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Selective protein degradation by the ubiquitin-proteasome system (UPS) is thought to be
governed primarily by the recognition of specific motifs — degrons — present in sub-
strate proteins. The ends of proteins — the N- and C-termini – have unique properties,
and an important subset of protein–protein interactions involve the recognition of free
termini. The first degrons to be discovered were located at the extreme N-terminus of
proteins, a finding which initiated the study of the N-degron (formerly N-end rule) path-
ways, but only in the last few years has it emerged that a diverse set of C-degron path-
ways target analogous degron motifs located at the extreme C-terminus of proteins. In
this minireview we summarise the N-degron and C-degron pathways currently known to
operate in human cells, focussing primarily on those that have been discovered in recent
years. In each case we describe the cellular machinery responsible for terminal degron
recognition, and then consider some of the functional roles of terminal degron pathways.
Altogether, a broad spectrum of E3 ubiquitin ligases mediate the recognition of a diverse
array of terminal degron motifs; these degradative pathways have the potential to influ-
ence a wide variety of cellular functions.

Introduction
Protein degradation plays a critical role in essentially all major cellular processes. The ubiquitin-
proteasome system (UPS) represents the major route through which the cell achieves selective protein
degradation [1]. The conjugation of ubiquitin, a 76 amino acid protein, to a substrate serves as the
signal for targeting to the 26S proteasome and subsequent proteolytic degradation [2,3]. Conventional
ubiquitination occurs through a cascade of three enzymes: ubiquitin is activated by the E1 enzyme,
transferred to an E2 ubiquitin-conjugating enzyme, and then finally conjugated to the target substrate
recruited by an E3 ubiquitin ligase [4]. Overwhelmingly it is thought that specificity within the UPS is
provided by the E3 ubiquitin ligases [5], of which ∼800 are encoded in the human genome.

Degrons drive specificity within the ubiquitin-proteasome system
What are the specific molecular features of substrates that are selectively recognised by E3 ubiquitin
ligases? These features — termed degrons — are defined as the minimal elements within substrate
proteins sufficient to allow recognition by the degradative machinery. A key property of degrons,
therefore, is their transferability: in most cases, transplantation of a degron element from an unstable
protein should be sufficient to confer instability on an otherwise long-lived protein. Degrons comprise
mostly short linear motifs (2–10 residues), are thought to occur preferentially in disordered regions of
proteins, and can either be constitutive, promoting continuous degradation of the protein, or condi-
tional, such as those generated by post-translational modification (PTM) or exposed following protease
cleavage [6]. Despite their importance, our knowledge of degron motifs remains sparse [7], although
the high-throughput genetic technologies developed to tackle this problem over the past few years
hold considerable promise in accelerating degron discovery [8–12].
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Terminal degrons
Degrons can reside anywhere within a protein sequence, but the focus of this minireview are the degrons that
lie at protein termini. The first degrons to be discovered — the result of remarkable work in the laboratory of
Alexander Varshavsky in the 1980s — lay at the extreme N-terminus of proteins [13]. Hundreds of studies in
the decades hence have delineated a network of N-degron pathways (formerly known as the N-end rule path-
ways [14]), through which a variety of E3 ubiquitin ligases recognise substrates via the composition of their
N-termini [15]. Given the interest in these pathways, it is somewhat surprising that it took over 30 years to
reveal that an analogous set of C-degron pathways operate in parallel on a suite of degron motifs located at the
extreme C-termini of proteins [9,16]. Indeed, there are multiple reasons why the termini of proteins might be
particularly fertile ground for degron motifs: (1) both the N- and C-termini of proteins are more likely to exist
in a disordered conformation than internal regions of proteins [17], and they are also more likely to be access-
ible [18]; (2) free from the evolutionary constraints associated with maintaining a three-dimensional structure,
the disordered termini of proteins may have greater capacity to incorporate regulatory information than do
internal regions; and (3) protein termini are subject to a myriad of post-translational processing events, which
can be exploited to impart conditionality to protein degradation through terminal degrons.
Here we provide a brief overview of the known N-degron and C-degron pathways, before considering some

of the potential cellular functions of these degradation systems. We focus particularly on the pathways discov-
ered in the past few years, and direct readers to excellent reviews that provide more comprehensive coverage of
the Arg/N-degron [14,15] and Ac/N-degron [19] pathways. Our scope is restricted to pathways shown to occur
in human cells, although N-degron pathways are also known to play important roles in plants [20–22] and bac-
teria [23,24].

N-degron pathways
Arg/N-degron pathway
Protein N-termini are subject to a wide variety of processing events, the most drastic of which is the cleavage
of the initiator methionine (iMet) if the second residue is sufficiently small (G/A/V/C/S/T/P) [25]. Remarkably,
the Arg/N-degron pathway — principally through the UBR family E3 ubiquitin ligases UBR1, UBR2 and
UBR4 [26] — is capable of degrading proteins bearing aberrant N-terminal residues (the so-called primary
[R/K/H/W/Y/F/L/I], secondary [D/E] and tertiary [N/Q] destabilising residues) that should not be exposed
during the course of normal protein synthesis [26] (Figure 1A). Thus, the Arg/N-degron pathway likely serves
as an important quality control mechanism to ensure the destruction of protein fragments [27].
The role of the Arg/N-degron pathway is not limited to protein quality control, however, and UBR family E3

ligases have now been shown to participate in a wide array of cellular processes [14]. Some notable examples
include mitophagy, where the degradation of cleaved PINK1 following its retrotranslocation from mitochondria
plays a critical role in sensing mitochondrial stress [28], and pyroptosis, where the UBR2- and UBR4-mediated
degradation of NLRP1B is critical for inflammasome activation [29,30]. In certain cases UBR family E3 ligases
can also target proteins bearing an intact initiator methionine, with these substrates enriched for proteins har-
bouring Arg, Lys, Leu or Ile following the initiator methionine [27]; the cellular consequences of degradation
of these substrates, however, remains to be determined.

Ac/N-degron pathway
Acetylation of the N-terminal residue is an extremely common PTM thought to occur on ∼80% of all human
proteins [31]. In certain contexts the acetylated N-terminal residue can serve as a degron motif for two E3 ubi-
quitin ligases of the Ac/N-degron pathway: MARCH6 (also known as TEB4), a RING E3 ligase that resides in
the ER membrane, and Not4, a component of the multi-subunit Ccr4-Not complex [32–34] (Figure 1B).
Well-characterised substrates of this pathway include Rgs2, a regulator of G protein signalling linked to hyper-
tension [34], and Perilipin-2, a major lipid droplet-associated protein [35]. However, it seems unlikely that the
Ac/N-degron pathway plays a significant role in the global regulation of protein stability, as deletion of
N-acetyltransferase enzymes has minimal effects on protein stability in yeast [10].

Pro/N-degron pathway
The GID (glucose-induced degradation) E3 ubiquitin ligase complex was identified over 20 years ago through
genetic screens in S. cerevisiae designed to identify genes required for the degradation of the gluconeogenic
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enzyme fructose-1,6-bisphosphatase (Fbp1) upon transition from growth on ethanol to glucose [36,37]. It has
only recently become apparent, however, that GID is the central player in an N-degron pathway specific for
proline residues (Figure 1C). Substrate recognition is achieved by the Gid4 subunit [38], which adopts a unique
β-barrel structure harbouring a narrow and deep binding pocket that accommodates the N-terminal proline
and the subsequent residue [39].
Intriguingly, the expression of Gid10, a Gid4 paralogue with slightly altered specificity for N-terminal

proline degrons, is induced under various stress conditions [40,41]. Indeed, an elegant series of cryoelectron
microscopy structures show that GID exists not as a single complex, but rather a family of E3 ligases formed
from interchangeable substrate receptors that can be swapped in response to external conditions [41]. The evo-
lutionary conservation of GID4 between yeast and man suggests that the human GID complex will also target
substrates bearing N-terminal proline degrons; a priority for future studies on the Pro/N-degron pathway will
be the delineation of substrates recognised by human GID4.

