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1 | INTRODUCTION
Ubiquitin is a highly conserved and abundant 76-amino acid regula-
tory protein that is covalently conjugated to cellular proteins to modu-
late virtually every cellular process, including protein degradation,
protein trafficking, cell-cycle regulation, signal transduction, and DNA
repair.!! Ubiquitination, the process of ubiquitin conjugation to pro-
teins, involves the formation of an isopeptide bond between the ubi-
quitin carboxy-terminal glycine and the N-terminus or e-amino groups
of lysine residues in target proteins.lz] The ubiquitination reaction is
catalyzed by the coordinated activity of 3 enzymes: a ubiquitin-
activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a
ubiquitin ligase (E3). Upon adenosine triphosphate (ATP)-dependent
activation by the E1 enzyme, ubiquitin is transferred to an E2 conju-
gating enzyme, and through the interaction of E2 with substrate-
specific E3 enzymes, it is covalently attached to target proteins.*~>!
Ubiquitin contains 7 lysine residues (Lysé, Lys11, Lys27, Lys29,
Lys33, Lys48, and Lys63) that, in addition to its N-terminus, can act as
target sites for the conjugation of other ubiquitin molecules, allowing
the formation of homotypic, heterotypic, or branched polyubiquitin
chains to generate a highly complex molecular code (Figure 1).¢!

Ubiquitination can be reversed by the activity of deubiquitinating

The interplay between the ubiquitin proteasome system (UPS) and diverse peptide motifs con-
trols almost every aspect of cell homeostasis. To achieve such an impressive functional diversity
nature has evolved hundreds of different peptide motifs that interact with proteins in the UPS
and ubiquitin itself to generate an immense network of interactions. Short peptides embedded
in proteins are involved in controlling the intracellular levels of proteins as well as in the transla-
tion of ubiquitin signals into biochemical events. Therefore, it is not surprising that dysregulation
of such interactions is associated with many diseases, including metabolic syndromes, neurode-
generative disorders, and cancer. We review the structural and functional features of peptide

motifs interacting with the UPS and their use for generating protein-protein interaction

degrons, protein engineering, ubiquitin, ubiquitin-binding domains

enzymes (DUBs), ubiquitin-specific proteases that cleave mono and
polyubiquitin chains with preferred linkage specificity.>”!

Early research was focused on the role of ubiquitin as a molecular
tag for protein degradation by the proteasome 2658 More recently,
the non-degradative roles of ubiquitin have emerged as major regula-
tors of cell homeostasis, including DNA repair and endocytosis.[”*°!
Such activity is mediated by the non-covalent interaction of ubiquitin-
modified proteins with diverse and divergent peptide motifs that are
involved in the regulation of signal transduction networks. Among
these peptide motifs, ubiquitin-binding domains (UBDs) act as readers
of the complex ubiquitin code.**"*3 UBDs are modular domains
(20-150 amino acids) embedded in proteins that bind to ubiquitinated
proteins to translate ubiquitin signals into cellular outcomes.

This review will describe the role of peptides in the ubiquitin pro-
teasome system (UPS) and their role in regulating signaling networks
and maintaining cell homeostasis. We will describe how short peptide
sequences encoding degradation signals, known as degrons, upon
interaction with E3 ligases, control the half-life of a protein in vivo.l'4
Moreover, we will focus on the interplay between peptide motifs and
the UPS, with a particular focus on the readers of the ubiquitin code.
We will confine this review to simple UBDs shorter than 50 residues,
and we will describe the role of peptide motifs in regulating protein

homeostasis and their implications for cell biology and biotechnology.
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FIGURE 1 Structural features of the ubiquitin code. Ubiquitin (represented as cartoon and surface, PDB entry: 1UBQ) can act as a scaffold for
the generation of complex polyubiquitin chains. Seven lysine residues (Lysé, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63, rendered as sticks)

and the N-terminal methionine can act as sites for ubiquitin modifications

2 | DEGRONS: PEPTIDES FOR
DESTRUCTION

Removal of misfolded and/or damaged cellular proteins is a funda-
mental process for regulating cell homeostasis.*>'¢! The UPS is the
principal pathway for proteolysis, with the ubiquitination of protein
targets by substrate-specific E3 ligases acting as the main specificity
determinant for determining protein fate.''”! Recently, a more detailed
understanding of the degradation machinery has revealed that specific
and localized peptide sequences in proteins, called degrons, are
responsible for fine-tuning components of the ubiquitin ligase machin-
ery for their substrates.*¥

