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SUMMARY

Na-terminal acetylation of cellular proteins was
recently discovered to create specific degradation
signals termed Ac/N-degrons and targeted by the
Ac/N-end rule pathway. We show that Hcn1, a sub-
unit of the APC/C ubiquitin ligase, contains an Ac/
N-degron that is repressed by Cut9, another APC/C
subunit and the ligand of Hcn1. Cog1, a subunit of
the Golgi-associated COG complex, is also shown
to contain an Ac/N-degron. Cog2 and Cog3, direct li-
gands of Cog1, can repress this degron. The subunit
decoy technique was used to show that the long-
lived endogenous Cog1 is destabilized and de-
stroyed via its activated (unshielded) Ac/N-degron if
the total level of Cog1 increased in a cell. Hcn1 and
Cog1 are the first examples of protein regulation
through the physiologically relevant transitions that
shield and unshield natural Ac/N-degrons. This
mechanistically straightforward circuit can employ
the demonstrated conditionality of Ac/N-degrons to
regulate subunit stoichiometries and other aspects
of protein quality control.

INTRODUCTION

Approximately 90% of human proteins are Na-terminally acety-
lated (Nt-acetylated) (Arnesen et al., 2009; Polevoda and Sher-
man, 2003; Van Damme et al., 2012). Nt-acetylation is apparently
irreversible, in contrast to acetylation-deacetylation of internal ly-
sines in cellular proteins (Starheim et al., 2012). Nt-acetylation
can occur posttranslationally, but the bulk of it is cotranslational,
being mediated by ribosome-associated Nt-acetylases (Gaut-
schi et al., 2003; Park and Szostak, 1992).

We discovered that one biological function of Nt-acetylation is
the creation of specific degradation signals (degrons) in cellular
proteins (Hwang et al., 2010b). Nt-acetylated proteins are tar-
geted by a specific branch of the N-end rule pathway. This
pathway recognizes proteins containing N-terminal degradation
signals called N-degrons, polyubiquitylates these proteins, and
thereby causes their degradation by the proteasome (see Fig-

ures S1A and S1B online). The main determinant of an N-degron
is a destabilizing N-terminal residue of a protein. Recognition
components of the N-end rule pathway are called N-recognins.
In eukaryotes, N-recognins are E3 ubiquitin (Ub) ligases that
can target N-degrons. Regulated destruction of specific proteins
by the N-end rule pathway mediates a strikingly broad range of
biological functions, cited in the legend to Figure S1 (Dougan
et al., 2012; Mogk et al., 2007; Tasaki et al., 2012; Varshavsky,
2008, 2011).
In eukaryotes, the N-end rule pathway comprises two

branches, the Arg/N-end rule pathway and the Ac/N-end rule
pathway (Figures S1A and S1B). The Arg/N-end rule pathway
targets specific unacetylated N-terminal residues. N-terminal
Arg, Lys, His, Leu, Phe, Tyr, Trp, and Ile are directly recognized
by E3 N-recognins. In addition, N-terminal Asn, Gln, Asp, and
Glu (as well as Cys, under somemetabolic conditions) are desta-
bilizing owing to their preliminary enzymaticmodifications, which
include Nt-deamidation and Nt-arginylation (Figure S1B) (Hwang
et al., 2010a; Piatkov et al., 2012; Varshavsky, 2011).
In contrast to the Arg/N-end rule pathway, the Ac/N-end rule

pathway targets proteins through their Nt-acetylated residues,
largely Nt-acetylated Met, Ala, Val, Ser, Thr, or Cys. These
degradation signals are called Ac/N-degrons, to distinguish
them from other N-degrons. In the first study of these degrada-
tion signals, seven out of nine natural Nt-acetylated proteins in
the yeast Saccharomyces cerevisiae (MATa2, His3, Tbf1, Slk1,
Aro8, Hsp104, and Ymr090w) were shown to contain Ac/N-
degrons (Hwang et al., 2010b). (Because the assays employed
were definitive only in positive cases, the other two proteins
may also contain Ac/N-degrons.) In addition, Cog1 and Hcn1,
the proteins of this study, have also been found to contain Ac/
N-degrons, as described below. Given the quasirandom choices
of the 11 natural Nt-acetylated proteins examined so far, it is
likely that Ac/N-degrons are present in many (possibly most)
Nt-acetylated proteins. We suggested that the biological roles
of Ac/N-degrons encompass protein quality control, including
the regulation of input stoichiometries of subunits in oligomeric
proteins (Hwang et al., 2010b; Varshavsky, 2011). In the latter
process, a free subunit of a protein complex is short-lived until
the subunit becomes a part of the cognate complex.
Consider an oligomeric protein in which a subunit’s Nt-acety-

lated residue is sterically shielded. The initial destruction,
through an Ac/N-degron, of some of this subunit’s newly formed
molecules would be halted by formation of the oligomer and the
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Doa10 E3 contributes to the targeting of proteins through ERAD,
in addition to being an N-recognin of the Ac/N-end rule pathway.
Consequently, Ac/N-degrons and the Ac/N-end rule pathway
may also contribute to ERAD, a verifiable proposition.

We conclude by noting that the physiologically relevant condi-
tionality of Ac/N-degrons that has been demonstrated and
analyzed in the present study is fundamentally analogous to con-
ditional properties of other degradation signals, including inter-
nal degrons. These aspects of internal degrons, while clearly
present and probably critical to their physiology (Ravid and
Hochstrasser, 2008), are largely unexplored.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Genetic Techniques
Tables S1 and S2 describe S. cerevisiae strains and plasmids. Standard tech-

niques were employed for strain and plasmid construction.

Cycloheximide-Chase and Pulse-Chase Assays
Cycloheximide-chase and pulse-chase assays were carried out largely as

described (Hwang et al., 2010b). The Odyssey near-infrared scanner (Li-Cor)

was used for immunoblotting analyses and quantification.

Antibody Specific for Nt-Acetylated Cog1
The Nt-acetylated peptide AcMDEVLPLFRDSC and its unacetylated counter-

part MDEVLPLFRDSC were synthesized by Abgent (San Diego, CA). Produc-

tion of the anti-Cog1AcNt antibody is described in the Supplemental Experi-

mental Procedures.

Coimmunoprecipitation of Cog1 with Cog2-Cog4
S. cerevisiae coexpressing Flag-tagged MD-Cog1wt and either Cog3 or Cog4

(ha-tagged) were lysed, and clarified extracts were subjected to coIP using

anti-Flag magnetic beads.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, two tables, and Supplemental References and can be found

with this article at http://dx.doi.org/10.1016/j.molcel.2013.03.018.
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T H E  U B I Q U I T I N  S Y S T E M  A N D  T H E  N - E N D  R U L E  P A T H W A Y  
 

Summary:   
Our main subject is the ubiquitin system.  The field of ubiquitin and regulated protein degradation 
was created in the 1980s, largely through the complementary discoveries by the laboratory of A. 
Hershko (Technion, Israel) and by my laboratory, then at MIT.  
 
In 1978-1985, the elegant biochemical insights by Hershko and coworkers produced the initial 
understanding of ubiquitin-mediated protein degradation in cell extracts, including the isolation of 
enzymes that mediate ubiquitin conjugation.  In 1984-1990, these mechanistic (enzymological) 
advances with cell-free systems were complemented by our genetic and biochemical discoveries 
with mammalian cells and the yeast Saccharomyces cerevisiae that revealed the biology of the 
ubiquitin system, including the first demonstration that the bulk of protein degradation in living cells 
requires ubiquitin conjugation and the discovery of the first ubiquitin-conjugating (E2) enzymes with 
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Figure S1. The Ac/N-End Rule Pathway, the Arg/N-End Rule Pathway, and the Steric 
Sequestration of Nα-Terminally Acetylated N-Termini of Cellular Proteins. 

(A) The Ac/N-end rule pathway in the yeast Saccharomyces cerevisiae (Hwang et al., 
2010b; Varshavsky, 2011). N-terminal residues are indicated by single-letter abbreviations for 
amino acids. A yellow oval denotes the rest of a protein substrate. E3 ubiquitin (Ub) ligases of the 

Figure	  S1.	  The	  Ac/N-‐End	  Rule	  Pathway,	  the	  Arg/N-‐End	  Rule	  Pathway,	  and	  the	  Steric	  
Sequestra?on	  of	  Nα-‐Terminally	  Acetylated	  N-‐Termini	  of	  Cellular	  Proteins.	  	  
(A)	  The	  Ac/N-‐end	  rule	  pathway	  in	  the	  yeast	  Saccharomyces	  cerevisiae.	  N-‐terminal	  residues	  
are	  indicated	  by	  single-‐leJer	  abbrevia?ons	  for	  amino	  acids.	  A	  yellow	  oval	  denotes	  the	  rest	  
of	  a	  protein	  substrate.	  E3	  ubiqui?n	  (Ub)	  ligases	  of	  the	  N-‐end	  rule	  pathway	  are	  called	  N-‐
recognins.	  The	  Doa10	  E3	  N-‐recognin	  physically	  binds	  to	  Nα-‐terminally	  acetylated	  (Nt-‐
acetylated)	  polypep?des	  and	  contributes	  to	  the	  in	  vivo	  degrada?on	  of	  previously	  
examined	  Nt-‐acetylated	  proteins.	  In	  the	  present	  study,	  we	  iden?fied	  Not4	  as	  a	  puta?ve	  
second	  N-‐recognin	  of	  the	  Ac/N-‐end	  rule	  pathway	  (Figure	  2	  and	  Discussion).	  Red	  arrow	  on	  
the	  leT	  indicates	  the	  removal	  of	  N-‐terminal	  Met	  by	  Met-‐aminopep?dases	  (MetAPs).	  N-‐
terminal	  Met	  is	  retained	  if	  a	  residue	  at	  posi?on	  2	  is	  nonpermissive	  (too	  large)	  for	  MetAPs.	  
If	  the	  retained	  N-‐terminal	  Met	  or	  N-‐terminal	  Ala,	  Val,	  Ser,	  Thr,	  and	  Cys	  are	  followed	  by	  
acetyla?on-‐permissive	  residues,	  the	  cited	  N-‐terminal	  residues	  are	  usually	  Nt-‐acetylated	  by	  
the	  Nt-‐acetylases	  NatA-‐NatD,	  the	  bulk	  of	  which	  is	  associated	  with	  the	  ribosomes.	  Although	  
second-‐posi?on	  Gly	  or	  Pro	  can	  be	  made	  N-‐terminal	  by	  MetAPs	  and	  although	  the	  Doa10	  E3	  
N-‐recognin	  can	  recognize	  Nt-‐acetylated	  Gly	  or	  Pro,	  few	  proteins	  with	  N-‐terminal	  Gly	  or	  Pro	  
are	  Nt-‐acetylated.	  See	  Figure	  S2	  for	  a	  summary	  of	  Nt-‐acetyla?on	  vis-‐à-‐vis	  specific	  N-‐
terminal	  residues.	  The	  Nt-‐acetyla?on-‐mediated	  N-‐degrons	  are	  called	  Ac/N-‐degrons,	  to	  
dis?nguish	  them	  from	  other	  N-‐degrons.	  The	  term	  “secondary”	  refers	  to	  the	  requirement	  
for	  a	  modifica?on	  (Nt-‐acetyla?on)	  of	  a	  destabilizing	  N-‐terminal	  residue	  before	  a	  protein	  
can	  be	  recognized	  by	  a	  cognate	  N-‐recognin.	  Physiological	  func?ons	  of	  the	  Ac/N-‐end	  rule	  
pathway	  are	  discussed	  in	  the	  main	  text.	  	  
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Figure S1. The Ac/N-End Rule Pathway, the Arg/N-End Rule Pathway, and the Steric 
Sequestration of Nα-Terminally Acetylated N-Termini of Cellular Proteins. 