Gly/N-degron pathway
We recently uncovered another N-degron pathway in which two Cullin-RING ligases (CRLs) — Cul2ZYG11B

and Cul2ZER1 — target N-terminal glycine degrons [27] (Figure 1D). CRLs are multi-subunit complexes,
wherein E2 binding and substrate recruitment are carried out by distinct components [42]. The Cullin subunit
itself (Cul1, Cul2, Cul3, Cul4A, Cul4B and Cul5 in human cells) serves as a central scaffold: E2 binding occurs
through a RING protein (Rbx1 or Rbx2) at its C-terminus, while substrate recruitment is achieved through a
substrate adaptor bound at its N-terminus. Recognition of N-terminal glycine degrons is achieved by the Cul2
substrate adaptors ZYG11B and ZER1, which are closely related (29% sequence identity). Many N-terminal

Figure 1. N-degron pathways.

(A) Arg/N-degron pathway. Substrate recognition by UBR family E3 ubiquitin ligases is best understood for UBR1, which harbours two distinct

substrate binding sites: one accommodates the positively charged primary type I destabilising residues (R, K and H) [71,72], whilst the second

recognises the bulky hydrophobic primary type II destabilising residues (W, Y, F, L, I) [73]. Specificity for the remaining N-terminal residues comes

as a result of further N-terminal processing pathways: the tertiary destabilising residues (N and Q) can be deamidated to form the secondary

destabilising residues (D and E) [74,75], which are subject to N-terminal arginylation by ATE1 [76]. Oxidised cysteine (C*) is also subject to

N-terminal arginylation [51]. (B) Ac/N-degron pathway. In certain contexts, acetylated N-termini can serve as degrons. It is estimated that up to 80%

of all human proteins are N-terminally acetylated to some extent by N-acetyltransferase (Nat) enzymes, with the degree of acetylation varying

depending on the sequence context [31]. (C) Pro/N-degron pathway. The GID E3 ligase complex targets N-terminal proline degrons.

(D) Gly/N-degron pathway. Two Cul2 complexes target N-terminal glycine degrons via the substrate adaptors ZYG11B and ZER1.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1559

Biochemical Society Transactions (2020) 48 1557–1567
https://doi.org/10.1042/BST20191094

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/48/4/1557/891915/bst-2019-1094c.pdf by guest on 25 April 2024

https://creativecommons.org/licenses/by/4.0/


glycine degrons are redundantly targeted by both adaptors, although the ZYG11B degron is shorter, comprising
just N-terminal glycine and the following residue, whereas the ZER1 degron extends several residues further
into the polypeptide chain and preferentially comprises amino acids with bulky side chains [27]. Two potential
physiological roles for this pathway — degradation of caspase cleavage products during apoptosis and the
quality control of protein N-myristoylation — are considered below.

C-degron pathways
Here we summarise the C-degron pathways uncovered thus far (Figure 2); however, as the study of C-terminal
degrons remains in its infancy, it seems likely that this list will expand in the coming years.

Gly/C-degron pathways
A suite of CRL complexes target substrates ending with a C-terminal glycine. Best characterised are three Cul2
complexes that use related substrate adaptors of the Kelch family: Cul2KLHDC2, Cul2KLHDC3 and Cul2KLHDC10

[9,16]. Each adaptor appears to recognise distinct G-end motifs, with KLHDC2 showing a strong preference for
−GG, KLHDC3 targeting mainly −RG and −KG, and KLHDC10 recognising −AG, −WG and −PG. In add-
ition, KLHDC1, a Cul5 substrate adaptor, can also recognise C-terminal −GG degrons [43].
Our understanding is most advanced for KLHDC2, as crystal structures of the Kelch repeats of KLHDC2 in

complex with several substrates terminating with di-glycine motifs have been solved [44]. The six-bladed
β-propeller fold forms a deep central pocket which can accommodate seven amino acids from the substrate; the
geometry of the pocket forces that the amino acid at the −2 position must be glycine, while only glycine and
alanine can be tolerated at the −1 position. The E3 ligase-degron interaction is remarkably tight, with binding
affinities in the low nanomolar range [44]. Given that KLHDC1, KLHDC3 and KLHDC10 share significant
similarity with KLHDC2, it is likely that these substrate adaptors engage C-terminal glycine degrons in a very
similar way.

RxxG/C-degron pathway
Another Cul2 E3 ubiquitin ligase complex — Cul2APPBP2 — can also recognise C-terminal glycine degrons, but
the substrate adaptor APPBP2 shows a strong preference for RxxG or RxxxG motifs (where x can be any
amino acid) [9,16]. Intriguingly, whilst the Kelch-family adaptors strictly require the glycine degron to be
located at the extreme C-terminus, the tetratricopeptide (TPR) repeats of APPBP2 display considerably more
flexibility: the RxxG/RxxxG degron motif need only be located near (within the final ∼10 residues) to the
C-terminus of the substrate, with the optimal position of the glycine residue seemingly at the −2 or the −3
position.

Arg/C-degron pathway
Another group of related Cul2 ligase complexes — Cul2FEM1A, Cul2FEM1B and Cul2FEM1C — target substrates
that terminate with arginine [9,16]. In this case, the ankyrin repeats in the FEM1-family substrate adaptors
form the degron binding pocket. However, the full degron motif recognised by the different FEM1 proteins
remains to be elucidated. For example, some substrates targeted by FEM1C have the arginine residue at the −2
or −3 position relative to the end [16]. The size of the degron targeted by the FEM1 proteins may also be con-
siderably larger than for other C-degron pathways; indeed, for one example substrate transplantation of the last
25 amino acids was required to destabilise a heterologous protein [16], suggesting that internal sequences are
also likely to be important for recognition. Both FEM1A and FEM1C are required for the degradation of
certain substrates, suggesting that they may function as a heterodimer [9].

C-degron pathways regulated by Cul4 complexes: R-3 and E-2 motifs
Two Cul4 E3 ubiquitin ligase complexes are also known to target C-terminal degrons: Cul4TRPC4AP and
Cul4DCAF12 [9]. Similar to APPBP2, the substrate adaptors TRPC4AP (also known as TRUSS [45]) and
DCAF12 both recognise specific degron motifs near the C-terminus of the substrate. The spacing is more crit-
ical, however, with arginine required at the −3 position (R−3 motif ) for recognition by the armadillo-like
repeats of TRPC4AP, and a glutamic acid required at the −2 position for recognition by the WD40 repeats of
DCAF12 (E−2 motif ). In each case there is some degree of flexibility as to the specific residue at the
C-terminal position, although a twin C-terminal glutamic acid (−EE) motif seems strongly preferred by
DCAF12. An interesting class of substrates bearing this C-terminal −EE motif are multiple members of the
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melanoma antigen gene (MAGE) family, a set of genes which are normally expressed only in the male germline
but whose aberrant expression in cancers can drive tumorigenesis [46]. Ravichandran and colleagues recently
showed that the DCAF12-mediated degradation of MAGEA3 and MAGEA6 through their C-terminal −EE
motifs was important for the induction of autophagy in response to nutrient deprivation [47].

