iIScience

¢? CellPress

OPEN ACCESS

An inventory of crosstalk between ubiquitination

and other post-translational modifications
in orchestrating cellular processes
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SUMMARY

Ubiquitination is an important post-translational modification (PTM) that regu-
lates a large spectrum of cellular processes in eukaryotes. Abnormalities in ubiqg-
uitin signaling underlie numerous human pathologies including cancer and neuro-
degeneration. Much progress has been made during the last three decades in
understanding how ubiquitin ligases recognize their substrates and how ubiquiti-
nation is orchestrated. Several mechanisms of regulation have evolved to prevent
promiscuity including the assembly of ubiquitin ligases in multi-protein com-
plexes with dedicated subunits and specific post-translational modifications of
these enzymes and their co-factors. Here, we outline another layer of complexity
involving the coordinated access of E3 ligases to substrates. We provide an
extensive inventory of ubiquitination crosstalk with multiple PTMs including
SUMOylation, phosphorylation, methylation, acetylation, hydroxylation, prolyl
isomerization, PARylation, and O-GlcNAcylation. We discuss molecular mecha-
nisms by which PTMs orchestrate ubiquitination, thus increasing its specificity
as well as its crosstalk with other signaling pathways to ensure cell homeostasis.

INTRODUCTION

Ubiquitination is a post-translational modification (PTM) that plays critical roles in regulating protein stabil-
ity, activity, and localization; and constitutes a major biochemical process coordinating a vast majority of
cell signaling networks.' This modification is catalyzed by the concerted action of three distinct enzymes,
E1 ubiquitin-activating, E2 ubiquitin-conjugating, and E3 ubiquitin ligase culminating in the covalent
attachment of the 76 amino acids ubiquitin protein to an internal lysine or the N-terminal residue of sub-
strates”” (Figure 1). Monoubiquitination corresponds to the attachment of one ubiquitin molecule to
the substrate, while the attachment of individual ubiquitin molecules to several lysines of the substrate cor-
responds to multi-monoubiquitination. Signaling events through monoubiquitination and multi-monoubi-
quitination regulate diverse signaling pathways that are associated with numerous biological processes
including membrane trafficking, DNA replication, and DNA repair. These monoubiquitination events
have also been shown to induce proteasomal degradation. In contrast, polyubiquitination corresponds
to the formation of a ubiquitin chain as ubiquitin itself contains seven lysines, in addition to the
N-terminus methionine that can be used for ubiquitin attachment' (Figure 2). Notably, polyubiquitination
can involve eight different ubiquitin linkage types, i.e., M1, K6, K11, K27, K29, K33, K48, and Ké3. Although
the mechanisms that govern the signaling outcomes of chain topology are not well understood, the various
ubiquitin chains have been associated with numerous functional and biological events. For instance, poly-
ubiquitination through lysine 48 (K48) is associated with protein degradation by the proteasome, while
lysine 63 (K63) ubiquitin chain formation is often involved in protein complex assembly and activation.'
Of note, polyubiquitination can generate homotypic (e.g., K48 only), heterotypic (e.g., K48 & Ké3) or het-
erologous (e.g., Ubiquitin & SUMO) chains that endow the ubiquitin system with further possibilities for
tight regulation of ubiquitin signaling pathways® (Figure 2). Moreover, ubiquitin itself is subjected to
several post-translational modifications (phosphorylation, acetylation, ADP-ribosylation, and deamida-
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Figure 1. Chemical mechanism or global reaction of various post-translational modifications

(A) Ubiquitination mechanism on the lysine residue of a target protein. The deprotonated amino group of the lysine engages a nucleophilic attack on the
carbonyl of the thioester group linking ubiquitin to the E2 ubiquitin-conjugating enzyme or E3 ubiquitin ligase. An isopeptide bond is therefore formed after
rearrangement, attaching the ubiquitin to the target protein and freeing the E2. SUMOylation, NEDDylation, and ISGylation use the same mechanism.
(B) Phosphorylation mechanism on the serine residue of a target protein. A phosphoserine is formed by nucleophilic substitution on the phosphorus of the
gamma phosphate group of ATP (adenosine triphosphate) with the deprotonated alcohol as nucleophile which results in ADP release.

(C) Acetylation mechanism on the lysine residue of a target protein. Acetyl-CoA is a common source of acetyl groups. The deprotonated amino group of the
lysine makes a nucleophilic attack on the carbonyl group of the acetyl-CoA, fusing it to the target protein.

(D) Mono-methylation mechanism on the lysine residue of a target protein. SAM (S-adenosyl methionine) is a common donor of methyl groups for the
successive methylation of a target residue. By nucleophilic substitution, the methyl group of SAM is transferred to a target protein with a deprotonated
amino group, resulting in SAH (S-adenosyl homocysteine) as a free product. The deprotonated amino group of the lysine residue acts as a nucleophile.
(E) O-GlcNAcylation mechanism on the serine residue of a target protein. By nucleophilic substitution, the N-acetylglucosamine of the UDP-GIcNAc is
attached to the target protein with the deprotonated alcohol as nucleophile, resulting in the formation of a B-glycosidic bond and the release of UDP.
(F) PARylation mechanism on the serine residue of a target protein. By nucleophilic substitution, the ADP-ribose from the NAD™ (nicotinamide adenine
dinucleotide) is attached to the target protein with the deprotonated alcohol as nucleophile.

(G) Hydroxylation mechanism on the proline residue of a target protein. The shown dioxygenase has an iron cofactor and complex with two histidines and
aspartic acid. In the presence of O, (dioxygen) and 2-oxoglutarate, the proline residue is targeted for hydroxylation at the end of the catalytic cycle (step 7).
(H) S-nitrosylation reaction on the cysteine residue of a target protein in the presence of NO. For each mechanism, only the reactive functional group of
residues implicated is shown. The B group (for phosphorylation, PARylation, and O-GlcNAcylation) represents the enzyme base that transfer the proton to
the substrate. The resulting modification is colored in blue. Chemical structures were drawn with ChemDraw.

ubiquitin-binding domains (UBD)’ (Figure 2). These UBD could have selective affinities for specific ubiquitin
chain topologies, supporting the notion that the various ubiquitination events can be read and translated
into distinct signaling outcomes.

Akin to other PTMs, ubiquitination is reversible, and ubiquitin removal from substrates is catalyzed by deu-
biquitinases (DUBs). DUBs play important roles in ubiquitin maturation, recycling and the maintenance of
adequate pools of free and conjugated ubiquitin in the cell.® DUBs have also emerged as highly selective

regulators of ubiquitination events and as such, control diverse cellular processes.®”

Due to its bulky nature, ubiquitination can have a major impact on protein function. Moreover, ubiquitina-
tion often mediates cellular events with rapid spatiotemporal dynamics.'® Thus, this reaction must be well
controlled to avoid unwanted proteolysis or promiscuous change in activity. Here, we summarize and
discuss the current state of knowledge on the crosstalk between ubiquitination and other PTMs in the regu-
lation of protein stability and function. Central to this review is the impact of multiple PTMs on the ubiqui-
tination of the substrate itself. We outline an extensive compilation of crosstalk between ubiquitination and
other abundant PTMs. We discuss examples of intricate mechanisms of recognition and ubiquitination of
substrates during the execution of cellular processes. Finally, we also stress some of the unaddressed ques-
tions and highlight new directions for future studies. Please refer to the glossary outlined as Data S1.

COOPERATION AND ANTAGONISM BETWEEN SUMO, NEDDS, ISG15, AND UBIQUITIN

Despite low sequence conservation, the 3D structures of ubiquitin and the ubiquitin-like proteins (UBLs),
including SUMO (Small Ubiquitin-like MOdifier), NEDD8 (Neural Precursor Cell Expressed, Developmen-
tally Down-Regulated 8), and ISG15 (Interferon-Stimulated Gene 15), are remarkably similar and all share
a core B-grasp (B-Golgi Reassembly Stacking Protein) fold containing secondary structure elements ar-
ranged in a BRaPBB order" (Figure 3A). Although, there are substantial mechanistic similarities between
ubiquitination and UBLs-mediated reactions, specific properties of each system can selectively determine
the fate of the modified protein'’ (Figure 1). As ubiquitin and UBLs target lysine residues, it is expected that
a certain degree of crosstalk would occur between these modifications (Tables S1, S2, and S3).

