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The N-end rule-based degradation signal, which targets
a protein for ubiquitin-dependent proteolysis, comprises
a destabilizing amino-terminal residue and a specific
internal lysine residue. We report the isolation and
functional analysis of a gene (UBRI) for the N-end
recognizing protein of the yeast Saccharomyces cerevisiae.
UBRI encodes a ~ 225 kd protein with no significant
sequence similarities to other known proteins. Null ubr1
mutants are viable but are unable to degrade the
substrates of the N-end rule pathway. These mutants are
partially defective in sporulation and grow slightly more
slowly than their wild-type counterparts. The UBR1
protein specifically binds in vitro to proteins bearing
amino-terminal residues that are destabilizing according
to the N-end rule, but does not bind to otherwise identical
proteins bearing stabilizing amino-terminal residues.
Key words: degradation signals/N-end rule/protein
degradation/ubiquitin/yeast

Introduction

One function of intracellular protein degradation is selective
elimination of damaged and otherwise abnormal proteins
(Arfin and Bradshaw, 1988; Hershko, 1988; Olson and Dice,
1989). Another is to confer short half-lives on those proteins
whose concentrations in the cell must vary with time. Thus,
either constitutive or transient metabolic instability is a
property of many regulatory proteins (Evans et al., 1983;
Banuett et al., 1986; Straus et al., 1987; Murray et al.,
1989; Hochstrasser and Varshavsky, 1990). Many other
proteins, while long-lived as components of larger
macromolecular complexes such as ribosomes and
oligomeric proteins, are metabolically unstable in a free,
unassociated state (Maicas et al., 1988; Tsay et al., 1988;
Kulesh er al., 1989).

At least some proteins are short-lived in vivo because they
contain sequences (degradation signals) which make these
proteins substrates of specific proteolytic pathways. An
important component of one degradation signal is the
protein’s amino-terminal residue (Bachmair ez al., 1986).
The N-end rule, a code that relates the metabolic stability
of a protein to the identity of its amino-terminal residue, is
universal in that different versions of it operate in yeast
(Bachmair et al., 1986; Bachmair and Varshavsky, 1989),
mammals (Reiss et al., 1988; Townsend et al., 1988;
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Varshavsky et al., 1988; Gonda et al., 1989) and bacteria
(J. Tobias and A.Varshavsky, unpublished results).

The N-end rule-based degradation signal in eukaryotes is
composed of at least two distinct determinants: the protein’s
amino-terminal residue and a specific internal lysine residue
(Bachmair and Varshavsky, 1989). The second determinant
of the signal (a specific lysine residue) is the site of
attachment of a multi-ubiquitin chain whose formation on
a targeted protein is essential for the protein’s subsequent
degradation (Chau et al., 1989). The coupling of ubiquitin
to other proteins is catalyzed by a family of ubiquitin-
conjugating (E2) enzymes, and involves formation of an
isopeptide bond between the carboxy-terminal glycine
residue of ubiquitin and the e-amino group of a lysine residue
in an acceptor protein (Pickart and Rose, 1985; Jentsch
et al., 1990). In a multi-ubiquitin chain, ubiquitin itself
serves as an acceptor, with several ubiquitin moieties
attached sequentially to an initial acceptor protein to form
a chain of branched ubiquitin —ubiquitin conjugates (Chau
et al., 1989).

Previous work (Bachmair et al., 1986) has predicted the
existence of ‘N-end-recognizing’ factors that select potential
proteolytic substrates by binding to their amino-terminal
residues. N-end-recognizing proteins have recently been
detected in an in vitro ubiquitin-dependent proteolytic system
derived from mammalian reticulocytes. These proteins have
been identified (Reiss et al., 1988; Gonda et al., 1989) as
the E3 proteins that were previously shown to bind
proteolytic substrates prior to their ubiquitination by a subset
of ubiquitin-conjugating (E2) enzymes (reviewed by Finley
et al., 1988; Hershko, 1988; Ciechanover and Schwartz,
1989).

We report the first cloning and functional dissection of
a gene encoding an N-end-recognizing (E3) protein. The
UBRI gene of the yeast Saccharomyces cerevisiae encodes
a 225 kd protein that has no significant sequence similarity
to other known proteins. In vivo and in vitro analyses identify
UBRI1 as the recognition component of the N-end rule
pathway.