C-degron pathways not regulated by Cullins
Recognition of C-terminal degrons is not restricted to Cullin ligases. We identified example substrates wherein
C-terminal alanine and valine residues could act as degron motifs in a manner that was insensitive to the
Cullin-RING ligase inhibitor MLN4924 [9], showing that non-Cullin E3 ligases must also participate in
C-degron pathways. Moreover, Ravalin and colleagues recently uncovered an additional C-degron pathway in
which CHIP — a member of the U-box family of atypical RING E3 ligases — targets C-terminal aspartate resi-
dues generated following caspase cleavage (discussed in more detail below) [48]. Altogether, just as is the case
for N-degron pathways, it is likely that (1) a broad spectrum of amino acids have the potential to act as
C-terminal degrons in certain contexts, and (2) a wide array of E3 ligases from multiple families are involved.

Cellular functions of N-degron and C-degron pathways
Monitor protein folding, complex assembly or correct localisation
Terminal degrons could serve to monitor various aspects of protein quality control. Polypeptides harbouring
terminal degrons might be able to shield these upon achieving their native fold, or following insertion into a
multiprotein complex. One well-characterised example comes from the study of the COG complex, a oligomeric
assembly that regulates membrane trafficking through the Golgi [49]. Cog1 is unstable when expressed in S.
cerevisiae owing to a Ac/N-degron targeted by the ligase Not4 [33]. Remarkably, however, Cog1 is no longer

Figure 2. C-degron pathways.

C-terminal degrons are targeted by a diverse array of E3 ubiquitin ligases, all of which employ tandem repeat domains to

facilitate degron recognition. Elongin-B (ELOB) and Elongin-C (ELOC) bridge the interaction between the substrate adaptor and

Cul2; DNA damage-binding protein 1 (DDB1) functions similarly in the assembly of Cul4 complexes. The full APPBP2 degron

can be defined as Rx[2–4]Gx[0–3], with RxxGx and RxxGxx serving as optimal motifs.
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unstable when co-expressed along with its binding partners Cog2 and Cog3, presumably because the
N-terminal degron is now shielded from Not4 upon complex assembly. This notion of ‘conditional sequestra-
tion’ is an attractive model through which terminal degrons could play a widespread role in ensuring correct
stoichiometries of protein complexes.
Similar mechanisms may ensure the correct folding of individual proteins. Indirect evidence comes from

examination of ubiquitin itself, which, intriguingly, ends with a C-terminal di-glycine motif. Lin and colleagues
found that this motif was not targeted by Cul2KLHDC2 because the C-terminal tail of folded ubiquitin is simply
too short to allow it to reach into the deep KLHDC2 binding pocket; however, the addition of just two extra
amino acids upstream of the -GG motif was sufficient to confer Cul2KLHDC2-mediated instability [16]. Thus, it
seems likely that for some proteins the conditional exposure of terminal degrons to the UPS may allow the
detection and removal of misfolded species.
Terminal degrons could also play a role in ensuring correct subcellular localisation of proteins. As the

machinery of the UPS is not present in the secretory pathway or in mitochondria, endowing proteins destined
for these sites with terminal degrons might offer an attractive strategy to ensure their correct localisation: aber-
rant mislocalisation to the cytosol will expose the degron to surveilling E3 ligases and result in proteasomal
degradation. Indeed, proteins that localise to the secretory pathway or mitochondria are significantly more
likely to harbour degrons favoured by Ubr1 at their N-terminal than are cytosolic proteins [50], and as such
the Arg/N-end rule pathway may play a global role in the degradation of proteins aberrantly localised to the
cytosol.

Transduce changes in the external environment
We saw earlier how yeast exploit the Pro/N-degron pathway to regulate their metabolism in response to altered
nutrient conditions by changing the subunit composition of the GID E3 ligase [41]. Further evidence of how
terminal degron pathways can be used to transduce changes in the cellular environment into global changes in
protein stability comes from the study of a specific branch of the Arg/N-degron pathway which operates on
substrates bearing N-terminal cysteine. Cysteine was originally classified as a tertiary destabilising residue of the
Arg/N-degron pathway, as its oxidation leads to its subsequent arginylation and hence UBR-mediated proteaso-
mal degradation [51]. This reaction was considered to occur non-enzymatically until the discovery of the plant
cysteine oxidases, which, under normoxic conditions, oxidise N-terminal cysteine to cysteine sulphinic acid
[52,53]. This pathway mediates the adaptation to hypoxia by regulating the stability of ethylene response tran-
scription factors [54,55]. Masson and colleagues recently showed that a similar pathway operates in human
cells, identifying cysteamine (2-aminoethanethiol) dioxygenase (ADO) as a cysteine dioxygenase that is evolu-
tionarily related to the plant cysteine oxidases [56]. Thus, ADO acts as an enzymatic oxygen sensor whose
effects are transduced through altered stability of substrates bearing N-terminal cysteine by the Arg/N-end
degron pathway; this mechanism has the potential to generate more rapid responses to hypoxia than the canon-
ical transcriptional responses mediated through hypoxia inducible factor (HIF) [56].

Regulate fate following protease cleavage
The induction of cell death during apoptosis is critically dependent on a family of proteases known as caspases,
which typically cleave their substrates between an aspartic acid and a residue with a small side chain (glycine,
alanine or serine) [57]. The action of N- and C-degron pathways on the resulting ‘neo-termini’ can dramatic-
ally alter the fate of the cleavage products. Ravalin and colleagues recently uncovered a C-degron pathway in
which the E3 ligase CHIP targets substrates terminating with aspartic acid [48]. The C-terminal tails of the cha-
perones Hsp70 and Hsp90 were thought to be the primary interacting partners for the TPR repeats of CHIP
[58,59], but, by assaying CHIP binding to a library of short peptides that all terminated in aspartate, the
authors found that CHIP could potentially bind hundreds of C-termini exposed following caspase cleavage
[48]. On the other hand, we demonstrated that hundreds of known caspase cleavage events within the cell will
generate N-terminal glycine degrons targeted by Cul2ZYG11B and Cul2ZER1 [27]. Although rarer, caspase cleav-
age events can also generate N-terminal residues that are substrates for the Arg/N-degron pathway, which is
considered to serve a broadly anti-apoptotic role through the degradation of pro-apoptotic fragments bearing
Arg/N-degrons [60].
Protease cleavage events also permit direct cross-talk between the N-degron and C-degron pathways. The

deubiquitinase Usp1 is a negative regulator of the DNA damage response [61]. Exposure to genotoxic agents
promotes self-inactivation of Usp1 through autocleavage [62] and proteolytic degradation [63]: the upstream
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cleavage product terminates with a C-terminal di-glycine motif targeted by Cul2KLHDC2 [16], while the down-
stream fragment harbours an N-terminal glutamine which serves as a tertiary destabilising residue of the Arg/
N-degron pathway [64]. Thus, both N- and C-degron pathways can combine to regulate critical cellular pro-
cesses following protease cleavage.