(A) The Ac/N-end rule pathway in the yeast Saccharomyces cerevisiae (Hwang et al., 
2010b; Varshavsky, 2011). N-terminal residues are indicated by single-letter abbreviations for 
amino acids. A yellow oval denotes the rest of a protein substrate. E3 ubiquitin (Ub) ligases of the 

(B)	  The	  Arg/N-‐end	  rule	  pathway	  in	  S.	  cerevisiae	  (Varshavsky,	  2011).	  The	  Ubr1/Rad6	  E3-‐E2	  N-‐
recognin	  Ub	  ligase	  directly	  recognizes	  (binds	  to)	  the	  “primary”	  destabilizing	  N-‐terminal	  residues	  
Arg,	  Lys,	  His,	  Leu,	  Phe,	  Tyr,	  Trp	  and	  Ile.	  In	  contrast,	  N-‐terminal	  Asn,	  Gln,	  Asp,	  and	  Glu	  (as	  well	  as	  
Cys,	  under	  some	  metabolic	  condi?ons)	  are	  destabilizing	  owing	  to	  their	  preliminary	  enzyma?c	  
modifica?ons.	  These	  include	  the	  Nt-‐deamida?on	  of	  N-‐terminal	  Asn	  and	  Gln	  by	  the	  Nta1	  Nt-‐
amidase	  and	  the	  Nt-‐arginyla?on	  of	  N-‐terminal	  Asp	  and	  Glu	  by	  the	  Ate1	  arginyltransferase	  (R-‐
transferase),	  which	  can	  also	  Nt-‐arginylate	  oxidized	  Cys,	  either	  Cys-‐sulfinate	  or	  Cys-‐sulfonate.	  
These	  deriva?ves	  of	  N-‐terminal	  Cys	  can	  form	  in	  cells	  that	  produce	  nitric	  oxide	  (NO)	  and	  may	  
also	  form	  in	  S.	  cerevisiae.	  One	  aspect	  of	  the	  S.	  cerevisiae	  Arg/N-‐end	  rule	  pathway	  that	  is	  not	  
illustrated	  in	  this	  diagram	  is	  a	  physical	  and	  func?onal	  interac?on	  between	  the	  Ubr1	  E3	  of	  the	  
Arg/N-‐end	  rule	  pathway	  and	  the	  Ufd4	  E3	  of	  the	  previously	  characterized	  Ub-‐fusion-‐degrada?on	  
(UFD)	  pathway.	  Specifically,	  the	  targe?ng	  apparatus	  of	  the	  Arg/N-‐end	  rule	  pathway	  comprises	  a	  
physical	  complex	  of	  the	  RING-‐type	  E3	  Ubr1	  N-‐recognin	  and	  the	  HECT-‐type	  E3	  Ufd4,	  together	  
with	  their	  cognate	  E2	  enzymes	  Rad6	  and	  Ubc4	  (or	  Ubc5),	  respec?vely.	  In	  addi?on	  to	  its	  two	  
dis?nct	  binding	  sites	  that	  recognize	  type	  1	  (basic)	  and	  type	  2	  (bulky	  hydrophobic)	  destabilizing	  
N-‐terminal	  residues,	  the	  S.	  cerevisiae	  Ubr1	  N-‐recognin	  also	  contains	  (similarly	  to	  its	  
counterparts	  in	  mul?cellular	  eukaryotes)	  at	  least	  one	  more	  binding	  site,	  which	  recognizes	  
substrates	  that	  are	  targeted	  through	  their	  internal	  (non-‐N-‐terminal)	  degrada?on	  signals.	  One	  
example	  of	  such	  a	  substrate	  is	  the	  Cup9	  transcrip?onal	  repressor.	  Polyubiquitylated	  N-‐end	  rule	  
substrates	  are	  processively	  destroyed	  to	  short	  pep?des	  by	  the	  26S	  proteasome.	  Hemin	  (Fe3+-‐
heme)	  binds	  to	  R-‐transferase	  and	  inhibits	  its	  Nt-‐arginyla?on	  ac?vity.	  Hemin	  also	  binds	  to	  Ubr1	  
and	  alters	  its	  func?onal	  proper?es,	  in	  ways	  that	  remain	  to	  be	  understood.	  	  

	  Regulated	  degrada?on	  of	  specific	  proteins	  by	  the	  Arg/N-‐end	  rule	  pathway	  mediates	  the	  
sensing	  of	  heme,	  NO,	  oxygen	  and	  short	  pep?des;	  the	  selec?ve	  elimina?on	  of	  misfolded	  
proteins;	  
the	  regula?on	  of	  DNA	  repair;	  the	  cohesion/segrega?on	  of	  chromosomes;	  the	  signaling	  by	  
transmembrane	  receptors;	  the	  control	  of	  pep?de	  import;	  the	  regula?on	  of	  apoptosis,	  meiosis,	  
viral	  and	  bacterial	  infec?ons,	  fat	  metabolism,	  cell	  migra?on,	  ac?n	  filaments,	  cardiovascular	  
development,	  spermatogenesis,	  neurogenesis,	  and	  memory;	  the	  func?oning	  of	  adult	  organs,	  
including	  the	  brain,	  muscle,	  tes?s,	  and	  pancreas;	  and	  the	  regula?on	  of	  leaf	  and	  shoot	  
development,	  leaf	  senescence,	  and	  many	  other	  func?ons	  in	  plants	  	  
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(C)	  Steric	  shielding	  of	  the	  Nt-‐acetylated	  N-‐terminal	  residue	  of	  a	  subunit	  in	  a	  protein	  
complex.	  Shown	  here	  is	  a	  part	  of	  the	  crystal	  structure,	  by	  the	  Barford	  laboratory,	  of	  a	  
complex	  between	  the	  Hcn1	  and	  Cut9	  subunits	  of	  the	  Schizosaccharomyces	  pombe	  APC/
C	  Ub	  ligase	  (Zhang	  et	  al.,	  2010b).	  In	  this	  structure,	  the	  (indicated)	  Nt-‐acetylated	  N-‐
terminal	  Met	  residue	  of	  Hcn1	  is	  enclosed	  within	  a	  deep	  cleT	  formed	  by	  the	  Cut9	  
subunit,	  in	  the	  heterotetramer	  of	  Hcn1	  and	  Cut9.	  The	  N-‐terminal	  region	  of	  Hcn1	  is	  
shown	  in	  cyan	  as	  a	  s?ck	  model,	  and	  Cut9	  is	  depicted	  as	  a	  cut-‐out	  surface	  
representa?on,	  to	  show	  the	  chamber’s	  interior	  (Zhang	  et	  al.,	  2010b).	  	  
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Figure S1. The Ac/N-End Rule Pathway, the Arg/N-End Rule Pathway, and the Steric 
Sequestration of Nα-Terminally Acetylated N-Termini of Cellular Proteins. 

(A) The Ac/N-end rule pathway in the yeast Saccharomyces cerevisiae (Hwang et al., 
2010b; Varshavsky, 2011). N-terminal residues are indicated by single-letter abbreviations for 
amino acids. A yellow oval denotes the rest of a protein substrate. E3 ubiquitin (Ub) ligases of the 
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Figure S1. The Ac/N-End Rule Pathway, the Arg/N-End Rule Pathway, and the Steric 
Sequestration of Nα-Terminally Acetylated N-Termini of Cellular Proteins. 

(A) The Ac/N-end rule pathway in the yeast Saccharomyces cerevisiae (Hwang et al., 
2010b; Varshavsky, 2011). N-terminal residues are indicated by single-letter abbreviations for 
amino acids. A yellow oval denotes the rest of a protein substrate. E3 ubiquitin (Ub) ligases of the 

(D)	  Model	  of	  interac?ons,	  based	  on	  single-‐par?cle	  electron	  microscopy	  by	  the	  
Hughson	  laboratory,	  among	  the	  subunits	  Cog1-‐Cog4	  that	  form	  a	  specific	  
subcomplex	  of	  the	  S.	  cerevisiae	  COG	  complex	  (Lees	  et	  al.,	  2010).	  The	  head	  of	  an	  
arrow	  and	  its	  blunt	  end	  indicate	  the	  C-‐terminus	  and	  the	  N-‐terminus	  of	  a	  protein,	  
respec?vely.	  The	  green,	  red,	  yellow,	  and	  blue	  arrows	  denote	  Cog1,	  Cog2,	  Cog3	  and	  
Cog4,	  respec?vely	  (Lees	  et	  al.,	  2010).	  Figure	  S1	  refers	  to	  Figures	  1,	  3	  and	  5.	  	  
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Figure S2. N-terminal Processing of Nascent Proteins, the N-termini of COG Subunits, and the 
Nα-Terminal Acetylation in S. cerevisiae.  

(A) N-terminal processing of nascent cellular proteins by Nα-terminal acetylases 
(Nt-acetylases) and Met-aminopeptidases  (MetAPs).  “Ac” denotes the Nα-terminal acetyl moiety. 



Figure	  S2.	  N-‐terminal	  Processing	  of	  Nascent	  Proteins,	  the	  N-‐termini	  of	  COG	  Subunits,	  
and	  the	  Nα-‐Terminal	  Acetyla?on	  in	  S.	  cerevisiae.	  	  
(A)	  N-‐terminal	  processing	  of	  nascent	  cellular	  proteins	  by	  Nα-‐terminal	  acetylases	  (Nt-‐
acetylases)	  and	  Met-‐aminopep?dases	  (MetAPs).	  “Ac”	  denotes	  the	  Nα-‐terminal	  acetyl	  
moiety.	  M,	  Met.	  X	  and	  Z,	  single-‐leJer	  abbrevia?ons	  for	  any	  amino	  acid	  residue.	  Yellow	  
ovals	  denote	  the	  rest	  of	  a	  protein.	  	  
(B)	  The	  first	  5	  encoded	  N-‐terminal	  residues	  of	  the	  Cog1-‐Cog8	  subunits	  of	  the	  
Conserved	  Oligomeric	  Golgi	  (COG)	  complex	  in	  S.	  cerevisiae	  (Miller	  and	  Ungar,	  2012;	  
Sztul	  and	  Lupashin,	  2009).	  The	  Nt-‐acetyla?on	  status	  of	  the	  seven	  COG	  subunits	  (Cog2-‐
Cog8)	  other	  than	  MD-‐Cog1wt	  remains	  to	  be	  determined.	  Save	  for	  Cog3,	  all	  of	  these	  
subunits	  are	  candidates	  for	  Nt-‐acetyla?on	  in	  wild-‐type	  (wt)	  cells.	  	  
(C)	  Substrate	  specifici?es	  and	  subunit	  composi?ons	  of	  S.	  cerevisiae	  Nt-‐acetylases.	  This	  
compila?on	  is	  derived	  from	  data	  in	  the	  literature	  ((Arnesen	  et	  al.,	  2009;	  Helbig	  et	  al.,	  
2010;	  Polevoda	  and	  Sherman,	  2003;	  Starheim	  et	  al.,	  2012;	  Van	  Damme	  et	  al.,	  2012)	  
and	  references	  therein).	  The	  present	  paper	  uses	  the	  revised	  nomenclature	  for	  specific	  
subunits	  of	  Nt-‐acetylases	  (Polevoda	  et	  al.,	  2009)	  and	  cites	  the	  older	  names	  of	  these	  
subunits	  in	  parentheses.	  Figure	  S2	  refers	  to	  Figures	  1	  and	  6.	  	  
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Table S1: S. cerevisiae Strains Used in This Study 

