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Fig. S1. The ubiquitin(Ub)-proteasome syste(WPS) theUb fusion techniquehe
N-terminal processing of newly formed proteiaad specificity of Meaminopeptidases

(A) TheUPS.Conjugation of Ub to other preins involves a preliminary
ATP-dependent step in which the last desi of Ub (Gly®) is joined, via a thioester bond,
toaCysresidueoftiel (Ubact i vating) enzyme. Thbne fdactivat
conjugatedo a Cys residue in one of kimnjugating (E2) enzymes, and from there,
through an isopeptide bond, to a lrgsidue of an ultimate acceptor, denoted gsr o.t ei n o
E2sfunction as subunits of EE3 Ub ligase complexes that can produce subdirded
poly-Ub chainsThesechains have specific Jbb topologies, depending on the identity of
aspecificLys residueof Ub that forms an isopeptide bond witit&minal Gly® of the
adjacent Ub moiety in poly-Ub chain. Specific polJb chains carconfera processive
degradation of gubstrate by the 268oteasomegr other metabolic fates. One rakE3
istherecogm t i on of a substr at e AmindididGugmaandhaidani on si gn
genomezncode more than @0 distinct E3 Ub ligasesSee also the main text.

(B) The Ub fusion technique. In eukaryotes, linear fusions of Ub to other proteins
are cotranslationally cleaved by deubiquitylad2dBs) at the last residue of Ub, making
it possibleto produce, in vivodifferent residues at the-términi of otherwise ideidal
proteins(1, 2) §

(C) N-terminal pocessing of nascestikaryoticproteins by N-terminal acetylases
(Nt-acetylases) and M@minopeptidases (MetAPE). i decotes the Nterminal
acetyl moiety. MMet. X and Z, singldetter abbreviationfor any amino ad residue.
Yellow ovals denote the rest of a protein.

(D) Met-aminopeptidases (MetAPsptranslationallycleave offthe Nterminal Met
residueof a nascent proteii a residue at position 2 belongs to the sehdicated
residueq4, 5) Gly and Pro at position 2 are depicted in a different color because these
residues, in contrast to oth@gndicated)small residues, aneeryrarely Ntacetylated after
theremoval of Nterminal Met(3).



A The mammalian Arg/N-end rule pathway
MetAPs, calpains, caspases, separases, other nonprocessive proteases
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Fig. S2. The mammalian Arg/Mlegron pathwagnd isoforms othe mouse Atel
R-transferaseAmino acidresidues are denoted by sintgéter abbreviations. A yellow
oval denotes the rest of a protein substrate.

(A) The mammalian Arg/Mend rule pathway. It targets proteins for degradation
through their specific unacetylatedtbrminal(Nt)r e s'i d u e so., ffiRsreicnoanrdyar y 0,
Atertiaryo refer t osesmidestakilizingdNesidaea. Nty andi st i nct
Ntaql are Nerminal amidases (Ntmidases) that convert, respectively, thiéaey
destabilizing Ntresidues Asn and GIn to Asp and Glu. Riel R-transferase
(arginyltransferase or AFtRNA-protein transferase) conjugates Arg, a primary
destabilizing residue, toN e r mi n a | Asp, Glu and (oxidized)
refer,respectivelyto two sets of primary destabilizing-fdrminal esidues, basic (Arg,
Lys, His) and bulky hydrophobic (Leu, Phe, Trp, Tyr, lle, and also Met, if the latter is
followed by a bulky hydrophobic residgen ) ) . T h e-terminadresidgear® f N
recognized by two distinct substrdianding sites of Necogn ns, t he pat hwayods
ubiquitin ligases Ubr1, Ubr2, Ubr4, and UbA3so indicated is the ability of
Arg/N-recognin E3s to recognize specific internal @hbsterminal) degrons in proteins
that lack Arg/NdegronsSee the main text for references and furttetails.Y et another
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branch of this proteolytic systemenoted athe Arg/N-degrofi®? pathway andliscovered
by Kwon and colleaguegvolvesp62/Sgstmla norE3 Arg/N-recognin anc
component oautophagylysosomepathways(see the main text and Fig.)S@6-15) and
refs. therein).

(B) The exons, including alternative exons (1A/1B and 7A/7B) of the matele
gene, which encodedternativesplicing-derivedisoforms of Rtransferase. The deduced
lengths (in amino acid residued)tbe encoded\telexons are indicated on top.

