected by several factors, like binding to the E2-Ub
conjugate,[73] or additional cellular events (phosphorylation,
RNA binding). For example, TRIM25 has been detected as a
monomer in solution, but forms dimers in presence of the E2-
Ub conjugate.[73] This self-association is expected to be con-
trolled by the coiled-coil domain, although the precise mecha-
nism is yet to be elucidated.[73] Koliopoulos et al. described an
intramolecular RING dimerization of TRIM25 in which the RING
and the B-box domains bind back across the coiled-coil,[73] while
the dimerization model reported by Sanchez et al. describes an
antiparallel TRIM25 dimer which positions the two RING
domains on opposite ends of a 170-Å-long rod.[75]

Other members of the TRIM family like Class VI (TRIM24, 28
and 33) exist as monomers, since they lack the structural
elements required for dimerization of the RING domain.[76] For
example, the crystal structure of TRIM28RING shows that, despite
conservation of the overall RING domain fold, the regions
adjacent to the core RING are flexible and largely unstructured,
in contrast to what has been observed for dimeric TRIMs.[77]

Intriguingly, the isolated RING domains of these class VI
members do not show ubiquitylation activity as they are unable
to promote ubiquitin discharge from E2-Ub conjugates.[76]

Nevertheless, E3 ligase activity of Class VI TRIMs has been
reported in cellular assays.[78,79] This activity could be explained
by the presence of cellular binding partners, post-translational
modifications or alternatively they might constitute inactive
RING ligases that require heterodimerization with active RING
partners for physiological activity.[76]

Furthermore, there are relevant examples of TRIM proteins
undergoing higher order oligomerization prior activation, as
illustrated by TRIM5α and TRIM19, whose RING active states are
trimeric and tetrameric, respectively.[80,81]

The above-mentioned examples emphasize the importance
of investigating structural features and active conformations of
TRIMs to understand if their difference relate to mechanistic
variation across family members and if this aspect can be
explored for targeting. Interestingly, ligase activity of TRIMs
might not only be dependent upon the RING domain as
discussed in Section 3.3 in detail.

Table 1. Summary of the TRIM ligases involved in human diseases.

Type of disease Disease TRIM gene involved

developmental and rare diseases limb girdle muscular dystrophy type 2H[19] TRIM32[25]

ataxia telangiectasia[19] TRIM29, TRIM8[19]

Smith Lemli Opitz syndrome[19] TRIM29[19]

Bardet-Biedl syndrome[19] TRIM32[26]

Williams Beuren syndrome[19] TRIM50[27]

neuropsychiatric diseases multiple sclerosis[19] TRIM5, TRIM10, TRIM15, TRIM20, TRIM26, TRIM39, TRIM40
Alzheimer’s disease[19,28] TRIM20, TRIM2
schizophrenia[19,29] TRIM24, TRIM32, TRIM3, TRIM19, TRIM26, TRIM70
Parkinson’s disease[19,30] TRIM9

metabolic and cardiac disorders obesity[19,31] TRIM3, TRIM23, TRIM25
muscular atrophy and cardiac myopathies[19,32,33] TRIM63, TRIM76, TRIM72
diabetes[19] TRIM72, TRIM31
diabetic nephropathy[19,34] TRIM13

infectious diseases viral infections like HIV, HCV, SARS-COV, MERS-COV, etc.[35] TRIM25, TRIM5α, TRIM28, TRIM33, TRIM24
Salmonella typhimurium infection[36] TRIM56, TRIM65

cancers prostate cancer[37,38] TRIM24, TRIM25,[39] TRIM13, TRIM8, TRIM44, TRIM47
breast cancer TRIM28,[40–42] TRIM25,[43,44] TRIM11,[45,46] TRIM14[46,47]

brain tumor[37,38] TRIM33,[48] TRIM45
gastric cancer[37,38] TRIM29, TRIM25
pro-myelocytic leukemia[37,38] TRIM19
colorectal cancer[37,38] TRIM65, TRIM25,[49] TRIM52, TRIM59, TRIM28,[50] TRIM29,[50]

TRIM23,[50] TRIM24,[50] TRIM25[50]

neuroblastoma[37,38] TRIM59
squamous cell carcinoma[37,38] TRIM28,[51] TRIM29
osteosarcoma and epithelial mesenchymal transition[37,38] TRIM14, TRIM16, TRIM28,[52] TRIM66[53]

intraductal carcinoma[37,38] TRIM27, TRIM28[54]

non-small-cell lung carcinoma[37,38] TRIM59, TRIM67,[55] TRIM71
hepatocellular carcinoma[37,38] TRIM31, TRIM26
bladder urothelial carcinoma[37,38] TRIM29,[56] TRIM65
glioblastoma, chronic lymphocytic leukemia[57] TRIM 8, TRIM24,[58] TRIM28 (in Glioma)[59]

ChemBioChem
Reviews
doi.org/10.1002/cbic.202000787

2016ChemBioChem 2021, 22, 2011–2031 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 10.06.2021

2112 / 197229 [S. 2016/2031] 1

https://doi.org/10.1101/439125


Figure 3. TRIM structural determinants. I. RING domain. A) Schematic representation of the RING domain: the coordination of zinc ions is tetrahedral and is
based upon the position and the number of Cys and His residues. B) TRIM28 RING domain (PDB ID: 6I9H) coordination of the zinc ions. II. E2-RING interaction.
A) TRIM21RING and the isopeptide-linked Ube2N (Ubc13)-Ub (PDB ID: 6S53): Glu12 and Asp21 interact with Ube2N via its positively charged residues Arg6,
Arg7, Lys10 and Arg14, present on helix 1 of Ube2N, facing the TRIMRING surface. The number of aromatic side chains at the E2 :E3RING interface mediates
hydrophobic and conserved H-bond interactions. B) The TRIMRING protomer interacts with Ub by forming H-bonds between its Asn71 and Lys33. III. B-Boxes.
Schematic representations of A) B-box 1 and B) B-box 2. IV. Coiled Coil domain. TRIM25 coiled-coil domain (PDB ID: 4LTB): within the symmetrical dimer each
subunit shows a hairpin-like folding forming long (L1) and short arms (L2). V. PRYSPRY domain. A) Schematic representation of the PRYSPRY domain,
consisting of a PRY domain at its the N terminus, including 3 antiparallel β-strands, and a SPRY domain that forms the remaining 10 strands towards its
C terminus. B) PRYSPRY domain of TRIM5α (PDB ID: 2FBE): a compact module folded to acquire a jellyroll β-sandwich tertiary conformation. VI. PHD-BROMO
domain. A) TRIM24 PHD-BRD (PDB ID: 5H1U): The PHD is a zinc finger where C4HC3 cross braces to form antiparallel-β-sheets. The BRD folds with four left-
handed α-helices (αZ, αA, αB, and αC) that form a large central cavity. The loop regions (ZA and BC loops) constitute the rim of the acetyl-Lys binding pocket.
B) Phylogenetic representation of the human BRD family, including 8 clusters (I-VIII).[112] TRIM proteins are non-BET BRDs: TRIM24, TRIM33, and TRIM66 belong
to subfamily V; TRIM28 is member of subfamily VI. VII. FILAMIN-NHL domain (PDB ID: 6FPT). A) In TRIM proteins, the NHL domain is associated with the
Filamin-type immunoglobulin domain (FN3) to form a compact structure. The overall tertiary conformation of the NHL domain results in a β-propeller barrel
with a canonical toroidal shape.[116] B) The NHL domain is present as multiple repetition units arranged in four to six symmetrical blade-shaped β-sheets.[28,72]
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3.2. E2-RING interaction

Recent studies directed on E3:E2-Ub complexes have revealed
new insights towards the interplay between E2-Ub conjugates
and RING E3 s that is deemed to be a general requirement for
all RING E3 s, including TRIMs. E2-Ub thioesters have a flexible
topology; they can assume different configurations that are
altered by E3 binding. In detail, the E2/E3 recognition event
reduces E2-Ub dynamics and promotes the stabilization of a
closed or “folded back” conformation,[82] placing the Ub moiety
in close proximity to the substrate and priming the thioester
intermediate for nucleophilic attack by the substrate Lys (Fig-
ure 1).[83] In line with this observation, current available
structural information on TRIM21 reveals that negatively
charged residues on the RING domain of the TRIM undergo
ionic interactions with both E2 and Ub to stabilize the
complex[84] (Figure 3 II A, B). The identification of this conserved
binding mode across members of the TRIM family could define
conserved residues and motifs to be exploited for targeting.

3.3. B-Box domains

Following the RING domain, TRIM proteins contain one or two
B-Box domains (Figure 3 III A, B). The majority of TRIMs own two
B-Box domains in a conserved sequence arrangement B-Box 1-
B-Box 2; however, TRIM proteins can contain only one B-Box
domain (Figure 2).[73] The biological roles associated to the B-
Box domains in TRIMs are not yet fully understood. However,
their function could be crucial in regulating TRIM activity. For
example, it was recently observed that TRIM21 B-Box 2 domain
auto-inhibits E3 activity by occluding the E2-binding surface of
the RING domain.[85,86] Additionally, there is good evidence that
B-Boxes can drive higher-order oligomerization as reported for
TRIM5α and TRIM19. Here, B-box residues (e.g., Trp, Phe and
Leu) mediate hydrophobic interaction facilitating PMLRING

dimerization.[87,88]

Interestingly, TRIM16, lacking the RING domain, retains E3
ligases activity which is attributable to its RING-like folded B-
box domain.[89] However, this is not a general feature, as in the
case of TRIM66 loss of the RING domain correlates to the
absence of ligase activity.[90] Overall, these aspects in the TRIM
protein family exhibit nice examples of structure activity
relationships in multidomain proteins. However, only few
studies on the molecular and biological functions of the B-box
domains have been reported so far, underscoring the need for
further research on the topic.

3.4. Coiled-coil domain

The N-terminal domain and the C-terminal SBD of TRIMs are
separated by the coiled-coil domain (Figure 2). This domain is
well conserved across all TRIM proteins. TRIM proteins have two
coiled-coil domains separated by a helical segment. Each
coiled-coil has hairpin shaped subunits forming an elongated
antiparallel dimer,[75] involving mainly hydrophobic side chain

interactions (Figure 3 IV). This domain is crucial towards
homodimerization of TRIMs and as such regulates its biological
activity.[75] Additionally, the coiled-coil domain has been
described as a platform for macromolecular interactions, driving
the recruitment of cellular partners modulated by specific
environmental conditions.[91,92]

The importance of the coiled-coil domain is highlighted by
the observation that viral proteins are able to bind this domain,
preventing activation, substrate recruitment and/or imparting
allosteric changes in the protein structure.[93,94] For example,
TRIM25 has been reported to synthesize K63 polyubiquitylation
chains on retinoic acid inducible gene-I protein (RIG-I), also
known as DDX58. This event enhances RIG-I viral RNA sensing
activity and induces Interferon (IFN) production. The crystal
structure of TRIM25 coiled-coil domain and the influenza A virus
non-structural protein 1 (NS1) shows how viruses can interact
with TRIM25. The NS1 protein targets the coiled-coil domain
and allosterically inhibits the interaction between this domain
and the PRYSPRY domain,[93,95] thus downregulating IFN produc-
tion. Surprisingly, unanchored K63 chains still form, which
shows that this interaction might specifically affect substrate
recruitment without affecting the RING-mediated ligase
activity.[88]

Hence, in depth investigation on this interaction might
bring out a valuable targeting strategy for TRIM25[93] and
functional characterization of this domain might provide the
opportunity to selectively target the oligomerization state
occurring among different TRIM family members.