While ubiquitination generally does not target a canonical peptide sequence, SUMOylation targets a
consensus motif, WKXE/D (where W represents a large hydrophobic residue and X any amino acid), in
which the lysine serves as the SUMO acceptor site. SUMOylation of target proteins is catalyzed by a unique
E2 enzyme called UBCY (ubiquitin-conjugating enzyme 9), which relies on a dozen of E3 SUMO ligases to
ensure substrate specificity.'” Substrate SUMOylation is reversed by SUMO-specific proteases termed Sen-
trin-specific proteases (SENPs).'> SUMOylation can antagonize ubiquitination by competing for the same
lysine in substrates (Table S1). This is the case of kBa, an inhibitor of the transcription factor NF-kB, which is
targeted for proteasomal degradation upon TNF receptor stimulation by the phosphorylation-mediated
ubiquitination of K21 and K22 residues.”>™'® Instead, SUMOylated IkBa on K21 is resistant to
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Figure 2. Ubiquitin chains and their functions
Ubiquitination of proteins is catalyzed by the action of E1 ubiquitin-activating, E2 ubiquitin-conjugating, and E3 ubiquitin-ligating enzymes. The concerted
action of E2 and E3 enzymes dictates the nature of ubiquitin modification. Ubiquitination is reversed by deubiquitinases (DUBs). A protein target (in blue) can

g

be monoubiquitinated, multi-monoubiquitinated, or polyubiquitinated. Monoubiquitination and multi-monoubiquitination are associated with diverse
signaling pathways and processes including intracellular membrane trafficking, transcription regulation, DNA damage signaling and repair as well as the
regulation of protein subcellular localization. Monoubiquitination events have also been shown to induce proteasomal degradation. Polyubiquitination
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Figure 2. Continued

involves eight ubiquitin linkage types, i.e., M1, K6, K11, K27, K29, K33, K48, and Ké3. The various ubiquitin chains are associated with numerous
functional and biological outcomes. K63 polyubiquitin chains are associated with protein recruitment and activation of signaling cascades, K48
polyubiquitin chains generally promote the proteasomal degradation of substrates. Polyubiquitination can generate homotypic, heterotypic, or
heterologous chains that add another layer of complexity to ubiquitin signaling pathways. Moreover, post-translational modifications of ubiquitin itself
(phosphorylation, acetylation, ADP-ribosylation, and deamidation) can modulate E3 ligase activity and interfere with ubiquitin ligation or ubiquitin
chain elongation. Following substrate ubiquitination, ubiquitin chains could be recognized by a wide variety of ubiquitin-binding proteins through their
ubiquitin-binding domains (UBD). Examples of UBDs are represented by the ubiquitin interacting motifs (UIM) of RAP80, the Ubiquitin-associated
domains (UBA) of Rad23, or the Npl4-like Zinc Finger (NZF) of the deubiquitinase TRABID. Awide range of signaling events and biological processes are
associated with ubiquitin binding such as the DNA damage response, cell death, immune signaling, and autophagy.

signal-induced degradation, resulting in the sequestration of inactive NF-kB in the cytoplasm and hence,
limiting its transcriptional functions in the nucleus'® (Figure 3B). In addition, while the phosphorylation of
IkBa on S32 and S36 is required for ubiquitination, these PTMs appear to inhibit SUMOylation indicating a
hierarchy in signaling events orchestrating I«Ba, stability and NF-kB activation.'® In addition, deSUMOyla-
tion could also potentially orchestrate IkBa stability and function, as NF-kB promotes feedback mecha-
nisms that involve transcriptional regulation of SENPs."’

SUMOylation and ubiquitination can also synergize to ensure the orchestration of signal transduction. For
instance, lkBa. could be also simultaneously targeted by SUMO and ubiquitin, resulting in the formation of
SUMO-ubiquitin hybrid chains that promote IkBa degradation.'® Recent evidence indicated that SUMO
and ubiquitin often act sequentially to induce substrate degradation. This is exemplified by promyelocytic
leukemia (PML) whose polySUMOylation on K160 triggers its interaction with the SUMO-targeted Ubiquitin
ligase (STUbL) RNF4. This E3 ligase recognizes SUMOQylated PML through SUMO-interacting motifs (SIM)
and catalyzes the polyubiquitination of SUMO and subsequent PML proteasomal degradation.'”?° Mech-
anistically, RNF4 activity is regulated by dimerization through binding to SUMO chains.?' Alocal increase of
SUMO modification, during stress conditions, results in SIM-mediated recruitment of RNF4, inducing RING
finger dimerization and ubiquitin ligase activation. Structural studies indicated that the RING dimer of
RNF4 binds the E2-ubiquitin complex and facilitates catalysis.”

Analogous to ubiquitination and SUMOylation, NEDDylation also uses E1 and E2 enzymes as well as multiple E3
ligases to ensure substrate modification.”” It is well recognized that the multi-components Cullin-RING ubiquitin
Ligases (CRLs) are major targets of NEDD8 which stimulates their E3 ligase activity.”** NEDDylation of non-
Cullin targets has also been described and this modification can protect proteins from ubiquitin-mediated
degradation (Table S2). For instance, the proto-oncogene and E3 ubiquitin ligase C-CBL, a downstream effector
of TGFB antiproliferative signaling, NEDDylates TGFB type Il receptor (TBRII), ensuring its stabilization.”” Inter-
estingly, TBRII is internalized through two endocytic pathways, clathrin-mediated or caveolin-mediated, leading
to two opposite outcomes. While clathrin-mediated TBRII internalization results in the maintenance of signal
transduction, caveolin-mediated TBRII compartmentalization triggers receptor degradation and signal termina-
tion.”® C-CBL-mediated NEDDylation triggers TPRIl internalization through clathrin-dependent endocytosis,
thus sustaining TGFp signaling.?’ In contrast, the degradation of the proto-oncogene c-SRC involves the coop-
eration between NEDDylation and ubiquitination, resulting in the inhibition of the PI3K-AKT signaling and reduc-
tion of cell migration and metastasis.”” Here, C-CBL NEDDylates ¢-SRC, which results in its polyubiquitination
and proteasomal degradation. Whether a conformational change or the recruitment of additional proteins me-
diates this NEDDylation-ubiquitination crosstalk remains to be determined.

The crosstalk between ubiquitin and multiple UBLs within the same substrate is best illustrated by PCNA,
which is subjected to several PTMs ensuring coordination between DNA replication and repair machin-
eries. Although established primarily in yeast, the regulation of PCNA by UBLs is highly conserved in eu-
karyotes. PCNA is a homotrimeric ring-shaped DNA clamp complex acting as a processivity factor for
DNA polymerase d/€ and is required for replication. PCNA could be modified by ubiquitin or other UBLs
on the same lysine residue, but with different functional consequences®**" (Figure 3C). In normally growing
yeast, SUMOylation of PCNA K164 induces the recruitment of Srs2 protein to the replication fork, blocking
unwanted homologous recombination. Srs2 interacts with PCNA through a PCNA-interacting protein (PIP)
box-like motif within the carboxy-terminal domain and a SIM domain that binds SUMOylated PCNA. This
consolidated Srs2-PCNA interaction prevents Rad51 filament formation and subsequent homologous
recombination.>> " In contrast, during DNA damage, the E2-E3 complex Radé-Rad18 mediates the mono-
ubiquitination of PCNA at K164 triggering the recruitment of Y-family damage-tolerant DNA polymerases
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Figure 3. Examples of crosstalk between ubiquitin-like proteins (UBLs) and ubiquitin

(A) Ubiquitin and Ubiquitin-like proteins (UBLs), SUMO2 (PDB: 1WM3), NEDD8 (PDB: 2BKR) and ISG15 (PDB: 1Z2M) share significant structural similarities
with ubiquitin (PDB: Tubg). These proteins share a core B-grasp (B-Golgi Reassembly Stacking Protein) fold containing secondary structure elements
arranged in a BRaBPP order.