Enforce faithful incorporation of post-translational modifications
Selenium is a critical trace element which is mostly metabolised into the amino acid selenocysteine (Sec) which
is then incorporated into a subset of at least 25 proteins in human cells. Intriguingly Sec is translated by the
ribosome from the codon UGA, which typically acts as a termination signal but in the correct context encodes
for the incorporation of Sec into the nascent protein chain [65]. UGA/Sec decoding is not 100% efficient,
however, raising the question of how the cell deals with the pool of truncated proteins resulting from failed
UGA/Sec decoding. Lin and colleagues found that the amino acids encoded immediately upstream of the
UGA/Sec codon could — when located at the extreme C-terminus — act as potent degrons targeted by CRL2
complexes including Cul2KLHDC2, Cul2KLHDC3 and Cul2APPBP2 [66]. Thus, the conditional exposure of
C-terminal degron motifs ensures the faithful incorporation of Sec.
N-myristoylation is an important PTM in which the 14-carbon fatty acid myristate is attached to the

N-terminus of a subset of eukaryotic proteins, thereby allowing them to interact with cellular membranes or to
engage in protein-protein interactions [67]. Intriguingly, this modification is attached exclusively to N-terminal
glycine residues, suggesting a potential role for the Gly/N-degron pathway in the surveillance of
N-myristoylation. Upon genetic ablation or chemical inhibition of the N-myristoyltransferase enzymes in
human cells, we found that a failure to myristoylate did indeed lead to substrate instability through the expos-
ure of naked N-terminal glycine residues to Cul2ZYG11B and Cul2ZER1 [27]. Notably, other common PTMs
occur at defined motifs located near the termini of proteins, such as the prenylation of CAAX box motifs [68].
We speculate that additional end-directed E3 ligases may enforce the faithful incorporation of these modifica-
tions into target proteins.

Table 1. Example cellular roles of terminal degron pathways

Function Pathway Substrate(s) E3 ligase(s) Ref(s)

Regulate complex
stoichiometry

Ac/N-degron Cog1
Hcn9

Not4
?

[33]
[33]

Regulate subcellular
localisation

Arg/N-degron Mislocalised proteins UBRs [50]

Transduce changes in
external environment

Pro/N-degron Gluconeogenic enzymes Fbp1,
Icl1, Mdh2 and Pck1

GID [38–41]

fMet/N-degron Cse4, Pgd1, and Rps22a Psh1 [77]
Arg/N-degron Oxidised Cys residues UBRs [51–56]

Regulate stability after
protease cleavage

Arg/N-degron C-terminal fragments
generated by caspase
cleavage

UBRs [62]

Arg/N-degron C-terminal fragments
generated by calpain cleavage

UBRs [78]

Gly/N-degron C-terminal fragments
generated by caspase
cleavage

Cul2ZYG11B Cul2ZER1 [27]

Asp/C-degron N-terminal fragments
generated by caspase
cleavage

CHIP [48]

Gly/C-degron Autocleaved Usp1 Cul2KLHDC2 [16]

Mediate cross-talk with
autophagy

E-2/C-degron MAGEA3 and MAGEA6 Cul4DCAF12 [47]
Arg/N-degron PINK1 UBRs [28]
Arg/N-degron Various UBRs [79–81]

Ensure correct
incorporation of PTMs

Gly/C-degron
RxxG/C-degron

Selenoproteins Cul2KLHDC2

Cul2KLHDC3

Cul2APPBP2

[66]

Gly/N-degron N-myristoylated proteins Cul2ZYG11B Cul2ZER1 [27]
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All of these potential functions for terminal degron pathways — and some additional ones — are sum-
marised in Table 1.

Conclusion
Collectively these findings illustrate how the UPS exploits the unique properties of protein termini to facilitate
selective protein degradation. Despite intense research interest in the N-degron pathways over the past three
decades, important new insights continue to be uncovered. We anticipate that the coming years will bring
similar advances in our understanding of C-degron pathways, but already some common principles are emer-
ging: for example, recognition of C-terminal degrons is achieved by tandem repeat domains — Kelch, TPR,
ankyrin, armadillo and WD40 — which all have the potential to form solenoid structures [69], and terminal
degron motifs are broadly under-represented across the proteome, suggesting an evolutionary pressure for pro-
teins to avoid terminal degron pathways [9,27]. A focus of future work will be to define the cellular contexts in
which these pathways operate, and to understand how dysregulation of these pathways may be relevant in
disease. Controlling the stability of cleavage products may be a particularly important role, given that it is esti-
mated that up to 70% of proteins can exist as isoforms with undocumented N- or C-termini [70].
Furthermore, just as is the case at the N-terminus, it seems likely that the action of carboxypeptidases or the
deposition of PTMs will allow conditional degradation through C-degron pathways. Overall, it is clear that a
more comprehensive understanding of the relationship between E3 ubiquitin ligases and their degrons would
be invaluable for guiding the pharmacological manipulation of the UPS for therapeutic benefit.

Perspective
• Regulated protein degradation by the ubiquitin-proteasome system (UPS) plays a critical role

in essentially all major cellular processes. A comprehensive understanding of how the recogni-
tion of specific degrons by E3 ubiquitin ligases drives selective protein degradation will be crit-
ical if we are to attain a systems-level understanding of the UPS.

• Although our knowledge of degron motifs remains sparse, it appears that both the N- and
C-termini of proteins are particularly enriched for degron motifs. A wide array of E3 ligases are
now known to mediate degradation of their substrates through the selective recognition of
these terminal degrons. Although in many cases the physiological roles of these pathways
remain to be explored, it is clear they act on a diverse array of substrates and will impact a
wide spectrum of cellular processes.

• The application of genetic approaches that allow the high-throughput identification of degron
motifs and their cognate E3 ligase hold considerable promise in expanding our understanding
of the degronome.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
R.T.T. is supported by a Pemberton-Trinity Fellowship and a Sir Henry Wellcome Postdoctoral Fellowship
[201387/Z/16/Z].

Open Access
Open access for this article was enabled by the participation of University of Cambridge in an all-inclusive Read
& Publish pilot with Portland Press and the Biochemical Society under a transformative agreement with JISC.

Author Contributions
R.T.T. and I.K. jointly wrote the manuscript.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1564

Biochemical Society Transactions (2020) 48 1557–1567
https://doi.org/10.1042/BST20191094

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/48/4/1557/891915/bst-2019-1094c.pdf by guest on 25 April 2024

https://creativecommons.org/licenses/by/4.0/


Abbreviations
A, alanine; ADO, cysteamine (2-aminoethanethiol) dioxygenase; C, cysteine; CRL, Cullin-RING ligase; D, aspartic
acid; DDB1, DNA damage-binding protein 1; E, glutamic acid; ELOB, Elongin-B; ELOC, Elongin-C; F,
phenylalanine; G, glycine; GID, glucose-induced degradation; H, histidine; HIF, hypoxia inducible factor; I,
isoleucine; iMet, intitator methionine; K, lysine; L, leucine; M, methionine; MAGE, melanoma antigen gene; N,
asparagine; NAT, N-acetyltransferase; P, proline; PTM, post-translational modification; Q, glutamine; R, arginine;
S, serine; Sec, selenocysteine; T, threonine; TPR, tetratricopeptide; UPS, ubiquitin-proteasome system; V, valine;
W, tryptophan; Y, tyrosine.

References
1 Kwon, Y.T. and Ciechanover, A. (2017) The ubiquitin code in the ubiquitin-proteasome system and autophagy. Trends Biochem. Sci. 42, 873–886

https://doi.org/10.1016/j.tibs.2017.09.002
2 Hershko, A. and Ciechanover, A. (1998) The ubiquitin system. Annu. Rev. Biochem. 67, 425–479 https://doi.org/10.1146/annurev.biochem.67.1.425
3 Pickart, C.M. and Eddins, M.J. (2004) Ubiquitin: structures, functions, mechanisms. Biochim. Biophys. Acta 1695, 55–72 https://doi.org/10.1016/j.

bbamcr.2004.09.019
4 Dye, B.T. and Schulman, B.A. (2007) Structural mechanisms underlying posttranslational modification by ubiquitin-like proteins. Annu. Rev. Biophys.

