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Fig. S1. The ubiquitin (Ub)-proteasome system (UPS), the Ub fusion technique, the 

N-terminal processing of newly formed proteins, and specificity of Met-aminopeptidases. 

(A) The UPS. Conjugation of Ub to other proteins involves a preliminary 

ATP-dependent step in which the last residue of Ub (Gly76) is joined, via a thioester bond, 

to a Cys residue of the E1 (Ub-activating) enzyme. The ñactivatedò Ub moiety is then 

conjugated to a Cys residue in one of Ub-conjugating (E2) enzymes, and from there, 

through an isopeptide bond, to a Lys residue of an ultimate acceptor, denoted as ñproteinò. 

E2s function as subunits of E2-E3 Ub ligase complexes that can produce substrate-linked 

poly-Ub chains. These chains have specific Ub-Ub topologies, depending on the identity of 

a specific Lys residue of Ub that forms an isopeptide bond with C-terminal Gly76 of the 

adjacent Ub moiety in a poly-Ub chain. Specific poly-Ub chains can confer a processive 

degradation of a substrate by the 26S proteasome, or other metabolic fates. One role of E3 

is the recognition of a substrateôs degradation signal (degron). An individual mammalian 

genome encodes more than 800 distinct E3 Ub ligases. See also the main text. 

(B) The Ub fusion technique. In eukaryotes, linear fusions of Ub to other proteins 

are cotranslationally cleaved by deubiquitylases (DUBs) at the last residue of Ub, making 

it possible to produce, in vivo, different residues at the N-termini of otherwise identical 

proteins (1, 2). 

(C) N-terminal processing of nascent eukaryotic proteins by NŬ-terminal acetylases 

(Nt-acetylases) and Met-aminopeptidases (MetAPs) (3). ñAcò denotes the NŬ-terminal 

acetyl moiety. M, Met. X and Z, single-letter abbreviations for any amino acid residue. 

Yellow ovals denote the rest of a protein.  

(D) Met-aminopeptidases (MetAPs) cotranslationally cleave off the N-terminal Met 

residue of a nascent protein if a residue at position 2 belongs to the set of indicated 

residues (4, 5). Gly and Pro at position 2 are depicted in a different color because these 

residues, in contrast to other (indicated) small residues, are very rarely Nt-acetylated after 

the removal of N-terminal Met (3). 

  



 

 

3 

 

 

 
 

Fig. S2. The mammalian Arg/N-degron pathway and isoforms of the mouse Ate1 

R-transferase. Amino acid residues are denoted by single-letter abbreviations. A yellow 

oval denotes the rest of a protein substrate. 

(A) The mammalian Arg/N-end rule pathway. It targets proteins for degradation 

through their specific unacetylated N-terminal (Nt) residues. ñPrimaryò, ñsecondaryò, and 

ñtertiaryò refer to mechanistically distinct classes of destabilizing Nt-residues. Ntan1 and 

Ntaq1 are N-terminal amidases (Nt-amidases) that convert, respectively, the tertiary 

destabilizing Nt-residues Asn and Gln to Asp and Glu. The Ate1 R-transferase 

(arginyltransferase or Arg-tRNA-protein transferase) conjugates Arg, a primary 

destabilizing residue, to N-terminal Asp, Glu and (oxidized) Cys. ñType 1ò and ñtype 2ò 

refer, respectively, to two sets of primary destabilizing N-terminal residues, basic (Arg, 

Lys, His) and bulky hydrophobic (Leu, Phe, Trp, Tyr, Ile, and also Met, if the latter is 

followed by a bulky hydrophobic residue (ʌ)). These sets of N-terminal residues are 

recognized by two distinct substrate-binding sites of N-recognins, the pathwayôs E3 

ubiquitin ligases Ubr1, Ubr2, Ubr4, and Ubr5. Also indicated is the ability of 

Arg/N-recognin E3s to recognize specific internal (non-N-terminal) degrons in proteins 

that lack Arg/N-degrons. See the main text for references and further details. Yet another 
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branch of this proteolytic system, denoted as the Arg/N-degronp62 pathway and discovered 

by Kwon and colleagues, involves p62/Sqstm1, a non-E3 Arg/N-recognin and a 

component of autophagy-lysosome pathways (see the main text and Fig. S4) ((6-15) and 

refs. therein). 

(B) The exons, including alternative exons (1A/1B and 7A/7B) of the mouse Ate1 

gene, which encodes alternative splicing-derived isoforms of R-transferase. The deduced 

lengths (in amino acid residues) of the encoded Ate1 exons are indicated on top.  