Strain Relevant Genotype Source 
BY4742 MATα  his3-1 leu2-0 lys2-0 ura3-0 can1-100, Open Biosystems 
BY10976 ard1Δ::KanMX6  in  BY4742 Open Biosystems 
BY15470 mak3Δ::KanMX6  in  BY4742 Open Biosystems 
BY15546 nat3Δ::KanMX6  in  BY4742 Open Biosystems 
BY17299 doa10Δ:KanMX6  in  BY4742 Open Biosystems 
BY4741 MATa his3-1 leu2-0 met15-0 ura3-0 Open Biosystems 
BY4425 rad6Δ::  KanMX4  in BY4741 Open Biosystems 
BY14589 cog1Δ::KanMX4  in BY4742 Open Biosystems 
ASY101 COG1-3HA::HIS3MX6 in BY4742 This Study 
ASY102 COG1-3HA::HIS3MX6 in BY17299 This Study 
ASY103 COG1-3HA::HIS3MX6 in BY15546 This Study 
ASY105 COG1-13MYC::HIS3MX6 in BY4742 This Study 
YW05 ubc1Δ::  HIS3  JD52 T. Sommers lab 

collection 
BY4454  mms2Δ::KanMX6  in BY4741 Open Biosystems 
BY3994 ubc5Δ::KanMX6  in BY4741 Open Biosystems 
BY3219 ubc4Δ::KanMX6  in BY4741 Open Biosystems 
BBY67.3 ubc6Δ::HIS3  in JD52 Varshavsky lab 

collection 
BY597 ubc7Δ::KanMX6  in BY4741 Open Biosystems 
BY6577 ubc8Δ::  KanMX6  in BY4741 Open Biosystems 
BY4763 ubc10Δ::  KanMX6  in BY4741 Open Biosystems 
BY1636 ubc11Δ::  KanMX6  in BY4741 Open Biosystems 
BY5214 ubc12Δ::  KanMX6  in BY4741 Open Biosystems 
BY4027 ubc13Δ::  KanMX6  in BY4741 Open Biosystems 
AS104 ubc6Δ::HIS3,  ubc7Δ::KanMX6  in JD52 This Study 
BY10568 erg6Δ::KanMX6  in BY4742 Open Biosystems 
RJD3268 MATa, uba1::KANMX [pRS313 - UBA1-HIS], can1-100, 

leu2-3, -112, his3-11, -15, trp1-1, ura3-1, ade2-1 
(Ghaboosi and 
Deshaies, 2007) 

RJD3269  MATa, uba1Δ::KanMX [pRS313-uba1-204-HIS], can1-
100, leu2-3, -112, his3-11, -15, trp1-1, ura3-1, ade2-1 

(Ghaboosi and 
Deshaies, 2007) 

JD52 MATa trp1- 63 ura3-52 his3- 200 leu2-3112. lys2-801 (Hwang et al., 
2010b) 

CHY49 pdr5Δ::KanMX6  in  JD52 (Dohmen et al., 
1995) 

CHY345 ubr1Δ::LEU2  in BY4742 This Study 
CHY346 ubr1Δ::LEU2  doa10Δ::KANMX6  in BY4742 This Study 
AS106 not4Δ::HIS3MX6 in BY4742 This Study 
AS107 not4Δ::HIS3MX6 doa10Δ::KANMX6  in BY4742 This Study 
AS108 not4Δ::HIS3MX6 ubr1Δ::LEU2  in BY4742 This Study 
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Table S2: Plasmids Used in This Study 

Plasmid Description Source 
p316Cup1 pRS316 with PCUP1 promoter This study 
p313Cup1 pRS313 with PCUP1 promoter This study 
pAS101 Cog1-3flag in p316CUP1 This study 
pAS117 MPCog1-3flag in p316Cup1 This study 
pAS102 Cog2-3flag in p316CUP1 This study 
pAS103 Cog1-3flag in p313CUP1 This study 
pAS104 Cog1-3HA in p316CUP1 This study 
pAS105 Cog1-HA in p316CUP1 This study 
pAS106 Cog3-HA in p316CUP1 This study 
pAS107 Cog4-HA in p316CUP1 This study 
pAS108 Cog5-HA in p316CUP1 This study 
pAS109 Cog6-HA in p316CUP1 This study 
pAS110 Cog8-HA in p316CUP1 This study 
pAS111 Cog1-3flag in p425GAL1 This study 
p413MET25 pRS413 with PMET25 promoter (Mumberg et al., 1994) 
pAS112 Hcn1-3flag in p423CUP1 This study 
pAS113 Hcn1-3flag in p413MET25 This study 
p425Gal1 pRS425 with PGAL1 promoter (Mumberg et al., 1994) 
pAS114 Cut9-3flag in p425GAL1 This study 
pAS115 Cog2-3flag, Cog3-HA in p423GAL1,10 This study 
pAS116 Cog4-HA in p425GAL1,10 This study 
pAS118 Cog1-3flag in YEPlac181 with pAdh1 This study 
YEPlac181 2μ  LEU2  plasmid Varshavsky lab collection 
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N-terminal sequences of mutant proteins were Met-Lys (MK)
and Pro-Asp (PD), respectively, the latter after the cotransla-
tional removal of N-terminal Met. Either N-terminal Pro followed
by any residue or N-terminal Met followed by a basic residue
are not Nt-acetylated in S. cerevisiae (Figure S2C) (Arnesen
et al., 2009; Goetze et al., 2009). In agreement with the pres-
ence of an Ac/N-degron in MD-Cog1wt, the non-Nt-acetylatable
MK-Cog1D2K and P-Cog1D2P were long-lived in CHX-chases, in
addition to their increased levels at the beginning of the chase
(Figure 1A and Figure S3B). P-Cog1D2P was also stabilized in
35S-pulse-chases (Figures 1B–1D).

The degradation of MD-Cog1wt was mediated largely by
the proteasome, as shown using either pdr5D S. cerevisiae,
which allowed for the intracellular retention of MG132, a pro-
teasome inhibitor (Figures S3D and S3E), or through the use
of WT cells made permeable to MG132 by low levels of SDS
(Figure S3G). MD-Cog1wt was also examined using the condi-
tional uba1-204 allele of the Uba1 Ub-activating (E1) enzyme
(Ghaboosi and Deshaies, 2007). MD-Cog1wt was short-lived
in WT and uba1-204 cells at 30!C and remained short-lived
in WT cells at the nonpermissive temperature of 37!C (Fig-
ure S3H). In contrast, MD-Cog1wt was stabilized at 37!C in

Figure 1. The Ac/N-Degron of Cog1
(A) Cycloheximide (CHX)-chases were performed at 30!C with WT or doa10D S. cerevisiae expressing either WT Cog1, termed MD-Cog1wt, or its MK-Cog1

derivative in which Asp2 was replaced with Lys2. Both proteins were C-terminally ha-tagged. At the indicated times of chase, proteins in cell extracts were

fractionated by SDS-PAGE and assayed by immunoblotting with anti-ha antibody.

(B) 35S-pulse-chase with MD-Cog1wt or P-Cog1 in WT, doa10D, or naa10D (ard1D) S. cerevisiae, the latter strain lacking the catalytic subunit of the noncognate

(for MD-Cog1wt) NatA Nt-acetylase (Figure S2). Cog1 proteins were C-terminally tagged with three Flag epitopes modified to contain a Met residue in each

epitope, to increase 35S-Met in Cog1.

(C) Same as in (B) but another 35S-pulse-chase. It included naa20D (nat3D) S. cerevisiae lacking the catalytic subunit of the cognate (for MD-Cog1wt) NatB Nt-

acetylase (Figure S2).

(D) Quantification of data in (C). A, MD-Cog1wt in WT cells. :, MD-Cog1wt in naa20D cells. -, P-Cog1 in WT cells.

(E) Anti-Cog1AcNt antibody specific for Nt-acetylatedMD-Cog1wt (see Figures S4A–S4C) was used for immunoblotting in CHX-chase assays withMD-Cog1wt and

P-Cog1 (C-terminally tagged with three Flag epitopes) in either WT or naa20D (nat3D) S. cerevisiae.

(F) Same as in (E), except that membrane was reprobed with anti-Flag antibody.

(G) Quantification of anti-Cog1AcNt-specific immunoblotting patterns in (E) using a linear scale, with the level ofMD-Cog1wt at time zero inWT cells taken as 100%.

A, MD-Cog1wt in WT cells. :, MD-Cog1wt in naa20D cells. -, P-Cog1 in WT cells.

(H) Same as in (G) but a semilog plot of the Flag-specific Cog1 immunoblotting patterns in (F). Same designations as in (G). See also Figure S1, Figure S2,

Figure S5, Table S1, and Table S2.
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MK-Cog1D2K and P-Cog1D2P were long-lived in CHX-chases, in
addition to their increased levels at the beginning of the chase
(Figure 1A and Figure S3B). P-Cog1D2P was also stabilized in
35S-pulse-chases (Figures 1B–1D).

The degradation of MD-Cog1wt was mediated largely by
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tional uba1-204 allele of the Uba1 Ub-activating (E1) enzyme
(Ghaboosi and Deshaies, 2007). MD-Cog1wt was short-lived
in WT and uba1-204 cells at 30!C and remained short-lived
in WT cells at the nonpermissive temperature of 37!C (Fig-
ure S3H). In contrast, MD-Cog1wt was stabilized at 37!C in
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(A) Cycloheximide (CHX)-chases were performed at 30!C with WT or doa10D S. cerevisiae expressing either WT Cog1, termed MD-Cog1wt, or its MK-Cog1

derivative in which Asp2 was replaced with Lys2. Both proteins were C-terminally ha-tagged. At the indicated times of chase, proteins in cell extracts were

fractionated by SDS-PAGE and assayed by immunoblotting with anti-ha antibody.

(B) 35S-pulse-chase with MD-Cog1wt or P-Cog1 in WT, doa10D, or naa10D (ard1D) S. cerevisiae, the latter strain lacking the catalytic subunit of the noncognate

(for MD-Cog1wt) NatA Nt-acetylase (Figure S2). Cog1 proteins were C-terminally tagged with three Flag epitopes modified to contain a Met residue in each

epitope, to increase 35S-Met in Cog1.

(C) Same as in (B) but another 35S-pulse-chase. It included naa20D (nat3D) S. cerevisiae lacking the catalytic subunit of the cognate (for MD-Cog1wt) NatB Nt-

acetylase (Figure S2).

(D) Quantification of data in (C). A, MD-Cog1wt in WT cells. :, MD-Cog1wt in naa20D cells. -, P-Cog1 in WT cells.

(E) Anti-Cog1AcNt antibody specific for Nt-acetylatedMD-Cog1wt (see Figures S4A–S4C) was used for immunoblotting in CHX-chase assays withMD-Cog1wt and

P-Cog1 (C-terminally tagged with three Flag epitopes) in either WT or naa20D (nat3D) S. cerevisiae.

(F) Same as in (E), except that membrane was reprobed with anti-Flag antibody.

(G) Quantification of anti-Cog1AcNt-specific immunoblotting patterns in (E) using a linear scale, with the level ofMD-Cog1wt at time zero inWT cells taken as 100%.

A, MD-Cog1wt in WT cells. :, MD-Cog1wt in naa20D cells. -, P-Cog1 in WT cells.

(H) Same as in (G) but a semilog plot of the Flag-specific Cog1 immunoblotting patterns in (F). Same designations as in (G). See also Figure S1, Figure S2,
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C-terminally triply ha-tagged MD-Cog1wt (MD-Cog1wt
3ha) from

the endogenous PCOG1 promoter. Remarkably, in cells express-
ing solely the endogenous MD-Cog1wt

3ha, it was much more sta-
ble than the triply Flag-tagged MD-Cog1wt

3f overexpressed from
the PCUP1 promoter. Specifically, less than 10% of the endog-
enous MD-Cog1wt

3ha was degraded during 2 hr of CHX-chase,
in contrast to degradation of the bulk of overexpressed
MD-Cog1wt

3f (Figure 3A versus, for example, Figures 1A and
1F). In addition, the metabolic stability of endogenous
MD-Cog1wt

3ha remained unaltered in naa20D cells lacking the
cognate NatB Nt-acetylase, in contrast to a strong stabilization

of the (short-lived) overexpressed MD-Cog1wt
3f in the absence

of NatB (Figures 3A and 3B versus Figure 1C and Figures
S3A and S3C). The reason for this striking difference in stability
between the endogenous Cog1 and overexpressed Cog1
was identified through the subunit decoy technique, as
described below.