Degrons are short peptide sequences often found in N- or
C-terminal regions of proteins, and they encode spatiotemporally
controlled signals for the recognition of protein substrates by the
ubiquitin ligase machinery and the proteasome.[** A comprehensive
and curated list of degrons can be found in the eukaryotic linear motif
(ELM; http://elm.eu.org)*® and the Dosztanyi laboratory databases
(http://dosztanyi.web.elte.hu/CANCER/DEGRON), and these ana-
lyses have revealed that amino acids involved in the interaction with
the proteolytic machinery are evolutionary conserved.*?:2%

Due to their small interaction surfaces (typically 5-10 residues),
degrons usually interact with specific E3 ligases with low affinity.[2+2?
However, the presence of multiple degrons in close proximity has
been shown to confer stronger binding.[23] An example of such an
interaction is presented by the recognition of Cyclin E by the Fbw7
(F-box and WD repeat domain-containing 7) E3 ligase. Cyclin E con-
tains 2 degron motifs with low affinity, which act in a cooperative
manner to increase the affinity for Fbw7 dimers, thus improving
Cyclin E turnover (Figure 2A).2% In addition to multivalency, increased
affinity of degrons for specific E3 ligases is also achieved using inter-
action surfaces that extend beyond the degron motif.?4

Furthermore, the activity of degrons is often regulated by post-

translational modifications (PTMs) that act as molecular switches

governing degron accessibility in response to cellular signals.*® For
example, phosphorylation of the degron motif of the cyclin-dependent
kinase inhibitor p27 is required for its recognition by the F-box SKP2
(S-phase kinase associated protein 2) E3 ligase (Figure 2B).1?”
(A)

Fbw7

Cyclin E

ﬁ degron

7
Hydroxy-, HIF-1
praline degron

FIGURE 2 Structures of E3 ligase:degron complexes. A, the
C-terminal degron motif of Cyclin E (red) binds in an extended fashion
to the 8-bladed B-propeller of Fbw7 SCF E3 ligase (blue; PDB entry:
20VQ). B, The degron motif of p27 (red) interacts with Cks1 (gray)
and the E3 ligase Skp2 (blue). A phosphorylated tyrosine (pTyr) in the
degron (shown as sticks) inserts into the Cks1 protein (PDB entry:
2AST). C, The oxygen-dependent degron (ODD) of HIF-1 (red) binds
in an extended conformation to the E3 ligase VHL (blue, PBD entry:
1LQB). A hydroxyproline residue in the degron (shown as sticks) is
almost entirely buried in a binding pocket on VHL


http://elm.eu.org
http://dosztanyi.web.elte.hu/CANCER/DEGRON

VEGGIANI anp SIDHU

30of 8

(A) = Foen
No 4 N . i
vl — e \
drug (I‘Ot;ln NS 'degron < ‘f;

NS
" degron
dri LcJ
With & )
tein U /
drug @In /1 NS degron NSFdegron f
. scFvJ@
& —> P —> L
% A L
E2

ubiquitin

ub\qumn q.
| gel o VAL —> (ggp \_)
€ proTAC \j 3z 2

FIGURE 3 Control of protein stability with engineered degrons. A,
schematic representation of the SMASh system. A protein of interest
is fused to the NS3 protease from hepatitis C virus (HCV) carrying a
degron motif, via a linker containing a NS3 proteolytic site. In the
absence of NS3 inhibitor (upper panel), the protease can cleave the
linker connecting NS3 to the protein, avoiding its degron-dependent
ubiquitination and degradation. In the presence of inhibitor, the
proteolytic activity of NS3 is blocked, thus inducing the rapid
degradation of the protein due to the degron activity. B, Schematic
representation of the ubiquibody system. A ubiquibody is a fusion
protein with a single-chain Fv (scFv) antibody linked to an E3 ligase.
Upon recognition of a target protein by the scFv, the E3 ligase
conjugates ubiquitin to the target, thus activating protein degradation.
(C) Schematic representation of the PROTAC technology. PROTACs
are heterodimeric molecules composed of a protein-targeting module
linked to a molecule capable of engaging an E3 ligase. By
simultaneously interacting with the BET protein and the VHL E3
ligase, the BET PROTAC enables the recruitment of VHL, which
ubiquitinates BET and causes its degradation