(D) Mouse R-transferase isoforms that are produced through alternative splicing of 

Ate1 pre-mRNA. The terminology of these isoforms (Ate11A7A, Ate11A7B, Ate11B7A, 

Ate11B7B, Ate11A7AB, Ate11B7AB) is based on the presence or absence of the alternative 

exons 1A/1B and 7A/7B. Ate11A7AB and Ate11B7AB are minor Ate1 isoforms that result 

from the retention of both variants of exon 7 (16, 17). 
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Fig. S3. C-degrons and C-degron pathways in human cells. This diagram is a simplified 

summary of the 2018 discovery, by the laboratories of Elledge and Yen, of a large set of 

C-degrons in human proteins (18-20). Amino acid residues are denoted by single-letter 

abbreviations. A yellow oval denotes a protein substrate upstream of its C-terminus. The 

indicated C-terminal (Ct) sequences and individual Ct-residues, referred to as C-degrons, 

are targeted, in conjunction with internal Lys residues of individual C-degron substrates, 

by a broad range of Ub ligases, largely but not solely of the CRL class (18-20). See the 

main text for a brief discussion of C-degron pathways and the term ñC-degronò for 

denoting this class of degradation signals. 
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Fig. S4. Autophagy-mediated versus proteasome-mediated degradation of Arg/N-degron 

substrates. Amino acid residues are denoted by single-letter abbreviations. A yellow oval 

denotes the rest of a protein substrate. 

Kwon and colleagues discovered that p62/Sqstm1 (called p62 below), a component 

of the autophagy-lysosome system, is also a non-E3 Arg/N-recognin that binds to cytosolic 

proteins bearing Nt-Arg or specific hydrophobic Nt-residues. p62 mediates the capture of 

these proteins by autophagy and their subsequent destruction in lysosomes (6-15). Either a 

proteasome inhibitor or natural stresses can up-regulate the p62/autophagy branch of the 

Arg/N-degron pathway (6-15). BiP (one of Hsp70 chaperones), calreticulin (CRT, another 

ER chaperone), and protein disulfide isomerase (PDI) are among ER-resident proteins that 

bear Nt-arginylatable Nt-residues such as Nt-Asp or Nt-Glu. Upon stresses, including heat 

stress and unfolded protein response (UPR), a fraction of these ER proteins is transferred 

to the cytosol, followed by their Nt-arginylation. The resulting Nt-Arg-bearing proteins are 

captured either by the p62 Arg/N-recognin and/or by E3 Arg/N-recognins, and are 

destroyed, respectively, by the autophagy-lysosome system and/or by the 26S proteasome 

(Fig. S2A) (6-15). In sum, the Arg/N-degron pathway is a major functional link between 

UPS and autophagy. 

The affinity of p62 for Nt-Arg (Kd of ~44 nM) is at least 50-fold higher than that of 

Ubr1/Ubr2 (12). If so, how can intracellular Ubr1, Ubr2, Ubr4 and Ubr5 E3s (Fig. S2A) 

compete, in vivo, with the relatively abundant p62 for their binding to proteins bearing 

Nt-Arg? One possibility is that the affinity of p62 for Nt-Arg may be regulated in living 

cells. Both basic and aromatic Nt-residues of polypeptides that interact with p62 bind to its 

~50-residue zinc finger-like ZZ domain, which is sequelogous (21) to the ~80-residue 

UBR domain of Ubr1/Ubr2 (6). 
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Fig. S5. Organization and cis-trans targeting of eukaryotic N-degrons. Amino acid 

residues are denoted by single-letter abbreviations. A yellow oval denotes the rest of a 

protein substrate. 

(A) Determinants of a eukaryotic N-degron. d, a destabilizing Nt-residue. K, a 

ñubiquitylatableò internal Lys residue. See also the main text and refs. (17, 22, 23). 

(B and C) Cis versus trans polyubiquitylation of an oligomeric Arg/N-degron 

substrate that can result in the degradation of a subunit that becomes linked to a poly-Ub 

chain (24). 

(D) Trans-degradation, in which a specific subunit of an oligomeric protein is 

polyubiquitylated but is not degraded by the 26S proteasome, for example, because that 

subunit lacks an unstructured region that is required for the initiation of degradation. 