3.5. PRYSPRY domain

TRIM proteins belonging to class I and IV have a PRYSPRY
domain at their C terminus (Figure 2).[96] Usually, proteins with
this domain are involved in cytokine signaling, innate immunity
pathways and retroviral restriction.[97] Prime examples here are
TRIM25 in RIG-I ubiquitylation[16] and TRIM5α, TRIM20, TRIM1 in
viral restriction.[98,99]

The PRYSPRY domain has a jellyroll β-sandwich tertiary
conformation with a hydrophobic core (Figure 3 V A).[97]

Sequence alignment studies directed on PRYSPRY domain
containing-proteins, including TRIM21 (PDB ID: 2VOK), TRIM25
(PDB ID: 4B8E), TRIM72 (PDB ID: 3KB5), revealed sequence
conservation for structural elements such as β-strands and α-
helices, but also conservation within loop regions, predicted to
form the rim of the binding pocket.[100] Alanine-scan and
mutational studies allowed the identification of conserved hot-
spot residues within these loop regions capable of π-stacking
interactions and polar H-bonding.[101] Despite these structural
similarities, conservation of the binding mode was not reported
among PRYSPRY-containing TRIMs.[101] Intriguingly, peculiar
structural features predicted to direct the specificity of substrate
recruitment, were also identified. In TRIM25, for example, three
highly solvent-exposed Phenylalanine residues, sitting above a
motif capable of π-stacking (W� R� R� W), uniquely characterize
the base of the putative binding site.[100] Immunoprecipitation
studies suggested that the PRYSPRY domain of TRIM21 binds to
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the Fc fragment of IgG.[102] Trowsdale and co-workers crystal-
lized this interaction (PDB ID: 2IWG), revealing a dimeric
stoichiometry (TRIM21/Fc 2 :1) of the complex. This structural
module has been described as a modular scaffolding platform
with antibody-like variable loops, revealing the presence of two
discrete binding sites accommodating the target protein,
encoded by the PRY and SPRY subdomains, respectively.[101] In
accordance with this observation, mutational studies directed
on TRIM25 revealed the importance of two key residues
potentially involved in substrate recruitment: Asp488 and
Trp621, located on the PRY and SPRY domains, respectively.[100]

Furthermore, co-immunoprecipitation studies to investigate
possible interaction between TRIM25 and RIG-I, identified a
putative second binding site on TRIM25, consisting of a
hydrophobic patch hidden beneath the N-terminal α1-helix
connecting the coiled-coil and PRYSPRY B30.2 domain. Intrigu-
ingly, a potential interactive interface on RIG-I for TRIM25
binding has been identified and it is expected to be activated
by additional cellular stimuli (e.g., phosphorylation, RNA bind-
ing) to displace the α1-helix and ultimately reach TRIM25
PRYSPRY binding pocket.[103] Nevertheless, the precise nature of
TRIM25/RIG-I interaction remains unclear and a minimal recog-
nition sequence on RIG-I responsible for TRIM25 binding was
not identified.[104] A recent study reported that the PRYSPRY
domain of TRIM25 mediates RNA binding.[105] It has been
suggested that this interaction might enhance ubiquitylation
activity by facilitating substrate recruitment through binding to
the same RNA.[106] This aspect could explain why there is no
clear evidence for a direct interaction in vitro between TRIM25
and RIG-I. It might be interesting to investigate whether the
RNA binding capacity is a peculiarity of TRIM25-PRYSPRY or if it
is a conserved feature across PRYSPRY-containing TRIM.[93,95]

The identification of potential ligand binding pockets with
related hot-spot residues capable of both hydrophobic and
polar interactions, makes the PRYSPRY domain a promising
candidate for the design of inhibitors targeting the C-terminal
domain-mediated substrate recruitment in TRIM proteins.

3.6. PHD finger bromodomain

TRIM proteins belonging to class VI are also known as the
transcriptional intermediary factor 1 (TIF1) family. In humans,
this family comprises four proteins, TIF1α/TRIM24, TIF1β/
TRIM28/KAP-1, TIF1γ/TRIM33/Ectodermin and TIF1δ/TRIM66.
Whilst TRIM66 lacks E3 ligase activity due to the absence of the
RING domain, all members of this family own a plant
homeodomain and bromodomain (PHD–BRD) motif at their
C terminus (Figure 2). Structurally, the PHD is a zinc finger with
two β-turns coordinating with a zinc ion in a cross-brace
conformation (Figure 3 VI A).[107] BRDs share a conserved overall
fold comprising a unique left-handed bundle consisting of four
α helices (αZ, αA, αB, αC) linked by highly variable loop regions
(ZA and BC loops) that form the docking site for interacting
recognition motifs (Figure 3 VI A). Tandem PHD-BRDs are often
found in chromatin-associated proteins and have been shown
to cooperate in gene regulation with different mechanisms, as

transcriptional activators or repressors.[108] They specifically
recognize combinations of PTMs on histones or other nuclear
proteins, mainly represented by methylation and/or acetylation
of Lys residues that together build up the epigenetic code.
Some BRD-containing TRIMs act as readers of this epigenetic
code. For example, TRIM24 BRD has been described as dual
reader that specifically recognizes H3-K23Ac and H3-K4Me0.[109]

PHD-BRD binding to chromatin in TRIM proteins can trigger
ubiquitylation of transcriptional factors, linking the E3 ligase
activity to the epigenetic regulation. In line with this, it is
postulated that TRIM33-mediated ubiquitylation of SMAD4 is
activated only upon binding of TRIM33PHD-BRD to chromatin, in
response to TGF-β signaling.[78] Furthermore, TRIM proteins can
regulate transcription with mechanisms that do not imply
histone binding. Accordingly, the PHD finger of TRIM28 lacks
conserved residues normally directing histone recognition;[110]

thereby, it is considered a non-histone binding epigenetic
module. Conversely, TRIM28 promotes SUMOylation of the
adjacent BRD, contributing to the regulation of the nucleosome
remodeling and deacetylase (NuRD) complex.[111]

There are 61 human BRDs present in 46 different proteins,
which are clustered into eight families (Figure 3 VI B), based on
structure/sequence similarity.[112] Moreover, BRDs belonging to
family II are also known as bromo and extra-terminal domain
(BET). BET family members have been subject of intensive drug
discovery efforts, resulting in effective anticancer and anti-
inflammatory strategies,[113] with a number of inhibitors in phase
I clinical trials.[114] In contrast, non-BET BRDs inhibitors have
been developed to a lesser extent and none of them showed
the sub-micromolar inhibition that have been reported for BET
BRD ligands.[115] The comparatively high druggability of BET
BRDs can be explained by the larger upper part of the KAc

binding pocket and the longer ZA loop, providing additional
surface that can be utilized for interactions with small
molecules.

TRIM proteins are all classified as non-BET BRDs and belong
to different BRD clusters (class V and VI; Figure 3 VI B). Structural
and functional characterization of PHD-BRD motifs in TRIMs,
along with the identification of specific binding partners, would
help to elucidate their roles in chromatin regulation and/or in
the ubiquitylation context.

3.7. NHL repeats

TRIM proteins belonging to class VII are characterized by the
NHL repeats at their C terminus (Figure 2), associated with the
Filamin-type immunoglobulin domain (FN3; Figure 3 VII A). The
NHL domain is roughly forty residues in length, arranged in four
to six symmetrical blade-shaped β-sheets.[28,72] The overall
tertiary conformation results in a β-propeller barrel with a
canonical toroidal shape that enclose a central channel, usually
funnel-shaped (Figure 3 VII B).[116] However, in some cases, a
shallow pocket is observed instead of a well-defined central
channel.[116] The NHL domain can mediate protein-protein
(substrate) interactions or protein-RNA interactions. Several
NHL-containing TRIMs have been identified as part of the
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human RNA interactome, including TRIM2, TRIM3, TRIM32,
TRIM56, TRIM71.[117]

The canonical NHL domains have a top and a bottom
binding interface.[118] All known interactions with RNA are
mediated by the positively charged top surface.[119] Their RNA-
binding capacity has important implications on NHL-containing
TRIMs activity either by facilitating substrate recruitment or by
inducing allosteric changes in the TRIM protein to enhance
ubiquitylation.[119–121] Despite the importance of this interaction,
the involved interface on the NHL domain is highly polar with
abundancy of positively charged residues. This aspect might
limit the possibility of developing inhibitors with drug-like
properties targeting this domain. In addition, protein ligands
including substrates can bind either to the top, the bottom
surface or between two adjacent β-propellers.[116] Interestingly,
the β-propeller fold of the NHL repeats in TRIMs, predicted to
act as SBD, is also found in WD- and Kelch domains of proteins
acting as substrate receptors of CRL E3 ligases. For example, the
WD repeat- containing proteins β-TrCP and Cdc4 are substrate-
receptor regions of Skp1-CUL1-F-box complexes,[122] whereas
Kelch domains recruit the substrate in BTB-CUL3-R-box
complexes.[123] Moreover, the C-terminal Kelch domain of Keap1,
the substrate recognition component of BTB-CUL3-R-box com-
plex, has been crystallized bound to a peptide derived from its
substrate: Nuclear transcriptional factor 2 (Nrf2). Character-
ization of this complex allowed for the identification of key
interactions involved in substrate binding[124] that have been
exploited for the design of inhibitors targeting the multi
subunit E3 CUL3KEAP1.[125]

In conclusion, the NHL domain in TRIM proteins has
promising features that can be targeted for therapeutic
application as inhibitors for their β-propeller structural fold
present in other proteins have successfully been developed,[125]

Unfortunately, no crystal structures for human NHL-containing
TRIMFL or isolated TRIMNHL domains have been reported so far,
thereby limiting characterization efforts and computational
studies necessary for drug development.

4. Tripartite Motif Proteins: Targeting Options

The consistent gap between structural features of TRIMs and
precise molecular functions or biological outcomes relies on
two main factors: the nonenzymatic scaffolding nature of these
enzymes and the lack of known validated substrates targeted
for ubiquitylation/SUMOylation/ISGylation (Table 2). These as-
pects limit the possibility of designing assays for compounds

evaluation and inhibitor development. Our current understand-
ing on the biological function of TRIM proteins is limited as it is
represented by the variability of regulatory events directing
their activity, including TRIM self-interactions and
oligomerization[126] This complexity poses challenges in the
definition of mechanistic models, experimental procedures and
effective targeting options. The non-enzymatic mechanism of
Ub transfer makes TRIM ligases difficult to target with tradi-
tional small-molecule ligands and conventional occupancy-
based methods. Nevertheless, their multidomain nature (Sec-
tion3) which correlates with a multifunctional biological profile,
might enable the design of alternative attractive targeting
options. Indeed, addressing the activity of TRIMs is not limited
to interfering with the E3 ligase activity, as these proteins can
exert their cellular functions with a combination of E3-depend-
ent and independent mechanisms, including post-translational
modification of substrates, transcription regulation and inter-
action with cellular components (other proteins, RNA) or
receptors.[127,128] While this aspect increases the complexity of
the target, it also provides a more valid rational for targeting as
multiple strategies can be undertaken for the design of active
compounds.

As TRIM proteins function as scaffolds ensuring close
proximity between the E2-Ub conjugate and the substrate,[15]

inhibition strategies could be primarily achieved by targeting
either the N-terminal conserved RBCC motif or the C-terminal-
mediated substrate binding domain (SBD; Figure 4).

4.1. Targeting the conserved TRIMRBCC

The conserved RBCC motif in TRIM proteins contains the
functional unit responsible for E2 engagement (Figure 4, I) and
catalytic transfer of Ub (RING; Figure 4, II) and the structural
regions responsible for activation via self-association (coiled-coil
mediated dimerization[73,75,129]) or oligomerization (higher order
assembly via RING/B-boxes[80,81]), or heterotypic PPIs via coiled-
coil.[91,130] Thereby, targeting of these domains has the potential
of effectively and selectively affecting a precise event directing
TRIMs’ catalytic activity. However, these inhibition strategies
would require the development of PPI modulators. PPI inhib-
itors have been difficult to target in drug discovery, as the
interaction interfaces are usually very large and contain many
hydrophobic residues. Moreover, the peptide nature of poten-
tial drug candidates limits the achievement of drug-like
molecules with favourable ADME properties during the opti-
mization phase of the drug discovery process. Nevertheless,

Table 2. Summary of proteins reported to interact with the C-terminal substrate binding domain of TRIMs.

TRIM C-terminal Substrate/interactor
domains

PRYSPRY RIG-I,[75] MAVS,[158,159] p65,[160,161] TRAF2,[161] TAK1,[161] NEMO,[16] TRAF3,[160] RNA,[119,160] ZAP[105,162]

PHD-BROMO histone H4,[163] Smad4,[78] histone H3,[78] β-catenin,[48] DHX33,[164] HIV-1 viral integrase[165]

NHL mRNA,[28,116] myosin-V,[28,116] miRNA302,[28,116] miRNA290[28,116]

MATH MEKK4[166]

COS microtubules and microtubule binding proteins[167]
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substantial progress has been achieved during the last decade
leading to several examples of peptidomimetic and small-
molecule PPI inhibitors that have been developed for other E3
ligases. The MDM2 inhibitors[131] and selective ligands for the
BIR domains of IAPs[132] are illustrative to this extent.

