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Abstract

The N-end rule pathway is a proteolytic system in which single N-terminal amino acids of short-
lived substrates determine their metabolic half-lives. Substrates of this pathway have been
implicated in the pathogenesis of many diseases, including malignancies, neurodegeneration, and
cardiovascular disorders. This review provides a comprehensive overview of current knowledge
about the mechanism and functions of the N-end rule pathway. Pharmacological strategies for the
modulation of target substrate degradation are also reviewed, with emphasis on their in vivo
implications. Given the rapid advances in structural and biochemical understanding of the
recognition components (N-recognins) of the N-end rule pathway, small-molecule inhibitors and
activating ligands of N-recognins emerge as therapeutic agents with novel mechanisms of action.

The N-end Rule Pathway

The ubiquitin (Ub)-proteasome system (UPS) and the autophagy-lysosome system (hereafter
referred to as autophagy) are two major regulatory mechanisms of protein catabolism and
homeostasis in cells. While the UPS has for decades been considered the principal regulator
of irreversible intracellular protein degradation, autophagy has recently emerged as an
equally crucial proteolytic pathway implicated in human health and disease [1-4]. Several
degradation signals (degrons) of the UPS have been relatively well characterized and
generalized. For example, under normal oxygen conditions, the “hydroxy-degron” of
hypoxia-inducible factor-1 (HIF-1) is recognized by the von Hippel-Lindau (VHL) E3
ligase, leading to its ubiquitination and proteasomal degradation [5]. When cellular oxygen
concentrations reduced, however, the hydroxy-degron is removed, thereby stabilizing HIF-1,
which functions as a hypoxia-sensitive transcription factor. Many cyclins and cyclin-
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dependent kinases (CDKSs) contain the Pro-Glu-Ser-Thr (PEST) consensus sequences that
function as “phospho-degrons” [6]. These signals, usually generated by specific kinases in
various phases of the cell cycle, are recognized by the SCF E3 ligase complex and
consequently ubiquitinated and degraded by the UPS. Endoplasmic reticulum (ER)-
associated protein degradation (ERAD) system mediates the degradation of misfolded
proteins, which are generally characterized by the “hydrophobic degron” and/or specific N-
glycans for ubiquitination [7]. In autophagy, the biochemical nature of degron selectivity,
spatiotemporal activation of pro-degrons, and the specific interaction between cargoes and
adaptor proteins have yet to be identified.

The N-end rule pathway refers to a biological mechanism where N-terminal amino acids
determine the half-lives of proteins by serving as an essential component of degradation
signals (N-degrons) for UPS-mediated proteolysis [8, 9]. The N-degrons are the first defined
degradation signals in eukaryotes [10]. The N-end rule pathway appears to exist in various
eukaryotes ranging from mammals to plants and yeasts, and is even present in bacteria,
which lack Ub [11]. Global proteomic analysis has revealed that the N-terminal residues (N-
proteome) exposed after proteolytic processing in Saccharomyces cerevisiae and Aspergillus
niger are indeed mostly “stabilizing” in nature [12, 13]. The pathway's components play
roles in various cellular processes, including cardiovascular development, neural tube
formation, apoptosis, spermatogenesis, chromosomal stability, oxygen/heme sensing, and
muscle protein degradation [14—24]. VVarious neurodegeneration-associated aggregation-
prone proteins, such as tau, a-synuclein, and TDP43, have also been identified as short-lived
substrates of the arginylation branch of the N-end rule pathway (Arg/N-end rule pathway)
when internal cleavage events expose their N-degrons[25]. Recently, the first mammalian
substrate of the acetylation branch of the N-end rule pathway (Ac/N-end rule pathway) was
identified [26]. Moreover, the first direct roles of the Arg/N-end rule pathway in autophagy-
mediated protein quality control have been recently demonstrated [27]. Thus, the biological
insights of the N-end rule pathway in cell life and death as well as in human health and
disease are still being clarified.

Since its identification [10], the N-end rule pathway has often been misunderstood as an
orphan system without significant roles in cellular processes. However, given the growing
numbers of its endogenous substrates and physiological functions identified during the last
decade, the importance of this proteolytic system as a key regulator of various critical
biological processes is now well appreciated [28, 29]. Herein, we focus on recent efforts to
develop small-molecule modulators of the mammalian N-end rule pathway through rational
design, high-throughput screening (HTS), and chemical engineering. Of note is a recently
identified N-end rule inhibitor, para-chloroamphetamine (PCA), which potently delays the
degradation of RGS4 (regulator of G protein signaling 4), a bona fide in vivo N-end rule
substrate in the mouse brain [30, 31]. Given that the components in the pathway and their
functions are emerging as novel therapeutic targets, we also review recent findings about the
biochemical mechanisms and physiological functions of the mammalian N-end rule
pathway. Finally, we discuss new approaches to treat human diseases via modulation of the
activity of the N-end rule pathway without inhibiting its substrate degradation.
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Biochemical machinery of N-end rule-dependent proteolysis

In the N-end rule pathway, a typical N-degron is composed of a “destabilizing” N-terminal
amino acid, an internal Lys residue from which a Ub chain grows, and an unstructured N-
terminal extension [32—34]. Short-lived substrates that contain N-degrons can be
polyubiquitinated by Ub-protein ligase E3 component N-recognin (UBR) proteins, a family
of E3 Ub ligases directly recognizing the destabilizing N-terminal residues. The identity of
the destabilizing residues defines two branches of the pathway, i.e. the Arg/N-end rule and
the Ac/N-end rule branches, in mammals. In the Arg/N-end rule branch, the primary
destabilizing N-terminal amino acids include positively charged residues (also known as
“type 1” destabilizing residues), such as Arg, Lys, and His, or hydrophobic residues (“type
2™, such as Phe, Trp, Leu, Tyr, and lle (Figure 1A). Arg/N-degrons can be generated when
primary, secondary, or tertiary destabilizing residues, which are normally embedded in the
protein inside, are exposed at the N-termini of C-terminal fragments by endoproteolytic
cleavage; however, they can also be generated when the substrates undergo structural
alteration that exposes the previously sterically sequestered pro-N-degron. Known
peptidases that can generate N-degrons include Met-aminopeptidases (MetAPs) that
cotranslationally remove N-terminal Met [35, 36], caspases that cleave more than 500
proteins during apoptotic induction [37], the signal peptide peptidase that removes the signal
peptides from nascent polypeptides translocating into the ER lumen [27], the mitochondrial
processing peptidase (MPP) which cleaves presequences from proteins translocating into the
mitochondria [11], calpains that cleave many cellular proteins in a Ca2* dependent-manner
[38], and separase that cleaves the cohesin complex subunit SCC1 [39].