Biomol. Struct. 36, 131–150 https://doi.org/10.1146/annurev.biophys.36.040306.132820
5 Zheng, N. and Shabek, N. (2017) Ubiquitin ligases: structure, function, and regulation. Annu. Rev. Biochem. 86, 129–157 https://doi.org/10.1146/

annurev-biochem-060815-014922
6 Lucas, X. and Ciulli, A. (2017) Recognition of substrate degrons by E3 ubiquitin ligases and modulation by small-molecule mimicry strategies. Curr.

Opin. Struct. Biol. 44, 101–110 https://doi.org/10.1016/j.sbi.2016.12.015
7 Mészáros, B., Kumar, M., Gibson, T.J., Uyar, B. and Dosztányi, Z. (2017) Degrons in cancer. Sci. Signal. 10, eaak9982 https://doi.org/10.1126/

scisignal.aak9982
8 Geffen, Y., Appleboim, A., Gardner, R.G., Friedman, N., Sadeh, R. and Ravid, T. (2016) Mapping the landscape of a eukaryotic degronome. Mol. Cell

63, 1055–1065 https://doi.org/10.1016/j.molcel.2016.08.005
9 Koren, I., Timms, R.T., Kula, T., Xu, Q., Li, M.Z. and Elledge, S.J. (2018) The eukaryotic proteome is shaped by E3 ubiquitin ligases targeting C-terminal

degrons. Cell 173, 1622–1635 https://doi.org/10.1016/j.cell.2018.04.028
10 Kats, I., Khmelinskii, A., Kschonsak, M., Huber, F., Knieß, R.A., Bartosik, A. et al. (2018) Mapping degradation signals and pathways in a eukaryotic

N-terminome. Mol. Cell 70, 488–501.e5 https://doi.org/10.1016/j.molcel.2018.03.033
11 Sievers, Q.L., Petzold, G., Bunker, R.D., Renneville, A., Słabicki, M., Liddicoat, B.J. et al. (2018) Defining the human C2H2 zinc finger degrome targeted

by thalidomide analogs through CRBN. Science 362, eaat0572 https://doi.org/10.1126/science.aat0572
12 Ella, H., Reiss, Y. and Ravid, T. (2019) The hunt for degrons of the 26S proteasome. Biomolecules 9, 230 https://doi.org/10.3390/biom9060230
13 Bachmair, A., Finley, D. and Varshavsky, A. (1986) In vivo half-life of a protein is a function of its amino-terminal residue. Science 234, 179–186

https://doi.org/10.1126/science.3018930
14 Varshavsky, A. (2019) N-degron and C-degron pathways of protein degradation. Proc. Natl Acad. Sci. U.S.A. 116, 358–366 https://doi.org/10.1073/

pnas.1816596116
15 Varshavsky, A. (2011) The N-end rule pathway and regulation by proteolysis. Protein Sci. 20, 1298–1345 https://doi.org/10.1002/pro.666
16 Lin, H.C., Yeh, C.W., Chen, Y.F., Lee, T.T., Hsieh, P.Y., Rusnac D, V. et al. (2018) C-terminal end-directed protein elimination by CRL2 ubiquitin ligases.

Mol. Cell 70, 602–613.e3 https://doi.org/10.1016/j.molcel.2018.04.006
17 Lobanov, M.Y., Furletova, E.I., Bogatyreva, N.S., Roytberg, M.A. and Galzitskaya O, V. (2010) Library of disordered patterns in 3D protein structures.

PLoS Comput. Biol. 6, e1000958 https://doi.org/10.1371/journal.pcbi.1000958
18 Jacob, E. and Unger, R. (2007) A tale of two tails: why are terminal residues of proteins exposed? Bioinformatics 23, e225–e230 https://doi.org/10.

1093/bioinformatics/btl318
19 Lee, K.-E., Heo, J.-E., Kim, J.-M. and Hwang, C.-S. (2016) N-terminal acetylation-targeted N-end rule proteolytic system: the Ac/N-end rule pathway.

Mol. Cells 39, 169–178 https://doi.org/10.14348/molcells.2016.2329
20 Holdsworth, M.J., Vicente, J., Sharma, G., Abbas, M. and Zubrycka, A. (2020) The plant N-degron pathways of ubiquitin-mediated proteolysis. J. Integr.

Plant Biol. 62, 70–89 https://doi.org/10.1111/jipb.12882
21 Bouchnak, I. and van Wijk, K.J. (2019) N-degron pathways in plastids. Trends Plant Sci. 24, 917–926 https://doi.org/10.1016/j.tplants.2019.06.013
22 Dissmeyer, N., Rivas, S. and Graciet, E. (2018) Life and death of proteins after protease cleavage: protein degradation by the N-end rule pathway. New

Phytol. 218, 929–935 https://doi.org/10.1111/nph.14619
23 Dougan, D.A., Truscott, K.N. and Zeth, K. (2010) The bacterial N-end rule pathway: expect the unexpected. Mol. Microbiol. 76, 545–558 https://doi.

org/10.1111/j.1365-2958.2010.07120.x
24 Dougan, D.A., Micevski, D. and Truscott, K.N. (2012) The N-end rule pathway: from recognition by N-recognins, to destruction by AAA+proteases.

Biochim. Biophys. Acta Mol. Cell Res. 1823, 83–91 https://doi.org/10.1016/j.bbamcr.2011.07.002
25 Sherman, F., Stewart, J.W. and Tsunasawa, S. (1985) Methionine or not methionine at the beginning of a protein. BioEssays 3, 27–31 https://doi.org/

10.1002/bies.950030108
26 Tasaki, T., Mulder, L.C.F., Iwamatsu, A., Lee, M.J., Davydov I, V., Varshavsky, A. et al. (2005) A family of mammalian E3 ubiquitin ligases that contain

the UBR box motif and recognize N-degrons. Mol. Cell. Biol. 25, 7120–7136 https://doi.org/10.1128/MCB.25.16.7120-7136.2005
27 Timms, R.T., Zhang, Z., Rhee, D.Y., Harper, J.W., Koren, I. and Elledge, S.J. (2019) A glycine-specific N-degron pathway mediates the quality control of

protein N-myristoylation. Science 366, eaaw4912 https://doi.org/10.1126/science.aaw4912
28 Sekine, S. and Youle, R.J. (2018) PINK1 import regulation; a fine system to convey mitochondrial stress to the cytosol. BMC Biol. 16, 2 https://doi.org/

10.1186/s12915-017-0470-7

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1565

Biochemical Society Transactions (2020) 48 1557–1567
https://doi.org/10.1042/BST20191094

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/48/4/1557/891915/bst-2019-1094c.pdf by guest on 25 April 2024

https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1016/j.bbamcr.2004.09.019
https://doi.org/10.1016/j.bbamcr.2004.09.019
https://doi.org/10.1146/annurev.biophys.36.040306.132820
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1016/j.sbi.2016.12.015
https://doi.org/10.1126/scisignal.aak9982
https://doi.org/10.1126/scisignal.aak9982
https://doi.org/10.1016/j.molcel.2016.08.005
https://doi.org/10.1016/j.cell.2018.04.028
https://doi.org/10.1016/j.molcel.2018.03.033
https://doi.org/10.1126/science.aat0572
https://doi.org/10.3390/biom9060230
https://doi.org/10.1126/science.3018930
https://doi.org/10.1073/pnas.1816596116
https://doi.org/10.1073/pnas.1816596116
https://doi.org/10.1002/pro.666
https://doi.org/10.1016/j.molcel.2018.04.006
https://doi.org/10.1371/journal.pcbi.1000958
https://doi.org/10.1093/bioinformatics/btl318
https://doi.org/10.1093/bioinformatics/btl318
https://doi.org/10.14348/molcells.2016.2329
https://doi.org/10.1111/jipb.12882
https://doi.org/10.1016/j.tplants.2019.06.013
https://doi.org/10.1111/nph.14619
https://doi.org/10.1111/j.1365-2958.2010.07120.x
https://doi.org/10.1111/j.1365-2958.2010.07120.x
https://doi.org/10.1111/j.1365-2958.2010.07120.x
https://doi.org/10.1016/j.bbamcr.2011.07.002
https://doi.org/10.1002/bies.950030108
https://doi.org/10.1002/bies.950030108
https://doi.org/10.1128/MCB.25.16.7120-7136.2005
https://doi.org/10.1128/MCB.25.16.7120-7136.2005
https://doi.org/10.1126/science.aaw4912
https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1186/s12915-017-0470-7
https://creativecommons.org/licenses/by/4.0/