(B-C) Ubiquitin-like proteins compete with ubiquitination resulting in variable outcomes on protein stability and function. (B) Polyubiquitination of the NF-«B
inhibitor IKBae, following its phosphorylation by the IKK kinase, leads to its proteasomal degradation and release of NF-kB to execute its transcriptional
activity. SUMOylation of the same residue of IkBa blocks its degradation, while hybrid SUMO-Ubiquitin chain extension can re-engage the proteasomal
degradation. (C) Attachment of SUMO, ubiquitin, NEDD8, and ISG15 moieties on PCNA is associated with different outcomes on DNA replication and
repair. PCNA K164 modifications play central roles in the recruitment of UBLs binding proteins, which in turn dictate the choice or termination of DNA repair
pathways. 1) At the replication fork, PCNA K164 SUMOylation allows its interaction with Srs2 which inhibits Rad51 filament formation and homologous
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Figure 3. Continued

recombination (HR). 2) During DNA damage, PCNA K164 monoubiquitination results in the recruitment of Poln for the translesion DNA synthesis (TLS)
process. 3) PCNA polyubiquitinated on K164 after replication stress promotes the recruitment of ZRANB3, replication fork reversal, and protection, thus
maintaining genomic integrity. 4) The execution of TLS can be inhibited by the NEDDylation of PCNA K164. This inhibits its ubiquitination and the
subsequent recruitment of Poln. 5) ISGylation of PCNA is a signal for TLS termination. Following Poln recruitment, PCNA K164/K168 is ISGylated by EFP
leading to the recruitment of the DUB USP10. This results in the deubiquitination of PCNA, release of Poln from the replication fork and termination
of TLS.

(e.g., polymerase n), in order to bypass the lesion in a process called translesion DNA synthesis (TLS).*"*°
The binding of monoubiquitinated PCNA by the TLS DNA polymerase requires the combined involvement
of their PIP motifs and ubiquitin-binding domains, respectively.”**” Interestingly, PCNA can also be poly-
ubiquitinated on K164, through Ké3-chains, by Ubc13-Mms2 (E2) and Rad5 (E3), and this event has been
involved in error-free DNA repair.***” Recent studies in mammalian cells indicated that the poly-
ubiquitination of PCNA facilitates the recruitment of ZRANB3 translocase, which stimulates replication
fork reversal and inhibits recombination events that could take place during template switching, thus main-
taining genomic integrity during periods of replication stress.’%*

While the exact molecular mechanisms of PCNA modifications by ubiquitin and SUMO remain incom-
pletely defined, this factor was recently shown to be targeted by other UBLs, notably NEDD8 and
1SG15.*** During oxidative stress, PCNA K164 is NEDDylated, inhibiting its ubiquitination and the subse-
quent recruitment of TLS polymerase 1n.** It was proposed that PCNA NEDDylation might counteract TLS
to prevent an excessive engagement of an error-prone DNA repair mechanism. Interestingly, NEDDylation
of PCNA is reversed by the deNEDDylase NEDP1, suggesting a dynamic role of this modification in nega-
tively regulating TLS.** Finally, another layer of complexity was recently provided by PCNA ISGylation, a
protein PTM that also involves a dedicated E1/E2/E3 enzymatic cascade’®"’ (Table S3). PCNA ISGylation
on K164 and/or K168 residues is catalyzed by EFP ISG15 E3 ligase and takes place after the recruitment of
TLS polymerase to promote TLS termination. Mechanistically, PCNA K164 monoubiquitination stimulates
the recruitment of EFP and this event leads to PCNA [SGylation. In turn, PCNA ISGylation promotes the
recruitment of USP10 for PCNA deubiquitination, leading to polymerase n release from DNA. Finally,
DelSGylation of PCNA is mediated by UBP43 ensuring TLS termination and reestablishment of normal
DNA replication.”” Nonetheless, how these ISGylation/DelSGylation events are exactly orchestrated
with ubiquitin and other UBLs during the repair process remain unknown.

In summary, although much progress has been made during the last decades, the exact mechanisms of ac-
tion coordinating the crosstalk between ubiquitin and UBLs remain incompletely understood. In particular,
UBL crosstalk often involve coordination by small PTMs whose characterization, through functional and
structural studies, should help in understanding the interplay between signaling pathways in the regulation
of cellular processes.

EXTENSIVE CROSSTALK BETWEEN PROTEIN PHOSPHORYLATION AND
UBIQUITINATION

Phosphorylation is a widespread PTM that consists of the attachment of a phosphoryl group on serine, thre-
onine, or tyrosine residues of target proteins (Figure 1). Being probably the most studied protein PTM,
much work has been done to determine how phosphorylation regulates cellular processes. The link be-
tween phosphorylation and ubiquitination has been studied in diverse cellular processes (Table S4). Gener-
ally, the interplay between phosphorylation and ubiquitination is often associated with protein degrada-
tion. Protein phosphorylation on a conserved short motif of amino acids, called phosphodegron, is
recognized by E3 ligase complexes leading to substrate polyubiquitination and proteasomal degradation.
In particular, the multi-protein E3 ligase family SKP1-Cullin-F-box (SCF) has been shown to be one of the
main players in mediating phosphorylation-inducing degradation (Figure 4A). The F box protein family
are responsible for the recognition and binding of the phosphorylated degron motif with one of the first
F box proteins identified being the Saccharomyces cerevisiae CDC4.*® Of note, substrate phosphoryla-
tion-dependent ubiquitination is usually preceded by priming phosphorylation events that occur on adja-
cent sites, involving other kinases than those phosphorylating the degron, indicating the tight control of
the phospho-ubiquitin signaling cascades.

SCF-mediated ubiquitination covers a wide range of phosphorylated target proteins including many cell
cycle effectors. One example is the Cyclin-dependent kinase inhibitor 1B (p27P"), which binds and
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Figure 4. Model of the interplay between protein phosphorylation and ubiquitination
(A) Phosphorylation of a target protein creates a phosphodegron, recognized by E3 ligase complexes (in this case the SCF or Skip-Cullin-F-box complex

family). The F box factor positions the targeted protein in the vicinity of the Cullin ligase (RBX1/2) and the E2 enzyme, leading to its ubiquitination and
proteasomal degradation.

(B) Crystal structure of the quaternary complex: SKP1-SKP2-CKS1-Phospho p27""P" (PDB: 2AST). Left panel, overall representation of the complex showing
the specific positioning of the p27 peptide within CKS1 and SKP2 binding pockets. Right panel, close up view of the phosphorylated p27<?! interaction with
CKS1 and SKP2. Phosphorylated p27 P! intercalates into a CKS1/SKP2 pocket formed by SKP2 leucine-rich repeat (LRR) and CKS1 phospho binding site.
pT187 is recognized by CKS1 phospho binding site residues whereas E185 binds to both CKS1 and SKP2. The hydrogen bounds between amino acids are
shown at the bottom by the dashed lines.

(C) DLK stability is regulated through the action of the PHR1 E3 ligase and the DUB USP9X. DLK phosphorylation by JNK blocks its ubiquitination and
degradation to reinforce the JNK signaling pathway and promote neuronal apoptosis.

(D) Phosphorylation-mediated monoubiquitination of RECQL4 regulates pathway choice of DSB repair. Following DNA damage, RECQL4 associates with
the DSB binding protein Ku70 to allow non-homologous end-joining (NHEJ) repair. CDK1/2 phosphorylates RECQL4 which leads to its ubiquitination by
CUL4APP®" and induces its interaction with MRE11 to promote homologous recombination (HR).

prevents the activation of Cyclin E-CDK2 or Cyclin A-CDK2 complexes.*? Previous studies established that
the phosphorylation of p27P' on T187 is essential for its proteasomal degradation by the E3 ligase
SKP2,°%°" and that this concerted reaction requires the CDK subunit 1 (CKS1).>? The crystal structure of
the quaternary complex: SKP1-SKP2-CKS1-Phospho p27%P" revealed that CKS1 binds to both the
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leucine-rich repeat domain and the C-terminal tail of SKP2 (Figure 4B). p27 P! establishes contacts with
both CKS1 and SKP2, a configuration that positions CKS1 phospho-binding motif for interaction with
the phosphorylated T187 side chain of p27""P*.%% Interestingly, p27P" binding to SKP1-SKP2-CKS1 is
mainly coordinated by intramolecular interactions between the p27“P! phospho T187 and CKS1 and
p275PT E185 with both CKS1 and SKP2. This conformation allows p27 " phospho T187 recognition and
its ubiquitination. Additionally, p27 """ is also phosphorylated by the oncogenic tyrosine kinase Src on
Y88, promoting a conformational change disrupting p27"®" interaction with the CDK2 catalytic cleft.
Released cyclin A-CDK2 becomes active, promoting p27P! phosphorylation on T187, which then stimu-
lates its ubiquitination and proteasomal degradation.”*>°

On the other hand, phosphorylation is also known to prevent substrate ubiquitination. This is exemplified
by the dual leucine zipper-bearing kinase (DLK/MAP3K12), an evolutionarily conserved member of the
mixed lineage kinase (MLK) family that plays an important role in c-Jun N-terminal kinases (JNK) signaling
and apoptosis. DLK protein stability is regulated through the action of the E3 ubiquitin ligase PHR1 and the
DUB USP9X.*® During retrograde signaling, neurons respond to axonal damage by inducing site-specific
phosphorylation of DLK by JNK, an event that prevents DLK ubiquitination (Figure 4C). Stabilized DLK
acts in turn to promote downstream JNK signaling and apoptosis.®® This signaling cascade illustrates
how ubiquitination and phosphorylation crosstalk can be exploited to amplify a stress response, thereby
quickly responding to extracellular cues.