Subunit Decoy Technique Reveals the Cause of Stability
of Endogenous Cog1
The results described so far suggested that the stability of
endogenous MD-Cog1wt (Figure 3A) stems from sequestration
of its Ac/N-degron by other COG subunits during the assembly
of the degradation-resistant COG complex. We addressed this
possibility by an approach termed the subunit decoy technique.
First, a C-terminally epitope-tagged protein of interest is ex-
pressed at its endogenous level from its native chromosomal
location and transcriptional promoter. Second, the same protein
but C-terminally tagged with a different epitope is also ex-
pressed in these cells, as described in Figure 4A.
Cells expressing WT levels of MD-Cog1wt

13myc (C-terminally
tagged with 13 myc epitopes) from the chromosomal COG1 lo-
cuswere transformed either with a vector alone or with a plasmid
expressing the otherwise identical MD-Cog1wt

3f (C-terminally
tagged with three Flag epitopes) from the constitutive PADH1 pro-
moter (Figure 4B). Remarkably, whereas the endogenous MD-
Cog1wt

13myc was stable in the absence of ectopically expressed
MD-Cog1wt

3f , the same endogenous MD-Cog1wt
13myc became a

short-lived protein in the presence of the (also short-lived) MD-
Cog1wt

3f (Figures 3A and 3B and Figures 4B and 4C). In another
design of the subunit decoy experiment, cells expressing WT
levels of MD-Cog1wt

3ha (C-terminally tagged with three ha epi-
topes) from the chromosomal COG1 locus were transformed
with a plasmid expressing the otherwise identical MD-Cog1wt

3f

from the galactose-inducible PGAL1 promoter. In glucose me-
dium, where MD-Cog1wt

3f was not expressed, the endogenous
MD-Cog1wt

3ha was long-lived (t1/2 [ 1 hr), as evidenced by its
stability in a CHX-chase and the absence of a significant change
in naa20D cells lacking the cognate NatB Nt-acetylase (Fig-
ure 3B). In striking contrast, the same endogenous MD-
Cog1wt

3ha became short-lived (t1/2 < < 30 min) in the presence of
galactose, which induced MD-Cog1wt

3f (Figures 4D–4F). As
described in the Discussion, these technically robust results
are likely to be of general significance (i.e., far beyond the subject
of Cog1), because the conditional sequestration model of Ac/N-
degrons (see the Introduction) predicts the observed destabiliza-
tion of endogenous MD-Cog1wt in the presence of additional
Cog1 molecules in a cell.

The Ac/N-Degron of Hcn1, a Subunit of the APC/C
Ubiquitin Ligase
In the crystal structure, by Barford and colleagues, of the com-
plex between the APC/C subunits Hcn1 and Cut9 of S. pombe
(Zhang et al., 2010), the Nt-acetylated Met residue of Hcn1
was found to be enclosed within a chamber of the folded Cut9
subunit (Figure S1C). Zhang et al. (2010) suggested that this
configuration might be the first structurally explicit example of
the sequestration of Ac/N-degrons proposed by Hwang et al.
(2010b).

Figure 2. Stabilization of Cog1 in S. cerevisiae Lacking the Not4
E3 Ubiquitin Ligase
(A) CHX-chases with yeast expressing MD-Cog1wt C-terminally tagged with

three Flag epitopes. Lane M and red stars, Mr markers of 37, 50, and 100 kDa,

respectively. MD-Cog1wt in WT yeast (lanes 1–3), and in not4D (lanes 4–6),

not4D ubr1D (lanes 7–9), and not4D doa10D mutants (lanes 10–12).

(B) Quantification of immunoblots in H, with the level of MD-Cog1wt in not4D

cells at the beginning of chase taken as 100%.-, MD-Cog1wt C in not4D cells

(black curve). A, MD-Cog1wt in WT cells (red curve). :, MD-Cog1wt in not4D

ubr1D cells (green curve). X, MD-Cog1wt in not4D doa10D cells (blue curve).

(C) Same as in (A) but an independent CHX-chase, and immunoblotting with

anti-Cog1AcNt antibody specific for Nt-acetylatedMD-Cog1wt. Lane M and red

star, an Mr marker of 50 kDa. MD-Cog1wt in WT yeast (lanes 1–3), and in

naat20D (nat3D) (lanes 4–6), and not4Dmutants lanes 7–9). See also Figure S5.
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in contrast to degradation of the bulk of overexpressed
MD-Cog1wt

3f (Figure 3A versus, for example, Figures 1A and
1F). In addition, the metabolic stability of endogenous
MD-Cog1wt

3ha remained unaltered in naa20D cells lacking the
cognate NatB Nt-acetylase, in contrast to a strong stabilization

of the (short-lived) overexpressed MD-Cog1wt
3f in the absence

of NatB (Figures 3A and 3B versus Figure 1C and Figures
S3A and S3C). The reason for this striking difference in stability
between the endogenous Cog1 and overexpressed Cog1
was identified through the subunit decoy technique, as
described below.

Subunit Decoy Technique Reveals the Cause of Stability
of Endogenous Cog1
The results described so far suggested that the stability of
endogenous MD-Cog1wt (Figure 3A) stems from sequestration
of its Ac/N-degron by other COG subunits during the assembly
of the degradation-resistant COG complex. We addressed this
possibility by an approach termed the subunit decoy technique.
First, a C-terminally epitope-tagged protein of interest is ex-
pressed at its endogenous level from its native chromosomal
location and transcriptional promoter. Second, the same protein
but C-terminally tagged with a different epitope is also ex-
pressed in these cells, as described in Figure 4A.
Cells expressing WT levels of MD-Cog1wt

13myc (C-terminally
tagged with 13 myc epitopes) from the chromosomal COG1 lo-
cuswere transformed either with a vector alone or with a plasmid
expressing the otherwise identical MD-Cog1wt

3f (C-terminally
tagged with three Flag epitopes) from the constitutive PADH1 pro-
moter (Figure 4B). Remarkably, whereas the endogenous MD-
Cog1wt

13myc was stable in the absence of ectopically expressed
MD-Cog1wt

3f , the same endogenous MD-Cog1wt
13myc became a

short-lived protein in the presence of the (also short-lived) MD-
Cog1wt

3f (Figures 3A and 3B and Figures 4B and 4C). In another
design of the subunit decoy experiment, cells expressing WT
levels of MD-Cog1wt

3ha (C-terminally tagged with three ha epi-
topes) from the chromosomal COG1 locus were transformed
with a plasmid expressing the otherwise identical MD-Cog1wt

3f

from the galactose-inducible PGAL1 promoter. In glucose me-
dium, where MD-Cog1wt

3f was not expressed, the endogenous
MD-Cog1wt

3ha was long-lived (t1/2 [ 1 hr), as evidenced by its
stability in a CHX-chase and the absence of a significant change
in naa20D cells lacking the cognate NatB Nt-acetylase (Fig-
ure 3B). In striking contrast, the same endogenous MD-
Cog1wt

3ha became short-lived (t1/2 < < 30 min) in the presence of
galactose, which induced MD-Cog1wt

3f (Figures 4D–4F). As
described in the Discussion, these technically robust results
are likely to be of general significance (i.e., far beyond the subject
of Cog1), because the conditional sequestration model of Ac/N-
degrons (see the Introduction) predicts the observed destabiliza-
tion of endogenous MD-Cog1wt in the presence of additional
Cog1 molecules in a cell.

The Ac/N-Degron of Hcn1, a Subunit of the APC/C
Ubiquitin Ligase
In the crystal structure, by Barford and colleagues, of the com-
plex between the APC/C subunits Hcn1 and Cut9 of S. pombe
(Zhang et al., 2010), the Nt-acetylated Met residue of Hcn1
was found to be enclosed within a chamber of the folded Cut9
subunit (Figure S1C). Zhang et al. (2010) suggested that this
configuration might be the first structurally explicit example of
the sequestration of Ac/N-degrons proposed by Hwang et al.
(2010b).

Figure 2. Stabilization of Cog1 in S. cerevisiae Lacking the Not4
E3 Ubiquitin Ligase
(A) CHX-chases with yeast expressing MD-Cog1wt C-terminally tagged with

three Flag epitopes. Lane M and red stars, Mr markers of 37, 50, and 100 kDa,

respectively. MD-Cog1wt in WT yeast (lanes 1–3), and in not4D (lanes 4–6),

not4D ubr1D (lanes 7–9), and not4D doa10D mutants (lanes 10–12).

(B) Quantification of immunoblots in H, with the level of MD-Cog1wt in not4D

cells at the beginning of chase taken as 100%.-, MD-Cog1wt C in not4D cells

(black curve). A, MD-Cog1wt in WT cells (red curve). :, MD-Cog1wt in not4D

ubr1D cells (green curve). X, MD-Cog1wt in not4D doa10D cells (blue curve).

(C) Same as in (A) but an independent CHX-chase, and immunoblotting with

anti-Cog1AcNt antibody specific for Nt-acetylatedMD-Cog1wt. Lane M and red

star, an Mr marker of 50 kDa. MD-Cog1wt in WT yeast (lanes 1–3), and in

naat20D (nat3D) (lanes 4–6), and not4Dmutants lanes 7–9). See also Figure S5.
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We addressed this possibility as follows. The encoded Met-
Leu (ML) N-terminal sequence of the 9 kDa WT Hcn1, termed
ML-Hcn1wt, implied that its (retained) N-terminal Met was Nt-
acetylated by the NatC Nt-acetylase (Figure S2C). ML-Hcn1wt

was C-terminally tagged with three Flag epitopes and expressed

in S. cerevisiae from the PCUP1 promoter. As determined using
both CHX-chases and 35S-pulse-chases, ML-Hcn1wt was
indeed short-lived in WT cells, with t1/2 < 40 min in the CHX-
chase (Figure 5A) and t1/2 of!10min in the 35S-pulse-chase (Fig-
ures 5B and 5C). In contrast, ML-Hcn1wt was virtually completely

Figure 3. Stabilization of Overexpressed, Short-Lived Cog1 by Coexpressed Cog2-Cog4
(A) CHX-chases with endogenous MD-Cog1wt

3ha (C-terminally tagged with three ha epitopes) expressed from the chromosomal COG1 locus and the native PCOG1

promoter in WT, doa10D, and naa20D (nat3D) cells.

(B) Same as in (A) but an independent CHX-chase. S. cerevisiae (in 2% glucose) expressing endogenous MD-Cog1wt
3ha and carrying a plasmid that could express

the MD-Cog1wt
3f decoy but only in the presence of galactose. Lanes 4–6, same as lanes 1–3 but in naa20D cells.

(C) Stabilization of overexpressed MD-Cog1wt (C-terminally tagged with three Flag epitopes) by coexpressed Cog2 and Cog3. Lane M and red stars, Mr markers

of 37, 50, and 100 kDa, respectively. Lanes 1–3, WT S. cerevisiae in 2% glucose, expressing MD-Cog1wt from the PCUP1 promoter on a low-copy plasmid and

carrying a high-copy plasmid that expressed, only in galactose, bothCog2 andCog3 (C-terminally taggedwith ha) from the bidirectional PGAL1/10 promoter. Lanes

4–6, same as lanes 1–3 but with cells in 2% galactose. Asterisk on the right indicates a protein crossreacting with anti-ha.

(D) Same as in (C), but cells also carried a second high-copy plasmid expressing Cog4 (C-terminally tagged with ha) from the PGAL1/10 promoter.

(E) Quantification of data in (C) for MD-Cog1wt. A, MD-Cog1wt in cells that did not coexpress other COG subunits. -, MD-Cog1wt in cells that coexpressed

(in galactose) Cog2 and Cog3.

(F) Quantification of data in (D) for MD-Cog1wt. A, MD-Cog1wt in cells that did not coexpress other COG subunits. -, MD-Cog1wt in cells that coexpressed

(in galactose) Cog2-Cog4. See also Figure S1.
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3ha and carrying a plasmid that could express

the MD-Cog1wt
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(C) Stabilization of overexpressed MD-Cog1wt (C-terminally tagged with three Flag epitopes) by coexpressed Cog2 and Cog3. Lane M and red stars, Mr markers

of 37, 50, and 100 kDa, respectively. Lanes 1–3, WT S. cerevisiae in 2% glucose, expressing MD-Cog1wt from the PCUP1 promoter on a low-copy plasmid and

carrying a high-copy plasmid that expressed, only in galactose, bothCog2 andCog3 (C-terminally taggedwith ha) from the bidirectional PGAL1/10 promoter. Lanes

4–6, same as lanes 1–3 but with cells in 2% galactose. Asterisk on the right indicates a protein crossreacting with anti-ha.