29 Chui, A.J., Okondo, M.C., Rao, S.D., Gai, K., Griswold, A.R., Johnson, D.C. et al. (2019) N-terminal degradation activates the NLRP1B inflammasome.
Science 364, 82–85 https://doi.org/10.1126/science.aau1208

30 Sandstrom, A., Mitchell, P.S., Goers, L., Mu, E.W., Lesser, C.F. and Vance, R.E. (2019) Functional Degradation: A Mechanism of NLRP1 Inflammasome
Activation by Diverse Pathogen Enzymes. Science 364, eaau1330. https://doi.org/10.1126/science.aau1330

31 Aksnes, H., Drazic, A., Marie, M. and Arnesen, T. (2016) First things first: vital protein marks by N-terminal acetyltransferases. Trends Biochem. Sci.
41, 746–760 https://doi.org/10.1016/j.tibs.2016.07.005

32 Hwang, C.-S., Shemorry, A. and Varshavsky, A. (2010) N-terminal acetylation of cellular proteins creates specific degradation signals. Science 327,
973–977 https://doi.org/10.1126/science.1183147

33 Shemorry, A., Hwang, C.S. and Varshavsky, A. (2013) Control of protein quality and stoichiometries by N-terminal acetylation and the N-end rule
pathway. Mol. Cell 50, 540–551 https://doi.org/10.1016/j.molcel.2013.03.018

34 Park, S.-E., Kim, J.-M., Seok, O.-H., Cho, H., Wadas, B., Kim, S.-Y. et al. (2015) Control of mammalian G protein signaling by N-terminal acetylation
and the N-end rule pathway. Science 347, 1249–1252 https://doi.org/10.1126/science.aaa3844

35 Nguyen, K.T., Lee, C.S., Mun, S.H., Truong, N.T., Park, S.K. and Hwang, C.S. (2019) N-terminal acetylation and the N-end rule pathway control
degradation of the lipid droplet protein PLIN2. J. Biol. Chem. 294, 379–388 https://doi.org/10.1074/jbc.RA118.005556

36 Hämmerle, M., Bauer, J., Rose, M., Szallies, A., Thumm, M., Düsterhus, S. et al. (1998) Proteins of newly isolated mutants and the amino-terminal
proline are essential for ubiquitin-proteasome-catalyzed catabolite degradation of fructose-1,6-bisphosphatase of saccharomyces cerevisiae. J. Biol.
Chem. 273, 25000–25005 https://doi.org/10.1074/jbc.273.39.25000

37 Regelmann, J., Schiile, T., Josupeit, F.S., Horak, J., Rose, M., Entian, K.D. et al. (2003) Catabolite degradation of fructose-1,6-bisphosphatase in the
yeast Saccharomyces cerevisiae: a genome-wide screen identifies eight novel GID genes and indicates the existence of two degradation pathways. Mol.
Biol. Cell 14, 1652–1663 https://doi.org/10.1091/mbc.e02-08-0456

38 Chen, S.-J., Wu, X., Wadas, B., Oh, J.-H. and Varshavsky, A. (2017) An N-end rule pathway that recognizes proline and destroys gluconeogenic
enzymes. Science 355, eaal3655 https://doi.org/10.1126/science.aal3655

39 Dong, C., Zhang, H., Li, L., Tempel, W., Loppnau, P. and Min, J. (2018) Molecular basis of GID4-mediated recognition of degrons for the Pro/N-end
rule pathway. Nat. Chem. Biol. 14, 466–473 https://doi.org/10.1038/s41589-018-0036-1

40 Melnykov, A., Chen, S.J. and Varshavsky, A. (2019) Gid10 as an alternative N-recognin of the Pro/N-degron pathway. Proc. Natl Acad. Sci. U.S.A. 116,
15914–15923 https://doi.org/10.1073/pnas.1908304116

41 Qiao, S., Langlois, C.R., Chrustowicz, J., Sherpa, D., Karayel, O., Hansen, F.M. et al. (2020) Interconversion between anticipatory and active GID E3
ubiquitin ligase conformations via metabolically driven substrate receptor assembly. Mol. Cell 77, 150–163.e9 https://doi.org/10.1016/j.molcel.2019.10.
009

42 Lydeard, J.R., Schulman, B.A. and Harper, J.W. (2013) Building and remodelling Cullin-RING E3 ubiquitin ligases. EMBO Rep. 14, 1050–1061
https://doi.org/10.1038/embor.2013.173

43 Okumura, F., Fujiki, Y., Oki, N., Osaki, K., Nishikimi, A., Fukui, Y. et al. (2020) Cul5-type ubiquitin ligase KLHDC1 contributes to the elimination of
truncated SELENOS produced by failed UGA/Sec decoding. iScience 23, 100970 https://doi.org/10.1016/j.isci.2020.100970

44 Rusnac, D.V., Lin, H.C., Canzani, D., Tien, K.X., Hinds, T.R., Tsue, A.F. et al. (2018) Recognition of the diglycine C-end degron by CRL2KLHDC2
ubiquitin ligase. Mol. Cell 72, 813–822.e4 https://doi.org/10.1016/j.molcel.2018.10.021

45 Soond, S.M., Terry, J.L., Colbert, J.D. and Riches, D.W.H. (2003) TRUSS, a novel tumor necrosis factor receptor 1 scaffolding protein that mediates
activation of the transcription factor NF-κB. Mol. Cell. Biol. 23, 8334–8344 https://doi.org/10.1128/MCB.23.22.8334-8344.2003

46 Lee, A.K. and Potts, P.R. (2017) A comprehensive guide to the MAGE family of ubiquitin ligases. J. Mol. Biol. 429, 1114–1142 https://doi.org/10.
1016/j.jmb.2017.03.005

47 Ravichandran, R., Kodali, K., Peng, J. and Potts, P.R. (2019) Regulation of MAGE-A3/6 by the CRL 4-DCAF 12 ubiquitin ligase and nutrient availability.
EMBO Rep. 20, e47352 https://doi.org/10.15252/embr.201847352

48 Ravalin, M., Theofilas, P., Basu, K., Opoku-Nsiah, K.A., Assimon, V.A., Medina-Cleghorn, D. et al. (2019) Specificity for latent C termini links the E3
ubiquitin ligase CHIP to caspases. Nat. Chem. Biol. 15, 786–794 https://doi.org/10.1038/s41589-019-0322-6

49 Blackburn, J.B., D’Souza, Z. and Lupashin V, V. (2019) Maintaining order: COG complex controls Golgi trafficking, processing, and sorting. FEBS Lett.
593, 2466–2487 https://doi.org/10.1002/1873-3468.13570

50 Tran, A. (2019) The N-end rule pathway and Ubr1 enforce protein compartmentalization via P2-encoded cellular location signals. J. Cell Sci. 132,
jcs231662 https://doi.org/10.1242/jcs.231662