Phosphorylation can also regulate substrate ubiquitination, independently of proteolysis. The pathways of DNA
double-strand break (DSB) repair are subjected to an intricate level of regulation during initiation, repair pathway
choice, and termination. The extent of DNA-end resection highly influences the pathway choice between non-
homologous end-joining (NHEJ) and homologous recombination (HR).”’*" While NHEJ can function in all
phases of the cell cycle, HR is highly active in S and G2 phases, as sister chromatids must be used for recombi-
nation.®>®’ The increase of Cyclin-dependent kinases (CDKs) activity at G1/S transition results in the coordinated
phosphorylation of key chromatin-associated and DNA repair factors, thus promoting DNA resection and HR
pathway. For instance, RECQL4, a RecQ-type helicase required for genomic integrity, regulates both NHEJ
and HR depending on cell cycle phases.”’ Mechanistically, RECQL4 forms a complex with the DSB binding pro-
tein Ku70 and facilitates NHEJ. Increased CDK1 and CDK2 activities in S and G2 result in the phosphorylation of
RECQL4 on S89 and S251, promoting its interaction with the MRN complex, which is known to promote HR.
Phosphorylated RECQL4 becomes a substrate of CUL4APPE! E3 ubiquitin ligase, which catalyses its ubiquitina-
tion and retention at DSB sites to mediate DNA end resection and HR (Figure 4D).%" These results indicate how
phosphorylation and ubiquitination can orchestrate the intervention of key factors to ensure the timely engage-
ment of the proper DNA repair pathway.

OPPOSING OUTCOMES OF PROTEIN ACETYLATION AND UBIQUITINATION: A RULE
WITH EXCEPTIONS

Mostly known for its function on histone and chromatin structure, protein lysine acetylation is a widespread PTM
catalyzed by lysine acetyltransferases (KATs/HATs) and reversed by lysine deacetylases (KDACs/HDACs).**¢?
Acetylation plays critical roles in the regulation of protein stability, function and localization.%” Crosstalk between
acetylation and ubiquitination is a critical regulatory mechanism controlling numerous vital cellular processes
including chromatin-dependent processes (Table S5). Protein acetylation can promote protein stability by block-
ing ubiquitination-mediated proteasomal degradation. One of the first observations validating this notion is the
regulation of p53 degradation, as its ubiquitination by the E3 ligase MDM2 can be inhibited through the acet-
ylation of the same lysines of p53 C-terminal domain by p300.°* Interestingly, acetylation may also attenuate the
ubiquitination of p53 by inducing potential conformational changes or possibly by preventing substrate recog-
nition by E3 ligases.** To counteract this mechanism, the ubiquitin ligase MDM2 functions in part by recruiting
the histone deacetylase 1 (KDAC1/HDAC1) to deacetylate p53, thus allowing its ubiquitination and subsequent
degradation.®” The model of negative regulation of protein ubiquitination by acetylation has been subsequently
expanded to many other substrates (Table S5).

On the other hand, acetylation can also create an acetyl-degron targeting a substrate for proteasomal
degradation. Indeed, in response to increased concentrations of glutamine, acetylation of glutamine syn-
thetase induces its recognition by the CRL4“REN E3 complex, resulting in its subsequent proteasomal
degradation, thereby impacting glutamine production (Figure 5A). However, how acetylation/deacetyla-
tion events of glutamine synthetase could sense glutamine concentration remains to be determined. It
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Figure 5. Crosstalk between methylation or acetylation and ubiquitination

(A) High level of cellular glutamine (GIn) leads to the acetylation of Glutamine synthetase (GS) by P300/CBP. This event creates an acetyl-degron recognized
by the CRL4“REN E3 complex leading to GS polyubiquitination and subsequent degradation by the proteasome.

(B) Bivalent recognition of unmethylated H3R2 and methylated H3K? by the multidomain E3 ligase, UHRF1, leading to the ubiquitination of H3K23.

(C) Surface representation of the crystal structure of the E3 ubiquitin ligase UHRF1 in complex with histone H3 peptide (PDB: 3ASK). The Tudor domains and
the PHD domain (TTD-PHD) used for the crystallization are shown in the left panel. Right panel, zoom in view of the interaction between histone H3 peptide
with the PHD domain (top) and the Tudor1/2 domains (bottom). The H3 peptide is composed of two cassettes: cassette 1 encompassing H3R2, is positioned
within the PHD acidic pocket; and cassette 2 containing H3K9me3 is recognized by an “aromatic cage” surface within Tudor 1. The hydrogen bounds
between amino acids are shown by the dashed lines. The structure shows that the unmodified H3R2 intercalates into an acidic pocket within the PHD finger
domain. The Tudor domain 1 accommodated the H3 peptide C-terminus residues into an “aromatic cage” involving H3K9me3 and S10.

(D) Regulation of the RORa nuclear receptor by a methylation/ubiquitination crosstalk. RORa is subjected to monomethylation by the PRC2 methyl-
transferase EZH2. This monomethylated RORa is bound by the chromo-domain of DCAF1 recruiting it to the DCAF1/DDB1/CUL4B ubiquitin ligase complex,
resulting in the proteasomal degradation of RORa and repression of its target genes.

is possible that the extent of glutamine synthetase acetylation might serve as a metabolic rheostat that
modulates enzyme abundance as a function of glutamine availability.

THE LINK BETWEEN PROTEIN METHYLATION AND UBIQUITINATION

Protein methylation consists of the addition of one to three methyl groups on lysines or one to two methyl
groups on arginines by enzymes termed methyltransferases®®®’ (Figure 1). Several examples describe intri-
cate crosstalk between methylation and ubiquitination that result in diverse functional outcomes (Table S6).
An interesting mechanism of histone methylation-induced histone ubiquitination is provided by UHRF1 E3
ligase, which ensures the propagation of DNA methylation during DNA replication, thus maintaining
epigenetic gene silencing. UHRF1 contains a ubiquitin-like domain (UBL), a tandem Tudor domain
(TTD), a plant homeodomain (PHD), a SET- and RING-associated (SRA) domain, and a RING finger domain.
The TTD and PHD are readers of di- or tri-methylated histone H3K9 and unmodified H3R2, respectively,
while SRA binds hemi-methylated DNA. Following chromatin binding at the replication fork, UHRF1 cata-
lyzes histone H3K23 ubiquitination, an event stimulated by its UBL domain. The proper positioning of
UHRF1 on nucleosomal marks and subsequent ubiquitination is a prerequisite for the recruitment of
DNMT1, which, in turn, catalyzes DNA methylation (Figure 5B).°573 The crystal structure of UHRF1 pro-
vided a molecular explanation for the bivalent recognition of histone H3 (Figure 5C).*” Notably, the PHD
andthe TTD are linked with 17 residues linker that plays an important role in maintaining a proper structural
conformation of the PHD-Tudor module for the bivalent recognition of the H3 tail and the positioning of the
RING finger in close proximity of H3K23. This conformation is inhibited by the phosphorylation of 5298
within the linker of UHRF1.%” Overall, recognition of histone methylation and DNA methylation are coop-
eratively involved in ensuring histone H3 ubiquitination, which in turn promotes DNA methylation and
mitotic propagation of gene silencing.

Methylation/ubiquitination interplay is often linked to protein stability as shown for the orphan nuclear re-
ceptor RORa whose methylation is driven by the Polycomb group protein and methyltransferase EZH2"*
(Figure 5D). EZH2 specifically monomethylates RORa on K38, a methyl-degron motif resembling the his-
tone H3K27 LxxxxxRKS methyl acceptor motif, the classical target of EZH2. Once methylated, RORa(me1)
is recognized and bound by the DDB1 and CUL4 Associated Factor 1 (DCAF1) which is known to act as an
adapter for CUL4PP®" E3 ubiquitin ligases.”” RORa is then polyubiquitinated and degraded by the protea-
some, thus inducing transcriptional repression of RORa. target genes and inhibition of its tumor suppressor
properties. Interestingly, DCAF1 specifically recognizes the monomethylated RORa through its C-terminal
chromodomain, but not other methylated proteins such as H3K27, which restricts the spectrum of target
proteins to be ubiquitinated by CUL4PPBT 7

Finally, increasing evidence indicates that arginine methylation could also interfere with ubiquitination
events’® (Table Sé). For instance, PRMT5-driven arginine methylation of the transcription factor KLF4 in-
hibits its ubiquitination and proteasomal degradation by the CRL2PYH E3 ubiquitin ligase complex.”’
This stabilizing effect contributes to the oncogenic function of KLF4 in breast cancer initiation and invasion.