In both arginylation and acetylation branches, N-degrons can be created by a single
enzymatic modification or through multistep processes that involve both chemical and
enzymatic modifications. For example, in the mammalian Arg/N-end rule pathway, the
tertiary destabilizing residues Asn and GIn are deamidated into the secondary destabilizing
residues Asp and Glu by NTAN1 and NTAQL, respectively (Figure 1A). The free a-amine
groups of N-terminal Asp and Glu are then conjugated with the carboxylic acid of Arg by
ATE1 R-transferases, thus creating the primary destabilizing residue Arg. The tertiary
destabilizing residue N-terminal Cys can be converted into an oxidized Cys (C*) via
oxidation with oxygen (O») or nitric oxide (NO). The resulting oxidized Cys residue
subsequently undergoes arginylation by ATE1 R-transferases in the same manner as that
observed for Asp and Glu N-degrons.

N-degrons in the acetylation branch are generated by N-terminal acetylation, which
cotranslationally occurs in approximately 90% of mammalian proteins [40]. The substrates
of N-terminal acetylation include the unprocessed N-terminal Met and newly exposed small
uncharged N-terminal residues such as Ala, Val, Ser, Thr, or Cys (Figure 1B). These
residues are originally present on the penultimate position on the N-termini but are exposed
by MetAPs [35, 36]. These secondary destabilizing residues are cotranslationally acetylated
by N-terminal acetylases to generate the primary Ac/N-degrons. Although the proteolytic
system driven by N-terminal acetylation was originally found in S. cerevisiae, a recent study
demonstrated that it operates in mammals as well, in which human TEB4, an ortholog of
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yeast Doal0 and a 151-kDa integral membrane protein with a RING domain in the ER, is
the E3 Ub ligase for Ac/N-degrons [26].

The recognition components of the Arg/N-end rule pathway in mammals, which mediate the
formation of polyubiquitin chains on the substrates, include a family of UBR proteins such
as UBR1/E3a, UBR2, UBR4/p600, and UBRS5/EDD [41-44]. The UBR-type N-recognins
are spalogous (with spatial similarity) to each other with the UBR box or N-domain, through
which they interact directly with type 1 or type 2 destabilizing residues, respectively [45].
The UBR box is a His/Cys-rich, zinc finger-like motif with a size of approximately 70
residues that mainly utilizes its acidic binding pocket to interact with a-amino groups (-
NH3+) and basic side chains of type 1 destabilizing residues [46, 47]. The N-domain of
UBR proteins has structural and functional similarities to the Escherichia coli N-recognin
ClpS, the only known bacterial N-recognin. A couple of biochemical and computational
studies suggest that this domain is essential for binding to type 2 destabilizing residues
through a hydrophobic pocket near its surface [48, 49]. Following the recognition of N-
degrons, the Arg/N-recognins UBR1 and UBR2 mediate polyubiquitination in cooperation
with their cognate E2 Ub transfer enzymes UBE2A and UBE2B (orthologs of yeast Rad6) to
form the N-end rule E2-E3 complexes (Figure 1A) [50]. A recent study showed that UBR1
and UBR?2 also directly interact with USE1, a specialized E2 enzyme for the non-canonical
E1 enzyme UBAG, a unique phenomenon through which different E1 enzymes eventually
emerge in the same E3 Ub ligases and target substrates [51].

Given the structural and functional aspects of the Arg/N-end rule pathway, the UBR box and
N-domain have been the major targets for the development of small-molecule inhibitors that
bear cognate destabilizing residues or their structural mimics. In contrast, little biochemical
and structural information is available about the mode of interaction between noncanonical
N-recognins, such as UBR4 and UBR5, and their ligands [8].

Physiological implications of the mammalian N-end rule pathway

The physiological functions of the N-end rule pathway have been elucidated through mouse-
knockout phenotype analysis as well as human disease-gene mapping and in vivo substrate
identification/characterization. The studies have demonstrated that the N-end rule pathway
has a strikingly diverse range of developmental and physiological roles, which include the
regulation of chromosomal stability [14], spermatogenesis [15], oxygen sensing [16, 19],
cardiovascular development [18], muscle wasting [20-23], proteotoxic protein clearance
[25], hypertension [26], autophagy [27], neural tube formation [50], bacterial/viral virulence
[52, 53], apoptosis [54], and mitophagy [55]. Mutational inactivation of both copies of the
UBR1 gene causes Johanson-Blizzard syndrome (JBS), which involves exocrine pancreatic
insufficiency and inflammation, physical malformations, and frequent mental retardation
[56]. Below we focus on three pathophysiological pathways known to be regulated by
components of the mammalian N-end rule pathway. They represent the elaborate cellular
machinery controlled by N-end rule biochemistry, which may in turn be regulated by small-
molecule antagonists and inhibitors.
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Cardiovascular development and hypertension

The ATE1 gene encodes a family of R-transferase isoforms that mediate N-terminal
arginylation of pro-N-degrons such as Asp, Glu, and oxidized Cys [57, 58]. ATE1 R-
transferases are responsible for all known arginylation activities observed in yeast and
mammals, and they provide a central merging point in Arg/N-end rule-related chemical
modifications (Figure 1A). Analysis of ATE1~/~ mice, along with in vitro HTS for Arg/N-
end rule substrates, revealed that RGS4, RGS5 and RGS16 are the substrates of arginylation
[18, 19]. These proteins negatively control GPCR signaling through their GTPase activity
for Ga subunits of the i, g, and 12 classes (Table 1) [59]. Proteolysis of RGS proteins is also
perturbed by either hypoxia or a lack of the N-recognins UBR1 and UBR2, which indicates
that additional N-terminal modifications are required for the ubiquitination of RGS proteins.
The downstream effectors of the GPCR, including mitogen-activated protein kinase
(MAPK), are indeed markedly impaired in ATE1™~ and UBR1~UBR2~/~ mice [18]. These
results established that the Arg/N-end rule pathway, containing the O,-ATE1-UBR1/UBR2
proteolytic circuit, plays a key role in RGS-regulated G protein signaling, including the
myocardial hypertrophic response, in the cardiovascular system [19, 60].