(D) Same as in (C), but cells also carried a second high-copy plasmid expressing Cog4 (C-terminally tagged with ha) from the PGAL1/10 promoter.

(E) Quantification of data in (C) for MD-Cog1wt. A, MD-Cog1wt in cells that did not coexpress other COG subunits. -, MD-Cog1wt in cells that coexpressed
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(F) Quantification of data in (D) for MD-Cog1wt. A, MD-Cog1wt in cells that did not coexpress other COG subunits. -, MD-Cog1wt in cells that coexpressed
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stabilized in naa30D (mak3D) cells lacking the catalytic subunit of
the cognate NatC Nt-acetylase (Figures 5A–5C). We conclude
that the degradation of ML-Hcn1wt is mediated by its Ac/N-
degron.

Coexpression of Cut9 with Hcn1 Represses the Ac/N-
Degron of Hcn1
Given the sequestration of the Nt-acetylated Met of ML-Hcn1wt

in the cleft of Cut9 (Figure S1C) and the demonstrated degrada-
tion of ML-Hcn1wt (in the absence of Cut9) by the Ac/N-end rule
pathway (Figures 5A–5C), we asked whether coexpression of
Cut9 would inhibit the degradation of ML-Hcn1wt. Several inde-
pendent CHX-chase assays have shown that the short-lived
ML-Hcn1wt was virtually completely stabilized by Cut9 upon its
overexpression from the galactose-inducible PGAL1 promoter

(Figures 5D and 5E). These results were analogous to the meta-
bolic stabilization of the short-lived MD-Cog1wt by its coex-
pressed ligands Cog2-Cog4 (Figures 3C–3F), with the added
advantage of knowing that the observed inhibition of the degra-
dation of ML-Hcn1wt by Cut9 (Figures 5D and 5E) can be visual-
ized and understood at atomic resolution, owing to the crystal
structure of the Hcn1-Cut9 complex (Figure S1C) (Zhang et al.,
2010).

DISCUSSION

This study extended key ramifications of the discovery of Ac/N-
degrons and the Ac/N-end rule pathway (Figure S1A) (Hwang
et al., 2010b). We proposed that the functions of Ac/N-degrons
are based on their conditionality and encompass the control of

Figure 4. Subunit Decoy Technique and the
Cause of Stability of Endogenous Cog1
(A) The subunit decoy technique. ‘‘CogX’’ denotes

a Cog1-interacting COG subunit (Cog2 or Cog3)

that can shield the Ac/N-degron of Cog1. ‘‘Nor-

mally expressed’’ refers to levels of expression

from endogenous promoters and chromosomal

loci. The normally expressed Cog1-tag1 bears a

C-terminal tag denoted as ‘‘tag1,’’ whereas the

otherwise identical but overexpressed Cog1-tag2

decoy bears a different C-terminal tag (‘‘tag2’’). In

the absence of decoy, the bulk of (normally ex-

pressed) Cog1-tag1 would occur as a CogX-

Cog1-tag1 complex in which the Ac/N-degron of

Cog1 is largely sequestered. By contrast, in the

presence of overexpressed Cog1-tag2 decoy, the

bulk of both Cog1-tag1 and Cog1-tag2 would not

be in the complex with CogX (i.e., their Ac/N-de-

gron would be active), given relatively low levels of

a (normally expressed) CogX ‘‘shielding’’ protein.

(B) LaneM and red stars, Mrmarkers of 37, 50, and

100 kDa, respectively. Lanes 1–4, stability of

endogenous MD-Cog1wt
13myc (C-terminally tagged

with 13 myc epitopes) in the absence of the

MD-Cog1wt
3f decoy (C-terminally tagged with three

Flag epitopes). CHX-chase with MD-Cog1wt
13myc

expressed from the chromosomal COG1 locus

and the native PCOG1 promoter in WT cells in the

presence of vector alone. Lanes 5–8, same as

lanes 1–4, but cells carried a plasmid that ex-

pressed the MD-Cog1wt
3f decoy from the PADH1

promoter. An asterisk denotes a protein cross-

reacting with anti-Flag.

(C) Quantification of data in (B). A, endogenous

MD-Cog1wt
13myc in WT cells that did not express the

MD-Cog1wt
3f decoy. -, endogenous MD-

Cog1wt
13myc in WT cells that expressed MD-Cog1wt

3f .

(D) Same as in (C), but with WT and naa20D cells

expressing the endogenous MD-Cog1wt
3ha in 2%

galactose, i.e., in the presence of the coexpressed

MD-Cog1wt
3f decoy. Immunoblotting with anti-ha,

specific for MD-Cog1wt
3ha.

(E) Same as in (D) but also probed (in a

parallel immunoblot) with anti-Flag, specific for

MD-Cog1wt
3f .

(F) Quantification of data in (D) and (E).

-, endogenous MD-Cog1wt
3ha in WT cells grown in 2% glucose. A, endogenous MD-Cog1wt

3ha in WT cells grown in 2% galactose, i.e., in the presence of the

MD-Cog1wt
3f decoy. :, MD-Cog1wt
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stabilized in naa30D (mak3D) cells lacking the catalytic subunit of
the cognate NatC Nt-acetylase (Figures 5A–5C). We conclude
that the degradation of ML-Hcn1wt is mediated by its Ac/N-
degron.

Coexpression of Cut9 with Hcn1 Represses the Ac/N-
Degron of Hcn1
Given the sequestration of the Nt-acetylated Met of ML-Hcn1wt

in the cleft of Cut9 (Figure S1C) and the demonstrated degrada-
tion of ML-Hcn1wt (in the absence of Cut9) by the Ac/N-end rule
pathway (Figures 5A–5C), we asked whether coexpression of
Cut9 would inhibit the degradation of ML-Hcn1wt. Several inde-
pendent CHX-chase assays have shown that the short-lived
ML-Hcn1wt was virtually completely stabilized by Cut9 upon its
overexpression from the galactose-inducible PGAL1 promoter

(Figures 5D and 5E). These results were analogous to the meta-
bolic stabilization of the short-lived MD-Cog1wt by its coex-
pressed ligands Cog2-Cog4 (Figures 3C–3F), with the added
advantage of knowing that the observed inhibition of the degra-
dation of ML-Hcn1wt by Cut9 (Figures 5D and 5E) can be visual-
ized and understood at atomic resolution, owing to the crystal
structure of the Hcn1-Cut9 complex (Figure S1C) (Zhang et al.,
2010).

DISCUSSION

This study extended key ramifications of the discovery of Ac/N-
degrons and the Ac/N-end rule pathway (Figure S1A) (Hwang
et al., 2010b). We proposed that the functions of Ac/N-degrons
are based on their conditionality and encompass the control of

Figure 4. Subunit Decoy Technique and the
Cause of Stability of Endogenous Cog1
(A) The subunit decoy technique. ‘‘CogX’’ denotes

a Cog1-interacting COG subunit (Cog2 or Cog3)

that can shield the Ac/N-degron of Cog1. ‘‘Nor-

mally expressed’’ refers to levels of expression

from endogenous promoters and chromosomal

loci. The normally expressed Cog1-tag1 bears a

C-terminal tag denoted as ‘‘tag1,’’ whereas the

otherwise identical but overexpressed Cog1-tag2

decoy bears a different C-terminal tag (‘‘tag2’’). In

the absence of decoy, the bulk of (normally ex-

pressed) Cog1-tag1 would occur as a CogX-

Cog1-tag1 complex in which the Ac/N-degron of

Cog1 is largely sequestered. By contrast, in the

presence of overexpressed Cog1-tag2 decoy, the

bulk of both Cog1-tag1 and Cog1-tag2 would not

be in the complex with CogX (i.e., their Ac/N-de-

gron would be active), given relatively low levels of

a (normally expressed) CogX ‘‘shielding’’ protein.

(B) LaneM and red stars, Mrmarkers of 37, 50, and

100 kDa, respectively. Lanes 1–4, stability of

endogenous MD-Cog1wt
13myc (C-terminally tagged

with 13 myc epitopes) in the absence of the

MD-Cog1wt
3f decoy (C-terminally tagged with three

Flag epitopes). CHX-chase with MD-Cog1wt
13myc

expressed from the chromosomal COG1 locus

and the native PCOG1 promoter in WT cells in the

presence of vector alone. Lanes 5–8, same as

lanes 1–4, but cells carried a plasmid that ex-

pressed the MD-Cog1wt
3f decoy from the PADH1

promoter. An asterisk denotes a protein cross-

reacting with anti-Flag.

(C) Quantification of data in (B). A, endogenous

MD-Cog1wt
13myc in WT cells that did not express the

MD-Cog1wt
3f decoy. -, endogenous MD-

Cog1wt
13myc in WT cells that expressed MD-Cog1wt

3f .

(D) Same as in (C), but with WT and naa20D cells

expressing the endogenous MD-Cog1wt
3ha in 2%

galactose, i.e., in the presence of the coexpressed

MD-Cog1wt
3f decoy. Immunoblotting with anti-ha,

specific for MD-Cog1wt
3ha.

(E) Same as in (D) but also probed (in a

parallel immunoblot) with anti-Flag, specific for

MD-Cog1wt
3f .

(F) Quantification of data in (D) and (E).

-, endogenous MD-Cog1wt
3ha in WT cells grown in 2% glucose. A, endogenous MD-Cog1wt

3ha in WT cells grown in 2% galactose, i.e., in the presence of the

MD-Cog1wt
3f decoy. :, MD-Cog1wt

3f decoy. See also Figure S4 and Figure S5.
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stabilized in naa30D (mak3D) cells lacking the catalytic subunit of
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dation of ML-Hcn1wt by Cut9 (Figures 5D and 5E) can be visual-
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protein quality, including the regulation of input stoichiometries
of subunits in oligomeric protein complexes (Hwang et al.,
2010b; Varshavsky, 2011). Until now, these weremerely sugges-
tions about possible steric sequestration and biological func-
tions of Ac/N-degrons.
To address these functions, we chose two unrelated natural

Nt-acetylated proteins, Cog1 (MD-Cog1wt) and Hcn1 (ML-
Hcn1wt), described in the Introduction. CHX-chase and pulse-
chase experiments with MD-Cog1wt and its mutants expressed
in WT or mutant S. cerevisiae, as well as the development of
an antibody, anti-Cog1AcNt, that selectively recognized Nt-acet-
ylatedMD-Cog1wt, identified this subunit of the COG complex as
a short-lived substrate of the Ac/N-end rule pathway (Figure 1
and Figure S3, Figure S4, and Figure S5). Experiments with
ML-Hcn1wt also showed it to be an unstable protein targeted
through its Ac/N-degron (Figure 5).
Through a different line of inquiry in this study, we discovered

that at least Cog1 and also, presumably, other proteins contain-
ing Ac/N-degrons are targeted for degradation by the Not4
(Mot2) E3 Ub ligase (Figure 2). The Not4 E3 is a part of the large
(>1 MDa) Ccr4-Not complex. It is present in the nucleus and
cytosol and interacts, in particular, with a ribosome-bound
NAC chaperone (Collart et al., 2013). The apparent preference

Figure 5. Hcn1 and Repression of Its Ac/N-
Degron by Cut9
(A) CHX-chases in WT or naa30D (mak3D)

S. cerevisiae expressing the WT S. pombe Hcn1,

termedML-Hcn1wt, C-terminally tagged with three

Flag epitopes. naa30D cells lacked the catalytic

subunit of the cognate NatC Nt-acetylase (Fig-

ure S2). Lane 1 and red stars, Mr markers of 10, 15,

20, 37, and 50 kDa, respectively.

(B) 35S-pulse-chase with ML-Hcn1wt in WT and

naa30D (mak3D) S. cerevisiae. Lane 7, vector

alone.

(C) Quantification of data in (B). A, ML-Hcn1wt in

WT cells. -, ML-Hcn1wt in naa30D cells.