51 Hu, R.-G., Sheng, J., Qi, X., Xu, Z., Takahashi, T.T. and Varshavsky, A. (2005) The N-end rule pathway as a nitric oxide sensor controlling the levels of
multiple regulators. Nature 437, 981–986 https://doi.org/10.1038/nature04027

52 Weits, D.A., Giuntoli, B., Kosmacz, M., Parlanti, S., Hubberten, H.-M., Riegler, H. et al. (2014) Plant cysteine oxidases control the oxygen-dependent
branch of the N-end-rule pathway. Nat. Commun. 5, 3425 https://doi.org/10.1038/ncomms4425

53 White, M.D., Klecker, M., Hopkinson, R.J., Weits, D.A., Mueller, C., Naumann, C. et al. (2017) Plant cysteine oxidases are dioxygenases that directly
enable arginyl transferase-catalysed arginylation of N-end rule targets. Nat. Commun. 8, 14690 https://doi.org/10.1038/ncomms14690

54 Licausi, F., Kosmacz, M., Weits, D.A., Giuntoli, B., Giorgi, F.M., Voesenek, L.A.C.J. et al. (2011) Oxygen sensing in plants is mediated by an N-end rule
pathway for protein destabilization. Nature 479, 419–422 https://doi.org/10.1038/nature10536

55 Gibbs, D.J., Lee, S.C., Md Isa, N., Gramuglia, S., Fukao, T., Bassel, G.W. et al. (2011) Homeostatic response to hypoxia is regulated by the N-end rule
pathway in plants. Nature 479, 415–418 https://doi.org/10.1038/nature10534

56 Masson, N., Keeley, T.P., Giuntoli, B., White, M.D., Lavilla Puerta, M., Perata, P. et al. (2019) Conserved N-terminal cysteine dioxygenases transduce
responses to hypoxia in animals and plants. Science 364, 65–69 https://doi.org/10.1126/science.aaw0112

57 Crawford, E.D., Seaman, J.E., Agard, N., Hsu, G.W., Julien, O., Mahrus, S. et al. (2013) The degraBase: a database of proteolysis in healthy and
apoptotic human cells. Mol. Cell Proteomics 12, 813–824 https://doi.org/10.1074/mcp.O112.024372

58 Qian, S.B., McDonough, H., Boellmann, F., Cyr, D.M. and Patterson, C. (2006) CHIP-mediated stress recovery by sequential ubiquitination of substrates
and Hsp70. Nature 440, 551–555 https://doi.org/10.1038/nature04600

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1566

Biochemical Society Transactions (2020) 48 1557–1567
https://doi.org/10.1042/BST20191094

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/48/4/1557/891915/bst-2019-1094c.pdf by guest on 25 April 2024

https://doi.org/10.1126/science.aau1208
https://doi.org/10.1126/science.aau1330
https://doi.org/10.1016/j.tibs.2016.07.005
https://doi.org/10.1126/science.1183147
https://doi.org/10.1016/j.molcel.2013.03.018
https://doi.org/10.1126/science.aaa3844
https://doi.org/10.1074/jbc.RA118.005556
https://doi.org/10.1074/jbc.273.39.25000
https://doi.org/10.1091/mbc.e02-08-0456
https://doi.org/10.1091/mbc.e02-08-0456
https://doi.org/10.1091/mbc.e02-08-0456
https://doi.org/10.1126/science.aal3655
https://doi.org/10.1038/s41589-018-0036-1
https://doi.org/10.1038/s41589-018-0036-1
https://doi.org/10.1038/s41589-018-0036-1
https://doi.org/10.1038/s41589-018-0036-1
https://doi.org/10.1073/pnas.1908304116
https://doi.org/10.1016/j.molcel.2019.10.009
https://doi.org/10.1016/j.molcel.2019.10.009
https://doi.org/10.1038/embor.2013.173
https://doi.org/10.1016/j.isci.2020.100970
https://doi.org/10.1016/j.molcel.2018.10.021
https://doi.org/10.1128/MCB.23.22.8334-8344.2003
https://doi.org/10.1128/MCB.23.22.8334-8344.2003
https://doi.org/10.1016/j.jmb.2017.03.005
https://doi.org/10.1016/j.jmb.2017.03.005
https://doi.org/10.15252/embr.201847352
https://doi.org/10.1038/s41589-019-0322-6
https://doi.org/10.1038/s41589-019-0322-6
https://doi.org/10.1038/s41589-019-0322-6
https://doi.org/10.1038/s41589-019-0322-6
https://doi.org/10.1002/1873-3468.13570
https://doi.org/10.1002/1873-3468.13570
https://doi.org/10.1242/jcs.231662
https://doi.org/10.1038/nature04027
https://doi.org/10.1038/ncomms4425
https://doi.org/10.1038/ncomms14690
https://doi.org/10.1038/nature10536
https://doi.org/10.1038/nature10534
https://doi.org/10.1126/science.aaw0112
https://doi.org/10.1074/mcp.O112.024372
https://doi.org/10.1038/nature04600
https://creativecommons.org/licenses/by/4.0/


59 Wang, L., Liu, Y.T., Hao, R., Chen, L., Chang, Z., Wang, H.R. et al. (2011) Molecular mechanism of the negative regulation of Smad1/5 protein by
carboxyl terminus of Hsc70-interacting protein (CHIP). J. Biol. Chem. 286, 15883–15894 https://doi.org/10.1074/jbc.M110.201814

60 Piatkov, K.I., Brower, C.S. and Varshavsky, A. (2012) The N-end rule pathway counteracts cell death by destroying proapoptotic protein fragments. Proc.
Natl Acad. Sci. U.S.A. 109, E1839–E1847 https://doi.org/10.1073/pnas.1207786109

61 García-Santisteban, I., Peters, G.J., Giovannetti, E. and Rodríguez, J.A. (2013) USP1 deubiquitinase: Cellular functions, regulatory mechanisms and
emerging potential as target in cancer therapy. Mol. Cancer 12, 91 https://doi.org/10.1186/1476-4598-12-91

62 Huang, T.T., Nijman, S.M.B., Mirchandani, K.D., Galardy, P.J., Cohn, M.A., Haas, W. et al. (2006) Regulation of monoubiquitinated PCNA by DUB
autocleavage. Nat. Cell Biol. 8, 339–347 https://doi.org/10.1038/ncb1378

63 Cohn, M.A., Kowal, P., Yang, K., Haas, W., Huang, T.T., Gygi, S.P. et al. (2007) A UAF1-containing multisubunit protein complex regulates the fanconi
anemia pathway. Mol. Cell 28, 786–797 https://doi.org/10.1016/j.molcel.2007.09.031

64 Piatkov, K.I., Colnaghi, L., Békés, M., Varshavsky, A. and Huang, T.T. (2012) The auto-generated fragment of the Usp1 deubiquitylase is a physiological
substrate of the N-end rule pathway. Mol. Cell 48, 926–933 https://doi.org/10.1016/j.molcel.2012.10.012

65 Labunskyy, V.M., Hatfield, D.L. and Gladyshev, V.N. (2014) Selenoproteins: Molecular Pathways and Physiological Roles. Physiol. Rev. 94, 739–777
https://doi.org/10.1152/physrev.00039.2013

66 Lin, H.-C., Ho, S.-C., Chen, Y.-Y., Khoo, K.-H., Hsu, P.-H. and Yen, H.-C.S. (2015) CRL2 aids elimination of truncated selenoproteins produced by failed
UGA/Sec decoding. Science 349, 91–95 https://doi.org/10.1126/science.aab0515

67 Wright, M.H., Heal, W.P., Mann, D.J. and Tate, E.W. (2010) Protein myristoylation in health and disease. J. Chem. Biol. 3, 19–35 https://doi.org/10.
1007/s12154-009-0032-8

68 Gao, J., Liao, J. and Yang, G.Y. (2009) CAAX-box protein, prenylation process and carcinogenesis. Am. J. Transl. Res. 1, 312–325 PMID:19956441
69 Kobe, B. and Kajava A, V. (2000) When protein folding is simplified to protein coiling: The continuum of solenoid protein structures. Trends Biochem.