IMPACT OF O-GLCNACYLATION ON PROTEIN UBIQUITINATION

O-GlcNAcylation consists of the O-linked attachment of B-N-acetylglucosamine (O-GlcNAc) group on S/T
residues of target proteins and is catalyzed by the O-GIcNAc transferase (OGT)® (Figure 1). The synthesis
of UDP-GIcNAc, the donor of the O-GlcNAc group, involves the hexosamine biosynthesis pathway, which
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Figure 6. Crosstalk between protein modification by mono- or oligosaccharides and ubiquitination

(A) Example of crosstalk between O-GlcNAcylation and ubiquitination regulating the circadian cycle. The CLOCK/BMAL1 complex ensures the expression of
the circadian rhythm genes in a cyclic manner. Depending on the availability the UDP-GIcNAc, BMALT could be O-GlcNAcylated which could prevent its
polyubiquitination by UBE3A ligase and enhance the activity/recruitment of deubiquitinases, BAP1/USP2, thus stabilizing the CLOCK/BMALT complex. Low
levels of UDP-GIcNAc during the slow metabolism phase of the circadian cycle leads to BMAL1 polyubiquitination and proteasomal degradation. This
results in the repression of the CLOCK/BMALT1 target genes: Per1, Per2, Cry1, and Cry2.

(B) The ERAD-L pathway regulation by oligosaccharide/ubiquitination interplay in S. cerevisiae. 1) The glycan groups on misfolded proteins in the lumen of
the ER are recognized by the Yos? protein which triggers their recruitment to the Hrd3/Hrd1 complex within the ER membrane. 2) The Hrd1 ubiquitin ligase
dimerizes at the membrane and then polyubiquitinates the misfolded protein via the cytoplasmic RING domain. 3) The cytoplasmic Cdc48/p97 ATPase
complex drags the polyubiquitinated polypeptide to the proteasome for degradation.

(C) N-linked glycoproteins recognition by the F box E3 ligase complex. Structural overview of the Fbs1 SBD in complex with modified RNase B (top left panel)
(PDB: 2E33). Close up view of the RNase B Man3GIlcNAc2 moiety binding with the SBD domain (bottom left panel). Structural model of the SCF™*" ubiquitin
ligase complex bound to modified RNase and the E2, UBCH7 (right panel). The model was generated by superimposing the current crystal structure of the
SBD/RNase B with SKP1/Cul1/RBX1 (PDB: 1LDK) and c-Cbl-UBCH7 (PDB: 1FBV) structures. The hydrogen bounds between amino acids are shown by the
dashed lines.

acts as a metabolic sensor.”” The O-GlcNAcylation of proteins generally results in a negative regulatory ac-
tion on ubiquitination, thus increasing protein stability (Table S7). An interesting example of the interplay
between the O-GlcNAcylation and ubiquitination pertains to the two circadian clock proteins BMALT and
CLOCK. The circadian clock system is a machinery that living cells use to synchronize their biological pro-
cesses with the external environment, exhibiting 24 h-long cycles.®” Notably, the molecular circadian clock
machinery involves transcriptional and post-transcriptional control mechanisms as well as feedback loops
that ensure proper synchrony of the rhythm.®' Through dimerization, BMAL1 and CLOCK form a transcrip-
tion activator complex inducing the expression of the Period genes (Per1, Per2) along with two Crypto-
chrome genes (Cry1 and Cry2).?" Both BMAL1 and CLOCK proteins are stabilized by O-GlcNAcylation
which prevents their proteasomal degradation®” (Figure 6A). The crystal structure of the BMAL1/CLOCK
complex suggests that the O-GlcNAcylation site on BMAL1 (S418) is less likely to be involved in the inter-
action with CLOCK since it is located far from the interaction interface between the two proteins.®® It is
possible that the S418 O-GlcNAcylation site, which is near K404 and K415 ubiquitination sites, prevents
E3 binding and substrate ubiquitination.®* Interestingly, OGT, along with the DUB BAP1, stabilize the
BMAL1/CLOCK complex in response to nutrient abundance.®” This suggests that the O-GlcNAcylation
of BMALT promotes its deubiquitination. Overall, these findings indicate that O-GlcNAcylation and ubig-
uitination could orchestrate an intricate signaling cascade that fine-tunes the functions of target proteins in
response to alterations in cell metabolism and nutrient abundance.

O-GlecNAcylation may also influence ubiquitination by competing over the same site of phosphorylation as
shown for the zinc-finger protein SNAIL1T. SNAIL1 is an epithelial to mesenchymal transition-promoting
transcription factor repressing the cell adhesion junction factor E-cadherin.?>® SNAIL1 is phosphorylated
by glycogen synthase kinase-3p (GSK-3p) on two consensus motifs, creating a docking site for SCFP~TRCP E3
ubiquitin ligase and leading to the degradation of SNAIL1.2” SNAILT O-GlcNAcylation can also occur on
S112 within the GSK-3 consensus motif.”® This prevents SNAILT polyubiquitination and degradation
under hyperglycemic conditions, inducing the down-regulation of E-cadherin and promoting epithelial
to mesenchymal transition.?® These findings reveal a molecular switch from phosphorylation to
O-GlcNAcylation, which inhibits the recruitment of an E3 ligase responsible for targeting SNAIL1 for poly-
ubiquitination and subsequent downregulation.

Finally, O-GlcNAcylation could also promote protein polyubiquitination and degradation, in opposition to
the established view of antagonism between these two PTMs.®” Following DNA damage, the TLS DNA po-
lymerase 1 (Poln) is O-GlcNAcylated on T457, which induces its polyubiquitination by CRL4AP™ and sub-
sequent extraction from chromatin by the p97 segregase.®” This contributes to Poln dissociation from repli-
cation forks after the completion of TLS. However, it remains unclear whether OGT specifically triggers the
O-GlcNAcylation of Poln at DNA lesions. It will also be interesting to determine how O-GIcNAcylated Poln
is recognized by the CRL4“PT2,

Overall, both O-GlcNAcylation and ubiquitination are important PTMs intimately involved in coordinating
cellular processes. As these PTMs dynamically target a wide spectrum of substrates, it is anticipated that a
significant interplay between both pathways takes place in response to alterations in nutrient availability
and the microenvironment states of the cells.
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N-LINKED GLYCAN SIGNALS FOR UBIQUITINATION-MEDIATED DEGRADATION

Several protein quality control mechanisms have evolved to ensure that proteins are correctly folded
before reaching their destination or otherwise degraded by the proteasome, thus avoiding undesirable
protein interactions that can lead to protein aggregation and human diseases. For instance, in the ER
improperly, folded proteins are recognized and eliminated by the Endoplasmic Reticulum-Associated
Degradation (ERAD) system.”® 7

The ERAD pathways have been extensively studied in yeast. When entering the ER, proteins are enzymat-
ically modified en bloc on an asparagine residue by a branched oligosaccharide composed of three
glucose, nine mannose, and two N-acetylglucosamine residues (GlcNAc,MangGlcs).”> These glycan
groups are trimmed during the protein journey inside the ER until their export as a fully folded protein.
However, if the protein is delayed inside the ER due to a folding problem, a late glycan-processing enzyme
such as the mannosidase Htm1 intervenes to generate an oligosaccharide that directs the improperly
folded substrate for ubiquitination and proteasomal degradation.” The association of the yeast
protein Htm1p into an Htm1p-Pdilp complex selectively guides Htm1p activity toward misfolded
N-glycoprotein targets due to the Pdip1 adapter function.””® Since the Htm1 enzymatic activity is rela-
tively slower than that of other glycan processing enzymes and that its output product (Man;GIcNAc,
with an exposed a1,6-linked mannosyl residue) is essential for ERAD pathway, it has been proposed that
the ERAD machinery would involve a “reader” for this modification.”*?” For instance, Yos9 has been iden-
tified as a lectin capable of binding glycan products generated by Htm1.7%”” However, Yos9 binds a glycan
attached to the unstructured region of the target protein, which should also be bound by Hrd3 (component
of the Hrd1 complex)'® " (Figure 6B). This dual action of Htm1p-Pdi1p on the one hand and Yos9 on the
other hand, adds another layer of control to the ERAD pathway to carefully select the misfolded targets.
After the recognition and binding steps by Yos9, the target protein is polyubiquitinated by Hrd1 and ex-
tracted through the ER membrane to be retrotranslocated to the cytoplasm where it is recognized by
the Cdc48/p97 ATPase complex which pulls the substrate off, so it could be processed by the protea-
some'%7'% (Figure 6B). This example of target protein selection for polyubiquitination and proteasomal
degradation shows the tight control for protein fate decisions by adopting a multi-step mechanism, which
is highly conserved through evolution.