In the degradation of Cys-2 bearing RGS proteins, the cleavage of the N-terminal Met by
MetAP, which exposes the penultimate residue Cys is a crucial initial step to generate the
primary N-degron Arg. It is interesting to note that wild-type RGS2, another R4 subfamily
member along with RGS4, RGS5, and RGS16, has a GIn-2 residue but its mutant, which is
frequently observed in hypertension patients, has a Leu-2 or Arg-2 residue [61]. These
RGS?2 proteins are targeted by either the Arg/N-end rule pathway (L-RGS2 as substrate) or
the Ac/N-end rule pathway (Ac-ML-RGS2, Ac-MR-RGS2, and Ac-MQ-RGS2 as
substrates) (Table 1) [26]. These findings indicate that, despite that they utilize different N-
recognins and N-degrons, the two branches of the N-end rule pathway can be functionally
complementary to each other to target the same protein in a cell. The communication and
possible compensatory activity changes between these branches of the N-end rule pathway
during disease progression remain to be further investigated.

Oxidative stress and neurodegenerative diseases

The conjugation of Arg to the pro-N-degrons is a signature reaction of the Arg/N-end rule
pathway. The N-terminal Cys residue in RGS4, RGS5, and RGS16 (and possibly other ~500
proteins with the N-terminal Met-Cys repertoire in the human genome [8]) is oxidized to
Cys sulfinate (Cys-SO,™) or Cys sulfonate (Cys-SO3™) before its arginylation, suggesting
that the Arg/N-end rule pathway may function as an O, and NO sensor [16, 57]. The
relatively higher level of RGS4 observed in the right ventricle of mouse embryos compared
with that in the left ventricle may be attributable to its metabolic stabilization under less
oxygenated blood [18]. T he N-end rule pathway also functions as a sensor of heme (Fe2*-
containing protoporphyrin 1X). ATE1 R-transferase is inhibited by hemin (Fe3*-counterpart
of heme) through a redox mechanism, involving the formation of a disulfide bridge between
its Cys-71 and Cys-72 residues [17]. Given that O, NO, and carbon monoxide (CO) can
bind to heme, it is reasonable to expect that the reciprocal O, sensing modes of the Arg/N-
end rule pathway are implicated in various human diseases. The exact biochemical
mechanisms and physiological roles of these processes remain unidentified.
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Oxidative stress is also a known risk factor for many neurodegenerative diseases. Reactive
oxygen species (ROS) are generated under the conditions of nutrient starvation, aging,
mitochondria dysfunction, imbalanced metal ions, impaired antioxidant enzymes, and
amyloid deposition [62]. Oxidized proteins are usually efficiently cleared by the UPS;
however, under neurodegenerative conditions, they frequently accumulate in the brain [63,
64]. The N-end rule pathway is closely involved in the degradation of neurodegeneration-
associated proteins [25]. The aggregates of tau, TDP43, a-synuclein, and amyloid 3 (Ap) are
etiologically linked with various neurodegenerative diseases (Table 1) [65]. When in the
soluble states, these proteotoxic proteins can undergo cleavage to expose C-terminal
fragments that bear destabilizing N-terminal residues, which are then subjected to N-end
rule pathway-mediated proteolysis [25]. In addition to the N-end rule pathway, tau
(primarily in its phosphorylated form) was shown to be targeted for ubiquitination by the E3
Ub ligase CHIP in collaboration with UBCH5B/UBCHS5C and HSP70 [66, 67]. Similarly, it
has been shown that a-synuclein can be ubiquitinated by a number of Ub ligases, including
CHIP [68] and SIAH [69]. These results suggest that a complicated net of proteolytic
pathways cooperatively interact with these neurodegeneration-associated proteins, affecting
the rates of their aggregation in the neuron.

The intracellular aggregation of TDP43, an RNA/DNA-binding protein, results in a
spectrum of related disorders, including amyotrophic lateral sclerosis (ALS) and other
neurodegenerative syndromes [70, 71]. The major N-terminal residues of the aggregation-
prone C-terminal TDP43 fragments are Arg208, Asp219, and Asp247, all of which are
either primary or secondary N-degrons [72, 73]. The levels of these N-degron-bearing
fragments are significantly elevated by ATE1 nullification or treatment with N-end rule
inhibitors [31], which suggests that the pathological fragment of TDP43 is a substrate for the
Arg/N-end rule pathway. Because adult neurons are post-mitotic but must retain synaptic
plasticity and self-renewal properties, frequent protein turnover is a central challenge in
degradation systems. Thus, the aforementioned observations reflect the critical role of the
Arg/N-end rule pathway as a neuroprotective mechanism that regulates the rate at which
aggregation-prone fragments and misfolded proteins are destroyed.