Results

Isolation of the ubr1 mutant

In eukaryotes, ubiquitin—X —3-galactosidase (Ub-X-Ggal)
fusion proteins are precisely deubiquitinated either in vivo
or in cell-free extracts by an endogenous processing protease
to yield X-Bgal test proteins bearing the residue X at the
amino terminus (Bachmair et al., 1986; Gonda et al., 1989).
In contrast to the function of ubiquitin at later stages of the
degradative pathway, the role of ubiquitin in these engineered
ubiquitin fusions is simply to allow the generation of X-Bgals
or other sets of otherwise identical proteins bearing different
amino-terminal residues. Depending on the nature of X, the
X-Bgal proteins are either long-lived or metabolically
unstable, with destabilizing amino-terminal residues
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conferring short half-lives on the corresponding X-Bgals
(Bachmair et al., 1986; Bachmair and Varshavsky, 1989;
Gonda et al., 1989). This amino-terminal degradation signal
is manifested as the N-end rule.

The S.cerevisiae strain BWG9a-1 (Table I) carrying a
2u-based plasmid that expressed Ub-Arg-Bgal (Bachmair
et al., 1986) was used to screen for mutants defective in the
N-end rule pathway. Since Arg-Ggal (produced by the in
vivo deubiquitination of Ub-Arg-Bgal) is normally short-lived
in vivo (t;, of ~2 min at 30°C; Bachmair er al., 1986),
its steady-state level in wild-type cells is low, and the
corresponding yeast colonies are white on plates containing
the chromogenic (gal substrate X-Gal. In constrast, cells
expressing long-lived X-Bgals such as Met-Ggal (#,, of
~20 h; produced from Ub-Met-Bgal; Bachmair et al., 1986)
have high Bgal activity and form blue colonies on X-Gal
plates. Cells expressing Arg-Ggal were mutagenized with
ethyl methanesulfonate (EMS) and plated on X-Gal plates
(see Materials and methods). We screened for blue colonies,
among which we expected to find mutants with defects in
the degradation of Arg-Bgal. Putative mutants identified on
X-Gal plates were retested by measuring Bgal activity in
crude extracts from these cells (see Materials and methods).
The mutants were also tested for the stabilization of other
X-Bgals by removing the Ub-Arg-3gal expressing plasmid
and transforming the mutants with plasmids expressing other
Ub-X-fgal proteins. One of the mutants appeared to stabilize
all of the normally short-lived X-fgal proteins. However,
the inefficiently deubiquitinated, short-lived Ub-Pro-G3gal
(Bachmair ef al., 1986), whose metabolic instability is
independent of the N-end rule-based degradation signal
(E.Johnson and A.Varshavsky, unpublished results),
remained short-lived in the mutant. We confirmed that the
increased Bgal activity in this mutant was indeed due to
metabolic stabilization of the normally short-lived X-Ggals
by determining the in vivo half-lives of several X-Ggal
proteins in the mutant, using pulse —chase analysis (data not
shown; see also below). This mutant, named ubrl, had the

properties expected of a substrate recognition defect in the
N-end rule pathway, and was therefore chosen for further
study.

The UBR1 gene
The ubrl mutation was recessive (data not shown), allowing
the wild-type UBRI gene to be cloned by complementation.
ubrl cells expressing Arg-Bgal (which form blue colonies
on X-Gal plates; see above) were transformed with a yeast
genomic DNA library and plated on X-Gal plates to iden-
tify phenotypically wild-type (low levels of 8gal) colonies,
which are white on these plates (see Materials and methods).
Plasmid DNA isolated from two such colonies contained
identical yeast DNA inserts. A portion of the insert DNA
was able to target a marker gene (LEU2) to the chromosomal
locus of the original ubrl mutation (see Materials and
methods), indicating that the cloned gene either encompassed
or was closely linked to the site of the original mutation.
Several fragments of the cloned insert did not complement
the ubrl mutation (see Materials and methods). Therefore,
the entire 8.65 kb insert was sequenced, revealing an open
reading frame of 5.85 kb that encoded a 1950 residue protein
with a calculated molecular mass of 225 kd (Figure 1). The
position of the start ATG codon was inferred so as to yield
the longest open reading frame. No ATGs occur in any of
the three forward reading frames upstream of this putative
initiator ATG until position —482 (Figure 1). A single
~7 kb transcript was detected by Northern hybridization
analysis of total yeast RNA probed with the ~4 kb Nsil
DNA fragment (Figure 2A) that included the 3’ two-thirds
of the UBRI coding region (data not shown). This UBRI
RNA was present at similar levels in MATa and MATo
haploids and MATa/MATa diploids, and was not significantly
induced either by heat stress or in stationary phase (data not
shown). The UBRI gene has a relatively low bias for codons
that are preferred in highly expressed yeast genes. The
Codon Adaptation Index for UBRI is 0.146 (calculated
according to Sharp and Li, 1987), suggesting a low level