Phosphorylation of degrons can also abolish binding of E3 ligases and
thus prevent proteolysis. For example, phosphorylation of degrons in
proximity to the D-box of the prereplicative complex protein Cdcé
(cell division cycle 6) prevents recognition by the cyclin-dependent
kinase 1 (Cdk1), thereby stabilizing Cdc6.12¢!

In addition to phosphorylation, other PTMs and cellular stimuli
also regulate ubiquitination and degradation of proteins.[?”-3¢

An example of stimuli-responsive degradation is provided by the
hypoxia-inducible factor-1 (HIF-1) under normoxic conditions.
Hydroxylation of Pro564 in the oxygen-dependent degron of HIF-1
enables tight binding of the cullin-RING ubiquitin ligase von Hippel-
Lindau protein (VHL) to HIF-1, thereby facilitating HIF-1 turnover
(Figure 20).31

2.1 | Degron engineering to modulate protein
expression

An important feature of degrons is that they are transferable elements
that can be genetically fused to the termini of proteins to destabilize

otherwise long-lived proteins. Several groups have exploited this
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property to develop new therapeutic strategies and cellular
biosensors.

Chung et al. developed a general method (SMASh system) for
achieving the drug-induced suppression of proteins of interest by
genetically fusing the drug-sensitive NS3 protease and a degron to
fine-tune the expression of proteins using inhibitors of the prote-
ase.[3? Intramolecular proteolytic activity of NS3 results in removal of
the degron element from the protein of interest, thus enabling its
expression. Conversely, inhibition of NS3 protease prevented the
removal of the degron motif from the fusion protein, thereby promot-
ing its degradation (Figure 3A).[3Z

Fusion of single-domain antibodies to E3 ligases proved fruitful in
achieving targeted protein knockout (Figure 3B),°*** paving the
route to efficient post-translational protein knockout. For example, by
replacing the natural substrate-binding domain of the human E3 ubi-
quitin ligase CHIP (carboxyl terminus of Hsc70-interacting protein)
with a single-chain Fv (scFv) targeting p-galactosidase or with a fibro-
nectin type Ill domain monobody specific for maltose binding protein,
Portnoff et al. generated ubiquibodies able to efficiently deplete their
respective targets in vivo.

Another approach exploiting degron-encoded destruction signals
is exemplified by the PROTAC (PROteolysis TArgeting Chimera) tech-
nology.[35] PROTACs are heterodimeric small molecules composed of
a targeting module conjugated to a recognition element for an E3
ligase. A PROTAC binds to a protein of interest and acts as a bridge
linking the target protein to an E3 ligase, resulting in ubiquitination
and degradation of the target.*¢%”! For example, a PROTAC, capable
of binding the bromodomains of the bromodomain and extra-terminal
(BET) protein family and recruiting the VHL E3 ligase (Figure 3C), effi-
ciently induced tumor regression in mouse models of castration-

resistant prostate cancer.l*®!

3 | UBDS: READERS OF THE
UBIQUITIN CODE

The highly complex code of ubiquitin signals is written by E3 ligases,
erased by DUBs, and read by a collection of modular protein domains,
known as UBDs. These small folded domains (20-150 residues) are
found embedded in numerous intracellular ubiquitin-binding proteins
with highly diverse cellular localization, function, and structure, thus
highlighting the major role of UBDs in interpreting and translating ubi-
quitin signals. In fact, as a consequence of their importance in regulat-
ing cell physiology, an increasing number of reports have correlated
dysregulation of UBDs with a variety of diseases, including autoim-

(391 149 and cancer.[*Y

mune disorders,"””" skeletal defects,

More than 20 UBD families adopting structurally diverse folds
have been identified through computational motif analysis and bio-
chemical methods (Table 1). The affinities of UBDs for ubiquitin is
generally weak (10-500 pM), enabling the generation of a transient
and dynamic network of interactions, which translate the ubiquitin
code into molecular events in cells.