Implications in autophagy

Communication between the UPS and autophagy has been suggested by the observation that
reduced UPS activity results in autophagy induction [74, 75]. This crosstalk is unlikely to be
a simple compensatory mechanism because impaired autophagy decreases UPS flux [76].
Interestingly, recent studies have revealed the unexpected finding that the N-end rule
pathway induces proteolysis through autophagy [77]. For example, mouse embryos lacking
UBRA4 die at approximately embryonic day 9.5 (E.9.5) with pleiotropic abnormalities,
including impaired vascular development of the yolk sac. UBR4™/~ yolk sac and mouse
embryonic fibroblasts show increased formation of microtubule-associated protein 1A/1B-
light chain 3 (LC3) puncta associated with enhanced autophagic flux [77]. Autophagic
induction by UBR4 inactivation correlates with UBR4 localization to autophagic vacuoles,
such as multivesicular bodies (MVBs), and their degradation by lysosomes, which suggests
that UBR4 is associated with autophagic cargoes and may regulate their delivery to
autophagic vacuoles through the endosome-lysosome pathway (Table 1). Given that UBR4

Trends Pharmacol Sci. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 7

has the 70-residue UBR box that can bind the N-terminal Arg residue, the function of UBR4
in autophagy may involve an allosteric conformational change induced by N-degrons or
their small-molecule mimics that act as activating ligands. In addition, the Arg/N-end rule
pathway constitutively degrades C-terminal fragments of PINK1, whose mutations are
linked to early-onset familial Parkinson's disease, in normal condition [55]. The
accumulation of PINK1 leads to the selective degradation of dysfunctional mitochondria via
autophagy, a process called mitophagy.

Another link between the N-end rule pathway and autophagy was unveiled when a set of
proteins residing in the ER was found to be N-terminally arginylated by ATE1-encoded R-
transferases [27]. These substrates of N-terminal arginylation include major CaZ*-binding
molecular chaperones including BiP/GRP78 and oxidoreductases. The N-terminal
arginylation of ER proteins is selectively induced under prolonged proteasomal inhibition,
which leads to retrotranslocation and cytosolic accumulation of their arginylated species. N-
terminally arginylated BiP (R-BiP) in the cytosol is associated with misfolded cytosolic
proteins that are initially tagged with Ub but remain unprocessed owing to proteasomal
inhibition. R-BiP alone or in association with its cargoes, such as misfolded cytosolic
proteins, binds to the autophagic adaptor p62/SQTSM/sequestosome-1 through the
interaction between its N-terminal Arg residue and the ZZ domain of p62. This interaction
induces an allosteric conformational change in p62, leading to its self-oligomerization.
Consequently, R-BiP and p62, along with their cargoes, are co-targeted to the
autophagosome for lysosomal degradation (Table 1) [27]. In this autophagic proteolytic
pathway, the N-terminal Arg residue of R-BiP acts as a delivery determinant and degron for
lysosome targeting. The physiological importance of N-terminal arginylation in protein
quality control through autophagy and of the crosstalk between the UPS and autophagy
needs to be further investigated.

As illustrated above, the N-end rule pathway actively protects cells from the detrimental
effects of accumulated proteotoxic protein fragments through both proteasome-and
autophagy-mediated degradation. Excessive levels of oxidized and misfolded proteins
inhibit proteasomal degradation, likely by blocking the 20S complex [74]. Therefore, N-end
rule-mediated autophagy induction may function as a compensatory neuroprotective
mechanism along with direct removal of pathological fragments of proteotoxic proteins
through the UPS. In yeasts, the Arg/N-end rule pathway is involved in the quality control
mechanism to selectively eliminate misfolded proteins [78, 79]. It remains to be determined
whether N-degrons can be generated and eliminated from misfolded proteins during their
translational or posttranslational manipulation in mammals.

Chemical modulation of the N-end rule pathway

The physiological functions of the N-end rule pathway have been identified mainly through
phenotypic studies of knockout mice. Because the constitutional nullifications of many key
pathway components result in embryonic or neonatal lethality, important physiological roles
of these components in adulthood remain obscure. Several biocompatible N-end rule
inhibitors have been developed to regulate the degradation of target substrates at the
experimental level, thus providing a more feasible way in comparison to genetic
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manipulations. The development of more potent and specific in vivo N-end rule pathway
inhibitors is of mounting interest not only for biological study but also for pharmacological
applications.

Dipeptide ligands to N-recognins

The concept of employing dipeptides that contain destabilizing N-terminal residues for
competitive inhibition was developed almost simultaneously with the identification of the N-
end rule pathway in the late 1980's [80-83]. As yeast cells possess a transporter system for
amino acid derivatives, including the dipeptides, the ability of dipeptides to inhibit the N-
end rule pathway was tested in yeast cells expressing model N-end rule substrates, Ub-X-
Boal (X = various residues) [84]. This model substrate exploited the Ub fusion technique in
which Ub-X-Bgal is cotranslationally cleaved by deubiquitinating enzymes (DUBS) into the
Ub reference moiety and X-f3gal substrates bearing various N-terminal residues.

Consistent with the substrate specificity of yeast Ubrl, Arg-Ala and other type-1 dipeptides
selectively increased the steady-state levels of X-Bgal bearing type-1 residues but not type-2
residues. A similar specificity in N-end rule inhibition was observed with type-2 dipeptides
[84]. Notably, the substitution of the N-terminal Arg with its D-form stereoisomers resulted
in a dramatic loss in its inhibitory effect (Figure 2A). Even at higher concentrations up to 6
mM, D-Arg-Ala showed virtually no inhibition, indicating that the recognition of UBR
proteins and N-degrons is highly stereospecific [85]. The results from yeast cells have been
extended and confirmed in in vitro ubiquitination and degradation assays using rabbit
reticulocyte lysates [81, 86]. These biochemical studies using dipeptides, together with
genetic dissection of yeast Ubrl, revealed that the degradation of N-end rule substrates
requires the recognition of type-1 or type-2 destabilizing N-terminal residues by N-
recognins. These studies also provide the rationale that the N-end rule pathway can be
modulated in vivo with small-molecule inhibitors or activators of N-recognins [84].

Various dipeptides found in nature and in the human body are produced from polypeptides
and proteins by many different peptidases [87]. Extracellular dipeptides can be imported into
cells through their specific transport systems, with efficiencies higher than those of amino
acids [88, 89]. In principle, intracellular dipeptides can modulate, positively or negatively,
the N-end rule pathway in human cells. Peptide transporter 1 (Ptrl), which is identical to the
yeast Ubrl N-recognin, is essential for peptide transport in S. cerevisiae, along with Ptr2 and
Ptr3 [90]. A series of biochemical and genetic studies revealed that imported dipeptides act
as ligands to Ubr1 whose binding to the UBR box induces an allosteric conformational
change that, in turn, accelerates the ubiquitination and degradation of the homeodomain
protein Cup9 [91, 92]. As a consequence of this degradation, which normally suppresses the
transcription of Ptr2, the de novo synthesis of Prt2 is induced, mediating the import of
extracellular peptides [91, 92]. The discovery of the Ubr1/Ptr1-Cup9-Ptr2 circuit provides
the first example of a physiological process controlled by the N-end rule pathway and small
peptides with destabilizing residues.