(D) Lanes 1–4, CHX-chase with WT cells in 2%

galactose (andwithoutmethionine) that expressed

ML-Hcn1wt from the methionine-repressible

PMET25 promoter on a low-copy plasmid and car-

ried a vector alone (no Cut9 expression). Note the

metabolic instability of ML-Hcn1wt (lower panel).

Lanes 5–8, same as lanes 1–4 but with a low-copy

plasmid (instead of control vector) expressing

Cut9 from the galactose-inducible PGAL1 pro-

moter, with both ML-Hcn1wt and Cut9 C-termi-

nally tagged with three Flag epitopes. Note the

metabolic stabilization of ML-Hcn1wt (lower

panel), including a strong increase of its level at

the beginning of the chase.

(E) Quantification of data in (D). A, ML-Hcn1wt in

the absence of coexpressed Cut9.-, ML-Hcn1wt

in the presence of coexpressed Cut9.

See also Figure S1.

of distinct E3 N-recognins of the Ac/N-
end rule pathway such as Doa10 and
Not4 for specific (possibly overlapping)
classes of substrates containing Ac/N-

degrons remains to be understood. One possibility is that
different N-recognins may differ in their requirements for deter-
minants of Ac/N-degrons that are additional to the Nt-acetyl
group of a substrate protein. Such determinants may include,
for example, the location and/or flexibility of a substrate’s inter-
nal Lys residue(s) that has to be polyubiquitylated by an E3-
associated E2 enzyme (Varshavsky, 2011). Despite the clarity
of molecular genetic evidence for the involvement of Not4 in
the degradation of Cog1 (Figure 2), a comprehensive identifica-
tion of Not4 as an N-recognin of the Ac/N-end rule pathway
would still require, among other things, a demonstration that
Not4 specifically binds to Nt-acetylated polypeptides. Being
outside themain focus of the present work (see the Introduction),
this exciting advance is being developed further in a separate
study.
ML-Hcn1wt is an S. pombe protein and was therefore not ex-

pected to have ligands in S. cerevisiae that might shield its Nt-
acetylated Met and thereby repress its Ac/N-degron. The dispo-
sition was different with S. cerevisiae MD-Cog1wt, in that some
newly formed molecules of overexpressed MD-Cog1wt were ex-
pected to associate with Cog1-binding subunits of the COG
complex and thereby repress, through steric shielding, the Ac/
N-degron of MD-Cog1wt. However, a majority of newly formed
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20, 37, and 50 kDa, respectively.

(B) 35S-pulse-chase with ML-Hcn1wt in WT and
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alone.
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galactose (andwithoutmethionine) that expressed
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in the presence of coexpressed Cut9.
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end rule pathway such as Doa10 and
Not4 for specific (possibly overlapping)
classes of substrates containing Ac/N-
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group of a substrate protein. Such determinants may include,
for example, the location and/or flexibility of a substrate’s inter-
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associated E2 enzyme (Varshavsky, 2011). Despite the clarity
of molecular genetic evidence for the involvement of Not4 in
the degradation of Cog1 (Figure 2), a comprehensive identifica-
tion of Not4 as an N-recognin of the Ac/N-end rule pathway
would still require, among other things, a demonstration that
Not4 specifically binds to Nt-acetylated polypeptides. Being
outside themain focus of the present work (see the Introduction),
this exciting advance is being developed further in a separate
study.
ML-Hcn1wt is an S. pombe protein and was therefore not ex-

pected to have ligands in S. cerevisiae that might shield its Nt-
acetylated Met and thereby repress its Ac/N-degron. The dispo-
sition was different with S. cerevisiae MD-Cog1wt, in that some
newly formed molecules of overexpressed MD-Cog1wt were ex-
pected to associate with Cog1-binding subunits of the COG
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nal Lys residue(s) that has to be polyubiquitylated by an E3-
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acetylated Met and thereby repress its Ac/N-degron. The dispo-
sition was different with S. cerevisiae MD-Cog1wt, in that some
newly formed molecules of overexpressed MD-Cog1wt were ex-
pected to associate with Cog1-binding subunits of the COG
complex and thereby repress, through steric shielding, the Ac/
N-degron of MD-Cog1wt. However, a majority of newly formed
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protein quality, including the regulation of input stoichiometries
of subunits in oligomeric protein complexes (Hwang et al.,
2010b; Varshavsky, 2011). Until now, these weremerely sugges-
tions about possible steric sequestration and biological func-
tions of Ac/N-degrons.
To address these functions, we chose two unrelated natural

Nt-acetylated proteins, Cog1 (MD-Cog1wt) and Hcn1 (ML-
Hcn1wt), described in the Introduction. CHX-chase and pulse-
chase experiments with MD-Cog1wt and its mutants expressed
in WT or mutant S. cerevisiae, as well as the development of
an antibody, anti-Cog1AcNt, that selectively recognized Nt-acet-
ylatedMD-Cog1wt, identified this subunit of the COG complex as
a short-lived substrate of the Ac/N-end rule pathway (Figure 1
and Figure S3, Figure S4, and Figure S5). Experiments with
ML-Hcn1wt also showed it to be an unstable protein targeted
through its Ac/N-degron (Figure 5).
Through a different line of inquiry in this study, we discovered

that at least Cog1 and also, presumably, other proteins contain-
ing Ac/N-degrons are targeted for degradation by the Not4
(Mot2) E3 Ub ligase (Figure 2). The Not4 E3 is a part of the large
(>1 MDa) Ccr4-Not complex. It is present in the nucleus and
cytosol and interacts, in particular, with a ribosome-bound
NAC chaperone (Collart et al., 2013). The apparent preference

Figure 5. Hcn1 and Repression of Its Ac/N-
Degron by Cut9
(A) CHX-chases in WT or naa30D (mak3D)

S. cerevisiae expressing the WT S. pombe Hcn1,

termedML-Hcn1wt, C-terminally tagged with three

Flag epitopes. naa30D cells lacked the catalytic

subunit of the cognate NatC Nt-acetylase (Fig-

ure S2). Lane 1 and red stars, Mr markers of 10, 15,

20, 37, and 50 kDa, respectively.

(B) 35S-pulse-chase with ML-Hcn1wt in WT and

naa30D (mak3D) S. cerevisiae. Lane 7, vector

alone.

(C) Quantification of data in (B). A, ML-Hcn1wt in

WT cells. -, ML-Hcn1wt in naa30D cells.

(D) Lanes 1–4, CHX-chase with WT cells in 2%

galactose (andwithoutmethionine) that expressed

ML-Hcn1wt from the methionine-repressible

PMET25 promoter on a low-copy plasmid and car-

ried a vector alone (no Cut9 expression). Note the

metabolic instability of ML-Hcn1wt (lower panel).

Lanes 5–8, same as lanes 1–4 but with a low-copy

plasmid (instead of control vector) expressing

Cut9 from the galactose-inducible PGAL1 pro-

moter, with both ML-Hcn1wt and Cut9 C-termi-

nally tagged with three Flag epitopes. Note the

metabolic stabilization of ML-Hcn1wt (lower

panel), including a strong increase of its level at

the beginning of the chase.

(E) Quantification of data in (D). A, ML-Hcn1wt in

the absence of coexpressed Cut9.-, ML-Hcn1wt

in the presence of coexpressed Cut9.

See also Figure S1.

of distinct E3 N-recognins of the Ac/N-
end rule pathway such as Doa10 and
Not4 for specific (possibly overlapping)
classes of substrates containing Ac/N-

degrons remains to be understood. One possibility is that
different N-recognins may differ in their requirements for deter-
minants of Ac/N-degrons that are additional to the Nt-acetyl
group of a substrate protein. Such determinants may include,
for example, the location and/or flexibility of a substrate’s inter-
nal Lys residue(s) that has to be polyubiquitylated by an E3-
associated E2 enzyme (Varshavsky, 2011). Despite the clarity
of molecular genetic evidence for the involvement of Not4 in
the degradation of Cog1 (Figure 2), a comprehensive identifica-
tion of Not4 as an N-recognin of the Ac/N-end rule pathway
would still require, among other things, a demonstration that
Not4 specifically binds to Nt-acetylated polypeptides. Being
outside themain focus of the present work (see the Introduction),
this exciting advance is being developed further in a separate
study.
ML-Hcn1wt is an S. pombe protein and was therefore not ex-

pected to have ligands in S. cerevisiae that might shield its Nt-
acetylated Met and thereby repress its Ac/N-degron. The dispo-
sition was different with S. cerevisiae MD-Cog1wt, in that some
newly formed molecules of overexpressed MD-Cog1wt were ex-
pected to associate with Cog1-binding subunits of the COG
complex and thereby repress, through steric shielding, the Ac/
N-degron of MD-Cog1wt. However, a majority of newly formed
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acetylated Met and thereby repress its Ac/N-degron. The dispo-
sition was different with S. cerevisiae MD-Cog1wt, in that some
newly formed molecules of overexpressed MD-Cog1wt were ex-
pected to associate with Cog1-binding subunits of the COG
complex and thereby repress, through steric shielding, the Ac/
N-degron of MD-Cog1wt. However, a majority of newly formed

Molecular Cell

Ac/N-Degrons and Their Regulation

Molecular Cell 50, 540–551, May 23, 2013 ª2013 Elsevier Inc. 547

Figure	  5	  



molecules of overexpressed MD-Cog1wt would be unable to
experience such a fate, as they would ‘‘run out’’ of cognate
COG protein ligands to bind to. If so, overexpressed MD-Cog1wt

andML-Hcn1wt would be expected to be stabilized by coexpres-
sion of their cognate protein ligands.

This prediction was shown to be correct. A short-lived, overex-
pressed MD-Cog1wt became a long-lived protein when Cog2
and Cog3 (direct ligands of Cog1) or Cog2, Cog3, and Cog4
were coexpressed with MD-Cog1wt (Figures 3C–3F). Analo-
gously, the short-lived ML-Hcn1wt was stabilized upon coex-
pression of its cognate ligand Cut9 (Figures 5D and 5E). Thus,
the Ac/N-degrons of MD-Cog1wt and ML-Hcn1wt are conditional
in a physiologically relevant manner, as they can be repressed
through the previously demonstrated interactions between these
proteins and their ligands.

Further analyses utilized an approach we termed the subunit
decoy technique. In this method, a C-terminally epitope-tagged
protein is expressed at its endogenous (WT) level in the absence
or presence of the same protein that is alternatively tagged and
overexpressed (Figure 4A). Several studies over the last two de-
cades reported that an overexpressed protein could diminish the
expression of its endogenous counterpart, and that this repres-
sion could be posttranscriptional, i.e., it involved changes in
either translation or protein degradation, through degrons that
remained unknown (Chen and Archer, 2005).

When the C-terminally ha-taggedMD-Cog1wt
3ha was expressed

from its chromosomal locus at WT levels and in the absence of
other versions of Cog1 in the cell, it was found to be long-lived,
in striking contrast to overexpressed MD-Cog1wt, the bulk of
which was degraded through the Ac/N-degron (Figure 1A and
Figure 3A). The subunit decoy technique revealed the mecha-
nism of this phenomenon in the context of Ac/N-degrons. Spe-
cifically, when the long-lived endogenous MD-Cog1wt

3ha was
expressed in the presence of the otherwise identical but Flag-
tagged and overexpressed MD-Cog1wt

3f decoy, the previously
stable MD-Cog1wt

3ha became short-lived (Figure 4). The condi-
tional sequestration model of Ac/N-degrons (see the Introduc-
tion) predicts this outcome. Specifically, endogenous (i.e., suffi-
ciently low) expression levels of MD-Cog1wt

3ha would be

Figure 6. Conditionality of Ac/N-Degrons
This diagram summarizes the functional under-

standing of the dynamics of Nt-acetylated proteins

vis-à-vis the Ac/N-end rule pathway attained in the

present study, in conjunction with results that

initially revealed the Ac/N-end rule pathway

(Hwang et al., 2010b). See also Figure S1.

comparable to endogenous levels of the
protective subunits of the COG complex
such as Cog2 and Cog3 (Figure 3). As a
result, most (though not necessarily all)
molecules of newly formed MD-Cog1wt

3ha

escape the degradation by the Ac/N-
end rule pathway through the formation
of complexes with COG subunits that
shield the Ac/N-degron of MD-Cog1wt

3ha.
In contrast, the ‘‘additional’’ expression

of the Flag-tagged MD-Cog1wt
3f decoy results in total levels of

MD-Cog1wt that outstrip the supply of endogenous Cog1-bind-
ing subunits of the COG complex. Consequently, most newly
formedmolecules of ha-tagged MD-Cog1wt

3ha are no longer form-
ing degradation-resistant COG-based complexes and therefore
remain short-lived, alongside the also short-lived molecules of
the Flag-tagged MD-Cog1wt

3f decoy (Figure 4).
The subunit decoy experiments produced yet another insight.