Signaling protein degradation by N-linked glycan ligation also occurs in the cytoplasm.'” An F box E3
ubiquitin ligase subfamily has been identified for its ability to recognize N-glycan.'%'%” For instance,
SCF™s" ubiquitin ligase complex that contains Fbs1/Fbx2/NFB42 was identified as an E3 ligase that recog-
nizes N-linked glycoproteins through a sugar-binding domain (SBD)."*>'%” To reveal the mechanism of
ubiquitination of N-glycoproteins by the SCF™®! complex, the crystal structures of SKP1 in complex with
Fbs1 as well as SBD with Ribonuclease B (RNase B) have been solved.'®'%? RNase B was used as a model
glycoprotein for the co-structure as this enzyme is modified by a single oligosaccharide (Mang sGlcNACy).
The SBD-sugar binding surface is composed of several residues that interact with ManzGIcNAc,. The over-
all SCF™<'.RNase B-E2 complex model (Figure 6C), indicates that RNase B is specifically positioned at a
distance that makes it accessible for ubiquitination by the E2 (UBCH7). In addition, a linker loop between
the F box and SBD domains of Fbs1 would endow SCF™*" with a certain rotational flexibility to accommo-
date diverse substrates.

PROTEIN PARYLATION AND CROSSTALK WITH UBIQUITINATION

ADP-ribosylation is catalyzed by enzymes of the 18 family members called PARPs (Poly-ADP-Ribose
Polymerases). Having NAD-dependent catalytic activity, PARPs add one or multiple negatively charged
ADP-ribose molecules (PAR) on target proteins, allowing the regulation of their functions.''® The majority
of studies investigating the biological function(s) of poly-ADP-ribosylation (PARylation) were conducted in
the context of DNA damage response (DDR) since PARylation by PARP1 is known to be among the first sig-
nals of DDR."'" As most PTMs, PARylation has multiple specific binding motifs called readers of PAR. At
least three major groups of PAR-binding domains were described including the PAR-binding macrodo-
main, PAR-binding zinc finger (PBZ), and most recently the WWE domain linking PARylation to ubiquitin
signaling."’”"'" Many of these reader proteins (or associated complexes) are E3 ligases such as
RNF146, BAL1/BBAP complex, BARD1/BRCA1 complex and Checkpoint with forkhead-associated and
RING domains, CHFR,""*"""" suggesting an extensive interplay between PARylation and ubiquitination
(Table S8).
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Figure 7. The mechanism of PARylation-triggered ubiquitination

(Top) The crystal structure of RNF146 WWE/RING domains associated with the UBCH5A E2 conjugating enzyme shows a binding pocket for iso-ADPr within
the WWE domain and with additional contact with the RING domain (PDB: 4QPL). (Bottom) PARylation of a target protein by the Tankyrase interacting with
RNF146. This binding triggers an allosteric conformational change within the RING domain of RNF146 switching its E3 ligase activity from an “OFF" to an
“"ON" state leading to efficient recruitment of E2 enzyme and ubiquitination of the PARylated target proteins.

The mechanism by which PARylation promotes ubiquitination has been revealed by recent studies report-
ing the interaction of RNF146 with PARylated target proteins of the WNT signaling pathway.""®""” In the
absence of the WNT ligand, B-catenin is driven to degradation through its assembly in a specific proteol-
ysis-inducing complex.'”® However, in the presence of the WNT ligand, B-catenin is released from its
degradation complex and translocated into the nucleus to transduce the WNT signaling. The B-catenin
destruction complex is formed by multiple subunits including AXIN, which is a concentration limiting factor
essential for complex assembly.'?*'?! To avoid sustained activation of B-catenin, stabilization of AXIN pro-
tein is ensured through the inhibition of the Tankyrases PARPs (TNKS1 and TNKS2) responsible for AXIN
PARylation and subsequent degradation.''® RNF146 is the E3 ubiquitin ligase responsible for AXIN poly-
ubiquitination and degradation upon PARylation by TNKS1/TNKS2.'? Interestingly, RNF146 interacts with
both the Tankyrase and the PARylated target protein through its WWE domain. The crystal structures of
RNF146/UbcH5a (E2 conjugating enzyme) and RNF146/TNKS in the presence of PAR suggest an inter-
esting multi-step activation mechanism by which RNF146 ubiquitinates PARylated substrates in the pres-
ence of TNKS and UbcH5a'"? (Figure 7). The first step is the PARylation of the target substrate followed
by RNF146 binding the TNKS's five Ankyrin Repeat Clusters (ARCs) domain by its C-terminal domain
exposing the PAR chain to the RING/WWE domains of the E3 ligase. Next, the PAR chain is immobilized
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by the WWE domain and the proximal RING domain. This new conformation induces an allosteric change in
the E3 catalytic domain resulting in enhanced ubiquitin ligase activity.'” Therefore, this mode of regulation
implies that PAR recognition ensures high specificity, thus preventing promiscuous degradation of PARy-
lated proteins.

HYDROXYLATION-ASSOCIATED PROTEIN UBIQUITINATION

Several studies linked protein ubiquitination and hydroxylation states (Table S9). An eminent example is
provided by the hydroxylation-mediated degradation of the hypoxia-inducible factor (HIF1a) transcription
factor. HIF1atis normally activated under hypoxia, which leads to the activation of hypoxia-inducible genes.
However, under physiological conditions, HIF1a is targeted to ubiquitination by the pVHL, a multi-subunit
E3 ligase complex containing CUL2, Elongin B, Elongin C, and Rbx1.'?*'?" The factors responsible for
HIF1o. hydroxylation correspond to the Egg Laying defective Nine family proteins (EGLN), also known as
prolyl-hydroxylase-domain proteins (PHDs).'?~'?’ The hydroxylation of HIF1a. on its conserved proline res-
idues (P402 or P564) creates a binding site for pVHL (Figure 8A)."?° The molecular basis of pVHL-HIF 1o
interaction was rapidly established, and it was revealed that pVHL forms a conserved hydroxyproline bind-
ing pocket involving well-arranged hydrogen bonds for selective binding of hydroxylated prolyl residues of
HIF1a'?? (Figure 8B). The binding of pVHL is highly specific to hydroxylated proline on HIF1a as a non-hy-
droxylated peptide couldn’t form a stable complex with pVHL indicating the tight regulation of HIF-1a
degradation by hydroxylation. pVHL cancer mutations occurring in the binding interface with the hydrox-
ylated proline peptide of HIF1a have been reported, further supporting the involvement of pVHL in regu-
lating HIF1a stability upon hydroxylation.'**

The regulation of HIF1a stability by hydroxylation appears to be more complex in vivo. For instance, HIF1a
prolyl-hydroxylation by the PHDs could be assisted by third party proteins such as the Osteosarcoma
Amplified 9 (OS-9) protein which binds HIF1a and PHD2 or PHD3 and is required for HIF1a hydroxylation
and degradation.'?® Regulation of HIF1a stability also involves SUMOylation, which promotes its degrada-
tion."?? During hypoxia, active deSUMOylation of HIF1a. by SENP1 leads to HIF1a stabilization, suggesting
cooperation between SUMOylation and hydroxylation in promoting ubiquitination and degradation of
HIF1a by pVHL."”” Another layer of complexity is provided by SIRT2, a NAD-dependent protein deacety-
lase, which removes the acetyl group from the K709 residue of HIF1a, inducing its destabilization. The
deacetylation of HIF1a promotes the binding of PHD2 and prolyl-hydroxylation with the subsequent ubig-
uitination of HIF-1a.."*° Finally, protein hydroxylation can regulate protein stability by interfering with the
deubiquitinating reaction. For instance, hydroxylation of the transcription factor FOXO3a induces its
degradation by inhibiting its interaction with the DUB USP9X,"*" highlighting the complexity of crosstalk
between these two PTMs.