4.1.1. Targeting E2/E3RING interactions

Starting from the already available information on RING/E2-Ub
complexes,[83] superposition studies among different TRIMs,
supported by site specific mutagenesis experiments, may allow
the identification of key pharmacophoric sites directing this
macromolecular interaction. This approach has proven to be
fruitful for TRAF6, sharing functional similarity to TRIM25. They
are both single polypeptide RING E3 ligases that in presence of
Ubc13/Uev1A, catalyze the K63-linked polyubiquitylation of
cellular propagators involved in autoimmune and inflammatory
response.[133] Co-crystal structures of TRAF6/Ubc13, along with
single point mutation studies, successfully demonstrated the
importance of distinct residues of TRAF6 (Cys70, Asp57) in
realizing the interaction with the Ub-charged E2.[134] This
observation provided a rational basis for the design of small-
molecule inhibitors targeting Ubc13/TRAF6 interaction. In a
later study, a small-molecule PPI inhibitor of TRAF6/Ubc13-Ub
binding, named C25-140, was found by the use of a high-
throughput screening (HTS) approach.[135] C25-140 resulted in
improved outcomes of autoimmune psoriasis and rheumatoid
arthritis in in vivo mouse models and, importantly, it is target-
specific and does not interfere with K48-linked polyubiquitin
chain formation, avoiding the risk of cellular protein homeo-
stasis dysregulation.[136]

However, to pursue PPI modulators for TRIM family
members additional studies are required. Crystal structures
studying TRIM proteins are currently limited to subdomains of
proteins in isolation and only in some cases to the co-crystal
structures of E3RING : E2-Ub complexes. Another important aspect
to elucidate includes the identification of specific E2/E3 pairs for
all TRIM proteins, which would require a systematic investiga-
tion. Additionally, the attribution of the specificity of the
polyubiquitin chain linkages still remain enigmatic. The linkage
specificity is mainly attributable to the E2 s, since some E3 s can
bind different E2 s and catalyze different chain linkages (e.g.,
TRIM25/Ubc13: K63; TRIM25/UbcH5: K48). However, further
studies are required to generalize and confirm this
mechanism.[15]

4.1.2. Manipulation by allostery

Allosteric regulation represents an important feature to explore
in the case of TRIMs and RINGs, both to gain further insight into
the regulatory events directing the ligases activity and as a
strategy for the development of novel inhibitors. Allosteric
inhibition of substrate recognition was successfully exploited
for SCFCdc4, component of the E3 ubiquitin ligase complex SCF
(SKP1-CUL1-F-box protein), through the use of a small molecule,
identified by HTS, that binds 25 Å away from the substrate
binding site.[137] More generally, there is evidence in literature
supporting that not only E2 s and RING E3 s bind to promote
ubiquitylation, but also the Ub to be transferred undergoes
additional interactions with the RING domain in order to
stabilize the closed conformation and enhance the efficiency of
its transfer.[53] In line with this observation, recent studies
revealed distinct structural elements in RING E3 domains that

Figure 4. Schematic representation of potential targeting options for TRIM proteins. Inhibition strategies could be primarily achieved by targeting the
N-terminal conserved RBCC motif represented by I) inhibition of E2 binding; II) exploitation of the RING interactions with Ub to be transferred; III) exploration
of the putative allosteric docking of unbound ubiquitin molecules; IV) interfering with coiled-coil-mediated self-association or by targeting the variable C-ter-
minal-mediated substrate binding domain (SBD). The most promising targeting strategy is represented by the latter (V). Inhibition of substrate recruitment
with a special focus on three structural motifs found in TRIM proteins: PHD-BRD cassette, PRYSPRY domains, and NHL repeats. Future research might also
define a role and targeting mode for B-box domain–mediated protein–protein interactions (PPIs).
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recognize a consensus region on the Ub molecule to be
transferred (Figure 4, II).[82,138] Moreover, the E2 UbcH5 has been
reported to possess a “backside” that supports interactions with
a range of effectors including Ub and ancillary regions of
monomeric RING E3 s to enhance affinity of the E3–E2 complex
and allosterically regulate activity.[139,140] When UbcH5 is loaded
with a donor Ub, binding of a second copy of Ub to its backside
markedly enhances the affinity of the conjugate to RNF38,
thereby stimulating Ub transfer.[141] Analyses of two related
RINGs, Arkadia and Ark2C (Ark-like RINGs) revealed that the
RING domain itself can directly bind Ub, and that docking of
the RING domain into a regulatory ubiquitin molecule promotes
transfer of Ub to substrates.[142]

More specifically, the multidomain nature of TRIM proteins
enables the occurrence of allosteric mechanisms of regulation
directing their activity through self-interactions of different
functional domains present in the protein structure. In
accordance with this observation, Koliopoulos et al. reported a
weak interaction in solution between the coiled-coil and the
PRYSPRY domains of TRIM25. This intramolecular association is
promoted by RNA binding and it is necessary for RIG-I
ubiquitylation.[93,95] The importance of this regulatory mecha-
nism is supported by the observation that the viral protein NS1
binds to the coiled-coil domain of TRIM25 and allosterically
inhibits its ubiquitylation activity.[93]

The presence of intra- and inter-molecular mechanism of
allosteric regulation in TRIM family members might represent a
crucial aspect to elucidate and manipulate their activity (Fig-
ure 4, III).

4.1.3. Interfering with dimerization and oligomerization

For the majority of RING ligases, RING domain dimerization is
deemed to be required for activation and catalysis,[73] providing
the potential option of targeting dimeric TRIM ligases by PPI
modulators preventing RING self-association. The development
of PPI inhibitors affecting homodimerization might target
directly the RING or the coiled-coil domain that is crucial in this
process (Figure 4, IV). Additionally, several mechanisms of
activation, including homotypic and heterotypic interactions
involving the coiled-coil, have been reported in the case of
TRIMs.[37,126,130,143,144] The existence of specific mechanisms occur-
ring in different TRIMs is predicted to direct the E3 ligase
activity and promote substrate recruitment.

A successful drug development approach following this
route would be limited by the extension of interactive interfaces
and the required hydrophobicity for candidate active com-
pounds that is difficult to combine with drug-like properties.
However, mutation studies directed on other RING ligases,
demonstrated that two Val residues located in the RING domain
of XIAP ligases are indispensable to allow dimerization;[145]

whilst structural analysis directed on MDM2 resulted in the
importance of the C-terminal amino acids for proper complex
formation and stabilization of the overall RING structure.[146,147]

These examples suggest that despite extension of the involved
interfaces, pharmacophoric sites can be selectively identified.

Additionally, mutational studies directed on TRIM proteins
demonstrated that disruption of the coiled-coil domain dimeri-
zation relies on the presence of residues capable of H-bonding
rather than hydrophobic interactions.[129] This aspect suggests
that hydrophobic and hydrophilic requirements might be
balanced for the design of potentially active compounds
targeting the function of this domain.

4.2. Inhibition of substrate recruitment: targeting TRIMSBD

Substrate recognition is one of the most important steps in
TRIM activity and usually, this aspect is mediated by its C-
terminal substrate binding domain (SBD). Although the biology
aspects have been explored for many TRIMs, not much is
known about their direct substrates. As targeting SBDs through
competition of native substrates is the most common mecha-
nism reported to inhibit RING E3 ligases, known interactors of
different C-terminal TRIM domains have been summarized in
Table 2. It must be noted that distinction between interactors
and substrates is challenging and strictly depends on the
experimental procedure used. Hence, reported interacting
partners might only be interactors instead of true substrates
getting modified.

Inhibition approaches developed for IAP,[69] MDM2[68] and
VHL[67] are illustrative for this. Clinically evaluated IAPs
antagonists[148] were developed by utilization of the first four
residues, AVPI (Ala, Val, Pro, Ile), of the N terminus of Smac/
DIABLO, a natural antagonist of XIAP that binds to its BIR3
domain.[149] In the case of MDM2 the interaction between its
N terminus domain and the transactivation domain of p53,
revealed the presence of two key hydrogen bonds and a triad
of hydrophobic residues on p53 that crucially interacts with the
binding cleft of MDM2.[68] These features have been exploited
for the development of peptidic and non-peptidic modulators
for MDM2/p53 PPI. Similarly, structural characterization of HIF-
1α/VHL interaction, led to the development of moderately
potent inhibitors based on the presence of a key hydroxypro-
line residue from the HIF-1α-binding region.[150–153] The above-
mentioned examples corroborate the importance of identifying
the minimal structural requirements from the substrate that are
responsible for E3 recognition and engagement.[154] According
to this, targeting of TRIMSBD/substrate interaction (Figure 4, V)
would require significant efforts towards the discovery of
specific endogenous substrates targeted for PTMs; hence,
related crystal structures could be used as starting point for the
development of peptide analogues or small-molecule modu-
lators. Importantly, knowledge on the substrate is crucial
towards the design of appropriate screening assays and
evaluation of potential inhibitors. The identification of sub-
strates for TRIMs requires on one hand the use of advanced
technologies to detect E3-interacting proteins and, on the other
hand, further validation of binders as bona fide substrates by
orthogonal methods. Detecting substrates for E3 ligases is very
challenging, due to the weak physical interaction and rapid
dissociation rate between E3-substrate complexes. Additionally,
the low abundance of substrates targeted for proteasomal
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degradation, the redundancy of the system in which individual
substrates can be targeted by several E3 s and the reversibility
of ubiquitylation due to the coordination of ligases with DUBs
activity, complicate this process.[155] Thereby, integrated ap-
proaches combining genetic models with proteomics and
molecular biology, are required to overcome these limitations,
as discussed in Section5. Current efforts are mostly limited to
computational approaches, including superposition studies,[100]

druggability analysis[156] and in silico virtual screening.[157] Based
on structural and conformational analysis of TRIMSBD and
depending on the availability of crystal structures and chemical
tools (including inhibitors, compound libraries, controls, assay
platforms for activity and selectivity screening), the most
promising candidates for the development of small-molecule
ligands include the PHD-BRD cassette, the PRYSPRY domain and
the NHL repeats.

4.2.1. Targeting the PHD-BRD domain

TRIM ligases belonging to class VI, owning a PHD-BRD cassette
at their C terminus, usually recognize combinations of PTMs on
histones, including KMe and KAc. This aspect represents a
remarkable advantage, since the KAc binding mode to the BRD
is mostly conserved[112] and KAc mimetic structures can be
evaluated to design inhibitors.[168,169] Generally, the bromodo-
main KAc binding pocket is of sufficient size to accommodate
chemical inhibitors of 300–500 Da, in combination with their
weak interaction with targeting sequences, make BRDs attrac-
tive sites for the development of inhibitors.[112]

Targeting of BRDs is supported by the development of
efficient screening methods, including fragment-based drug
discovery (FBDD) that makes use of low molecular weight
molecules whose weak binding to the target protein can be
evaluated by using highly sensitive methods of detection (NMR,
SPR). This strategy might be of particular interest for TRIM
proteins, since native binding partners or tool compounds are
currently unknown. Although current clinical compounds did
not originate from this approach, there are several examples of
successful optimization of fragments into selective probe
molecules targeting human BRDs, including BET[170] and non-
BET BRDs.[171] Although, the druggability of the PHD domain has
not been subjected to a comparable systematic investigation, a
recent study reported the first FBDD approach to identify small
molecules that bind the PHD finger domain.[172] This study
demonstrated the potential of NMR-based fragments screening
to explore the ligandability of this epigenetic module. However,
low solubility issues, low affinity (evaluated in terms of ligand
efficiency LE) of candidate peptide-like ligands and the
occurrence of pseudoligand interactions, suggests that target-
ing the PHD compared to the BRD domain is more
challenging.[172,173]

Very recently, a patent reporting the identification of a
series of compounds as ligands for TRIM33 BRD was published
(Figure 5A).[174] However, TRIM33 exists as two isoforms (α and
β), and the patent does not specify which isoform was used for
compound evaluation. TRIM33α has a noncanonical BRD due to

a 17 amino acids deletion. This feature might implicate
challenges in the development of small-molecule ligands for
TRIM33α as well as opportunities to design structurally distinct
and selective inhibitors over the two isoforms. Unfortunately, a
detailed description concerning biophysical measurements and
crystallography to establish binding mode, is not provided for
the patented inhibitors.[174] A recent study investigated the
structure-based druggability across BRD family members, there-
by elaborating on a qualitative classification of human
bromodomains according to unique signatures characterizing
the binding pockets.[156] All TRIM BRDs were predicted to be
difficult to target, implying that they might show lower hit rates
in screening efforts or limiting ligand optimization. Additionally,
TRIM33 and TRIM24 share high sequence similarity, thereby
posing challenges in the design of highly selective ligands.
Nevertheless, recent work from the SGC and Bayer led to the
development of dual BRPF-1/TRIM24 BRD inhibitor, named
Compound 34. It was obtained by screening of commercial 1,3-
dimethyl-benzimidazolone scaffolds, known KAc mimicry, deco-
rated with a sulfonamide in position 5 and a substituted phenyl
in R1 (Figure 5B).[157] In a different study, optimization of the
same N,N’-dimethyl-benzimidazolone motif led to the discovery
of IACS-9571, by introduction of a N,N’-dimethyl amino group
on the aromatic ring in R2 and interposition of a short linker to
promote a ionic interaction with D926[175] (Figure 5B). The co-
crystal structure of this compound with TRIM24 PHD-BRD
revealed the expected globular domain organization of the BRD
and the expected binding mode of the KAc-mimetic benzimida-
zolone moiety (Figure 5B). The activity of these inhibitors, tested
on diverse cancer cell lines, did not give the expected
antiproliferative effects or other related phenotypes, despite
genetic lockdown of TRIM24 resulting in antiproliferative
phenotypes and overexpression of TRIM24 correlated with poor
patient prognosis.[58] These findings suggest that TRIMBRD

inhibition alone might not be sufficient as an anti-cancer
strategy. However, the use of these compounds may prove
therapeutically promising in combination with recently devel-
oped approaches, such as the PROTAC design, as described in
Section 4.3.

4.2.2. Targeting the PRYSPRY and NHL domain

Other C-terminal SBDs that represent promising candidates for
ligand development, include the PRYSPRY domain, present in
the majority of TRIMs, and the NHL repeats, characterizing class
VII (Figure 2). Both structural modules have been reported to
mediate either PPI or noncoding RNA binding.[95,117] The
capability of NHL/PRYSPY-containing TRIMs of recruiting sub-
strates to be ubiquitylated and/or bind RNAs offers multiple
possibilities to design inhibition strategies. However, the precise
mechanism of these interactions remains unclear and requires
further investigation. Additionally, it should be considered that
candidate RNA-mimic compounds might result extremely polar
to be compatible with therapeutic application. Nevertheless,
their use in in vivo and in vitro assays might help to elucidate
the complex network linking RNA binding, ubiquitylation and
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innate immunity pathways. To this extent, a recent study
reported the selection and in vivo/in vitro application of ssRNA
aptamers specific to NS1 to rescue TRIM25-mediated RIG-I
ubiquitylation from viral inhibition and repristinate IFN
production.[176] Although the precise mechanism determining
this experimental outcome is not clear, this study offers a valid
example of how the multidomain nature and multifunctional
role of TRIMs can increase the number of possible targeting
approaches.