(D) Mouse Rtransferase isoforms that are produced through alternative splicing of
AtelpremRNA. The terminology of these isoforms (Ate?, Ate1'A’B Ate1'B7A,
Ate1'®7B Ate1!A748 Ate1!B72B) is based othe presence or absence of the alternative
exons 1A/1B and 7A/7B. Até2™"B and Ate1B’B are minorAtelisoforms that result
from the retentionfoboth variants of exon {6, 17)



C-degrons and C-degron pathways

-GG  E3ubiquitin ligases:
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Fig. S3. C-degrons and @egron pathways in human cIThis diagram is a simplified
summary of the 2018 discovery, by the laboratorigsliedge andren, ofa large set of
C-degrons in human proteii$8-20). Amino acid residues are denoted by siFghter
abbreviations. A yellow oval denotes a protein substrpstream ofts C-terminus.The
indicated Gterminal (Ct) sequencesd indivdual Ctresidues, referred to asdegrons,
are targeted, in conjunction withternal Lys residuesf individual Gdegron substrates,
by a broad range ofliJligases, largely but not solely of the CRL clék%20). See the
main text for aorief discussion of @legron pathways arttie termi &€l e g rfa n o
denotingthis class of degradation signals.




The UBR/proteasome-based Arg/N-degron pathwa
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Fig. S4. Autophagymediated versus praieomemediated degradation of Arg/tlegron
substratesAmino acid residues are denoted by sidglter abbreviations. A yellow oval
denotes the rest of a protein substrate.

Kwon and colleagues discovered tp&2/Sqgstml (called p62 belov@component
of the autophagyysosome systems also a noiie3 Arg/N-recognin that binds toytosolic
proteins bearing\t-Arg or specific hydrophobic Ntesidues. p62 mediates the capture of
these proteins by autophagyd their subsequent destruction irolysmeg6-15). Either a
proteasome inhibitor or natural stresses canegpilate the p62/autophagy branch of the
Arg/N-degron pathway6-15). BiP (one of Hsp70 chaperones), calreticq@RT, another
ER chaperone), and protein disulfide isomerase (PDI) are amomgdsERnt proteins that
bear Ntarginylatable Ntresidues such as Msp or NtGlu. Upon stresses, including heat
stressand unfolded protein response (UPR), a fraction of these ER proteins is transferred
to the cytosol, followed by their Ntrginylation.Theresulting NtArg-bearing proteins are
captured either by the62 Arg/N-recognin and/or by E3 ArgARecognins, and are
destroyedrespectivelyby the autophaglysosome system anda/by the 26S proteasome
(Fig. S2A (6-15). In sum the Arg/N-degron pathway is major functional link between
UPS and autophagy.

The affinity ofp62for Nt-Arg (Kq of ~44 nM) is at least 5@old higher than that of
Ubr1/Ubr2 (12). If so, howcanintracellularUbrl, Ubr2, Ubr4 ad Ubr5 E3s (Fig. SR)
compete, irvivo, with the relatively abundam62 for their birding to proteins bearing
Nt-Arg? One possibility is thathe affinity of p62for Nt-Arg may be regulatenh living
cells Both basic and aromatic Mesidues of polypeptides thatenact with p62 bind to its
~50-residue zinc fingelike ZZ domain, which is sequelogo(#l) to the ~86residue
UBR domain of Ubr1/UbrZ6).
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Fig. S5. Organization and cirans tageting of eukaryotic MlegronsAmino acid
residues are denoted by singgéter abbreviations. A yellow oval denotes the rest of a
protein substrate.

(A) Determinants of a eukaryotic-tiegron.d, a destabilizing NtesidueK, a
Aubi quityl at abl eSee dlsatheemmain @)Xt and réflsy, 22, 233 | d u e .

(B andC) Cis versustranspolyubiquitylation of an oligomeric Arg/Alegron
substrate that can result in the degradation of a subunit that becomes linked ttJh poly
chain(24).