UBR-type N-recognins can mediate ubiquitination of noncanonical N-end rule substrates,
i.e., short-lived proteins that do not carry N-degrons but internal degrons (Figure 1A), such
as Cup9, Mgtl, histones, and misfolded proteins [93-95]. Internal degron-mediated
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degradation of Cup9 is accelerated by the binding of type-1 or type-2 short-peptides to the
UBR box or N-domain, respectively. As such, dipeptides and their natural and synthetic
derivatives (with N-degrons) can act as “activating” ligands for certain functions of N-
recognins through opening their autoinhibited internal degron-binding sites. The internal
degron-binding site of UBR proteins is not identified yet and could be an interesting target
for inhibitor development, for example, to modulate intracellular levels of misfolded
proteins.

In addition to their role in importing peptides, dipeptides have been implicated in N-end rule
regulation of cell differentiation and neurite outgrowth [96]. These studies have shown that
small-molecule ligands of N-recognins can modulate various physiological and
pathophysiological processes in vivo. It is expected that endogenous dipeptides and other
short peptides may act as modulators of N-recognins in various developmental and
pathological processes, especially when cells undergo mass proteolysis such as histone
removal during spermatogenesis and muscle wasting during systemic amyotrophism.
Indeed, activation of the N-end rule pathway was reported to be implicated in the excessive
ubiquitination and degradation of muscle proteins in various catabolic conditions [20, 21].
Moreover, UBR2 levels were significantly upregulated upon tumor-induced muscle loss
through the p38p MAPK-C/EBP signaling pathway [23]. Interestingly, dipeptides and their
derivatives with N-terminal destabilizing residues, such as Lys-Ala, Phe-Ala, Arg-methyl
ester (Arg-ME), and Leu-ME, significantly delayed the rates of Ub conjugation and
proteasome-mediated degradation of muscle proteins, while Ala-Phe, Ala-Lys, and Ala-ME
had little effects [20, 21]. These results suggest that potent N-end rule inhibitors can be of
therapeutic benefit to slow systemic muscle wasting in various pathologic conditions such as
cancer-associated cachexia and acute diabetes [22, 23].

Heterovalent ligands to N-recognins

Compared with monomeric binding, multivalent binding provides higher thermodynamic
(enhanced binding affinity) and kinetic (reduced dissociation rate) selectivity in protein-
protein or protein-ligand interactions. Synthetic multivalent compounds, including
interhomovalent, interheterovalent, and intraheterovalent compounds (Figure 3A), have been
designed to exploit the cooperative interactions of multivalent ligands to target molecules.
Most synthesized multivalent compounds as well as natural substrates are interhomovalent
in that they have multiple, identical ligands that interact with the same binding sites on
tandem enzymes, for example, those present on the surfaces of viruses, bacteria, or cells
[97]. By contrast, interheterovalent compounds utilize non-identical ligands that bind
cognate sites on different proteins. For example, rapamycin, a natural compound produced
by Streptomyces hygroscopicus, can simultaneously bind to FKBP12 and mTOR, and
mTOR binding to the FKBP12-rapamycin complex is ~2,000-fold stronger than that of
rapamycin alone (12 nM vs. 26 uM dissociation constant) [98, 99]. Compared with
interhomovalent and interheterovalent interactions, intraheterovalent interactions, in which
different ligands in a single compound cooperatively bind to a target protein, remain
relatively unexploited, mainly because of the lack of such targets in nature.
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A family of N-recognins were exploited as a target of intraheterovalent interaction. The N-
recognins UBR1 and UBR2 have two mutually exclusive binding pockets, the UBR box for
type-1 residues (Arg, Lys, and His) and the N-domain for type-2 residues (Phe, Trp, Tyr,
Leu, and lle) (Figure 1A) [58]. Thermodynamically, a heterovalent compound, which carries
two different N-terminal destabilizing residues, for example, N-terminal Arg and Phe,
simultaneously, is expected to have a synergistically improved binding affinity, compared
with a combination of two independent monovalent interactions (Figure 3B). In this
heterovalent interaction, the Arg ligand bound to the UBR box will constrain random
motions of the unbound Phe ligand, increasing the local Phe concentration in the proximity
of the N-domain. This restriction, in turn, will increase the probability that the Phe ligand
binds to the N-domain (and vice versa) without affecting the stability of the active site
structures.

This conjecture was experimentally tested using RF-C11, a synthetic heterovalent compound
that has both an N-terminal Arg (type 1) and an N-terminal Phe (type 2) chemically linked
by two C11 hydrocarbon chains (Figure 3B) [30, 100]. Compared with homovalent controls
such as RR-C11 (with two N-terminal Arg) and FF-C11 (with two N-terminal Phe) and
monovalent dipeptides such as Arg-Ala and Phe-Ala, RF-C11 showed significantly higher
inhibitory efficacy for in vitro ubiquitination and degradation of model N-end rule
substrates. When the efficacy to inhibit the in vitro degradation of Arg-nsP4 was measured,
the 1Cgq value of RF-C11 was determined to be 16 pM as compared with the homovalent
control RR-C11 (67 uM) and the monovalent control Arg-Ala (283 pM) [25]. Similarly, the
ICsq value of RF-C11 for Tyr-nsP4 degradation was determined to be 2.7 uM, which was
markedly lower than those of FF-C11 (151 uM) and Phe-Ala (21 pM) [30]. RF-C11 also
effectively inhibited the degradation of RGS4, a physiological N-end rule substrate, in living
cells without noticeable cytotoxicity [30]. In vivo efficacy of RF-C11 was further supported
by the finding that RF-C11 delays cell-autonomous hypertrophism in cultured primary
cardiomyocytes, identifying a previously unknown function of the N-end rule pathway
[100]. The inhibitory activity of RF-C11 was retained even in the absence of bestatin, an
endopeptidase inhibitor, consistent with its nonproteinaceous behavior nature.