Sci. 25, 509–515 https://doi.org/10.1016/S0968-0004(00)01667-4
70 Klein, T., Eckhard, U., Dufour, A., Solis, N. and Overall, C.M. (2018) Proteolytic cleavage-mechanisms, function, and “Omic” approaches for a

near-ubiquitous posttranslational modification. Chem. Rev. 118, 1137–1168 https://doi.org/10.1021/acs.chemrev.7b00120
71 Matta-Camacho, E., Kozlov, G., Li, F.F. and Gehring, K. (2010) Structural basis of substrate recognition and specificity in the N-end rule pathway. Nat.

Struct. Mol. Biol. 17, 1182–1187 https://doi.org/10.1038/nsmb.1894
72 Choi, W.S., Jeong, B.-C., Joo, Y.J., Lee, M.-R., Kim, J., Eck, M.J. et al. (2010) Structural basis for the recognition of N-end rule substrates by the UBR

box of ubiquitin ligases. Nat. Struct. Mol. Biol. 17, 1175–1181 https://doi.org/10.1038/nsmb.1907
73 Tasaki, T., Zakrzewska, A., Dudgeon, D.D., Jiang, Y., Lazo, J.S. and Kwon, Y.T. (2009) The substrate recognition domains of the N-end rule pathway.

J. Biol. Chem. 284, 1884–1895 https://doi.org/10.1074/jbc.M803641200
74 Wang, H., Piatkov, K.I., Brower, C.S. and Varshavsky, A. (2009) Glutamine-specific N-terminal amidase, a component of the N-end rule pathway. Mol.

Cell 34, 686–695 https://doi.org/10.1016/j.molcel.2009.04.032
75 Park, J.S., Lee, J.Y., Nguyen, Y.T.K., Kang, N.W., Oh, E.K., Jang, D.M. et al. (2020) Structural analyses on the deamidation of N-terminal Asn in the

human N-degron pathway. Biomolecules 10, 163 https://doi.org/10.3390/biom10010163
76 Saha, S. and Kashina, A. (2011) Posttranslational arginylation as a global biological regulator. Dev. Biol. 358, 1–8 https://doi.org/10.1016/j.ydbio.2011.

06.043
77 Kim, J.-M., Seok, O.-H., Ju, S., Heo, J.-E., Yeom, J., Kim, D.-S. et al. (2018) Formyl-methionine as an N-degron of a eukaryotic N-end rule pathway.

Science 362, eaat0174 https://doi.org/10.1126/science.aat0174
78 Piatkov, K.I., Oh, J.-H., Liu, Y. and Varshavsky, A. (2014) Calpain-generated natural protein fragments as short-lived substrates of the N-end rule

pathway. Proc. Natl Acad. Sci. U.S.A. 111, E817–E826 https://doi.org/10.1073/pnas.1401639111
79 Ji, C.H., Kim, H.Y., Heo, A.J., Lee, S.H., Lee, M.J., Bin, K.S. et al. (2019) The N-Degron pathway mediates ER-phagy. Mol. Cell 75, 1058–1072.e9

https://doi.org/10.1016/j.molcel.2019.06.028
80 Cha-Molstad, H., Yu, J.E., Feng, Z., Lee, S.H., Kim, J.G., Yang, P. et al. (2017) P62/SQSTM1/Sequestosome-1 is an N-recognin of the N-end rule

pathway which modulates autophagosome biogenesis. Nat. Commun. 8, 102 https://doi.org/10.1038/s41467-017-00085-7
81 Cha-Molstad, H., Sung, K.S., Hwang, J., Kim, K.A., Yu, J.E., Yoo, Y.D. et al. (2015) Amino-terminal arginylation targets endoplasmic reticulum

chaperone BiP for autophagy through p62 binding. Nat. Cell Biol. 17, 917–929 https://doi.org/10.1038/ncb3177

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1567

Biochemical Society Transactions (2020) 48 1557–1567
https://doi.org/10.1042/BST20191094

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/48/4/1557/891915/bst-2019-1094c.pdf by guest on 25 April 2024

https://doi.org/10.1074/jbc.M110.201814
https://doi.org/10.1073/pnas.1207786109
https://doi.org/10.1186/1476-4598-12-91
https://doi.org/10.1186/1476-4598-12-91
https://doi.org/10.1186/1476-4598-12-91
https://doi.org/10.1186/1476-4598-12-91
https://doi.org/10.1038/ncb1378
https://doi.org/10.1016/j.molcel.2007.09.031
https://doi.org/10.1016/j.molcel.2012.10.012
https://doi.org/10.1152/physrev.00039.2013
https://doi.org/10.1126/science.aab0515
https://doi.org/10.1007/s12154-009-0032-8
https://doi.org/10.1007/s12154-009-0032-8
https://doi.org/10.1007/s12154-009-0032-8
https://doi.org/10.1007/s12154-009-0032-8
https://doi.org/10.1007/s12154-009-0032-8
http://www.ncbi.nlm.nih.gov/pubmed/19956441
https://doi.org/10.1016/S0968-0004(00)01667-4
https://doi.org/10.1016/S0968-0004(00)01667-4
https://doi.org/10.1016/S0968-0004(00)01667-4
https://doi.org/10.1021/acs.chemrev.7b00120
https://doi.org/10.1038/nsmb.1894
https://doi.org/10.1038/nsmb.1907
https://doi.org/10.1074/jbc.M803641200
https://doi.org/10.1016/j.molcel.2009.04.032
https://doi.org/10.3390/biom10010163
https://doi.org/10.1016/j.ydbio.2011.06.043
https://doi.org/10.1016/j.ydbio.2011.06.043
https://doi.org/10.1126/science.aat0174
https://doi.org/10.1073/pnas.1401639111
https://doi.org/10.1016/j.molcel.2019.06.028
https://doi.org/10.1038/s41467-017-00085-7
https://doi.org/10.1038/s41467-017-00085-7
https://doi.org/10.1038/s41467-017-00085-7
https://doi.org/10.1038/s41467-017-00085-7
https://doi.org/10.1038/ncb3177
https://creativecommons.org/licenses/by/4.0/

	Tying up loose ends: the N-degron and C-degron pathways of protein degradation
	Abstract
	Introduction
	Degrons drive specificity within the ubiquitin-proteasome system
	Terminal degrons

	N-degron pathways
	Arg/N-degron pathway
	Ac/N-degron pathway
	Pro/N-degron pathway
	Gly/N-degron pathway

	C-degron pathways
	Gly/C-degron pathways
	RxxG/C-degron pathway
	Arg/C-degron pathway
	C-degron pathways regulated by Cul4 complexes: R-3 and E-2 motifs
	C-degron pathways not regulated by Cullins

	Cellular functions of N-degron and C-degron pathways
	Monitor protein folding, complex assembly or correct localisation
	Transduce changes in the external environment
	Regulate fate following protease cleavage
	Enforce faithful incorporation of post-translational modifications

	Conclusion
	Competing Interests
	Funding
	Open Access
	Author Contributions
	References