Most UBDs interact with a common surface of ubiquitin centered
on lle44 (lle44 patch),“? but they use a variety of mechanisms to

achieve affinity and specificity. UBDs are often found in tandem to
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facilitate cooperative binding, resulting in improved binding affinity
and selectivity. For example, analysis of the ubiquitin-interacting
domains (UIMs) of the receptor-associated protein 80 (RAPS80)
revealed weak affinities of individual UIMs for Lys63-linked di-ubiqui-
tin, but binding improved more than an order of magnitude when
UIMs were used in tandem.*3! Moreover, the tandem arrangement of
RAP80 UIMs resulted in a 20-fold increase in binding preference for
Lys63-linked di-ubiquitin over monomeric ubiquitin, indicating that
UBDs exploit avidity to achieve specificity.*® In addition to multiva-
lent binding of UBDs in the same protein, avidity and cooperativity
have also been observed for UBDs within different proteins in multi-
protein complexes.[*4

Structural analysis of UBDs bound to ubiquitin chains highlighted
striking differences in such interactions. In fact, the intrinsic structural
heterogeneity of ubiquitin allows the chains to adopt distinct and
diverse conformations, thus controlling the binding specificity of each
individual UBD for a particular ubiquitin chain.*>=4”! Binding specific-
ity of ubiquitin readers for particular chain linkages is further regulated
by the nature of the linker connecting tandem UBDs. For example,
the 8-residue linker between the two UIMs of AIRAPL (arsenite

TABLE1 UBD structural families

Length Binding K4 mono-Ub  Examples
UBD (amino acids)  surface on Ub (uM) (PDB ID)
UBA ~45 lle44 patch ~14-500 1WR1
CUE ~45 lle44 patch ~2-160 2LVO
UM ~20 lle44 patch ~100-500 4XKH
MIU ~30 lle44 patch ~29 2C7M
DIUM ~20 lle44 patch ~200 2D3G
VHS ~150 lle44 patch ~50-200 3LDZ
UBAN ~90 lle44 patch, Phe4 100 5B83
GAT ~120 lle44 patch ~180 103X
NFZ ~35 lle44 patch ~100-400 1Q5wW
Ubc 146 lle44 patch ~300 3FUH
WD40 ~300 lle44 patch ~200 30DT
uUBz ~30 lle44 patch ~100 2MRE
UEV ~145 lle44 patch ~100-500 151Q
PFU ~100 lle44 patch ~900 3PSP
GLUE ~145 lle44 patch ~500 2DX5
ZnF A20 ~70 Asp58 ~20 2C7N
ZnF UBP ~110 11e36 patch, 2.8 2G43
Ub C-term

PRU 150 lle44 patch 65 2759
SH3 ~60 lle44 patch, G47  ~12-200 2K6D
UBM ~35 lle44 patch ~70 2KWV

Affinity values are for the interaction of UBDs with monomeric ubiquitin
(mono-Ub). Protein data bank identification codes (PDB ID) are provided for
examples of UBDs in complex with ubiquitin. Abbreviations: CUE, coupling
of ubiquitin conjugation to endoplasmatic reticulum degradation; DIUM,
double-sided ubiquitin-interacting motif; GAT, GGA1 and Tom1 domains;
GLUE, GRAM-like ubiquitin-binding in Eap45; MIU, motif interacting with
ubiquitin; NZF, Npl4 zinc finger; PFU, PLAA (phospholipase A2 activating
protein) family ubiquitin-binding domain; PRU, plekstrin homology recep-
tor for ubiquitin; SH3, Src homology 3; UBA, ubiquitin-associated domain;
UBAN, ubiquitin-binding in ABIN and NEMO; Ubc, ubiquitin-conjugating;
UBM, ubiquitin-binding motif; UBZ, ubiquitin-binding zinc finger; UEV,
ubiquitin E2 variant; UIM, ubiquitin-interacting motif; VHS, Vps27, HRS,
STAM; ZnF A20, tumor necrosis factor-inducible zinc-finger protein A20;
ZnF UBP, ubiquitin C-terminal hydrolase-like zinc finger.