Thermodynamically, a multivalent inhibitor is most effective when the length of the flexible
tether between the ligand is similar to the size of the space between the binding sites because
this similarity maximizes the effective concentration near binding sites without creating
steric obstruction or decreasing conformational entropy. Jiang et al. [30] determined the
optimal linker length of RF-C11 by synthesizing RF-Cn series (where n indicates the linker
length between the ligand and the core Lys), along with their homovalent controls RR-Cn
and FF-Cn and their negative structural controls GV-Cn bearing the stabilizing amino acids
Gly and Val [30, 100]. The results of in vitro degradation assays and in silico docking
computational studies for binding energy showed that, compared with other RF-Cn
compounds, RF-C5 compounds most efficiently inhibited N-end rule degradation with the
lowest binding energy when complexed with UBR proteins (Figure 3C) [30]. In addition,
inhibitory efficacy by the heterovalent RF-C5 was much higher than that by a combination
of two homovalent compounds, RR-C5 and FF-C5, which further demonstrated the kinetic
advantage of multivalent interactions. These prototype heterovalent inhibitors could be
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further optimized through the structural information of UBR proteins, structure-activity
relationship (SAR) studies, and animal models of the N-end rule pathway. In vivo applicable
heterovalent inhibitors with optimized linker sizes and relatively more potent N-terminal
ligands could prove to be useful not only for probing substrate-UBR protein interactions but
also for identifying the novel physiological functions of the Arg/N-end rule pathway.

Amino acid derivatives that act as ligands to N-recognins

The structure of the UBR box suggests that its main recognition groups for type 1
destabilizing residues not only require a free a-amino group and a basic side chain on the N-
terminal amino acid residue but also parts of the penultimate N-terminal amino acids [46,
47]. The functions of the N-domain appears to be inhibited by many synthetic monomeric
compounds containing essential components for UBR box recognition, such as L-
conformation, protonated a-amine groups, and hydrophobic side chains (Figures 2B and
2C). For example, the amino acid derivative leucine methyl ester was reported to inhibit
type 2 N-degron (Tyr-Bgal) degradation in vivo [84]. More recently, a systemic approach
using X-nsP4-based N-end rule model substrates and in vitro biochemical assays identified
various Phe-derived monomeric molecules that significantly delay the degradation of both
type 1 and type 2 N-end rule model substrates simultaneously [85]. These substrates include
simple sympathomimetic amines, such as amphetamine and PCA (Figure 3D) [30, 31].
PCA, a serotonin releaser, has been used as an anti-stimulant drug in the past; however, its
use was discontinued when neurotoxicity was identified in several animal studies [101, 102].

Chemical compounds with phenylisopropylamine backbones similar to that of PCA but
lacking the chlorine at para-position failed to inhibit N-end rule substrate degradation in
vitro [85]. This observation suggests essential pharmacophores of monomeric N-end rule
inhibitors for further structure-activity relationship studies. Interestingly, an in silico
computational analysis of PCA docking on N-recognins revealed that PCA has strong and
specific interactions with both the UBR box and N-domain (binding affinities in kcal/mol:
-8.03 (Arg-Ala), -6.01 (amphetamine), and -7.17 (PCA) with the UBR2 box; 5.18 (Phe-Ala),
-4.92 (amphetamine), and -5.60 (PCA) with the CIpS box) (unpublished). These results
suggest that PCA is a unique small-molecule inhibitor targeting both type 1 and type 2
Arg/N-end rule pathway, raising a possibility that the UBR box and ClpS box descended
from a common ancestry bacterial N-recognin. The crystallographic structure of the
mammalian N-domain will help verify this hypothesis.

PCA appears to pass through the blood-brain barrier, efficiently inhibiting the degradation of
Arg/N-end rule substrates in the mouse brain [31]. PCA treatment stabilized endogenous
RGS4 in the frontal cortex and hippocampus, which are known to express high levels of
RGS4 mRNA in the brain [103]. Consistent with this observation, the activation of GPCR
downstream effectors and target gene expression were also significantly impaired. These
effects are similar to the genetic inhibition of the Arg/N-end rule pathway [31, 57].
Therefore, PCA has potential for use in determining the underlying regulatory circuits of the
N-end rule pathway and identifying hitherto unknown in vivo N-end rule substrates. In
addition, given the recent reports that RGS4 levels were reduced in various pathological
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states, such as breast cancer metastasis [104, 105], PCA-type compounds may have of a
therapeutic value for conditions associated with GPCR hyperactivation.

The scope of PCA-mediated N-end rule inhibition is not limited to the regulation of GPCR
signaling. A study using PCA found that the degradation of pathologic C-terminal fragments
of TDP43 (Arg-TDP25) is mediated by N-end rule-dependent proteolysis [31]. PCA and its
derivatives are expected to show highly efficient systemic delivery, especially to the brain.
Therefore, PCA is likely to be a useful tool for understanding the neuroprotective roles of
the N-end rule pathway in the brain. Furthermore, UBR-box proteins have been identified to
interact directly with the proteasomes [106], which may contribute to the rapid turnover of
N-end rule substrates and also suggests that the components of N-end rule-dependent post-
translational modifications and ubiquitination are mechanistically coupled with certain
proteasome subunits and that the degradation of N-end rule substrates may commence even
at the protein translation level.

Recently, the Arg/N-end rule pathway was also determined to be involved in the regulation
of non-ER stress responses such as innate immune responses to cytosolic double-stranded
DNA and autophagy-mediated quality control of misfolded proteins [27]. Thus, the use of
PCA could extend the biological scope of the N-end rule pathway to the pathogenesis of
more diverse human diseases. However, because amphetamines also act as ligands to
various neurotransmitter receptors [107], more specific N-end rule inhibitors without
mediating neurostimulant effects in vivo are desirable.