For PRYSPRY-containing TRIMs, two putative binding sites
(located on the PRY and SPRY subdomains, respectively) have
been identified in TRIM21 and TRIM25 that are predicted to
mediate substrate recruitment.[101,100] In particular, hot-spot

residues within this putative binding pockets are capable of
both hydrophobic and polar interactions, increasing the proba-
bility of obtaining inhibitors with drug-like properties.[101,103] On
the other hand, different studies reported the importance of
the coiled-coil domain and the involvement of an amino acid
stretch in the PRY motif in realizing RNA binding.[177] In addition,
the linker connecting the PRYSPRY and coiled-coil domains
contains a short Lys-rich motif that contributes towards this
interaction.[106]

The β-propeller tertiary conformation that characterizes the
NHL repeats in TRIM proteins is also found in in WD and Kelch
domains containing proteins that function as substrate-recep-
tors of CRL complexes. Importantly, these domains proved to

Figure 5. Published TRIM BRD inhibitors. A) Bromosporine, a broad-spectrum BRD inhibitor (left); general formula of a patented TRIM33 BRD inhibitor (right);
B) TRIM24 BRD inhibitors: Compound 34[157] and IACS-9571[175] (left). Both compounds are based on a 1,3-dimethylbenzimidazolone scaffold decorated with a
sulfonamide in position 5 and a substituted phenyl in R1. In IACS-9571 the introduction of a N,N-dimethyl amino group on R2 with interposition of a short
linker, promotes an additional ionic interaction; Co-crystal structure of TRIM24 BRD and IACS-9571[175] (PDB ID: 4YC9) (right) showing the conserved folding of
the BRD and the ligand interacting with two key residues: N980 (H-bond between the KAc mimicry carbonyl moiety and the NH2 of the conserved Asn residue)
in the BC loop and D926 (ionic interaction between the positively charged tertiary amine in R2 and the negatively charged carboxylic moiety of the Asp side
chain) in the ZA loop. C) PROTAC for TRIM24 (dTrim24), made up of a PEG linker connecting a derivative of IACS-9571 and a known VHL binder (VH032).
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be druggable in the context of multi-subunit RING E3 ligases
and inhibitors targeting this structural fold have been previ-
ously developed, as demonstrated by KEAP1/Nrf2 inhibitors.[125]

To date, no inhibitors have been reported for these structural
modules present in TRIM proteins, as substrates targeted for
PTMs are unknown. Moreover, the scarce availability of crystal
structures for the human isoforms, either as full-length proteins
or isolated domains, represents a crucial limiting factor. Here,
the availability of known substrates is of primary importance, as
ligand/enzyme complexes are necessary to evaluate the con-
formational effects distinguishing the apo and bound structures
of the TRIM protein.

In NHL domains, the RNA binding site has been associated
to the positively charged top surface;[117] however, the binding
mode can vary among family members. For example, in BRAT
the binding site is located on the top surface, whereas TRIM71
binds RNA through a positively charged shallow central
cavity.[119,121] As protein binding can occur on the top or the
bottom surface of the NHL domain,[117] whereas the RNA
binding interface is generally represented by the top surface,[117]

it might be interesting to explore the mechanism of compet-
itive binding/inhibition that can be realized when protein and
RNA binding sites are overlapping.

Together, these considerations corroborate the potential of
targeting the C terminus TRIMSBD; whilst emphasizing the
imminent need of structurally and functionally characterizing
TRIMs towards a rational for the design and evaluation of
inhibitors.

4.3. Targeting autoubiquitylation

There are interesting regulatory events modulating the activity
and stability of TRIMs that might be exploited for the design of
indirect inhibition strategies. For example, autoubiquitylation or
self-ubiquitylation is an important process reported for some
TRIMs.[178] Autoubiquitylation was observed for the first time in
TRIM5α, in both humans and rhesus monkey variants. Sequence
alignments showed remarkable similarity between these two
TRIM5α variants; however, they significantly differ in their
antiviral potency in HIV-1 restriction. Comparison of the
autoubiquitylation potential among the two variants, in pres-
ence of suitable controls, demonstrated that rhesus monkey
TRIM5α is substantially less self-ubiquitylating than its human
variant, and thereby more effective in HIV-1 restriction.
Although the type of linkage for ubiquitylation is unknown, this
process may dictate huTRIM5α stability in cells, reducing its
anti-HIV activity. In light of this observation, autoubiquitylation
might potentially be prevented or enhanced as indirect strategy
to modulate the stability and activity of a specific disease-
related TRIM. It might be interesting to systematically explore
this phenomena among members of the TRIM family.[178]

4.4. PROTACs

An emerging strategy to drive the activity of RING E3 ligases
towards therapeutic application or as chemical biology tool for
target validation is targeted protein degradation (TPD). This
strategy exploits the natural UPS and the substrate specificity of
E3 ligases for chemically induced degradation of a specific
disease-related target protein, without altering the global
cellular proteome. TPD can be achieved with different modal-
ities of targeting, either by the use of bifunctional heterodimeric
ligands, the so-called proteolysis targeting chimeras
(PROTACs),[179] or by monovalent molecular glues.[180] The former
are characterized by the presence of a linker connecting two
different parts that specifically bind the protein of interest (POI)
to be degraded and the E3 ligase, respectively.[179] The latter are
monovalent molecules that function as enhancers of E3/
substrate PPIs.[181] From the one hand, occupancy-based inhib-
ition methods imply the development of potent and selective
small-molecule ligands directed to the catalytic site of the
protein of interest. On the other hand, protein degraders are
recruiter molecules whose role is to ensure close spatial
proximity between the E3 and the substrate, enhancing a
naturally occurring cellular pathway that is represented by
ubiquitylation, proteasomal recognition and subsequent degra-
dation of the target protein.[182] As a consequence, no functional
activity towards the E3 or the substrate is required and even
weak binders targeting a noncatalytic domain of the protein of
interest can be promising candidates for TPD.[183] Paradoxically,
a tight binding might be disadvantageous in the case of protein
degraders, as a long residence time (high-affinity ligands) of the
protein degrader in the E3/substrate complex would limit the
number of target proteins that can be recruited by the degrader
molecule. Through their unique mode of action, PROTACs have
a completely new pharmacodynamic profile, allowing for higher
potency at lower doses, prolonged pharmacological effect and
decreased risk of off-target binding and side-effects.[184] These
features highlight the relevance of this targeting mode for
multidomain proteins like TRIMs, thereby offering the possibility
to expand the druggable space for scaffolding non-enzymatic
proteins like RING ligases.

The potential of PROTACs application has been expanded
over the past few years through the use of PHOTAC and
PhosphoPROTACs,[185] where the ligand for the E3 recruitment is
selectively activated by a sequence-specific phosphorylation
event or UV irradiation, respectively, thereby conferring spatio-
temporal precision of targeting. Additionally, combined tech-
nologies making use of tagged proteins have been developed,
as HALOtag[186] or dTAG.[187] However, despite the potential and
versatility of PROTACs, only a few of the 600 family members of
E3 s have been explored in targeted protein degradation to
date, depending on the availability of ligands to engage the
desired target protein and the required E3. PROTACs were
initially developed for MDM2 and IAPs E3 ligases and the field
remarkably accelerated when cullin-RING E3 ligases were found
to be addressed with small molecules, in particular CRBN and
VHL.[188] Recently, new E3 ligases have been reported to be used
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for protein degradation, including DCAF15,[189] RNF114[190] and
RNF4.[191]

PROTACs have been successfully developed for BRDs,
including human Bromodomains BRD4, belonging to the BET
family[192] and BRD9, a non-BET BRD containing protein.[193,194] A
recent study by Bradner and co-workers describes the first
PROTAC targeting the bromodomain of a TRIM ligase.[195] Here a
derivative of the BRD inhibitor IACS-9571 was exploited towards
the design of a VHL-based PROTAC targeting TRIM24 for
proteasomal degradation (Figure 5C). The TRIM24-based PRO-
TAC (dTRIM24) was reported to drive potent and selective
degradation of TRIM24 by recruiting VHL E3, resulting in
inhibition of cell proliferation in acute leukemia cells. Interest-
ingly, pairwise analysis of TRIM24 degradation versus BRD
inhibition via IACS-9571 alone revealed a beneficial selective
action for the PROTAC approach.[195]

Although, Bradner and co-workers described a PROTAC
where TRIM24 embodies the POI to be targeted for degradation
by CRL2VHL E3; it would be interesting to explore the design of
the reversed-strategy degrader molecule as well. Here, TRIM24
could act as E3 ligase for protein degradation as it has been
reported to negatively regulate the abundance of putative
substrate proteins, such as p53, that are potentially targeted for
K48 ubiquitylation by TRIM24.[196] However, the existence of
allosteric mechanisms of auto-inhibition driven by self-interac-
tion of different functional domains present in the protein
structure of TRIMs, might limit the application of this reversed
approach.[197]

Given the potential of TPD approaches in revolutionizing
the canonical way of targeting proteins, thereby expanding the
number of possible druggable targets, research is currently
pointing towards the identification of new ligands for other E3
ligases to enlarge the toolbox of protein degraders. It should be
noted that size and polarity of PROTACs can pose challenges in
terms of drug-like properties; however, internal analysis suggest
that the physicochemical properties of degrader compounds
might be surprisingly more positive than expected in terms of
cell permeability, systemic exposure and stability.[184] These
technologies have promoted a number of drug development
research programs by pharmaceutical companies, resulting in
several compounds, directed on either known or undisclosed
targets, entering clinical testing in the past year with more to
follow in the imminent future.[198] Together these studies will
reveal the true potential of TPD approaches.

5. Recent Advances To Explore the
Ubiquitylation Machinery

Targeting the activity of E3 ligases represents the most specific
and powerful way for therapeutic intervention within the
ubiquitylation cascade. However, it comes with several chal-
lenges in the case of TRIMs, due to their scaffolding nature and
scarcity of information with regard to biophysical and biochem-
ical characterization of key macromolecular interactions. Multi-

disciplinary approaches are required to shed light on activity
and functions of TRIM proteins.

Current available techniques in molecular and chemical
biology, offer a variety of options to study the ubiquitylation
machinery by combining genetics, functional genomics and
proteomics approaches with chemical inhibition.[199] Cellular
and in vivo models that allow knock down or overexpression of
virtually any gene have established the importance of TRIM
proteins as targets for drug discovery.[56] On the other hand, the
identification of the precise biochemical linkage existing
between ubiquitylation of substrates and the generation of
physiologically altered cellular phenotypes is still poorly under-
stood. To this extent, target validation is crucial to drive a
successful drug discovery process. Advanced cellular systems to
reconstruct the ubiquitylation cascade,[200] the possibility of
expressing affinity-tagged enzymes (e.g., His tag) to facilitate
purification and immunoblot analysis[201] or the versatility of
mass spectrometry (MS) tools to perform proteomic analysis
and identify protein complexes in pull-down experiments,
supports this unmet need.[202]

In the case of TRIM ligases, E2 specific pairs or endogenous
substrates are mostly unknown and the attempts to identify
cellular interaction partners is limited by the fact that most of
the above-mentioned methodologies can be affected by several
artifacts or are unable to detect weak complexes. For example,
the attribution of enriched or depleted proteins as putative
substrates for specific TRIM ligases in over-expression based
screens might be unreliable due to the redundancy of the
ubiquitylation machinery. Nevertheless, recent advances in the
field allowed to overcome this drawback, as in the employment
of targets of ubiquitin ligases identified by proteomics 2
(TULIP2) methodology, which uses E3-Ub fusion proteins to
detect substrate interactions after purification of the His-tagged
trimeric complex E3-Ub-substrate.[203] Furthermore, novel tech-
nologies for the detection of polyubiquitylated substrates by
using ubiquitin binder sequences with dissociation constants in
the nanomolar range, have been developed, as in the case of
tandem ubiquitin binding entities (TUBEs); linear fusions of
ubiquitin binding domains able to specifically bind tetrameric
ubiquitin chains on target proteins.[204]

In addition, the development of in vitro reconstituted assays
to demonstrate the ligase activity with possibility of chemically
manipulating it by means of probes and inhibitors would
represent the golden standard to identify the physicochemical
events regulating enzyme activity. A chemical probe can be
defined as an entity capable of binding to a given target with
high in vitro potency (<100 nM, KD or IC50), good selectivity (>
30-fold activity against other families) and evidence of cellular
target engagement (compound concentration <1 μM).[115] Ad-
vanced activity-based probes (ABPs) undergo activity-depend-
ent labeling of enzyme family members and their use is very
versatile. Ubiquitin-based chemical probes have been success-
fully used for crystal structural studies, for protein profiling to
study enzyme regulation or for inhibitors screenings.[13] Tradi-
tionally, they have been developed for enzymes that target the
catalytic Cys in E3 s or DUBs.[205] In the case of scaffolding
proteins like TRIMs, the absence of the catalytic Cys in the
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design of ABPs might be partially overcome by the incorpo-
ration of photocrosslinking moieties (e.g., Bpa: p-benzoyl-β-
phenylalanine) within the E2-Ub conjugate. Such a strategy has
been previously used for metalloenzymes[206] and more recently
for SUMO E3[207] and RING E3 s.[208]