It was the bulk (not just a small subset) of the endogenous MD-
Cog1wt

3ha that was destabilized by the coexpression of the MD-
Cog1wt

3f decoy (Figure 4). In other words, this destabilization of
endogenous MD-Cog1wt

3ha included its older molecules that
were the long-lived components of the COG complex, before
the expression of the MD-Cog1wt

3f decoy. These findings strongly
suggested that the COG complex is dynamic in vivo, with disso-
ciations-reassociations of COG subunits that repeatedly
unshield (activate) and later sequester the Ac/N-degron of MD-
Cog1wt

3ha. The fact that endogenous MD-Cog1wt
3ha is relatively

long-lived in the absence of the MD-Cog1wt
3f decoy (Figures 3A

and 3B) implies that the probability of destruction of MD-
Cog1wt

3ha upon a single cycle of its transient (and rapidly reversed)
dissociation from the COG complex is low. However, when the
COG complex dissociates in the presence of coexpressed
MD-Cog1wt

3f decoy, the latter, being in excess, would prevent,
through direct competition, an efficacious reincorporation of
MD-Cog1wt

3ha into the reassembled COG complex, thereby
greatly increasing the probability of destruction of the
‘‘orphaned’’ (competed out) MD-Cog1wt

3ha by the Ac/N-end rule
pathway, as was observed in these experiments (Figure 4).
This deeper understanding (Figure 1, Figure 2, Figure 3, Fig-

ure 4, and Figure 6) led to a clarifying reinterpretation of state-
ments, in a number of studies over the last two decades, that
most Nt-acetylated proteins were long-lived in vivo. Experi-
mental support of such statements stemmed primarily from
assays that would not be expected to detect transient degrada-
tion of a protein of interest. Given the logic of the deeper under-
standing produced with Cog1 in the present work, we conclude
that perception, in earlier studies, of the in vivo stability of Nt-
acetylated proteins was correct in part but fundamentally
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Figure S3. Degradation of Cog1 by the Ac/N-End Rule Pathway. 
(A) Cycloheximide (CHX)-chases (related to the ones described in Figure 1) were carried 

out at 30°C with wt (lanes 1-3), doa10Δ (lanes 4-6) and naa20Δ (nat3Δ) (lanes 7-9) S. cerevisiae 
strains that expressed wt Cog1, termed MD-Cog1wt, which was C-terminally tagged with three flag 
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Figure	  S3:	  
Figure	  S3.	  Degrada?on	  of	  Cog1	  by	  the	  Ac/N-‐End	  Rule	  Pathway.	  
(A)	  Cycloheximide	  (CHX)-‐chases	  (related	  to	  the	  ones	  described	  in	  Figure	  1)	  were	  carried	  	  
out	  at	  30°C	  with	  wt	  (lanes	  1-‐3),	  doa10Δ	  (lanes	  4-‐6)	  and	  naa20Δ	  (nat3Δ)	  (lanes	  7-‐9)	  S.	  
cerevisiae	  strains	  that	  expressed	  wt	  Cog1,	  termed	  MD-‐Cog1wt,	  which	  was	  C-‐terminally	  
tagged	  with	  three	  flag	  epitopes.	  At	  the	  indicated	  ?mes	  of	  chase,	  proteins	  in	  cell	  extracts	  
were	  frac?onated	  by	  SDS-‐PAGE	  and	  assayed	  by	  immunoblopng	  with	  an?-‐Flag	  an?body.	  	  
(B)	  CHX-‐chases	  as	  in	  A,	  with	  wt	  cells	  that	  expressed	  MD-‐Cog1wt	  (lanes	  1-‐3)	  or	  its	  non-‐Nt-‐
acetylatable	  P-‐Cog1	  mutant	  (lane	  4-‐6),	  both	  of	  which	  were	  C-‐terminally	  tagged	  with	  
three	  flag	  epitopes.	  See	  the	  main	  text	  for	  descrip?ons	  of	  P-‐Cog1.	  Asterisk	  on	  the	  leT	  
denotes	  a	  crossreac?ng	  protein.	  	  
(C)	  CHX-‐chases	  as	  in	  A,	  with	  MD-‐Cog1wt	  C-‐terminally	  ha-‐tagged	  and	  examined	  in	  naa50Δ	  
(nat5Δ)	  (lanes	  1-‐3),	  naa40Δ	  (nat4Δ)	  (lanes	  4-‐6),	  naa20Δ	  (nat3Δ)	  (lanes	  7-‐9),	  naa30Δ	  
(mak3Δ)	  (lanes	  10-‐12),	  and	  naa10Δ	  (ard1Δ)	  (lanes	  13-‐15)	  S.	  cerevisiae	  strains.	  Each	  of	  
these	  strains	  lacked	  the	  ac?vity	  of	  a	  specific	  Nt-‐acetylase	  (see	  Figure	  S2C),	  including	  the	  
cognate	  (for	  MD-‐Cog1wt)	  NatB	  Nt-‐acetylase	  (lanes	  7-‐9).	  	  



(D)	  LeT	  panel:	  Expression	  of	  MD-‐Cog1wt	  C-‐terminally	  tagged	  with	  three	  flag	  epitopes	  in	  pdr5Δ	  
S.	  cerevisiae.	  Cells	  were	  incubated	  for	  1	  hr	  in	  SD	  medium	  containing	  either	  
0.5%	  dimethylsulfoxide	  (DMSO)	  (the	  solvent	  for	  a	  stock	  solu?on	  of	  the	  proteasome	  inhibitor	  
MG132)	  (lane	  1),	  or	  both	  50	  μM	  MG132	  and	  0.5%	  DMSO	  (lane	  2).	  The	  incuba?on	  was	  followed	  
by	  prepara?on	  of	  extracts,	  SDS-‐PAGE	  and	  immunoblopng	  with	  an?-‐Flag	  an?body.	  Right	  
panel:	  same	  procedures	  as	  in	  experiments	  of	  the	  leT	  panel	  but	  with	  erg6Δ	  S.	  cerevisiae	  
incubated	  in	  SD	  containing	  either	  1%	  isopropanol	  (the	  solvent	  for	  a	  stock	  solu?on	  of	  
phenylmethylsulfonyl	  fluoride	  (PMSF),	  an	  inhibitor	  of	  serine	  proteases)	  (lane	  1),	  or	  both	  1	  mM	  
PMSF	  and	  1%	  isopropanol	  
(lane	  2).	  	  
(E)	  Quan?fica?on	  of	  data	  in	  D,	  leT	  panel.	  
(F)	  Quan?fica?on	  of	  data	  in	  D,	  right	  panel.	  
(G)	  CHX-‐chases	  with	  wt	  (lanes	  1-‐3,	  7-‐9)	  or	  naa20Δ	  (nat3Δ)	  (lanes	  4-‐6,	  10-‐12)	  S.	  cerevisiae	  	  
strains	  expressing	  MD-‐Cog1wt	  C-‐terminally	  tagged	  with	  three	  flag	  epitopes.	  Cells	  were	  grown	  
for	  3	  hrs	  in	  SD	  medium	  containing	  0.003%	  SDS	  (to	  allow	  for	  the	  entry	  of	  MG132)	  and	  either	  
0.5%	  DMSO	  (control,	  lanes	  1-‐6)	  or	  both	  50	  μM	  MG132	  and	  0.5%	  DMSO.	  Note	  the	  metabolic	  
stabiliza?on	  of	  MD-‐Cog1wt	  in	  wild-‐type	  cells	  by	  MG132	  (lanes	  1-‐3	  vs.	  lanes	  7-‐9)	  and	  the	  
metabolic	  stabiliza?on	  of	  MD-‐Cog1wt	  in	  naa20Δ	  cells	  (lacking	  the	  NatB	  Nt-‐acetylase)	  
irrespec?ve	  of	  the	  absence	  or	  presence	  of	  MG132	  (lanes	  4-‐6	  vs.	  lanes	  10-‐12).	  	  
(H)	  CHX-‐chases	  with	  either	  wt	  or	  uba1-‐204	  S.	  cerevisiae	  (the	  laJer	  containing	  a	  temperature-‐
sensi?ve	  mutant	  of	  the	  Ub-‐ac?va?ng	  (E1)	  enzyme	  (Ghaboosi	  and	  Deshaies,	  2007))	  expressing	  
MD-‐Cog1wt	  C-‐terminally	  tagged	  with	  three	  flag	  epitopes.	  Lanes	  1-‐3,	  wt	  cells	  at	  30°C.	  Lanes	  
4-‐5,	  uba1-‐204	  cells	  at	  30°C.	  Lanes	  7-‐8,	  same	  as	  in	  lanes	  1-‐3	  but	  at	  37°C	  (nonpermissive	  
temperature	  for	  uba1-‐204	  cells).	  Lanes	  10-‐12,	  same	  as	  lanes	  4-‐6	  but	  at	  37°C.	  Note	  the	  
metabolic	  stabiliza?on	  of	  MD-‐Cog1wt	  in	  uba1-‐204	  cells	  at	  37°C	  (lanes	  10-‐12).	  Figure	  S3	  refers	  
to	  Figure	  1.	  	  
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Figure S4. Antibody Specific for Nt-Acetylated Cog1, and Interactions of Nt-Acetylated and 
Unacetylated Cog1 with Subunits of the COG Complex or with Membranes. 

(A) Characterization of the anti-AcNtCog1 antibody using a dot immunoassay. Increasing 
amounts of the Nt-acetylated Ac-MDEVLPLFRDSC peptide and its non-acetylated counterpart 