Inhibitors of the upstream components of the N-end rule pathway

Constitutional deletion of mouse ATEL is lethal at the embryonic stages due to defective
cardiac development and angiogenic remodeling [57]; however, its postnatal deletion using
the Cre/loxP-mediated recombination produces strikingly broad phenotypes ranging from
growth retardation and defective spermatogenesis to neurological deformities and metabolic/
behavioral abnormalities (Table 1) [108]. These outcomes indicate that even a single
component of the N-end rule pathway may be involved in a number of regulatory circuits,
perhaps due to cooperation with various upstream regulators of the pathway, and that
targeting upstream components of the N-end rule pathway could be a promising strategy to
treat diseases caused by abnormally enhanced N-end rule activity.

Compared with N-recognins, small-molecule ligands for upstream components of the N-end
rule pathway remain relatively unexplored. A recent screening of chemical libraries
discovered two inhibitors of ATE1 R-transferases, tannic acid and merbromin, which
delayed in vivo degradation of RGS4 [109]. Pharmacological inhibition of R-transferases
using these compounds partially reproduced null phenotypes of ATE1-deficient cells and
embryos in angiogenesis, actin cytoskeleton, cell leading edge, and cell matility [109].
Despite the observed inhibitory effects, it remains unknown how these compounds inhibit R-
transferase activities as the structures of ATE1-encoded R-transferases are yet to be
determined.

MetAPs are metalloproteases that cotranslationally generate N-terminal Ala, Val, Ser, Thr,
or Cys, which, in turn, can induce N-end rule degradation following N-terminal acetylation
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or arginylation (Figure 1B). Fumagillin, an antibiotic isolated from a fungus Aspergillus
fumigatus fresenius, binds to and irreversibly inactivates MetAP-2 through covalent
modification [110]. In mid-1980s, Judah Folkman and his colleagues accidentally found that
the proliferation of endothelial cells was inhibited without causing apoptosis when the cells
were contaminated with the same fungus. This antiangiogenic compound was later
determined to be fumagillin [111]. A series of synthetic fumagillin analogs, such as
CKD-732, TNP-470 and PPI-2458, were shown to be more potent than fumagillin and
entered clinical trials for the treatment of different types of tumors [110]. Recently, the
Arg/N-end rule pathway was reported to have an antiapoptotic function via destabilizing
various proapoptotic protein fragments [54]. This is in agreement with other previous
findings such as the phenotypes of UBR2~/~ mice and JBS patients may originate from
excessive apoptosis during developmental stages. Therefore, N-end rule inhibitors in
combination with fumagillin may have a therapeutic potential by facilitating apoptosis in
tumor cells.

Concluding Remarks

In this review, we describe how single amino acids at the protein N-termini regulate the
half-lives of cellular proteins through the UPS or autophagy, and we discuss ongoing efforts
to exploit the N-recognins of this proteolytic system as potential therapeutic targets. In
addition to N-recognins, N-end rule degradation may be regulated in pathophysiological
settings by targeting the upstream components such as caspases, calpains, separases, N-
terminal amidases/acetylases, MetAPs, and ATE1 R-transferases. The newly discovered
Ac/N-end rule pathway in mammals expands the functional scope of the eukaryotic N-end
rule pathway, and the elucidation of the complex enzymatic communications among
different N-terminal modifications has recently commenced. Despite these advances, many
important questions remain to be answered (Outstanding Questions Box). As additional
substrates and functions of the N-end rule pathway are likely to be unveiled in coming years,
the pharmacological modulation strategies discussed herein can be used to address these
unresolved questions.

Box 1
Outstanding Questions

»  Why are certain proteins with N-terminal destabilizing residues extremely short-
lived, whereas others are stable? What determines the fate of N-end rule
substrates between the arginylation and acetylation branches?

»  What are the global roles of short peptides (or even single amino acids) with N-
terminal destabilizing residue(s)? Are they related with the cellular response
mechanism against various stresses such as oxidative stress and proteotoxic
stress?

e What is the true N-proteome in the cell? What are the primary biological
features of the Arg/N-proteome and the Ac/N-proteome? How is its homeostasis
regulated, e.g. by a set of endopeptidases?
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» How can an N-end rule inhibitor achieve its high specificity and selectivity
towards certain N-end rule substrates? From a therapeutic point of view, what is
currently the most feasible target disease for the N-end rule pathway? Is the
neuroprotective mechanism of the Arg/N-end rule pathway impaired in various
neurodegenerative diseases?

Various dipeptides bearing simple but distinct N-degrons have been used in numerous
studies for biochemical and physiological dissection of this pathway, contributing to our
current understanding of the Arg/N-end rule pathway. As a result of their cooperative
binding modes at multiple sites on the UBR proteins, heterovalent inhibitors were shown to
exhibit more potent inhibitory effects as compared with monovalent dipeptides. RF-C-type
heterovalent compounds are also the first non-cytotoxic and cell-permeable inhibitors of N-
end rule-mediated proteolysis in mammalian cells. In conjunction with advanced structural
and biochemical understanding of N-recognins, the newly identified N-end rule inhibitor
PCA has been shown to alter the fates of endogenous N-end rule substrates in the mouse
brain. Thus, PCA is not only a tool to dissect the pathway but also has potential
pharmacological and biotechnological applications.

Although nearly three decades have passed since the initial discovery of the N-end rule
pathway, this proteolytic system continues to provide new biological and physiological
insights. Because substrates that newly expose N-degrons exist only briefly prior to rapid
degradation, it has been challenging to identify such short-lived protein species and to
characterize their functions through standard methodologies. Just as the development of the
proteasome inhibitor MG132 in the 1990's fundamentally transformed the methodological
approaches of protein metabolism researchers, potent and specific N-end rule inhibitors may
have potential for transforming the paradigm of protein metabolism research. More selective
targeting of N-end rule components will provide more specific therapeutic windows with
increased potency and reduced side effects, while broad-spectrum inhibitors may result in
greater therapeutic effects, mainly as anti-cancer agents such as bortezomib and sunitinib
[112, 113]. As dipeptides, heterovalent inhibitors, and amphetamines can bind a broad range
of N-recognins, more specific inhibitors could be developed by optimizing these pan-N-end
rule inhibitors based on the structures of N-recognins. Targeting specific N-recognins along
with their upstream modification enzymes, such as fumagillin, may modulate substrate
degradation more precisely, providing improved therapeutic benefits.