The design of a robust reconstituted in vitro assay to
monitor the ubiquitylation of substrates, suitable for HTS would
enable both mechanistic studies of Ub transfer as well as small-
molecule modulator screens for TRIM proteins. To this extent, a
variety of synthetic and semisynthetic approaches to obtain Ub
and UBL-based reagents have been developed[209] allowing for
different assay readouts. Fluorescence polarization (FP)-based
screening methods have been successfully used to monitor
DUBs activity, mainly employing Ub-AMC or Ub-rhodamine,
which fluoresce only after cleavage.[210] In the case of Ub
conjugation, screening approaches are much less standardized,
however simplified reconstitution systems have been reported
in the case of HECT and RBR ligase.[211] UbiReal was described as
a simple HTS approach to track all stages of Ub conjugation
and deconjugation in real time relying on the use of
fluorescently labeled Rho-Ub and implying a FP-based
readout.[212] On the other hand, time-resolved (TR) FRET assays
represent a valuable approach to monitor RING-mediated Ub-
chain conjugation and RING ligase activity. For example, the
combination of TR-FRET technology with TUBES in vitro, has
successfully been employed to monitor autoubiquitylation of
MuRF1 and TRIM25.[213] In an attempt to study the activity of
non-enzymatic proteins like TRIMs and evaluate the effect of
potential inhibitor candidates, commercially available assay
platforms to detect PPIs might prove useful. Alphascreen makes
use of fluorophore-containing tagged donor and acceptor
beads able to recruit the labeled enzyme and substrate,
respectively, whose reduction in signal emission via FRET is
used to evaluate binding of candidate inhibitors.[214] Although
susceptible to assay interference and prone to false positive
results, it might represent a powerful high-throughput assay for
the initial screening of PPIs modulators. Additionally, the
Alphascreen TruHits kit can be used to identify false positives
resulting from singlet oxygen quenching or biotin mimetics.[214]

In the absence of ligands as starting point for inhibitors design
and optimization, fragment-based screening approaches might
represent the most promising way to define potent and
selective ligands for E3 ligases. With a robust in vitro assay
suitable for HTS, the use of low-molecular-weight fragments
allows sampling of a greater proportion of chemical space than
an equivalent sized library of lead-like molecules.[215] Initial
fragment hits can be developed into drug-like molecules using
techniques like fragment linking, merging, or growing, by
preserving crucial parameters, like LE (ligand efficiency) and LEE
(ligand lipophilic efficiency). Developing robust in vitro assays
require extensive protein purification, laborious characterization
of co-factors, substrates and proper choice of a detection
technology for the screening assays. Moreover, reconstituted
activity assays do not take into account cellular context and
localization of involved components. To address these limita-
tions, cellular-based screening technologies have recently been
improved. The Ubiquitin Ligase Profiling platform (UPL) repre-

sents a cellular HTS system that combines TUBEs with the
NanoBiT luminescence-based technology to monitor ubiquityla-
tion of E3 s and it was successfully used to evaluate the activity
of inhibitors against RNF8 E3 ligase.[216]

Another promising strategy to address the activity of
multidomain proteins, consists of exploiting the druggability of
determined structural modules that have been successfully
targeted, either to find a functional inhibitor or to identify a
binder for PROTAC design. BRD-containing TRIMs provide an
illustrative example here. Isolated BRD can be expressed and
properly folded separately from the rest of the BRD-containing
protein and, importantly, the development of molecules to
target BRD is promoted by commercially available chemical
tools, including control compounds, histones mimicry libraries
and assay platforms suitable for HTS. Bromosporine is a pan-
BRD inhibitor that canonically binds to the KAc binding pocket
of the BRD (Figure 5A).[217] BROMOscan, originally developed to
assess selectivity among kinase inhibitors, measures the binding
of DNA-tagged bromodomain to an immobilized BRD ligand
(KAc-containing histone mimic). If an inhibitor is present, it will
compete with the bromodomain binding to the immobilized
ligand, resulting in reduction of a quantitative PCR (qPCR) signal
in a dose-dependent manner.[218] This method of assay readout
is less prone to compound interference compared to other
displacement assays, such as FP or FRET (Alphascreen). Addi-
tionally, the affinity and selectivity of inhibitors can be
evaluated against a comprehensive set of recombinant human
BRDs in label-free methods, including NMR-based
approaches[219] and Isothermal calorimetry (ITC) that can be
used for the direct determination of binding constants (Kd) in
solution, providing information on enthalpic, entropic contribu-
tion and stoichiometry of ligand binding.[220]

6. Summary and Outlook

TRIM proteins represent a promising target for the development
of novel therapeutics. However, despite the recent advances
made in developing innovative reagents and methodologies to
study the ubiquitin field, there are still many conundrums to be
resolved regarding our current understanding on this family of
enzymes and their related potential use as pharmaceuticals.
The current platform of reagents and assay readout have the
potential to accelerate drug discovery efforts, targeting all
aspects of the ubiquitin cascade and important lessons can be
learned from other classes of RING enzymes. Yet, the frontier of
inhibitor development lies in the introduction of innovative
technologies as TRIMs are represented by their intrinsic
scaffolding nature that limits the development of covalent
probes, inhibitors or standardized screening methods.

The absence of a catalytic site limits the application of high-
affinity (covalent) inhibitors and low-affinity inhibitors at high
concentration may cause unfavorable off-target effects. Addi-
tionally, the multidomain nature/multifunctional biological role
of TRIMs implies that blocking just one function or one domain
might not be sufficient to obtain the desired therapeutic
outcome. Therefore, TRIM proteins are eligible targets for the
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development of protein degraders (PROTACs). Designing a
ligand for any druggable region of a TRIM domain, independ-
ently from its function, could provide access towards thera-
peutically active degraders.

Giving the scarcity of structural and functional character-
ization for TRIM family members and the absence of known
active compounds addressing their activity, there is no starting
point for the design of inhibitors for these proteins. Addition-
ally, de novo drug discovery requires high cost and time
consumption; therefore, one promising strategy that is currently
gaining attention and that could be useful to overcome these
limitations consists in the evaluation of off-patented drugs. A
recent study screened a panel of off-patent quinoline drugs,
normally used as antimalaria, antiprotozoal and antibacterial
agents, to evaluate their potential for the treatment of MM.
Interestingly, it was found that NXQ (nitroxoline) can suppress
cell viability and induce apoptosis by downregulating
TRIM25,[221] whose role in cancer development through regu-
lation of p53 stability was previously reported.[222] However, the
precise mechanism remains unclear, since it is unknown
whether NXQ can influence TRIM25 transcription and/or
expression or affect the ligase activity.

In summary, the main bottleneck is currently represented
by the lack of structural information and the multiplicity of
mechanism of regulation that may occur in different TRIMs,
along with the need to identify their endogenous substrates.
Thereby, further investigation is stringently needed to function-
ally characterize TRIM proteins in detail and in return address
their activity with effective targeting options for pharmaceutical
applications.

Acknowledgements

This work was supported by the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodow-
ska-Curie grant agreement no. 813599 and the EU/EFPIA/OICR/
McGill/KTH/Diamond Innovative Medicines Initiative 2 Joint
Undertaking (EUbOPEN grant no. 875510). We would like to thank
Dr. Robbert Kim for proof reading.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: high-throughput screening · inhibitors · ligases

[1] A. Zuin, M. Isasa, B. Crosas, Cells 2014, 3, 690–701.
[2] K. N. Swatek, D. Komander, Cell Res. 2016, 26, 399–422.
[3] S. Gilberto, M. Peter, J. Cell Biol. 2017, 216, 2259–2271.
[4] L. Deng, T. Meng, L. Chen, W. Wei, P. Wang, Signal Transduct. Target

Ther. 2020, 5, 11.
[5] Q. Zheng, T. Huang, L. Zhang, Y. Zhou, H. Luo, H. Xu, X. Wang, Front.

Aging Neurosci. 2016, 8, 303
[6] H. Hu, S.-C. Sun, Cell Res. 2016, 26, 457–483.
[7] X. Huang, V. M. Dixit, Cell Res. 2016, 26, 484–498.
[8] D. Komander, M. Rape, Annu. Rev. Biochem. 2012, 81, 203–229.

[9] A. Ciechanover, Trends Cell Biol. 2004, 14, 103–106.
[10] X. Wang, R. A. Herr, T. H. Hansen, Traffic 2012, 13, 19–24.
[11] M. Akutsu, I. Dikic, A. Bremm, J. Cell Sci. 2016, 129, 875–880.
[12] C. E. Berndsen, C. Wolberger, Nat. Struct. Mol. Biol. 2014, 21, 301–307.
[13] K. F. Witting, M. P. C. Mulder, H. Ovaa, J. Mol. Biol. 2017, 429, 3388–

3394.
[14] E. Bulatov, A. Ciulli, Biochem. J. 2015, 467, 365–386.
[15] R. J. Deshaies, C. A. P. Joazeiro, Annu. Rev. Biochem. 2009, 78, 399–434.
[16] M. U. Gack, Y. C. Shin, C. H. Joo, T. Urano, C. Liang, L. Sun, O. Takeuchi,

S. Akira, Z. Chen, S. Inoue, J. U. Jung, Nature 2007, 446, 916–920.
[17] X. Ma, T. Yang, Y. Luo, L. Wu, Y. Jiang, Z. Song, T. Pan, B. Liu, G. Liu, J.

Liu, F. Yu, Z. He, W. Zhang, J. Yang, L. Liang, Y. Guan, X. Zhang, L. Li, W.
Cai, X. Tang, S. Gao, K. Deng, H. Zhang, eLife 2019, 8, 1–45.

[18] W. Zou, D. E. Zhang, J. Biol. Chem. 2006, 281, 3989–3994.
[19] M. Watanabe, S. Hatakeyama, J. Biochem. 2017, 161, 135–144.
[20] Galdeano, Fut. Med. Chem. 2017, 9 (4), 347–350.
[21] A. F. Kisselev, A. L. Goldberg, Chem. Biol. 2001, 8, 739–758.
[22] M. L. Stein, H. Cui, P. Beck, C. Dubiella, C. Voss, A. Kruger, B. Schmidt,

M. Groll, Angew. Chem. Int. Ed. 2014, 53, 1679–1683; Angew. Chem.
2014, 126, 1705–1709.

[23] S. Ito, Cancers (Basel) 2020, 12 (2), 265.
[24] M. S. D. Buac, S. Schmitt, F. R. Kona, R. Deshmukh, Zhen, C. N.-D.

Zhang, B. Mitra, Q. P. Dou, Curr. Pharm. Des. 2013, 19, 4025–4038.
[25] P. Frosk, T. Weiler, E. Nylen, T. Sudha, C. R. Greenberg, K. Morgan, T. M.

Fujiwara, K. Wrogemann, Am. J. Hum. Genet. 2002, 70, 663–672.
[26] H. Ramachandran, T. Schafer, Y. Kim, K. Herfurth, S. Hoff, S. S.

Lienkamp, A. Kramer-Zucker, G. Walz, J. Biol. Chem. 2014, 289, 8390–
8401.

[27] L. Micale, C. Fusco, B. Augello, L. M. R. Napolitano, E. T. Dermitzakis, G.
Meroni, G. Merla, A. Reymond, Eur. J. Hum. Genet. 2008, 16, 1038–1049.

[28] C. Tocchini, R. Ciosk, Semin. Cell Dev. Biol. 2015, 47–48, 52–59.
[29] A. Borlepawar, A. Y. Rangrez, A. Bernt, L. Christen, S. Sossalla, D. Frank,

N. Frey, J. Biol. Chem. 2017, 292, 10180–10196.
[30] K. Tanji, T. Kamitani, F. Mori, A. Kakita, H. Takahashi, K. Wakabayashi,

Neurobiol. Dis. 2010, 38, 210–218.
[31] P. W. Franks, C. Ling, BMC Med. 2010, 8, 88.
[32] D. Peris-Moreno, D. Taillandier, C. Polge, Int. J. Mol. Sci. 2020, 21(18),

6663.
[33] J. Alloush, N. Weisleder, JAMA Neurol. 2013, 70, 928–931.
[34] Y. Li, D. Ren, Y. Shen, X. Zheng, G. Xu, EBioMedicine 2020, 51, 102582.
[35] S. van Tol, A. Hage, M. I. Giraldo, P. Bharaj, R. Rajsbaum, Vaccines (Basel)

2017, 5, 23.
[36] J. Kamanova, H. Sun, M. Lara-Tejero, J. E. Galan, PLoS Pathog. 2016, 12,

e1005552.
[37] S. Hatakeyama, Trends Biochem. Sci. 2017, 42, 297–311.
[38] S. Hatakeyama, Nat. Rev. Cancer 2011, 11, 792–804.
[39] S. Zhou, J. Peng, L. Xiao, C. Zhou, Y. Fang, Q. Ou, J. Qin, M. Liu, Z. Pan,

Z. Hou, Research Square 2020, DOI: 10.21203/rs.3.rs-60545/v1.
[40] C. Wei, J. Cheng, B. Zhou, L. Zhu, M. A. Khan, T. He, S. Zhou, J. He, X.