(D) Transdegradation, in which a specifstibunit of an oligomeric protein is
polyubiquitylated but is not degraded by the 26S proteasome, for example, because that
subunit lacksan unstructured region that is required for the initiation of degradation.
Instead, a subungelective degradation ather, nonubiquitylated subunit takes place. This
mode of degradation was discoveredvbgtouschek and colleagues for oligomeric
substrates of the Utusion-degradation (UFD) pathwa5, 26) It remains to be
determined whéter an analogousans-degradation of an oligomeric Arg/tliegron
substrate can also occur.



Caspase-generated proapoptotic Ct-fragments bearing destabilizing Nt-residues

Protein

Cleavage site

Nt-residue

C-terminal fragment

Proapoptotic protein fragments that are experimentally confirmed Arg/N-degron substrates

) 321 'C 656 ¢ | Proapoptotic fragment, generated by caspase-8, of the RIPK1

Mm Ripk1 | SLQHDS»VPL..S [Nd" | kinase. Cys-RIPK1 is an N-end rule substrate.
152 'C 409 t | Proapoptotic fragment, generated by caspase-8, of TRAF1,

Mm Traf1 DLEVD ' YRA..A |Nd" | 3 regulator of apoptosis. Cys-TRAF1 is an N-end rule substrate.
1118 'D 1812 s | Proapoptotic fragment, generated by caspase-3, of the tumor

Mm Brcat DDLLD BJVEL..D | Nd™ | suppressor BRCA1. Asp-BRCA1 is an N-end rule substrate.

) 236 Y 647 p Proapoptotic fragment, generated by caspase-3, of LIMK1,

Hs Limk1 LDEID'LLIQ.D |Nd a Ser/Thr protein kinase. Leu-LIMK1 is an N-end rule substrate.
626 VY 834 p Proapoptotic fragment, generated by caspase-3, of NEDD9, a

Hs Nedd9 | MDDYD' T VHL..F [Nd" | regulator of cell adhesion. Tyr-NEDDS is an N-end rule substrate.
66 V 195 p Proapoptotic fragment, generated by calpains, of BID, a regulator

Hs-Bid HSRLG INIEA..D |[Nd"™ | of apoptosis. Arg-BID is an N-end rule substrate.

56 ' 233 s | Proapoptotic fragment, generated by calpains, of the antiapoptotic

Mm Bely, | SWHLA Dspa.k |Nd regulator BCLy,. Asp-BCLy is an N-end rule substrate.
9 Y 196 Proapoptotic fragment, generated by caspase-3, of the apoptosis

. P p gment, g y caspase-3, pop

Mm Bimg_ | SSECD REGG---H Nd regulator BIMg.. Arg-BIMg_is an N-end rule substrate.
769 VD 986 s| Proapoptotic fragment, generated by caspase-3, of the dependence

Mm Ephad | RVLED LJPEA..V | Nd™| receptor EPHA4. Cys-EPHA4 is an N-end rule substrate.
996 'Y 1379 p| Proapoptotic fragment, generated by caspase-3, of the dependence

MmMet | NESVD TRAT..S |Nd"| receptor MET. Tyr-MET is an N-end rule substrate.

Proapoptotic protein fragments that remain to be verified as Arg/N-degron substrates

325 'N 676 t | Proapoptotic fragment, generated by caspase-3, of the antiapoptotic
Hs PkC3 EDMQD INSGT..D | Nd protein kinase C3. Asn-PKC3J is a likely N-end rule substrate.
350 Y 706 Proapoptotic fragment, generated by caspase-3, of the antiapoptotic
p ] )
Hs PkC6 LDEVD KMCH~--S Nd protein kinase CB. Lys-PKCB is a likely N-end rule substrate.
236 Y 675 Proapoptotic fragment, generated by caspase-3, of the antiapoptotic
Hs Etk eoFPD’ Wwav..H | NaP ETK/BMX tyrosine kinase. Trp-ETK is a likely N-end rule substrate.
432 \/ 1202 t | Proapoptotic fragment, generated by caspase-3, of the SLK kinase,
Mm Slk PDTQD QQTV...S Nd" | a regulator of actin. GIn-SLK is a likely N-end rule substrate.
381 VI 833 p| Proapoptotic fragment, generated by caspase-3, of the Ser/Thr
Hs Hpk1 | YDDVD'IPTP..L |Nd"| kinase HPK1. lle-HPK1 is a likely N-end rule substrate.
414 ' 756 p Proapoptotic fragment, generated by caspase-3, of the mismatch
Hs-Mlh1 EDKTD liss..C Nd™ | repair protein MLH1. lle-MLH1 is a likely N-end rule substrate.