Table 1. Yeast strains

Strain Genotype

BWG9a-1 MATa his4 ura3 ade6

BWGI1-7a MATa his4 ura3 adel leu2

IW100 MATa ubrl his4 ura3 ade6

w104 MATa ubrl his4 ura3 ade6 leu2

DF5* MATa/MATa trpl-1/trpl-1 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112 Ivs2-801/lys2-801 gal/gal

BBY40" MATa/MATa ubrl-Al::LEU2/UBRI trpl-1/trpl-1 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112
Ivs 2-801/Ivs2-801 gal/gal

BBY41® MATa/MATa ubri-Al::LEU2/UBRI trpl-1/trpl-1 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112
1ys2-801/lys2-801 gal/gal

BBY45¢ MATa trpl-1 ura3-52 his3-A200 leu2-3,112 Iys2-801 gal

BBY46° MATa ubrl-Al::LEU2 trpl-1 ura3-52 his3-A200 leu2-3,112 Ivs2-801 gal

BBY47°¢ MATa ubrl-Al::LEU2 trpl-1 ura3-52 his3-A200 leu2-3,112 lys2-801 gal

BBY48¢ MATa trpl-1 ura3-52 his3-A200 leu2-3,112 1ys2-801 gal

BBY49¢ MATa ubri-Al::LEU2 trpl-1 ura3-52 his3-A200 leu2-3,112 lys2-801 gal

BBYS53¢ MATa/MATa ubrl-Al::LEU2/ubrl-Al::LEU2 trpl-1/trpl-1 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112
lys2-801/lys2-801 gal/gal

BBY58! MATa/MATa ubrl-Al::LEU2/ubri-Al::LEU2 trpl-1/trpl-1 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112

lys2-801/lys2-801 gal/gal

4Finley er al. (1987)

®Independent isolates produced by transforming DF5 with a 5 kb HindlIl fragment from the plasmid pSOB30 and selecting Leu™ transformants.
“Derived from diploid strain BBY40 as products of a single meiotic tetrad.

A segregant derived from sporulation of BBY41.

“Produced by mating BBY46 and BBY47 and picking zygotes with a micromanipulator.