Lu, H. Chen, D. Zhang, Y. Zhao, J. Fu, Sci. Rep. 2016, 6, 29822.
[41] J. Kumar, G. Kaur, R. Ren, Y. Lu, K. Lin, J. Li, Y. Huang, A. Patel, M. C.

Barton, T. Macfarlan, X. Zhang, X. Cheng, NAR Cancer 2020, 2, zcaa007.
[42] P. Czerwińska, P. K. Shah, K. Tomczak, M. Klimczak, S. Mazurek, B.

Sozańska, P. Biecek, K. Korski, V. Filas, A. Mackiewicz, J. N. Andersen, M.
Wiznerowicz, Oncotarget. 2017, 8, 863–882.

[43] Y. Liu, S. Tao, L. Liao, Y. Li, H. Li, Z. Li, L. Lin, X. Wan, X. Yang, L. Chen,
Nat. Commun. 2020, 11, 348.

[44] T. Sun, Z. Liu, Q. Yang, Mol. Cancer 2020, 19, 146.
[45] X. Dai, F. Geng, M. Li, M. Liu, Oncol. Rep. 2019, 41, 2567–2574.
[46] A. M. Jaworska, N. A. Wlodarczyk, A. Mackiewicz, P. Czerwinska, Stem

Cells 2020, 38, 165–173.
[47] G. Hu, W. Pen, M. Wang, Oncol. Res. 2019, 27, 439–447.
[48] J. Xue, Y. Chen, Y. Wu, Z. Wang, A. Zhou, S. Zhang, K. Lin, K. Aldape, S.

Majumder, Z. Lu, S. Huang, Nat. Commun. 2015, 6, 6156.
[49] N. Sun, Y. Xue, T. Dai, X. Li, N. Zheng, Biosci. Rep. 2017, 37 (4), DOI:

10.1042/BSR20170805.
[50] W. Eberhardt, K. Haeussler, U. Nasrullah, J. Pfeilschifter, Int. J. Mol. Sci.

2020, 21 (20), 7532.
[51] B. Liu, X. Li, F. Liu, F. Li, S. Wei, J. Liu, Y. Lv, Pathol. Oncol. Res. 2019, 25,

1645–1652.
[52] L. Chen, T. Munoz-Antonia, W. D. Cress, PLoS One 2014, 9, e101040.
[53] Y. Chen, Y. Guo, H. Yang, G. Shi, G. Xu, J. Shi, N. Yin, D. Chen,

Oncotarget. 2015, 6, 27, 23708–23719.
[54] P. Czerwinska, S. Mazurek, M. Wiznerowicz, J. Biomed. Sci. 2017, 24, 63.

ChemBioChem
Reviews
doi.org/10.1002/cbic.202000787

2028ChemBioChem 2021, 22, 2011–2031 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 10.06.2021

2112 / 197229 [S. 2028/2031] 1

https://doi.org/10.1101/439125


[55] J. Jiang, H. Ren, Y. Xu, M. Wudu, Q. Wang, Z. Liu, H. Su, X. Jiang, Y.
Zhang, B. Zhang, X. Qiu, J. Cancer 2020, 11, 1240–1249.

[56] M. A. Mandell, B. Saha, T. A. Thompson, Front. Pharmacol. 2020, 11,
308.

[57] U. Bhaduri, G. Merla, Mol. Ther. Nucleic Acids 2020, 22, 434–444.
[58] D. Lv, Y. Li, W. Zhang, A. A. Alvarez, L. Song, J. Tang, W. Q. Gao, B. Hu,

S. Y. Cheng, H. Feng, Nat. Commun. 2017, 8, 1454.
[59] Z. X. Qi, J. J. Cai, L. C. Chen, Q. Yue, Y. Gong, Y. Yao, Y. Mao, J. Neuro-

Oncol. 2016, 126, 19–26.
[60] I. Lee, H. Schindelin, Cell 2008, 134, 268–278.
[61] M. D. Stewart, T. Ritterhoff, R. E. Klevit, P. S. Brzovic, Cell Res. 2016, 26,

423–440.
[62] S. R. da Silva, S. L. Paiva, J. L. Lukkarila, P. T. Gunning, J. Med. Chem.

2013, 56, 2165–2177.
[63] D. F. Ceccarelli, X. Tang, B. Pelletier, S. Orlicky, W. Xie, V. Plantevin, D.

Neculai, Y. C. Chou, A. Ogunjimi, A. Al-Hakim, X. Varelas, J. Koszela,
G. A. Wasney, M. Vedadi, S. Dhe-Paganon, S. Cox, S. Xu, A. Lopez-
Girona, F. Mercurio, J. Wrana, D. Durocher, S. Meloche, D. R. Webb, M.
Tyers, F. Sicheri, Cell 2011, 145, 1075–1087.

[64] M. A. Sanders, G. Brahemi, P. Nangia-Makker, V. Balan, M. Morelli, H.
Kothayer, A. D. Westwell, M. P. V. Shekhar, Mol. Cancer Ther. 2013, 12,
373–383.

[65] C. D. Hodge, R. A. Edwards, C. J. Markin, D. McDonald, M. Pulvino, M. S.
Huen, J. Zhao, L. Spyracopoulos, M. J. Hendzel, J. N. Glover, ACS Chem.
Biol. 2015, 10, 1718–1728.

[66] A. Lopez-Girona, D. Mendy, T. Ito, K. Miller, A. K. Gandhi, J. Kang, S.
Karasawa, G. Carmel, P. Jackson, M. Abbasian, A. Mahmoudi, B. Cathers,
E. Rychak, S. Gaidarova, R. Chen, P. H. Schafer, H. Handa, T. O. Daniel,
J. F. Evans, R. Chopra, Leukemia 2012, 26, 2326–2335.

[67] C. Galdeano, M. S. Gadd, P. Soares, S. Scaffidi, I. Van Molle, I. Birced, S.
Hewitt, D. M. Dias, A. Ciulli, J. Med. Chem. 2014, 57, 8657–8663.

[68] N. Estrada-Ortiz, C. G. Neochoritis, A. Domling, ChemMedChem 2016,
11, 757–772.

[69] H. Cong, L. Xu, Y. Wu, Z. Qu, T. Bian, W. Zhang, C. Xing, C. Zhuang, J.
Med. Chem. 2019, 62, 5750–5772.

[70] N. Blaquiere, E. Villemure, S. T. Staben, J. Med. Chem. 2020, 63, 7957–
7985.

[71] K. Jensen, C. Shiels, P. S. Freemont, Oncogene 2001, 20, 7223–7233.
[72] G. Meroni, G. Diez-Roux, BioEssays 2005, 27, 1147–1157.
[73] M. G. Koliopoulos, D. Esposito, E. Christodoulou, I. A. Taylor, K.

Rittinger, EMBO J. 2016, 35, 1204–1218.
[74] J. R. Keown, J. Yang, M. M. Black, D. C. Goldstone, Acta Crystallogr. Sect.

D 2020, 76, 954–961.
[75] J. G. Sanchez, J. J. Chiang, K. M. J. Sparrer, S. L. Alam, M. Chi, M. D.

Roganowicz, B. Sankaran, M. U. Gack, O. Pornillos, Cell Rep. 2016, 16,
1315–1325.

[76] F. Fiorentini, D. Esposito, K. Rittinger, Biochem. Soc. Trans. 2020, 48,
2615–2624.

[77] M. Stevens, B. Franke, K. A. Skorupka, D. S. Cafiso, O. Pornillos, O.
Mayans, D. G. Norman, J. Mol. Biol. 2019, 431, 2900–2909.

[78] E. Agricola, R. A. Randall, T. Gaarenstroom, S. Dupont, C. S. Hill, Mol.
Cell 2011, 43, 85–96.

[79] L. Margalit, C. Strauss, A. Tal, S. Schlesinger, Viruses 2020, 12, 1015.
[80] A. J. Fletcher, M. Vaysburd, S. Maslen, J. Zeng, J. M. Skehel, G. J. Towers,

L. C. James, Cell Host Microbe 2018, 24, 761–775 e766.
[81] P. Wang, S. Benhenda, H. Wu, V. Lallemand-Breitenbach, T. Zhen, F.

Jollivet, L. Peres, Y. Li, S. J. Chen, Z. Chen, H. de The, G. Meng, Nat.
Commun. 2018, 9, 1277.

[82] E. Branigan, J. Carlos Penedo, R. T. Hay, Nat. Commun. 2020, 11, 2846.
[83] J. N. Pruneda, P. J. Littlefield, S. E. Soss, K. A. Nordquist, W. J. Chazin,

P. S. Brzovic, R. E. Klevit, Mol. Cell 2012, 47, 933–942.
[84] L. Kiss, J. Zeng, C. F. Dickson, D. L. Mallery, J.-C. Yang, S. H. McLaughlin,

A. Boland, D. Neuhaus, L. C. James, Nat. Commun. 2019, 10, 4502.
[85] M. A. Massiah, B. N. Simmons, K. M. Short, T. C. Cox, J. Mol. Biol. 2006,

358, 532–545.
[86] C. Dickson, A. J. Fletcher, M. Vaysburd, J.-C. Yang, D. L. Mallery, J. Zeng,

C. M. Johnson, S. H. McLaughlin, M. Skehel, S. Maslen, J. Cruickshank,
N. Huguenin-Dezot, J. W. Chin, D. Neuhaus, L. C. James, eLife 2018, 7,
e32660.

[87] J. M. Wagner, M. D. Roganowicz, K. Skorupka, S. L. Alam, D. Christen-
sen, G. Doss, Y. Wan, G. A. Frank, B. K. Ganser-Pornillos, W. I. Sundquist,
O. Pornillos, eLife 2016, 5, e16309.

[88] Y. Li, X. Ma, Z. Chen, H. Wu, P. Wang, W. Wu, N. Cheng, L. Zeng, H.
Zhang, X. Cai, S. J. Chen, Z. Chen, G. Meng, Nat. Commun. 2019, 10,
3789.

[89] J. L. Bell, A. Malyukova, J. K. Holien, J. Koach, M. W. Parker, M. Kavallaris,
G. M. Marshall, B. B. Cheung, PLoS One 2012, 7, e37470.

[90] R. M. McAvera, L. J. Crawford, Cancers (Basel) 2020, 12, 2094.
[91] G. A. Stoll, S. I. Oda, Z. S. Chong, M. Yu, S. H. McLaughlin, Y. Modis,

Proc. Natl. Acad. Sci. USA 2019, 116, 15042–15051.
[92] G. Fonti, M. J. Marcaida, L. C. Bryan, S. Trager, A. S. Kalantzi, P. J.

Helleboid, D. Demurtas, M. D. Tully, S. Grudinin, D. Trono, B. Fierz, M.
Dal Peraro, Life Sci. Alliance 2019, 2, 4, e201900349.

[93] M. G. Koliopoulos, M. Lethier, A. G. van der Veen, K. Haubrich, J.
Hennig, E. Kowalinski, R. V. Stevens, S. R. Martin, C. Reis e Sousa, S.
Cusack, K. Rittinger, Nat. Commun. 2018, 9, 1820.

[94] C. Weinert, D. Morger, A. Djekic, M. G. Grutter, P. R. Mittl, Sci. Rep. 2015,
5, 10819.

[95] K. Haubrich, S. Augsten, B. Simon, P. Masiewicz, K. Perez, M. Lethier, K.
Rittinger, F. Gabel, S. Cusack, J. Hennig, bioRxiv preprint 2020, DOI:
10.1101/2020.05.04.070177

[96] D. A. Rhodes, B. de Bono, J. Trowsdale, Immunology 2005, 0.
[97] C. Grutter, C. Briand, G. Capitani, P. R. Mittl, S. Papin, J. Tschopp, M. G.

Grutter, FEBS Lett. 2006, 580, 99–106.
[98] X. Li, B. Gold, C. O’HUigin, F. Diaz-Griffero, B. Song, Z. Si, Y. Li, W. Yuan,

M. Stremlau, C. Mische, H. Javanbakht, M. Scally, C. Winkler, M. Dean, J.
Sodroski, Virology 2007, 360, 419–433.

[99] Y. Li, H. Wu, W. Wu, W. Zhuo, W. Liu, Y. Zhang, M. Cheng, Y. G. Chen, N.
Gao, H. Yu, L. Wang, W. Li, M. Yang, Cell Res. 2014, 24, 762–765.

[100] A. A. D’Cruz, N. J. Kershaw, J. J. Chiang, M. K. Wang, N. A. Nicola, J. J.
Babon, M. U. Gack, S. E. Nicholson, Biochem. J. 2013, 456, 231–240.

[101] L. C. James, A. H. Keeble, Z. Khan, D. A. Rhodes, J. Trowsdale, Proc. Natl.
Acad. Sci. USA 2007, 104, 6200–6205.