In conclusion, the target list of proteins harboring proline hydroxylation is likely larger than anticipated, and
recent proteomics studies suggest that oxygen sensing could potentially be a major determinant in the
regulation of many cellular proteins.'®” Thus, further work is needed to determine the extent to which
the hydroxylation/ubiquitination interplay regulates cellular processes.

PROTEIN-PROLYL ISOMERIZATION AND UBIQUITINATION

Peptidyl-prolyl isomerases (PPlases) are a family of enzymes that catalyze conformation changes between
cis and trans configurations of proline peptide bonds (X-P whereby X is any amino acid except P).'*%%*
These enzymes exert important functions in protein quality control and coordination of cellular processes
(Table S10). Forinstance, the PPlase PIN1 contains, in addition to the C-terminal catalytic domain, an N-ter-
minal WW domain (harboring two conserved tryptophan residues) that recognizes S-P or T-P motifs, when
the S or T residues are phosphorylated. An interesting example of Peptidyl-prolyl isomerization is provided
by the C-terminal binding protein (CtBP)-interacting protein (CtIP), a DNA repair factor that plays an impor-
tantrole in DNA end-resection and homologous recombination repair of DSBs. PIN1-mediated interaction
with phosphorylated CtIP induces its ubiquitination and proteasomal degradation, thus limiting DNA end-
resection and hence regulating the balance between homologous recombination and non-homologous
end-joining DSB repair pathways.'*> PIN1 action on CtIP involves its prolyl isomerase activity indicating
that a conformational change is required for CtIP ubiquitination and degradation. On the other hand,
PPlase activity can also protect from degradation, as PIN1-mediated isomerization of phosphorylated
FAAP20 on S48 promotes its association with the phosphatase PP2A, resulting in FAAP20 dephosphoryla-
tion by PP2A on $113 phosphodegron.'** This event prevents FAAP20 interaction with SCFT 2" and results
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Figure 8. Oxygen-sensing dependent ubiquitination regulates the function of the hypoxia-induced factor-1 (HIF1a)

(A) During hypoxia, the HIF1a factor is translocated to the nucleus where it dimerizes with HIF1B and activates hypoxia-induced response genes in the
presence of CBP/P300. During normal conditions (normoxia) and in the presence of aKG, HIF1a is rapidly targeted by different proline hydroxylating
enzymes, prolyl-hydroxylase-domain (PHD) proteins and the factor inhibitor HIF (FIH). Hydroxylation by FIH on the C-terminal end of HIF1a block its

interaction with CBP/P300 and inhibits transcriptional repression. Hydroxylation by the PHD enzymes generates a binding site for the von-Hippel-Lindau

(pVHL) ubiquitin ligase complex. This induces its polyubiquitination and proteasomal degradation.

(B) Structural description of the recognition of hydroxylated HIF1a (HYP 564) by pVHL E3 ligase complex (PDB: 1LM8). Left panel, surface representation of
the pVHL/Elongin B/Elongin C/HIF1a co-structure showing the binding of HIF1a. peptide with pVHL subunit. Right panel, zoom in the HIF1a/pVHL B domain.
Hydroxylated proline 564 (HYP 564) inserts into a B domain hydrophobic core region (top view). Additional contacts are made between HIF1a backbone

residues and pVHL side chain group (bottom view). The hydrogen bounds between amino acids are shown by the dashed lines.
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in the inhibition of FAAP20 proteasomal degradation, thus promoting FANCD2 activation and DNA inter-
strand cross-link repair. Clearly, PPlase-mediated protein conformation changes and its impact on sub-
strate ubiquitination can involve an intricate interplay of additional PTMs, thus dynamically orchestrating
cellular processes.

N-END RULE AND C-END RULE PATHWAYS OF PROTEIN DEGRADATION

The conjugation of specific amino acids, such as arginine, at the N-terminal end of proteins (Nt-arginyla-
tion) was initially found to have a destabilizing effect on modified proteins.”*’ It was later found that protein
Nt-arginylation defines a distinct class of protein modification-inducing degradation, which is part of a gen-
eral mechanism of protein degradation termed the N-end rule pathway.**'* The N-end rule pathway re-
lies on the recognition of an N-terminal destabilizing amino acid by specific E3 ubiquitin ligases, called
N-recognins, which ubiquitinate the target protein (or nascent peptide in the case of co-translational modi-
fication) leading to proteasomal degradation in most cases.'*”'*! The N-end rule pathway can engage sub-
strate ubiquitination following demasking of destabilizing amino acids or protein cleavage, with or without
further protein modification. In eukaryotes, two major N-end rule pathway branches involving Nt-arginyla-
tion and Nt-acetylation have been described (discussed later in discussion), in addition to three recently
discovered N-end rule pathways of protein degradation associated with Nt-G, Nt-P, and formylation of
Nt-M"28145 (Table S11).

Nt-arginylation occurs on destabilizing N-terminal D or E residues and oxidized C residues which fall into a
type 1 class of Nt-degron along with unmodified R, H and K residues.'"" The second class includes the
hydrophobic amino acids | and L and the aromatic amino acids such as F, W and Y."*! Type 1 and type 2
Nt-degrons are known to be bound by the UBR-box domain of the N-recognins E3 ligase family members,
which are responsible for substrate ubiquitination and subsequent proteolysis.'**'*” The Nt-arginylation
on D, E and oxidized C residues is promoted by a unique enzyme called the arginyltransferase ATE1, which
catalyzes the transfer of the R residue from arginyl-tRNA to acceptor amino acid residue on target proteins
in an ATP-independent manner.'"®'"? Interestingly, Nt-arginylated peptides could be either degraded by
the UPS system or autophagy.'*° Indeed, Nt-arginylated substrates could be bound by the ZZ-type zinc
finger (ZZ domain) of the p62 autophagy adapter, and this event can induce autophagy of target pro-
teins.'”'~"** The potential signaling determinants that can shift the degradation of Nt-arginylated proteins,
depending on the cellular contexts, toward the UPS or the autophagy degradation system remains to be
defined.

The other major and frequent branch of the N-end rule pathway is Nt-acetylation (either on Nt-Met or sec-
ond residue after Nt-Met removal).*""'** Nt-acetylation is carried by several Nt-acetyltransferases
including NatA, NatB, NatC, NatD, NatE and NatF, classified according to their target specificity even
though some of them could overlap in function and targets.'>>"'*° In yeast, Nt-acetylation has been linked
to proteasomal degradation of several target proteins such as the APC/C complex component Hen1 and
the Conserved oligomeric golgi subunit Cog1."*”'®’ Interestingly, Nt-acetylation-mediated substrate
degradation could be blocked by its interacting proteins or folding states, thus preventing the recognition
of Nt-acetylated residue by Nt-recognins.'® Indeed, in mammals, the same mechanism of “conditional de-
gron” has been described for the protein G regulator, RGS2 which is targeted for Nt-acetylation and ubig-
uitination by TEB4 ER-associated ubiquitin ligase for subsequent degradation. This results in increased
Gag protein activation leading, in turn, to an increase of PLCB and ERK1/2 signaling. In contrast, RGS2 is
stabilized through interaction with Ga., establishing a regulatory loop for protein G signaling.’*® Whether
additional factors could shift RGS2 between the free and assembled forms, thus regulating the extent of
Gag signaling, remains an interesting line of inquiry. On the other hand, recent proteomics studies in yeast
indicated that Nt-acetylation is rarely recognized as a degron, and might even induce the opposite effect,
i.e., protects substrates from proteasomal degradation.' Moreover, this analysis also revealed that the
overall hydrophobicity of the N-terminus constitutes a critical determinant in signaling degradation,
notably through the action of Doal10 E3 ubiquitin ligase."’