Fig. S6. Natural poapoptotic proteifC-terminal (Ct)fragments that arexperimentally
confirmedsubstratesf the Arg/Ndegronpathway, andome proapoptoti€t-fragments
that remain to be verified as sushbstratesThe list of either confirmed or putative

Arg/N-degron substrates in this and other figures (Figs. S7 and B&) a subset of the
knownlist of putative Arg/Ndegron substrates, most of which remain t@Xxgerimentally
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verified as suchThe nameof a proteinon the leftis preceded byheacronym of aspecies
(Hs, Homo sapiensMim, Mus musculus Amino acid reidues are indicated by single
letter abbreviations. lowheadsand enlarged residgen red,indicateP 1résiduesof
cleavage sites.e., the Niresidues of Gfragmentsof theindicatedcleaved fulllength
proteins Primary, secondary and tertiary tislizing N-terminal residues are denoted as
NdP, Nc® and Nd, respectively(17, 27) If a depicted cleavage sitetie one recognized by
a caspase (the exceptions, in the present list, acalpa&in clesage sites that yield
Asp-Bclx. and ArgBid), the site is underlined. Thiesiduenumber on the lefs of the

first shown residue of uncleaved protaimmberd as in &ull-length protein. Theaumber
on the rightis of the last residue of a fulength potein.

The first section of this figure describes 10 previously identiiegdral
proapoptoticCt-fragments, specificallys-Ripkl, CysTrafl, Asp-Brcal, Leu-Limk1,
Tyr-Nedd, Arg-Bid, Asp-Bclx., Arg-BimeL, Asp-Epha4, and TyMet. They were found
to beshortlived substrates of the Arg/Bind rule pathway?28). Thef i g usecend s
section describes sixther previously identified proapoptoti-fragmentqall of them are
produced by caspasesdring destabilizing Ntesidue that can be recognized by the
Arg/N-degronpathway. These fragmes remain to be verified as Argftlegron substrates

AsnPkCl i £tfragmentofte pr ot ei n Ckii) n eastea gebarate P k
by (in particular) caspasg& This fragmenbears NtAsnand is proapoptotic, in contrast to
the fulFlengthPkC 0 k i(28-33¥ Llg/s-PkCdis the Ctfragme nt of t he pr ot ei n
(PkCd) . This fragment can be -PhearsNiLgstamdds by (i n
proapoptotic, in contrast to the {ingthPkC d  k i(3d)arg&tk is theCt-fragment of
the Etk/Bmayrosine kinae, a member of the Btk/Tek family of kinases, at least some of
whichregulate apoptosis. The FEik fragmentcan begeneratedby (in particular)
caspases, bears N{Trp, and is proapoptotic, in contrast to the fielhgthEtk kinase(35).
GIn-Slk is theCt-fragment ofSlk, a Ste2@elated protein kinase that plays a role in
regulaton of actin fibers. The Gh$lk fragment can be generated by (in particular)
caspase, bears N{GIn, and is proapoptotic. The concomitarpippduced Nfragment of
Slk is also proapoptoti¢36). lle-Hhp1l is the Gfragment of the hematopoieticqmenitor
kinase 1 (Hpk), a Ste20-related protein kinase whose functions include stimulation of the
stressactivated protein kinases SAPKs/JN&®d theNF-a Branscriptionalegulon. The
lle-Hpk1 fragmentcan begeneratedby (in particular)caspase, bears Nle, and is
proapoptott, in contrast to the fulengthHk1 kinaseg(37). lle-MlIh1 is the Cifragment &
the mismatch repair Mhlproteinthatcan be genated by (in particular) caspa8ebears
Nt-lle, resides in the cytosol (unlike the fldgingth nuclear MLH1) and is proapoptotic, in
contrast to fullength MLH1(38).



Fig. S7. Calpairgenerated @erminal(Ct) fragments of mammalian proteins that are
either identified or predted substrates of the Arg/tlegronpathway.The entries whose
numbers are colored in green are the experimentally identifiettsigssof the
Arg/N-degran pathway(39). The entries whose numbers are oetbin black are predicted
Arg/N-degronsubstrates. Each entry cites a calpgenerated Clragment ofa protein and
10