[102] D. A. Rhodes, J. Trowsdale, Mol. Immunol. 2007, 44, 2406–2414.
[103] A. A. D’Cruz, N. J. Kershaw, T. J. Hayman, E. M. Linossi, J. J. Chiang, M. K.

Wang, L. F. Dagley, T. B. Kolesnik, J. G. Zhang, S. L. Masters, M. D. W.
Griffin, M. U. Gack, J. M. Murphy, N. A. Nicola, J. J. Babon, S. E.
Nicholson, Biochem. J. 2018, 475, 429–440.

[104] C. Cadena, S. Ahmad, A. Xavier, J. Willemsen, S. Park, J. W. Park, S. W.
Oh, T. Fujita, F. Hou, M. Binder, S. Hur, Cell 2019, 177, 1187–1200
e1116.

[105] N. R. Choudhury, G. Heikel, G. Michlewski, Wiley Interdiscip. Rev.: RNA
2020, 11, e1588.

[106] J. G. Sanchez, K. M. J. Sparrer, C. Chiang, R. A. Reis, J. J. Chiang, M. A.
Zurenski, Y. Wan, M. U. Gack, O. Pornillos, J. Mol. Biol. 2018, 430, 5280–
5293.

[107] R. Sanchez, M. M. Zhou, Trends Biochem. Sci. 2011, 36, 364–372.
[108] N. Zaware, M. M. Zhou, Nat. Struct. Mol. Biol. 2019, 26, 870–879.
[109] W.-W. Tsai, Z. Wang, T. T. Yiu, K. C. Akdemir, W. Xia, S. Winter, C.-Y. Tsai,

X. Shi, D. Schwarzer, W. Plunkett, B. Aronow, O. Gozani, W. Fischle, M.-
C. Hung, D. J. Patel, M. C. Barton, Nature 2010, 468, 927–932.

[110] S. Chakravarty, L. Zeng, M. M. Zhou, Structure 2009, 17, 670–679.
[111] A. V. Ivanov, H. Peng, V. Yurchenko, K. L. Yap, D. G. Negorev, D. C.

Schultz, E. Psulkowski, W. J. Fredericks, D. E. White, G. G. Maul, M. J.
Sadofsky, M. M. Zhou, F. J. Rauscher III, Mol. Cell 2007, 28, 823–837.

[112] P. Filippakopoulos, S. Knapp, FEBS Lett. 2012, 586, 2692–2704.
[113] M. Petretich, E. H. Demont, P. Grandi, Curr. Opin. Chem. Biol. 2020, 57,

184–193.
[114] O. Bechter, P. Schoffski, Pharmacol. Ther. 2020, 208, 107479.
[115] M. A. Clegg, N. C. O. Tomkinson, R. K. Prinjha, P. G. Humphreys,

ChemMedChem 2019, 14, 362–385.
[116] C. K. Chen, N. L. Chan, A. H. Wang, Trends Biochem. Sci. 2011, 36, 553–

561.
[117] F. P. Williams, K. Haubrich, C. Perez-Borrajero, J. Hennig, Biol. Chem.

2019, 400, 1443–1464.
[118] T. A. Edwards, B. D. Wilkinson, R. P. Wharton, A. K. Aggarwal, Genes

Dev. 2003, 17, 2508–2513.
[119] P. Kumari, F. Aeschimann, D. Gaidatzis, J. J. Keusch, P. Ghosh, A. Neagu,

K. Pachulska-Wieczorek, J. M. Bujnicki, H. Gut, H. Grosshans, R. Ciosk,
Nat. Commun. 2018, 9, 1549.

[120] G. C. Cho, P. F. Cho-Park, Y. A. Cho-Park, I. B. Lasko, P. N. Sonenberg,
Curr. Biol. 2006, 16, 2035–2041.

[121] I. Loedige, D. Gaidatzis, R. Sack, G. Meister, W. Filipowicz, Nucleic Acids
Res. 2013, 41, 518–532.

[122] M. D. Petroski, R. J. Deshaies, Nat. Rev. Mol. Cell Biol. 2005, 6, 9–20.
[123] L. Pintard, J. H. Willis, A. Willems, J. L. Johnson, M. Srayko, T. Kurz, S.

Glaser, P. E. Mains, M. Tyers, B. Bowerman, M. Peter, Nature 2003, 425,
311–316.

[124] S. C. Lo, X. Li, M. T. Henzl, L. J. Beamer, M. Hannink, EMBO J. 2006, 25,
3605-3617.

ChemBioChem
Reviews
doi.org/10.1002/cbic.202000787

2029ChemBioChem 2021, 22, 2011–2031 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 10.06.2021

2112 / 197229 [S. 2029/2031] 1

https://doi.org/10.1101/439125


[125] N. Robledinos-Anton, R. Fernandez-Gines, G. Manda, A. Cuadrado, Oxid
Med. Cell Longev. 2019, 2019, 9372182.

[126] L. M. Napolitano, G. Meroni, IUBMB Life 2012, 64, 64–71.
[127] L. A. Walsh, M. J. Alvarez, E. Y. Sabio, M. Reyngold, V. Makarov, S.

Mukherjee, K. W. Lee, A. Desrichard, S. Turcan, M. G. Dalin, V. K.
Rajasekhar, S. Chen, L. T. Vahdat, A. Califano, T. A. Chan, Cell Rep. 2017,
20, 1623–1640.

[128] A. C. Groner, L. Cato, J. de Tribolet-Hardy, T. Bernasocchi, H. Janousko-
va, D. Melchers, R. Houtman, A. C. B. Cato, P. Tschopp, L. Gu, et al.,
Cancer Cell 2016, 29, 846–858.

[129] J. G. Sanchez, K. Okreglicka, V. Chandrasekaran, J. M. Welker, W. I.
Sundquist, O. Pornillos, Proc. Natl. Acad. Sci. USA 2014, 111, 2494–2499.

[130] H. B. Short KM, Yi Z, Cox TC., BMC Cell Biol. 2002, 3 : 1.
[131] Y. Zhao, A. Aguilar, D. Bernard, S. Wang, J. Med. Chem. 2015, 58, 1038–

1052.
[132] F. Cossu, M. Milani, E. Mastrangelo, D. Lecis, Comput. Struct. Biotechnol.

J. 2019, 17, 142–150.
[133] R. Biswas, A. Bagchi, Comput. Biol. Chem. 2017, 70, 116–124.
[134] Q. Yin, S. C. Lin, B. Lamothe, M. Lu, Y. C. Lo, G. Hura, L. Zheng, R. L.

Rich, A. D. Campos, D. G. Myszka, M. J. Lenardo, B. G. Darnay, H. Wu,
Nat. Struct. Mol. Biol. 2009, 16, 658–666.

[135] C. Madiraju, K. Welsh, M. P. Cuddy, P. H. Godoi, I. Pass, T. Ngo, S. Vasile,
E. A. Sergienko, P. Diaz, S. Matsuzawa, J. C. Reed, J. Biomol. Screening
2012, 17, 163–176.

[136] J. K. Brenke, G. M. Popowicz, K. Schorpp, I. Rothenaigner, M. Roesner, I.
Meininger, C. Kalinski, L. Ringelstetter, O. R’Kyek, G. Jurjens, M.
Vincendeau, O. Plettenburg, M. Sattler, D. Krappmann, K. Hadian, J.
Biol. Chem. 2018, 293, 13191–13203.

[137] S. Orlicky, X. Tang, V. Neduva, N. Elowe, E. D. Brown, F. Sicheri, M.
Tyers, Nat. Biotechnol. 2010, 28, 733–737.

[138] A. Plechanovova, E. G. Jaffray, M. H. Tatham, J. H. Naismith, R. T. Hay,
Nature 2012, 489, 115–120.

[139] R. Das, Y. H. Liang, J. Mariano, J. Li, T. Huang, A. King, S. G. Tarasov,
A. M. Weissman, X. Ji, R. A. Byrd, EMBO J. 2013, 32, 2504–2516.

[140] H. Dou, L. Buetow, G. J. Sibbet, K. Cameron, D. T. Huang, Nat. Struct.
Mol. Biol. 2013, 20, 982–986.

[141] L. Buetow, M. Gabrielsen, N. G. Anthony, H. Dou, A. Patel, H. Aitken-
head, G. J. Sibbet, B. O. Smith, D. T. Huang, Mol. Cell 2015, 58, 297–310.

[142] J. D. Wright, P. D. Mace, C. L. Day, Nat. Struct. Mol. Biol. 2016, 23, 45–52.
[143] T. Urano, T. Usui, S. Takeda, K. Ikeda, A. Okada, Y. Ishida, T. Iwayanagi,

J. Otomo, Y. Ouchi, S. Inoue, Biochem. Biophys. Res. Commun. 2009,
383, 263–268.

[144] B. Herquel, K. Ouararhni, K. Khetchoumian, M. Ignat, M. Teletin, M.
Mark, G. Bechade, A. Van Dorsselaer, S. Sanglier-Cianferani, A. Hamiche,
F. Cammas, I. Davidson, R. Losson, Proc. Natl. Acad. Sci. USA 2011, 108,
8212–8217.

[145] Y. Nakatani, T. Kleffmann, K. Linke, S. M. Condon, M. G. Hinds, C. L. Day,
Biochem. J. 2013, 450, 629–638.

[146] M. Kostic, T. Matt, M. A. Martinez-Yamout, H. J. Dyson, P. E. Wright, J.
Mol. Biol. 2006, 363, 433–450.

[147] M. V. Poyurovsky, C. Priest, A. Kentsis, K. L. Borden, Z. Q. Pan, N.
Pavletich, C. Prives, EMBO J. 2007, 26, 90–101.

[148] S. T. Beug, V. A. Tang, E. C. LaCasse, H. H. Cheung, C. E. Beauregard, J.
Brun, J. P. Nuyens, N. Earl, M. St-Jean, J. Holbrook, H. Dastidar, D. J.
Mahoney, C. Ilkow, F. Le Boeuf, J. C. Bell, R. G. Korneluk, Nat. Biotechnol.
2014, 32, 182–190.

[149] G. Wu, J. Chai, T. L. Suber, J.W. Wu, C. Du, X. Wang, Y. Shi, Nature 2000,
408, 1008–1012.

[150] D. L. Buckley, C. M. Crews, Angew. Chem. Int. Ed. 2014, 53, 2312–2330;
Angew. Chem. 2014, 126, 2344–2363.

[151] D. L. Buckley, J. L. Gustafson, I. Van Molle, A. G. Roth, H. S. Tae, P. C.
Gareiss, W. L. Jorgensen, A. Ciulli, C. M. Crews, Angew. Chem. Int. Ed.
2012, 51, 11463–11467; Angew. Chem. 2012, 124, 11630–11634.

[152] I. Van Molle, A. Thomann, D. L. Buckley, E. C. So, S. Lang, C. M. Crews,
A. Ciulli, Chem. Biol. 2012, 19, 1300–1312.

[153] P. Soares, M. S. Gadd, J. Frost, C. Galdeano, L. Ellis, O. Epemolu, S.
Rocha, K. D. Read, A. Ciulli, J. Med. Chem. 2018, 61, 599–618.

[154] N. Zheng, N. Shabek, Annu. Rev. Biochem. 2017, 86, 129–157.
[155] M. Iconomou, D. N. Saunders, Biochem. J. 2016, 473, 4083–4101.
[156] L. R. Vidler, N. Brown, S. Knapp, S. Hoelder, J. Med. Chem. 2012, 55,

7346–7359.
[157] J. Bennett, O. Fedorov, C. Tallant, O. Monteiro, J. Meier, V. Gamble, P.

Savitsky, G. A. Nunez-Alonso, B. Haendler, C. Rogers, P. E. Brennan, S.
Muller, S. Knapp, J. Med. Chem. 2016, 59, 1642–1647.

[158] C. Castanier, N. Zemirli, A. Portier, et al., BMC Biol. 2012, 10, 44.

[159] N.-R. Lee, H.-I. Kim, M.-S. Choi, C.-M. Yi, K.-S. Inn, Mol. Cells 2015, 38,
759–764.

[160] M. Martin-Vicente, L. M. Medrano, S. Resino, A. Garcia-Sastre, I.
Martinez, Front. Immunol. 2017, 8, 1187.

[161] Y. Liu, K. Liu, Y. Huang, M. Sun, Q. Tian, S. Zhang, Y. Qin, J. Immunol.
2020, 204, 1499–1507.

[162] M. M. Li, Z. Lau, P. Cheung, E. G. Aguilar, W. M. Schneider, L. Bozzacco,
H. Molina, E. Buehler, A. Takaoka, C. M. Rice, D. P. Felsenfeld, M. R.
MacDonald, PLoS Pathog. 2017, 13, e1006145.

[163] Z. M. R. Sanchez, Curr. Opin. Drug Discovery Dev. 2009, 12, 659–665.
[164] L. Weng, H. Mitoma, C. Trichot, M. Bao, Y. Liu, Z. Zhang, Y. J. Liu, J.

Immunol. 2014, 193, 3676–3682.
[165] H. Ali, M. Mano, L. Braga, A. Naseem, B. Marini, D. M. Vu, C. Collesi, G.