inducible RNA-associated protein like protein) confers high flexibility
that enables simultaneous binding to Lys48-linked tri-ubiquitin
chains.*® A similar recognition mechanism has been observed in
RAP80,1?! where two UIMs connected by a highly flexible 7-residue
linker enable precise positioning of the UIMs for high-affinity interac-
tions with Lys63-linked ubiquitin chains.® Conversely, the dipeptide
linker between the first and second UIMs of the DUB Ataxin-3
defines the binding preference of the protein for Lys48-linked di-ubi-
quitin.[*® Notably, grafting of the Ataxin-3 linker between the UIMs
of RAP8O altered the binding selectivity of the domains, resulting in a
binding preference for Lys48-linked di-ubiquitin over Lys63-linked di-
ubiquitin, highlighting the importance of the linkers between UIMs for
conferring specificity.[43]

In addition to the linker spacing tandem UBDs and the flexibility
of ubiquitin chains, the binding specificity of a UBD is determined by
its structural-fold. Alpha helical UBDs (eg, UBA, CUE, UIM, VHS,
UBAN, GAT) bind a common face of ubiquitin centered on the lle44
patch, whereas domains consisting predominantly of beta sheets
(NZF, UBC, WD40) can interact with more diverse surfaces
(Table 1).[51] For example, the zinc-finger UBD (ZnF UBP) of isopepti-
dase T (IsoT) does not interact with lle44, but rather, makes

(A) C-term

Ubiquitin ( N-term
(B) N-term
Ubiquitin
vﬂ Rabex-5
™ MIU
Q %
C-term
() o
Ubiquitin

Ubiquitin
1 Hrs

DUIM

N-term

FIGURE4 Recognition of ubiquitin by UIMs, DIUMs, and MIUs.
Ubiquitin is depicted as a gray cartoon and surface with lle44 shown
as a red sphere. The helical domains (blue) are depicted as cartoons
and surface for (A) the UIM of Vps27 (PDB entry: 1Q0W), (B) the MIU
domain of Rabex-5 (PDB entry: 2C7M), and (C) the DIUM of
endosome-associated protein Hrs (PDB entry: 2D3G)
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hydrophobic interactions with a patch centered on lle36 and with the
C-terminus, which penetrates into a pocket on the UBD.[?Y!

A further demonstration of the versatility of ubiquitin readers is
provided by structural analyses of UIMs, MIUs (motifs interacting with
ubiquitin), and DUIMs (double-sided ubiquitin-interacting motifs)
(Figure 4). All these UBDs consist of a single alpha-helix that makes
extensive contacts with the lle44 patch.*2->* MIUs bind ubiquitin in
a fashion similar to UIMs, but in the opposite orientation, enabling the
formation of additional hydrogen bonds and electrostatic interactions,
which increase affinity by an order of magnitude relative to most
UIMs (Figure 4A,B).°®! The structures of DUIMs and UIMs are highly
similar and the domains have analogous binding modes for recognition
of the lle44 patch.[s‘” However, whereas in UIMs one side of the
alpha-helix is solvent-exposed (Figure 4A), in DUIMs both faces of the
helix are capable of binding to ubiquitin (Figure 4C).>4

In addition to binding ubiquitinated proteins, some UBDs can
mediate the ubiquitination of proteins containing them, through a
mechanism known as coupled ubiquitination.[SS] In fact, UBDs enable
the recruitment of the ubiquitination machinery, thus promoting
protein ubiquitination and degradation. For example, Oldham
et al. demonstrated that the UIMs of epsin, a protein involved in cre-
ating cell membrane curvature, are necessary for its ubiquitination,
and that fusion of the UIMs to glutathione-S-transferase (GST) was
sufficient to mediate GST ubiquitination.®®! In another example, the
CUE (coupling of ubiquitin conjugation to endoplasmatic reticulum
degradation) domain of Vps29 (vacuolar protein sorting-associated
protein 29) recruits the Rsp5 ubiquitin ligase to promote ubiquitina-
tion of Vps29.°7) Coupled ubiquitination can also occur in an E3
ligase-independent manner, as in the case of GST-UBD fusions that
were ubiquitinated in vitro in the presence of E1 and E2 enzymes
without an E3 ligase.®® Thus, UBD-containing proteins can be regu-
lated in multiple ways, as their coupled ubiquitination promotes the
intramolecular binding of UBDs to the attached ubiquitin, thus inhibit-
ing their interaction with other ubiquitinated proteins.l>®!