'Produced by mating BBY46 and BBY49 and picking zygotes with a micromanipulator.
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The N-end rule pathway
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AA rr A T TAAAA . ACAGCA A
KMYERAQTPFLNDLEKYENDYMNTFDGTTTAKTSPSHNSPELASPSLARKTIDTP?TENSYT TV 313
\CGTACACAT TCAC T
I I YNDEYGHNYSOATTALROQGVPEPDNVYEHETIDTLTLTSRTIDGETGTRAMTLTEKC SODTLS S 36
[ TTTTTGCTGY T TGGATT! TTAAACATACCAA AN
VLGGTFTFrAV QT VNGLSATLTSNSEYLEOQETCIKTYTITILNNTITHTCTLNTIEPNSSTFEROQTT T 43
T T T
FRNMMNGEXTLCSEYLNATECRDMTTP?PVYVERXTYTSNXTDEKNDTPTYRYTIDLSTILAD 46
GGCAATCAAATTCCTT T MTCACTT TCTTTATT
GNO0TIPLGSHSEKITLPESSSTHEHSLSPLTINSDTYVTETTP?TSRTYSNTRLOETITLTYTEODNTR RS?Y 513
o6 A
T T TT
WKRLREKDTIOQNVITIEPTLASSNTLYZ KTP?TITFCQQVVETITENEHETITRRSYAYMNDR RETP?GOTL 56
ACAGC! TATT T AA TTTT TT TTT GTAT
TAIRECVYVQLTFTCPTNAKNTITFENOQSTILDTIVWSTITIDTITETZ KTETCE KVYTEG GGV VTILTIHW 63
c AAAAAGCAATT ATTCAAGCA TTAT TTGCAAG
QRVQKSNLTKSYSISY?KQGLTYTVTETTLTLSZ XVHDTPNTITPTLREPTE KTETITIEISLLTLCEK 66
crer! AGATAAAGCGY) » TCT TCATCTCCTATT T TAT AA TcC
LFNGAWKTINKRIKTEGTEHVYVLHEEDO QNTETISYTLETYT®TS Y $I I QTAEKV SEKSI KDS 73
ATTGAT TTTTT TCATTIC! T TGCAT TTACAA
1 DS KLFLNAIRTITISST FLGSNRSTLTYK KLTITYDSESEEVTIKTFT SV SHEETRTYATFMNZPTLO O 76
TTCATTCCTTATCGAAAA T TTCAGATTT TTCTCTT TGTAT T AT
T ML SFLIZEKVYVSLXDAYTERALTESDTCESDTPTLEKTISDTSSLRXRSVVLCSQTIDVGTOMN VRN 813
TAGGTTCCTAT T T
G M 8 VLBHEQASYYXNNPTETLGSYSRDTIHLINGO OLATILOMNMNERDTODOTITPEPRTITIZYNTITLODRMNTE 86
TTAC TTAC TA TTCAT TCATTGCCTTTATT T TTCTCTTCT
LLDW¥WFTGEVDYQHTVYEDIXKTISTITIOQQTFTIATFTITYOQTITLTTERSO OQTYTFT KTTTSSTLXDR 93
A AAA Ly TICGTAT T T1ICETTGAG
R MDQTIKNS STITIYNTLTYHMNMEKEPTLSYSKLTLRSVYVPDYTLTERDTTTETFTODTEATLTETEVYVSVEVTE 96
TTTTIAAAT T TAAAGT LY TAT T AAT,
P XGLADNGVYFKLIKASTLYAXVDZPLIXKLLNTLTEHNTETTESSATTITITZ K SH RLARKTDTXKTDTETI 103
TTCCTG
A XKV VLIZPQVSIKOQLDIKDALNTLGATFTRNTVTEIFAKVYVYZYTZ KTLTLO OVC CTLDOHMNMTETDTSTT FTL 106
T TAGT T TA TATT A TTACTCT ATGCTAAA T
N ELLSALVYVHEHGITFRDDTETLTINGI KD STIPEATYTLSKP?PTICNTLTLTLSTIANAKSTODTVTET STZES S 1113
AT A TGT A TIT TAAT TT TAC TACAAGAGACA
I VRKADYTLTLETRKMTIMEKEKTP?NTETLTFTESLTIASTEFGNO QYUVNDTYIZ KDIE KTE KTLROQGVYVNTLGO OTET 1163
ACGAAA CATC: . " " A
Z XERKRRLAKIKEQARTLTLARKTFNNOQOQTI KTFMKTEHBHBTETSTETFTDTEOQDNTDVODMVGET KV YY 1213
T CCAGT TTTTIGT T T T TTCTAC
L S EDFTCALCOQDS S S S8 TDTFTFVIUPAYHDTETST?PTITFRTPGNTITENTPNTETMEPEMMMDGT Y 126
AACGA' \CA. T A T T
NDDEXKOQAYTIDODODVTLTEALTEKTENSGSCGSRKTYTFVSCNSHEETIESZEHNCTETE KRYVOGQKTEKTRTE 1313
T T TTTCGAATTGTACTTTACCTICTT AGGCAA TTGTCGCTA TTT TCTT 'TCAAA
8§ S NAPFICPLCOQTTFSNCTLPLCOQTSKANTGL SLODMTETLTES STETLSTLODTTLSRTLTETK 136
cCcrrT ANAT TTTCGT T T TCTTTAATAT AATA
PFTEENYRTTINSTITF S SLMISOQCOQGTDEKATYVREKRSKANTTSHEKDU VSLTILSVYVHNADNT 143
ATT TGCTTCTAGGT TTCATTTT! T A TCACCTT T
I 8 ML EIASRKLTETKTP?SY STISTFTIRSREQEKTYZ KTLI KNTILVYVC CTIMLTTTVTIGTE KT P?SHMHNTETF 1463
GA Ly ACC] EACE Y TIATTT TICALCT kY T
L P YPQQPDTVWNNQNQLTFOQYTIVRSALTEFSP?PVSLROQTVTEZALTTTISROQTFTLTRDTEF 153
cT TP > T A TCT TCTTC T T
L QGLSDAEQVTKLYA AKASKTIGDVTLXXYVSEQNTLTALRTTISDVRMETGTLTDTSTET ST 153
ATTTATGATCTAGCTTATACCTTCCTGT T TAGTCTTT! TA ACTG
I YDLAYTT FLLIEKS STLLPTIRRCTLYVTETIIKVYTLHTETLVYVI KD STENTETLVTINGETETVYTETETETL 163
GAATTCG! T TT T A
EFEDTAELZTPFVNIKALTEKMTITEIXKTESLVDLLTTOQESTIVSHPTYTLENTIPYEYCGTITIK 166
T T TACGT TCAAGC AGAGCGT TAGATT AA T TTAAGA
L.IDLSKYTLNTY T 08 XKEIKLRETERSOQHEMEKNADNRTLDTFI KTICLTCGV KV EILR 1713
T TGTTT T ATTCA L3 Ly 1CT ) ACOLAT
ADRBEEMTXHLINIKNCTEZIKTPEPTEFGATPFZTLMEPNS SSEVCLHELTO QEPZPSNTITTISAPTYTLDNSHE 176
T TGAATT T
G EVGRNAMBRRGODTLTTLNTLIKKRYTEHSHTLNRLTYTINDNTETITPGTYTISRY NGDETFRUYTTITL 163
TCCAATGGTTTCTTGTTTGCATTTA < TTTT A
S NGFLFATPFNRTETPRTPRRTIPPTODTEDODTETDUMNTETEGTETDSG T EGNDTEMDTVDDTETGOQ 1863
ACTTATTTGGGGT TTTTTCCAATICT T TGCAG
AANILTGVGAELELGIAGGG GV VRDTFTFOQFTFTENTEFRNTLOQEPOGNGDTDTDA AP QNWEP?PPPTITLOQ 1913
TTCT TCAATT TACTATCA AAA TTGGTAGAT TAC TT T
¥ LGP QFDGATTITIRNTNTPERNLGDTETDTDTSTDTDNTDTDTSDTETRTETI Wter 1950
TTGTATAT TAT T TGACTTTTATTTATTAT TACAAATACT TTCCTTATCT) TT c
CCAGTTGTTAATATGTATC) >CCAATCA ATC TAAAAGC ATCCT TTCCC TCTC