Potent inhibitors may also enable global screening for unknown N-end rule substrates.
Because the N-end rule pathway is relatively insulated from other cellular regulatory
systems, its inhibitors may be specific and clinically useful. Finally, inhibitors of the Ac/N-
degron TEB4 might be worth developing for their effects on many regulatory proteins,
especially relatively long-lived proteins. Recently, many nonproteolytic functions of the N-
end rule pathway have been reported, such as the modulation of p62 activity in autophagy.
Because the N-end rule pathway and autophagy appear to be closely linked, it would be
interesting to investigate how a regulation method in one system affects the degradation flux
of the other system.
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Trends box

e The N-end rule pathway is a major branch of the Ub-dependent proteolytic
system.

e The substrates of the N-end rule are involved in various pathophysiological
processes.

» Inhibitors targeting UBR proteins have been developed via rational design and
HTS.

e N-end rule inhibitors may have therapeutic potentials in many human diseases.
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A. Arg/N-end rule pathway
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Figure 1.
Mammalian N-end rule pathway. (A) Arginylation branch of the N-end rule pathway

(Arg/N-end rule pathway) in mammals. The tertiary destabilizing Cys residues are oxidized
by O, or nitric oxide (NO) into the secondary destabilizing residues Cys sulfinate (Cys-
SO,7) or Cys sulfonate (Cys-SO3~). N-terminal Asn and Gln are deamidated into Asp and
Glu by NTAN1 and NTAQL, respectively. All of the secondary destabilizing residues
expose negatively charged side chains (pink background). Secondary destabilizing residues,
such as oxidized Cys, Asp, and Glu, are substrates of arginylation by ATE1 R-transferases.
The positively charged side chains of N-terminal Arg, Lys, and His in type 1 destabilizing
residues are shown in green. Type 2 destabilizing residues are hydrophobic residues such as
Phe, Trp, Tyr, Leu, and lle. These destabilizing residues are recognized and
polyubiquitinated by Arg/N-recognins. In the Arg/N-end rule pathway, Ub can be activated
and transferred by UBA1-UBE2A/2B (canonical) or UBA6-USE1 (noncanonical) cognates
as E1-E2 systems. (B) Acetylation branch of the N-end rule pathway (Ac/N-end rule
pathway) in mammals. N-terminal acetylation occurs at the newly exposed N-terminal
residues, such as Ala, Ser, Thr, Val, and Cys, after the N-terminal Met excision by Met-
endopeptidases (MetAPs) or at the retained N-terminal Met residue. These residues are
recognized by the mammalian Ac/N-recognin TEB4.
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Figure 2.

Interaction between N-recognins and N-end rule pathway inhibitors (A) Binding modes
calculated through in silico docking analysis of (a) L-Arg-Ala and (b) D-Arg-Ala with the
UBR1 box (Protein Data Bank [PDB] code: 3NY3), and binding affinities (kcal/mol) and
dissociation constants (uUM) of the docked complexes. (B) Binding modes, binding affinities
(kcal/mol), and dissociation constants (uM) of (a) Phe-Ala, (b) Ac-Phe-Ala, and (c) Phe-
psi(CH,NH)-Ala with the ClpS domain (PDB code: 3DNJ). (C) Same as (B), except that
Phe and its derivatives are used for the in silico docking analysis. Positively charged side
chains, e.g., guanidino groups in Arg for interaction with the UBR box, are shown in green
spheres in the chemical structures. Essential components of small molecules for interaction
with UBR proteins, such as L-conformation, protonated a-amine groups, and amide bond
characters, are shown in yellow, blue, and pink spheres, respectively.
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Figure 3.

Multivalent and monovalent inhibitors of the N-end rule pathway. (A) Types of multivalent
ligands bound to their cognate proteins. (B) Structures of heterovalent molecule RF-Cn
(where n indicates the length of hydrocarbon chains) tethering the core Lys methyl ester to
the N-terminal Arg (type 1 destabilizing residue) and Phe (type 2), which are indicated by
green and pink backgrounds, respectively. (C) Two possible structures of the UBR box-N-
domain *“combined” proteins (left) and their binding modes with the RF-C5 compound
(right). Protein structures and docking models were obtained by using the Gramm-X protein-
protein docking web server and semi-empirical PM6 method with the Gaussian 09 program
[30]. (D) Chemical structures of amphetamine (left) and para-chloroamphetamine (right),
and their binding modes with the N-domain (PDB code: 3DNJ) calculated with a ligand-
receptor docking computation by using AutoDock version 4.2 with the Lamarckian genetic
algorithm [85].
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Table 1

Physiological substrates and implications of the mammalian N-end rule pathway

The mammalian N-end rule pathway Substrates/Components

Physiological functions

Cys2-RGS4
Cys2-RGS5
Cys2-RGS16
Leu2-RGS2
Arg208-TDP43
Asp219-TDP43
Asp247-TDP43
GIn79-Synuclein
Asp-Ap42
Glu3-Tau
Glu19-Bipl
PINK1
Arg/N-end rule pathway Proapoptotic protein fragments

myofibrils

ATE1-

UBR17~
UBR17-UBR27~

UBR4~~

GPCR signaling pathway Cardiac development

Hypertension Cardiovascular homeostasis

Amyotrophic lateral sclerosis (ALS)
Frontotemporal lobar degeneration (FTLD)

Parkinson’s disease (PD)
Alzheimer’s disease (AD)
Alzheimer’s disease (AD)

Protein quality control through autophagy
Mitochondria quality control through mitophagy
Apoptosis regulation
Muscle wasting
Heart development
Angiogenesis
Hyperphagia
Hyperkinesia
Infertility
Metabolic defects
Johanson-Blizzard Syndrome(JBS)
Neurogenesis
Cardiogenesis

Regulation of autophagic flux

Met-Arg-RGS2
Met-GIn-RGS2
Met-Leu-RGS2

Ac/N-end rule pathway

Hypertension Cardiovascular homeostasis
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