3.1 | UBDs engineered as molecular tools

Inspired by the large variety of naturally occurring peptide motifs
interacting with ubiquitin, several groups have developed molecular
tools to enhance our understanding of the UPS. TUBEs (tandem
ubiquitin-binding entities) were developed by exploiting the UBA1
(ubiquitin-associated domain-1) domain of the human HR23A protein
and the UBA domain of ubiquilin (Figure 5A).°?) Fusing tandem
repeats of UBDs spaced by a flexible linker to GST enabled tight bind-
ing to both Lys48 and Lysé63 polyubiquitin chains, as well as the ability
to isolate ubiquitinated proteins from cell extracts.”” Moreover,
TUBEs protected ubiquitinated proteins from proteolysis by DUBs
and thus preserved them for downstream analysis.>”!

A similar approach has been used to isolate naturally occurring
unanchored ubiquitin chains not conjugated to proteins.[*® Although
unanchored polyubiquitin chains have emerged as important regula-
tors of the immune response,[*Y autophagy,®? and kinase activity,!¢®!
the role of free polyubiquitin chains in controlling cell physiology is
still elusive. Scott et al. constructed a chimeric protein (t-UBD) by fus-

ing the UBA2 motif of HR23A protein to the ZnF UBP of USP16
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(Figure 5A).10 By combining the preference of the UBA2 motif for
Lys48-linked ubiquitin with the ability of the ZnF UBP domain to bind
the free C-terminus of ubiquitin, the authors developed a tool for effi-
cient and selective purification of Lys48-linked unanchored polyubi-
quitin chains.[%}

A peptide mimetic of the UIM of epsins has been developed as a
potential cancer therapy.[*? Epsin UIMs are involved in promoting the
endocytosis and degradation of VEGFR2 (vascular endothelial growth
factor receptor 2), and their deletion in mouse models surprisingly
resulted in impaired tumor angiogenesis and retarded tumor growth,
thus providing a potential new therapeutic strategy.[65] By fusing a
mimetic peptide of epsin UIMs to a plasma membrane-anchoring pep-
tide and a tumor-homing peptide (Figure 5B), Dong et al. were able to
stimulate aberrant tumor angiogenesis in vivo, which reduced cancer
growth and increased survival rates in glioma murine models.[*¥!

Tandemly arranged UIMs have been engineered to develop high-
affinity polyubiquitin-sensor proteins for in vivo tracking of linkage-
specific ubiquitin signals (Figure 5C).1¢! By optimizing the rigidity and
the length of the linker spacing three Vps27 (vacuolar protein sorting-
associated protein 27) UIMs, Sims et al. obtained a 1000-fold binding
preference for Lysé63-linked ubiquitin chains over Lys48-linked
chains.[*®! Moreover, these sensors proved to be useful probes of the
Lys63-linked polyubiquitin dependence of NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) activation and

Interleukin-1p (IL-1p) signaling.[6®!

3.2 | Ubiquitin variants as probes of the UPS

Rather than engineering UBDs to interact selectively with ubiquitin
chains, useful probes of the UPS can also be developed by engineering
ubiquitin variants (UbVs) to interact specifically with components of the
UPS. Large phage-displayed libraries of UbVs, designed by us and
others through computational and structural analysis of ubiquitin inter-
actions, yielded specific inhibitors of USPs (ubiquitin-specific prote-
ases) 1678 Similarly, by randomizing solvent-exposed residues, we
generated potent and selective UbV inhibitors of the SCF (Skp1-Cullin-
F-box) E3 ligase family[69] and DUBs from pathogenic viruses, " and
we developed both inhibitors and activators of the HECT (homologous
to the E6AP carboxyl terminus) E3 ligase family.[”"!