Meroni, M. Lusic, M. Giacca, Nat. Commun. 2019, 10, 926.
[166] J. M. Zapata, V. Martínez-García, S. Lefebvre, Med. Biol. 2007, 597, 1–24.
[167] K. M. Wright, H. Du, M. Dagnachew, M. A. Massiah, FEBS J. 2016, 283,

3089–3102.
[168] M. A. Clegg, P. Bamborough, C. W. Chung, P. D. Craggs, L. Gordon, P.

Grandi, M. Leveridge, M. Lindon, G. M. Liwicki, A. M. Michon, J. Molnar,
I. Rioja, P. E. Soden, N. H. Theodoulou, T. Werner, N. C. O. Tomkinson,
R. K. Prinjha, P. G. Humphreys, J. Med. Chem. 2020, 63, 5816–5840.

[169] P. P. Sharp, J.-M. Garnier, D. C. S. Huang, C. J. Burns, MedChemComm
2014, 5, 1834–1842.

[170] F. M. Ferguson, O. Fedorov, A. Chaikuad, M. Philpott, J. R. Muniz, I.
Felletar, F. von Delft, T. Heightman, S. Knapp, C. Abell, A. Ciulli, J. Med.
Chem. 2013, 56, 10183–10187.

[171] M. J. Harner, B. A. Chauder, J. Phan, S. W. Fesik, J. Med. Chem. 2014, 57,
9687–9692.

[172] T. C. Miller, T. J. Rutherford, K. Birchall, J. Chugh, M. Fiedler, M. Bienz,
ACS Chem. Biol. 2014, 9, 2864–2874.

[173] F. N. Edfeldt, R. H. Folmer, A. L. Breeze, Drug Discovery Today 2011, 16,
284–287.

[174] J. Qi, C.-K. Pei (Dana-Farber Cancer Institute, Inc), PCT/US2018/029850,
2018.

[175] W. S. Palmer, G. Poncet-Montange, G. Liu, A. Petrocchi, N. Reyna, G.
Subramanian, J. Theroff, A. Yau, M. Kost-Alimova, J. P. Bardenhagen,
et al., J. Med. Chem. 2016, 59, 1440–1454.

[176] H. M. Woo, J. M. Lee, C. J. Kim, J. S. Lee, Y. J. Jeong, Mol. Cells 2019, 42,
721–728.

[177] A. Castello, B. Fischer, C. K. Frese, R. Horos, A. M. Alleaume, S. Foehr, T.
Curk, J. Krijgsveld, M. W. Hentze, Mol. Cell 2016, 63, 696–710.

[178] M. W. Richardson, L. Guo, F. Xin, X. Yang, J. L. Riley, Mol. Ther. 2014, 22,
1084–1095.

[179] S. L. Paiva, C. M. Crews, Curr. Opin. Chem. Biol. 2019, 50, 111–119.
[180] K. R. Simonetta, J. Taygerly, K. Boyle, S. E. Basham, C. Padovani, Y. Lou,

T. J. Cummins, S. L. Yung, S. K. von Soly, F. Kayser, J. Kuriyan, M. Rape,
M. Cardozo, M. A. Gallop, N. F. Bence, P. A. Barsanti, A. Saha, Nat.
Commun. 2019, 10, 1402.

[181] X. Du, O. A. Volkov, R. M. Czerwinski, H. Tan, C. Huerta, E. R. Morton,
J. P. Rizzi, P. M. Wehn, R. Xu, D. Nijhawan, E. M. Wallace, Structure 2019,
27, 1625–1633 e1623.

[182] D. A. Nalawansha, C. M. Crews, Cell Chem. Biol. 2020, 27, 998–1014.
[183] G. M. Burslem, B. E. Smith, A. C. Lai, S. Jaime-Figueroa, D. C. McQuaid,

D. P. Bondeson, M. Toure, H. Dong, Y. Qian, J. Wang, A. P. Crew, J.
Hines, C. M. Crews, Cell Chem. Biol. 2018, 25, 67–77 e63.

[184] S. D. Edmondson, B. Yang, C. Fallan, Bioorg. Med. Chem. Lett. 2019, 29,
1555–1564.

[185] P. Pfaff, K. T. G. Samarasinghe, C. M. Crews, E. M. Carreira, ACS Cent. Sci.
2019, 5, 1682–1690.

[186] D. L. Buckley, K. Raina, N. Darricarrere, J. Hines, J. L. Gustafson, I. E.
Smith, A. H. Miah, J. D. Harling, C. M. Crews, ACS Chem. Biol. 2015, 10,
1831–1837.

[187] B. Nabet, J. M. Roberts, D. L. Buckley, J. Paulk, S. Dastjerdi, A. Yang, A. L.
Leggett, M. A. Erb, M. A. Lawlor, A. Souza, T. G. Scott, S. Vittori, J. A.
Perry, J. Qi, G. E. Winter, K. K. Wong, N. S. Gray, J. E. Bradner, Nat. Chem.
Biol. 2018, 14, 431–441.

[188] M. Girardini, C. Maniaci, S. J. Hughes, A. Testa, A. Ciulli, Bioorg. Med.
Chem. 2019, 27, 2466–2479.

[189] S. Coomar, D. G. Gillingham, bioRxiv preprint 2019, DOI: 10.1101/
542506.

[190] J. N. Spradlin, X. Hu, C. C. Ward, S. M. Brittain, M. D. Jones, L. Ou, M. To,
A. Proudfoot, E. Ornelas, M. Woldegiorgis, J. A. Olzmann, D. E. Bussiere,
J. R. Thomas, J. A. Tallarico, J. M. McKenna, M. Schirle, T. J. Maimone,
D. K. Nomura, Nat.Chem.Biol. 2019, 15, 747–755.

ChemBioChem
Reviews
doi.org/10.1002/cbic.202000787

2030ChemBioChem 2021, 22, 2011–2031 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 10.06.2021

2112 / 197229 [S. 2030/2031] 1

https://doi.org/10.1101/439125


[191] C. C. Ward, J. I. Kleinman, S. M. Brittain, P. S. Lee, C. Y. S. Chung, K. Kim,
Y. Petri, J. R. Thomas, J. A. Tallarico, J. M. McKenna, M. Schirle, D. K.
Nomura, bioRxiv preprint 2018, https://doi.org/10.1101/439125.

[192] M. Zengerle, K. H. Chan, A. Ciulli, ACS Chem. Biol. 2015, 10, 1770–1777.
[193] D. Remillard, D. L. Buckley, J. Paulk, G. L. Brien, M. Sonnett, H. S. Seo, S.

Dastjerdi, M. Wuhr, S. Dhe-Paganon, S. A. Armstrong, J. E. Bradner,
Angew. Chem. Int. Ed. 2017, 56, 5738–5743; Angew. Chem. 2017, 129,
5832–5837.

[194] V. Zoppi, S. J. Hughes, C. Maniaci, A. Testa, T. Gmaschitz, C. Wieshofer,
M. Koegl, K. M. Riching, D. L. Daniels, A. Spallarossa, A. Ciulli, J. Med.
Chem. 2019, 62, 699–726.

[195] L. N. Gechijian, D. L. Buckley, M. A. Lawlor, J. M. Reyes, J. Paulk, C. J. Ott,
G. E. Winter, M. A. Erb, T. G. Scott, M. Xu, H. S. Seo, S. Dhe-Paganon,
N. P. Kwiatkowski, J. A. Perry, J. Qi, N. S. Gray, J. E. Bradner, Nat. Chem.
Biol. 2018, 14, 405–412.

[196] K. Allton, A. K. Jain, H.-M. Herz, W.-W. Tsai, S. Y. Jung, J. Qin, A.
Bergmann, R. L. Johnson, M. Craig Barton, Proc. Natl. Acad. Sci. USA
2009, 106, 11612–11616.

[197] R. V. Stevens, D. Esposito, K. Rittinger, Life Sci. Alliance 2019, 2, 3,
e201900295.

[198] A. Mullard, Nat. Rev. Drug Discovery 2019, 18, 237–239.
[199] K. Kliza, K. Husnjak, Front. Mol. Biosci. 2020, 7, 21.
[200] T. Keren-Kaplan, I. Attali, K. Motamedchaboki, B. A. Davis, N. Tanner, Y.

Reshef, E. Laudon, M. Kolot, O. Levin-Kravets, O. Kleifeld, M. Glickman,
B. F. Horazdovsky, D. A. Wolf, G. Prag, EMBO J. 2012, 31, 378–390.

[201] C. Tagwerker, K. Flick, M. Cui, C. Guerrero, Y. Dou, B. Auer, P. Baldi, L.
Huang, P. Kaiser, Mol. Cell. Proteomics 2006, 5, 737–748.

[202] A. Fulzele, E. J. Bennett, Methods Mol. Biol. 2018, 1844, 363–384.
[203] D. Salas-Lloret, G. Agabitini, R. Gonzalez-Prieto, Front. Chem. 2019, 7,

802.
[204] R. Hjerpe, F. Aillet, F. Lopitz-Otsoa, V. Lang, P. England, M. S. Rodriguez,

EMBO Rep. 2009, 10, 1250–1258.
[205] M. P. C. Mulder, K. F. Witting, H. Ovaa, Curr. Issues Mol. Biol. 2020, 37,

1–20.
[206] M. Chojnacki, W. Mansour, D. S. Hameed, R. K. Singh, F. El Oualid, R.

Rosenzweig, M. A. Nakasone, Z. Yu, F. Glaser, L. E. Kay, D. Fushman, H.
Ovaa, M. H. Glickman, Cell Chem. Biol. 2017, 24, 443–457 e446.

[207] Y. Zhang, T. Hirota, K. Kuwata, S. Oishi, S. G. Gramani, J. W. Bode, J. Am.
Chem. Soc. 2019, 141, 14742–14751.

[208] S. Mathur, A. J. Fletcher, E. Branigan, R. T. Hay, S. Virdee, Cell Chem.
Biol. 2020, 27, 74–82 e76.

[209] X. Sui, Y. Wang, Y.-X. Du, L.-J. Liang, Q. Zheng, Y.-M. Li, L. Liu, Chem. Sci.
2020, 11, 12633–12646.

[210] P. P. Geurink, F. El Oualid, A. Jonker, D. S. Hameed, H. Ovaa,
ChemBioChem 2012, 13, 293–297.

[211] D. T. Krist, P. K. Foote, A. V. Statsyuk, Curr. Protoc Chem. Biol. 2017, 9,
11–37.

[212] T. G. Franklin, J. N. Pruneda, Front. Chem. 2019, 7, 816.
[213] J. G. Marblestone, J. P. Larocque, M. R. Mattern, C. A. Leach, Biochim.

Biophys. Acta 2012, 1823, 2094–2097.
[214] A. Yasgar, A. Jadhav, A. Simeonov, N. P. Coussens, Methods Mol. Biol.

2016, 1439, 77–98.
[215] R. E. Hubbard, J. Synchrotron Radiat. 2008, 15, 227–230.
[216] F. A. Akinjiyan, A. Fazal, M. Hild, R. E. J. Beckwith, N. T. Ross, J. Paulk, S.

Carbonneau, SLAS Discovery 2020, 25, 350–360.
[217] S. Picaud, K. Leonards, J.-P. Lambert, O. Dovey, C. Wells, O. Fedorov, O.

Monteiro, T. Fujisawa, C.-Y. Wang, H. Lingard, et al., Sci. Adv. 2016, 2,
e1600760.

[218] Q. Wu, D. Heidenreich, S. Zhou, S. Ackloo, A. Kramer, K. Nakka, E. Lima-
Fernandes, G. Deblois, S. Duan, R. N. Vellanki, F. Li, M. Vedadi, J.
Dilworth, M. Lupien, P. E. Brennan, C. H. Arrowsmith, S. Muller, O.
Fedorov, P. Filippakopoulos, S. Knapp, Nat. Commun. 2019, 10, 1915.

[219] F. M. Ferguson, D. M. Dias, J. P. Rodrigues, H. Wienk, R. Boelens, A. M.
Bonvin, C. Abell, A. Ciulli, Biochemistry 2014, 53, 6706–6716.

[220] P. Filippakopoulos, J. Qi, S. Picaud, Y. Shen, W. B. Smith, O. Fedorov,
E. M. Morse, T. Keates, T. T. Hickman, I. Felletar, et al., Nature 2010, 468,
1067–1073.

[221] H. Mao, Y. Du, Z. Zhang, B. Cao, J. Zhao, H. Zhou, X. Mao, Anti-Cancer
Drugs 2017, 28, 376–383.

[222] P. Zhang, S. Elabd, S. Hammer, V. Solozobova, H. Yan, F. Bartel, S.
Inoue, T. Henrich, J. Wittbrodt, F. Loosli, G. Davidson, C. Blattner,
Oncogene 2015, 34, 5729–5738.

Manuscript received: November 20, 2020
Revised manuscript received: January 22, 2021
Accepted manuscript online: January 22, 2021
Version of record online: March 18, 2021

ChemBioChem
Reviews
doi.org/10.1002/cbic.202000787

2031ChemBioChem 2021, 22, 2011–2031 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 10.06.2021

2112 / 197229 [S. 2031/2031] 1

https://doi.org/10.1101/439125
https://doi.org/10.1101/439125