Underlining the importance of protein termini in protein quality control, an additional mechanism of pro-
teolysis involving C-terminal degrons was recently discovered.'*®'" Similar to N-terminal degron of the
N-end rule pathway, the C-end rule pathway (also termed DesCEND) is based on the recognition of specific
amino acids, notably G residues at the C-terminal end of target proteins.'*'®" While part of the N-end rule
pathway relies on PTMs to promote the ubiquitination of the target protein, the C-end rule pathway seems
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to only require the recognition of specific “codes” of C-terminal amino acids within the last few residues of
the target protein.'®®'®" For instance, the degrons might be generated following limited proteolysis of
substrates by caspases or deubiquitinases. The Cullin-RING E3 ubiquitin ligase complexes seem to be
the main drivers of the C-end rule pathway with specifically CRL2 and CRL4 directed-ubiquitination using
interchangeable substrate recognition modules.”®®'®" Protein stability assay screens using a peptide
library representing the human proteome revealed the degron specificity for each of Cullin E3-adapter pro-
teins. ®%1¢" For example, CRL2 substrate recognition adapters KLHDC2, KLHDC3, and KLHDC10 require a
G residue at the end of the protein, however, FEM1A, FEM1B, and FEM1C target C-terminal R resi-
due.'%"" Specifically, APPBP2 adapter protein targets proteins ending with an RxxG motif for ubiquitina-
tion by CRL2, while DCAF12 and TRPC4AP adapters recognize EE-endings and R residue at —3 position
respectively for CRL4 ubiquitination.'®”'®! There are also additional degron signals as part of the C-end
rule pathway targeting alanine containing C-termini probably involving non-CRL E3 ligases'®’
(Table S11). Moreover, the authors made an interesting observation following an analysis of the
C-termini composition of proteomes from multiple eukaryotic species showing that glycine is less likely
to be coded at this position.'®" This led to the hypothesis of avoidance of G residue at the C-terminal
end to globally protect the gene products from ubiquitination.'®" Overall, the C-end rule pathway provides
anovel paradigm of regulation of protein homeostasis and further studies are required to shed light on the
signaling mechanisms that orchestrate this pathway.

INTERPLAY BETWEEN S-NITROSYLATION AND UBIQUITINATION

S-nitrosylation is another abundant PTM consisting of covalently linking a nitric oxide group (a.k.a. nitroso
group or NO) to cysteine residues on target proteins resulting in the formation of S-nitrosothiols (SNOs)
(Figure 1). Recent studies indicated that a significant proportion of the human proteome (over 2,000 sites)
is modified by S-nitrosylation under normal conditions.'” The enzymatic catalysis of S-nitrosylation re-
mains largely elusive, although recent studies provided insights into the enzymatic dependency of NO

transfer to substrates.'®’

Since most UPS enzymes involve a cysteine in their catalytic sites, a crosstalk between ubiquitination and
S-nitrosylation seemed highly plausible. Indeed, multiple components of the UPS are regulated by S-nitro-
sylation.'®*"'%’ Several studies revealed that S-nitrosylation triggers substrate ubiquitination and degrada-
tion'*®1 (Table S12). For instance, initial observations have indicated that the S-nitrosylation of iron reg-
ulatory protein 2 (IRP2), which binds iron-responsive elements found in mRNAs, induces its ubiquitination
and proteasomal degradation.'® Loss or depletion of the tumor suppressor PARK2 induces mitochondria-
associated metabolic defects leading to S-nitrosylation and subsequent ubiquitination of PTEN, leading in
turn to the activation of the AKT signaling pathway and cellular proliferation.’®” In this setting,
S-nitrosylation-mediated ubiquitination plays an important role in promoting tumorigenesis. On the other
hand, S-nitrosylation could also block ubiquitination. This is the case of the cell survival-promoting factor
BCL-2, whose S-nitrosylation protects it from ubiquitination and proteasomal degradation,”’®"”" and this
deregulation might partly mediate cancer cell resistance to chemotherapy.

Overall, S-nitrosylation is an important PTM with elaborate connections with ubiquitination and other
PTMs. It will be interesting to identify how S-nitrosylation promotes or inhibits substrate ubiquitination
and whether specific co-factors could act as “readers” of S-nitrosylated residues.

METHODS TO STUDY THE CROSSTALK BETWEEN POST-TRANSLATIONAL
MODIFICATIONS AND UBIQUITINATION

To study the crosstalk between ubiquitin and other PTMs on the same protein, a variety of biochemical and
biophysical techniques can be applied to in vitro or in vivo cellular systems. Depending on the questions
that need to be addressed, PTMs can be probed at the level of individual proteins or, in a high-throughput
manner, through Mass Spectrometry (MS)-based proteomics analysis. Importantly, while certain PTMs
require specific methodologies, the identification and characterization of a wide spectrum of PTMs often

involve protein purification and detection with specific antibodies, chemical probes, or MS."/7174

Immunoprecipitation in conjunction with immunoblotting with specific antibodies recognizing individual
PTMs has been widely used. These pan-specific antibodies have been generated for a wide spectrum
of modifications including anti-methyl, anti-phosphoserine, anti-phosphothreonine, anti-acetyl,
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anti-O-GlcNAc, anti-PAR, anti-ubiquitin, and anti-SUMO. Conversely, global immunoprecipitation of PTM-
modified proteins followed by the detection of the protein of interest, with specific antibodies, can also be
conducted. Moreover, a large variety of highly specific antibodies against PTMs in the context of specific
proteins of interest, notably phospho-specific antibodies, can also be used for direct immunoblotting or
immunofluorescence detection. Of note, a decreased signal of a given protein PTM, under specific condi-
tions, could be due to the modification’s loss or decreased protein expression. Thus, when investigating
PTM dynamics, the detection of the protein of interest with antibodies targeting the protein, indepen-
dently of the modification state, is required. Anti-PTM antibodies that are highly specific to protein targets
can also be used for the immunoprecipitation of the modified protein followed by the detection of other
modifications including ubiquitination. This approach provides indications about the co-existence or the
mutual exclusivity of two different PTMs on the same protein, thus providing insights into their crosstalk.
We caution that anti-PTM-directed antibodies should be rigorously validated, as a significant proportion
of commerecially available antibodies are not as specific, as claimed by vendors.'”>"”¢ Mutation of specific
modification sites, purification, or enrichment in conjunction with immunodetection as well as protein
depletion or inactivation should be performed to ensure that a given antibody recognizes its target in a
highly specific manner.

On the other hand, MS has become the technique of choice to detect PTMs and crosstalk among various
types of PTMs."”” In general, a "bottom-up” strategy that involves the tryptic digestion of the purified
protein or a protein mixture can be employed. This generates small peptides that are first separated
through liquid chromatography and fragmented for tandem mass spectrometry analysis (LC-MS/MS).
MS spectra analysis can indicate the presence of PTMs on specific peptide sequences and at precise
amino acid positions. For example, residual Gly-Gly di-peptides characteristic of ubiquitin-modified
lysine could be readily detected on proteins of interest. Quantitative analysis of PTMs can also be per-
formed, for instance, through stable isotope labeling using amino acids in cell culture (SILAC)."”” This
technique involves the metabolic incorporation, during cell culture, of heavy amino acids (e.g., lysine
or arginine labeled with Carbon 13 and Nitrogen 15 isotopes) into the cellular pool of proteins. To
enable the quantification of changes between two experimental conditions, one cell culture population
is labeled with heavy amino acid “heavy condition” whereas the other sample is left in normal media
“light condition.” Following specific treatments, the “heavy” and “light” samples are mixed in equal
quantities, and the proteins are extracted or purified for analysis by LC-MS/MS. The differential changes
in specific modifications or protein levels between two experimental conditions could be distinguished
by comparing the peak intensity of the “light” versus the “heavy” peptides, which can be readily distin-
guished due to increased molecular mass.

It is worth noting that an enrichment step could be beneficial to increase the coverage and probability of
detecting PTMs. Antibodies or chemically modified matrices that have an affinity for specific PTMs could
then be applied.'”” Once a specific PTM is detected, the crosstalk with ubiquitination can be further inves-
tigated through biochemical and functional assays. Notably, site-directed mutagenesis of amino acid tar-
geted by a given PTM could be conducted to determine the impact on protein stability and ubiquitination.
Moreover, mutagenesis to amino acids that can act as potential PTM mimetics could also be performed,
with the resulting mutants tested for functional assays. On the other hand, pharmacological inhibitors or
activators of signaling pathways that modulate a given PTM can also be used to determine the impact
on protein ubiquitination. Finally, depleting the proteins or co-factors as well as expressing catalytic
dead mutants of the enzymes responsible for catalyzing the PTM on substrates can also be used to inves-
tigate the impact on ubiquitination states.

CONCLUDING REMARKS

Decades of research efforts have led to the uncovering of many complex mechanisms underlying the
interplay between ubiquitination and other PTMs. Diverse PTMs were found to promote or inhibit sub-
strate ubiquitination in response to signaling pathways induced by cell-intrinsic or environmental
changes. At the functional level, the general understanding of these PTM crosstalks and relationships
has revealed unexpected connections between signaling pathways and cellular processes, and has
also improved our understanding of disease conditions. As indicated throughout this review, a lot re-
mains to be discovered regarding PTM crosstalk. Nonetheless, the knowledge obtained so far has
contributed to elaborating novel diagnostic tools and therapeutic strategies targeting aberrant signaling
pathways and cellular processes.
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