Recently, we obtained a UbV (UbV.v27.1) having unprecedented
affinity for the N-terminal UIM domain of yeast Vps27.7% Affinity anal-
ysis and specificity profiling revealed that UbV.v27.1 specifically bound
to the target UIM domain more than 2 orders of magnitude more
tightly than did wild-type ubiquitin (Ub.wt) (Figure 5D)."2 Structural
analysis highlighted the molecular determinants of the improved affinity
of UbV.w27.1 for the UIM. UbV.v27.1 contacted the UIM a-helix
through the same surface used by Ub.wt, with four substituted residues
forming an extended network of hydrophobic and hydrophilic interac-
tions (Figure 5D).”2 However, mutagenesis studies revealed that only
one of these contact substitutions contributed significantly to the
enhanced affinity, and substitutions remote from the binding interface
contributed substantially to the interaction.”? Thus, the conformational
plasticity of ubiquitin can be exploited to develop UbVs that bind with
high-affinity and specificity even to short peptides.
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FIGURE 5 Applications of engineered UBDs and UbVs. A, Engineered UBDs have been developed to purify linkage-specific ubiquitin chains.
TUBES exploit the binding preference of UBA domains of ubiquilin and HR23A protein to isolate both Lys48 and Lysé3 polyubiquitin chains
conjugated to proteins. By combining the ability of the ZnF UBP domain to bind the ubiquitin free C-terminus with the Lys48-linked ubiquitin
chain specificity of the UBA2 motif of HR23A protein, t-UBDs enable the purification of Lys48-linked unanchored polyubiquitin chains.

B, Cartoon representation of the UPI mimetic peptide predicted using the PEP-FOLD tool.”3! The UPI mimetic peptide was obtained by fusing
the epsin UIM domain to a plasma membrane-anchoring peptide (PM) and a tumor-homing peptide (RGD). C, To engineer a polyubiquitin sensor,
3 copies of the second UIM domain of Vps27 (blue, PDB entry: 1QOW) were connected by linkers from the sequence spacing the two UIM
domains of RAP8O (light red, PDB entry: 3A1Q). Binding affinity of the polyubiquitin-sensor Rx3(A7) was determined by fluorescence anisotropy.
D, Superposition of the crystal structure of the complex of UbV.v27.1 (magenta) bound to the first UIM of Vps27 (pink, PDB entry: 5UCL) with
the NMR structure of wild-type ubiquitin (Ub.Wt, cyan) bound to the same UIM (blue, PDB entry: 1Q0W). UbV.v27.1 and Ub.wt bind in a very

similar fashion, but the UbV binds 500-fold more tightly

4 | CONCLUSIONS

Ubiquitination modulates numerous cell signaling pathways to elicit
diverse biochemical responses that regulate a large number of cellular
processes in health and disease. Such functional diversity based on
the simple and highly conserved ubiquitin protein relies on interac-
tions with thousands of enzymes, domains, and peptide motifs.

Degrons are emerging as key regulators of the levels of intracellular

proteins. Moreover, a growing number of studies are reporting the
presence of mutations in the degrons of oncogenes, highlighting their
relevance in the maintenance of cell homeostasis. Notwithstanding
recent advances in our understanding of the regulatory activities of
degrons, significant challenges lie ahead. So far, only ~25 classes of
degrons have been characterized. Identification of new degrons and
the understanding of their conformational dynamics will enhance our

comprehension of the decision-making mechanisms of cells and will
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enlarge the palette of biotechnological approaches for therapeutic
interventions.

Hundreds of UBDs cooperate in the recognition of the ubiquitin
code and its translation into diverse cellular events. Our knowledge of
UBD structure and function continues to increase, but there are still
many questions waiting to be addressed. Although the binding prefer-
ence of some UBDs has been investigated extensively, the ability to
distinguish between different polyubiquitin chains still remains elusive
in the context of full-length proteins. In this regard, engineering of
UBDs and ubiquitin has provided powerful strategies for elucidating
ubiquitin-UBD interactions and for understanding how UBDs regulate

protein localization and activity.
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