Instead, a subunit-selective degradation another, nonubiquitylated subunit takes place. This 

mode of degradation was discovered by Matouschek and colleagues for oligomeric 

substrates of the Ub-fusion-degradation (UFD) pathway (25, 26). It remains to be 

determined whether an analogous trans-degradation of an oligomeric Arg/N-degron 

substrate can also occur. 
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Fig. S6. Natural proapoptotic protein C-terminal (Ct) fragments that are experimentally 

confirmed substrates of the Arg/N-degron pathway, and some proapoptotic Ct-fragments 

that remain to be verified as such substrates. The list of either confirmed or putative 

Arg/N-degron substrates in this and other figures (Figs. S7 and S8) is but a subset of the 

known list of putative Arg/N-degron substrates, most of which remain to be experimentally 
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verified as such. The name of a protein on the left is preceded by the acronym of a species 

(Hs, Homo sapiens; Mm, Mus musculus). Amino acid residues are indicated by single-

letter abbreviations. Arrowheads and enlarged residues, in red, indicate P1ô residues of 

cleavage sites, i.e., the Nt-residues of Ct-fragments of the indicated cleaved full-length 

proteins. Primary, secondary and tertiary destabilizing N-terminal residues are denoted as 

Ndp, Nds and Ndt, respectively (17, 27). If a depicted cleavage site is the one recognized by 

a caspase (the exceptions, in the present list, are the calpain cleavage sites that yield 

Asp-BclXL and Arg-Bid), the site is underlined. The residue number on the left is of the 

first shown residue of uncleaved protein, numbered as in a full -length protein. The number 

on the right is of the last residue of a full-length protein. 

The first section of this figure describes 10 previously identified natural 

proapoptotic Ct-fragments, specifically Cys-Ripk1, Cys-Traf1, Asp-Brca1, Leu-Limk1, 

Tyr-Nedd9, Arg-Bid, Asp-BclXL, Arg-BimEL, Asp-Epha4, and Tyr-Met. They were found 

to be short-lived substrates of the Arg/N-end rule pathway (28). The figureôs second 

section describes six other previously identified proapoptotic Ct-fragments (all of them are 

produced by caspases) bearing destabilizing Nt-residues that can be recognized by the 

Arg/N-degron pathway. These fragments remain to be verified as Arg/N-degron substrates. 

Asn-PkCŭ is the Ct-fragment of the protein kinase Cŭ (PkCŭ) that can be generated 

by (in particular) caspase-3. This fragment bears Nt-Asn and is proapoptotic, in contrast to 

the full-length PkCŭ kinase (29-33). Lys-PkCɗ is the Ct-fragment of the protein kinase Cɗ 

(PkCɗ). This fragment can be generated by (in particular) caspase-3, bears Nt-Lys, and is 

proapoptotic, in contrast to the full-length PkCɗ kinase (34). Trp-Etk is the Ct-fragment of 

the Etk/Bmc tyrosine kinase, a member of the Btk/Tek family of kinases, at least some of 

which regulate apoptosis. The Trp-Etk fragment can be generated by (in particular) 

caspase-3, bears Nt-Trp, and is proapoptotic, in contrast to the full-length Etk kinase (35). 

Gln-Slk is the Ct-fragment of Slk, a Ste20-related protein kinase that plays a role in 

regulation of actin fibers. The Gln-Slk fragment can be generated by (in particular) 

caspase-3, bears Nt-Gln, and is proapoptotic. The concomitantly produced Nt-fragment of 

Slk is also proapoptotic (36). Ile-Hhp1 is the Ct-fragment of the hematopoietic progenitor 

kinase 1 (Hpk1), a Ste20-related protein kinase whose functions include stimulation of the 

stress-activated protein kinases SAPKs/JNKs and the NF-əB transcriptional regulon. The 

Ile-Hpk1 fragment can be generated by (in particular) caspase-3, bears Nt-Ile, and is 

proapoptotic, in contrast to the full-length Hk1 kinase (37). Ile-Mlh1 is the Ct-fragment of 

the mismatch repair Mhl1 protein that can be generated by (in particular) caspase-3, bears 

Nt-Ile, resides in the cytosol (unlike the full-length nuclear MLH1) and is proapoptotic, in 

contrast to full-length MLH1 (38). 
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Fig. S7. Calpain-generated C-terminal (Ct) fragments of mammalian proteins that are 

either identified or predicted substrates of the Arg/N-degron pathway. The entries whose 

numbers are colored in green are the experimentally identified substrates of the 

Arg/N-degron pathway (39). The entries whose numbers are colored in black are predicted 

Arg/N-degron substrates. Each entry cites a calpain-generated Ct-fragment of a protein and 