Figure	  S4	  
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Figure	  S4.	  An?body	  Specific	  for	  Nt-‐Acetylated	  Cog1,	  and	  Interac?ons	  of	  Nt-‐Acetylated	  and	  Unacetylated	  Cog1	  with	  
Subunits	  of	  the	  COG	  Complex	  or	  with	  Membranes.	  	  
(A)	  Characteriza?on	  of	  the	  an?-‐AcNtCog1	  an?body	  using	  a	  dot	  immunoassay.	  Increasing	  amounts	  of	  the	  Nt-‐
acetylated	  Ac-‐MDEVLPLFRDSC	  pep?de	  and	  its	  non-‐acetylated	  counterpart	  MDEVLPLFRDSC	  were	  spoJed	  onto	  a	  
nitrocellulose	  membrane,	  followed	  by	  immunoblopng	  with	  the	  rabbit	  an?-‐AcNtCog1	  an?body	  that	  was	  raised	  
against	  the	  Ac-‐MDEVLPLFRDSC	  pep?de	  and	  was	  then	  affinity-‐purified	  both	  “posi?vely”	  (against	  Ac-‐
MDEVLPLFRDSC)	  and	  “nega?vely”	  (against	  MDEVLPLFRDSC)	  (see	  Extended	  Experimental	  Procedures).	  	  
(B)	  Wt,	  cog1Δ,	  and	  naa20Δ	  (nat3Δ)	  S.	  cerevisiae	  strains	  overexpressed	  either	  MD-‐Cog1wt,	  P-‐Cog1,	  or	  ME-‐Tpk2	  (an	  
Nt-‐acetylated	  protein	  whose	  N-‐terminal	  sequence	  is	  different	  from	  that	  of	  MD-‐Cog1wt;	  a	  nega?ve	  control)	  from	  
the	  PCUP1	  promoter	  on	  low	  copy	  plasmids.	  Equal	  amounts	  of	  total	  protein	  in	  the	  extracts	  were	  frac?onated	  by	  
SDS-‐PAGE	  and	  immunobloJed	  with	  the	  an?-‐	  AcNtCog1	  an?body.	  Lane	  1,	  MD-‐Cog1wt	  (C-‐terminally	  tagged	  with	  
three	  flag	  epitopes)	  was	  expressed	  in	  wt	  cells.	  Lane	  2,	  same	  as	  in	  lane	  1	  but	  the	  iden?cally	  tagged	  P-‐Cog1	  (MP-‐
Cog1).	  Lane	  3,	  same	  as	  in	  lane	  2	  but	  in	  cog1Δ	  cells.	  Lane	  4,	  same	  as	  in	  lane	  1	  but	  vector	  alone	  (no	  exogenously	  
expressed	  MD-‐Cog1wt).	  Lane	  5,	  ME-‐Tpk2	  (C-‐terminally	  tagged	  with	  three	  flag	  epitopes)	  was	  expressed	  in	  wt	  cells.	  
Lane	  6,	  same	  as	  in	  lane	  5	  but	  ME-‐Tpk2	  was	  expressed	  in	  naa20Δ	  (nat3Δ)	  cells	  lacking	  the	  cognate	  NatB	  Nt-‐
acetylase.	  	  
An?-‐AcNtCog1	  detected	  the	  band	  of	  Nt-‐acetylated	  MD-‐Cog1wt	  in	  lane	  1.	  Consistently,	  there	  was	  virtually	  no	  signal	  
in	  other	  lanes,	  except	  for	  the	  barely	  detectable	  band	  in	  lanes	  4	  and	  5	  (marked	  by	  asterisk	  on	  the	  right)	  that	  is	  likely	  
to	  be	  the	  endogenous	  Nt-‐acetylated	  MD-‐Cog1wt	  (endogenous	  MD-‐Cog1wt	  was	  expressed	  at	  levels	  significantly	  
below	  those	  of	  exogenous	  MD-‐Cog1wt).	  Consistent	  with	  the	  absence	  of	  three	  flag	  epitopes	  in	  the	  endogenous	  
MD-‐Cog1wt,	  its	  band	  migrated	  faster	  than	  the	  band	  of	  the	  exogenous	  (tagged)	  MD-‐Cog1wt	  (lane	  1	  vs.	  lanes	  4	  and	  
5).	  Note	  the	  absence	  of	  crossreac?on	  of	  an?-‐AcNtCog1	  with	  Nt-‐acetylated	  ME-‐Tpk2	  in	  wt	  cells	  (lane	  5).	  The	  an?-‐
AcNtCog1	  an?body	  also	  detected	  proteins	  larger	  than	  MD-‐Cog1wt;	  they	  are	  marked	  by	  green	  arrowheads	  on	  the	  
leT.	  These	  proteins	  were	  not	  deriva?ves	  of	  MD-‐Cog1wt,	  as	  they	  were	  present	  in	  cells	  not	  expressing	  MD-‐Cog1wt	  
(lane	  4).	  The	  three	  proteins	  were	  Nt-‐acetylated	  by	  NatB,	  as	  they	  were	  absent	  in	  naa20Δ	  (nat3Δ)	  cells	  (lane	  6).	  A	  
likely	  and	  parsimonious	  interpreta?on	  is	  that	  the	  an?-‐AcNtCog1	  an?body	  detected	  three	  specific	  Nt-‐acetylated	  
proteins	  whose	  cognate	  Nt-‐acetylase	  (NatB)	  is	  the	  same	  as	  the	  one	  that	  Nt-‐acetylates	  MD-‐Cog1wt	  and	  whose	  N-‐
terminal	  sequences	  are	  sufficiently	  close	  to	  that	  of	  MD-‐Cog1wt	  to	  have	  resulted	  in	  a	  crossreac?on.	  	  
	  
	  



(C)	  Same	  as	  in	  B,	  but	  the	  same	  membrane	  was	  re-‐probed	  with	  an?-‐flag	  an?body,	  to	  detect	  the	  bulk	  
of	  triply	  flag-‐tagged	  MD-‐Cog1wt	  and	  ME-‐Tpk2.	  	  
(D)	  Equal	  amounts	  of	  total	  detergent-‐free	  cell	  extracts	  from	  wt	  or	  naa20Δ	  (nat3Δ)	  
S.	  cerevisiae	  were	  frac?onated	  to	  yield	  the	  cytosolic	  (C)	  and	  membrane	  (M)	  frac?ons,	  followed	  by	  
SDS-‐PAGE	  and	  immunoblopng	  with	  an?-‐flag	  an?body	  to	  detect	  the	  triply	  flag-‐tagged	  MD-‐Cog1wt.	  
Lanes	  1-‐3,	  wt	  total	  (T)	  extract	  and	  its	  C	  and	  M	  frac?ons,	  respec?vely.	  Lanes	  4-‐6,	  same	  as	  in	  lanes	  1-‐3	  
but	  from	  naa20Δ	  (nat3Δ)	  cells.	  	  
(E)	  Coomassie	  Blue	  staining	  of	  membrane	  probed	  by	  an?-‐flag	  in	  D.	  	  
(F)	  Quan?fica?on	  of	  the	  ra?o	  of	  MD-‐Cog1wt	  in	  the	  membrane	  versus	  cytosolic	  frac?ons	  in	  panel	  D,	  
using	  Odyssey	  (Li-‐Cor)	  (see	  Extended	  Experimental	  Procedures).	  	  
(G)	  Coimmunoprecipita?on	  of	  MD-‐Cog1wt	  and	  Cog3	  in	  the	  presence	  and	  absence	  of	  Nt-‐acetyla?on.	  
Wt	  and	  naa20Δ	  (nat3Δ)	  S.	  cerevisiae	  strains	  carried	  either	  a	  PCUP1	  wt	  promoter-‐containing	  low	  copy	  
plasmid,	  or	  the	  otherwise	  iden?cal	  plasmid	  expressing	  MD-‐Cog1	  (C-‐terminally	  tagged	  with	  three	  flag	  
epitopes),	  or	  the	  plasmid	  expressing	  Cog3	  (C-‐terminally	  ha-‐tagged),	  in	  the	  indicated	  combina?ons	  of	  
test	  proteins	  and	  gene?c	  backgrounds	  of	  strains	  in	  which	  they	  were	  expressed.	  Extracts	  from	  these	  
strains	  were	  immunoprecipitated	  using	  an?-‐flag	  beads,	  followed	  by	  SDS-‐PAGE	  and	  immunoblopng	  
with	  an?-‐ha	  (to	  detect	  Cog3;	  the	  upper	  panel,	  green	  color)	  or	  with	  an?-‐flag	  (to	  detect	  MD-‐Cog1wt;	  
the	  lower	  panel,	  red	  color).	  As	  described	  in	  the	  main	  text,	  most	  Cog3	  in	  naa20Δ	  (nat3Δ)	  cells	  was	  
converted	  into	  a	  deriva?ve	  of	  lower	  electrophore?c	  mobility,	  indicated	  on	  the	  right	  as	  “modified	  
Cog3”.	  The	  asterisk	  on	  the	  leT	  indicates	  a	  protein	  crossreac?ng	  with	  an?-‐ha	  an?body.	  The	  
arrowhead	  on	  the	  right	  marks	  the	  posi?on	  of	  the	  heavy	  IgG	  chain,	  above	  the	  band	  of	  
immunoprecipitated	  MD-‐Cog1wt.	  	  
(H)	  Same	  as	  in	  G	  (including	  the	  same	  nota?ons),	  but	  coimmunoprecipita?on	  of	  MD-‐Cog1wt	  (C-‐
terminally	  tagged	  with	  three	  flag	  epitopes)	  and	  Cog4	  (C-‐terminally	  ha-‐tagged).	  The	  asterisk	  in	  the	  
top	  panel	  on	  the	  right	  indicates	  a	  protein	  crossreac?ng	  with	  an?-‐ha.	  Figure	  S4	  refers	  to	  Figures	  1	  and	  
4.	  	  
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Figure S5. Degradation of MD-Cog1wt by the Ac/N-End Rule Pathway in S. cerevisiae Mutants 
Lacking Specific E2 or E3 enzymes. 

(A) CHX-chases with yeast mutants in specific Ub-conjugating (E2) enzymes that expressed 
MD-Cog1wt C-terminally tagged with three flag epitopes. Wt S. cerevisiae (lanes 1-3) and mms2Δ 
(lanes 4-6), rad6Δ (lanes 7-9), ubc5Δ (lanes 10-12), ubc8Δ (lanes 13-15), and ubc10Δ (lanes 16-18) 
mutants. 

(B) Same as in A but with S. cerevisiae mutants ubc4Δ (lanes 1-3), ubc6Δ (lanes 4-6), ubc7Δ 
(lanes 7-9), ubc11Δ (lanes 10-12), ubc12Δ (lanes 13-15), and ubc13Δ (lanes 16-18). 



Figure	  S5.	  Degrada?on	  of	  MD-‐Cog1wt	  by	  the	  Ac/N-‐End	  Rule	  Pathway	  in	  S.	  cerevisiae	  
Mutants	  Lacking	  Specific	  E2	  or	  E3	  enzymes.	  	  
(A)	  CHX-‐chases	  with	  yeast	  mutants	  in	  specific	  Ub-‐conjuga?ng	  (E2)	  enzymes	  that	  
expressed	  MD-‐Cog1wt	  C-‐terminally	  tagged	  with	  three	  flag	  epitopes.	  Wt	  S.	  cerevisiae	  
(lanes	  1-‐3)	  and	  mms2Δ	  (lanes	  4-‐6),	  rad6Δ	  (lanes	  7-‐9),	  ubc5Δ	  (lanes	  10-‐12),	  ubc8Δ	  
(lanes	  13-‐15),	  and	  ubc10Δ	  (lanes	  16-‐18)	  mutants.	  	  
(B)	  Same	  as	  in	  A	  but	  with	  S.	  cerevisiae	  mutants	  ubc4Δ	  (lanes	  1-‐3),	  ubc6Δ	  (lanes	  4-‐6),	  
ubc7Δ	  (lanes	  7-‐9),	  ubc11Δ	  (lanes	  10-‐12),	  ubc12Δ	  (lanes	  13-‐15),	  and	  ubc13Δ	  (lanes	  
16-‐18).	  	  
(C)	  Same	  as	  in	  A	  but	  with	  wt	  (lanes	  1-‐3)	  and	  ubc1Δ	  (lanes	  4-‐6)	  S.	  cerevisiae.	  	  
(D)	  CHX-‐chases	  with	  mutants	  in	  two	  specific	  E3	  enzymes.	  Same	  as	  in	  A	  but	  with	  wt	  
(lanes	  1-‐3),	  doa10Δ	  (lanes	  4-‐6),	  and	  san1Δ	  (lanes	  7-‐9)	  S.	  cerevisiae	  strains.	  	  
(E)	  Same	  as	  in	  D	  but	  the	  chases	  for	  30	  and	  60	  min	  with	  wt	  (lanes	  1-‐3),	  ubr1Δ	  (lanes	  
4-‐6),	  doa10Δ	  (lanes	  7-‐9),	  and	  double-‐mutant	  ubr1Δ	  doa10Δ	  (lanes	  10-‐12)	  S.	  cerevisiae	  
strains.	  	  
(F)	  Lanes	  1-‐4,	  35S-‐pulse	  chase	  with	  wt	  S.	  cerevisiae	  and	  MD-‐Cog1wt	  (C-‐terminally	  
tagged	  with	  three	  flag	  epitopes	  modified	  to	  contain	  a	  Met	  residue	  in	  each	  epitope,	  to	  
increase	  35S	  in	  Cog1;	  see	  Extended	  Experimental	  Procedures).	  Lanes	  5-‐8,	  same	  as	  
lanes	  1-‐4	  but	  with	  a	  double	  mutant	  ubc6Δ	  ubc7Δ.	  	  
(G)	  Quan?fica?on	  of	  35S-‐pulse-‐chase	  data	  in	  F.	  	  
	  
	  