1. Nucleotide sequence of the UBR/ locus and deduced amino acid sequence of the UBR1 protein. Nucleotide and amino acid residues are numbered
on the left and right, respectively. The initiator Met codon was inferred so as to yield the longest open reading frame (see Materials and methods).
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of UBRI expression in wild-type cells. When the UBRI gene
was expressed from a high copy (2p-based) plasmid (pSOB33
or pSOB35; see Materials and methods) in a ubrI-Al strain
(see below), a protein of ~200 kd was detected by
Coomassie staining of SDS—PAGE fractionated proteins
from whole cell extracts. The presence of the ~200 kd
protein depended on the presence of the UBRI insert in the
plasmid, confirming that the cloned DNA fragment directs
the synthesis of an appropriately sized Protein. [In these gels,
UBRI migrates slightly faster than ['*C]methylated myosin
(Amersham) but comigrates with prestained myosin
(Diversified Biotech); see also Figure 6A].
Computer-aided comparison of the UBRI nucleotide
sequence (and the predicted amino acid sequence) to
sequences in databases (see Materials and methods) revealed
no significant similarities to sequenced genes or gene
products. Furthermore, no UBRI cross-hybridizing
sequences (other than UBRI itself) were detected in the
S.cerevisiae genome by low-stringency Southern
hybridization (data not shown). The UBRI1 protein does
contain several sequence motifs characteristic of other known
proteins, including a stretch encoding (LeuXg), (a putative
leucine zipper) (Landschulz et al., 1988) at residues
775—-796, and a cluster of six cysteines at residues
136—151, spaced identically to the cysteines of the HIV tat
protein, which apparently play a role in tat dimerization
(Frankel et al., 1988). In the absence of additional evidence,

A
UBR1

— " UBR1: 585kb, 195022 il | o

e

Fig. 2. Deletion of the UBRI gene. (A) Restriction map of the

8.65 kb genomic DNA fragment encompassing the wild-type UBR/
gene, and the structure of the ubri-Al allele (see Materials and
methods). (B) Southern hybridization analysis of the ubrl-Al
(ubr-Al::LEU2) allele. Genomic DNA from the parental diploid strain
(DF5) homozygous at the UBR! locus (lane a), from a Leu*
transformant (BBY40) of DF5 (lane b), and from four haploid
products (BBY45—BBY48) (lanes c—f) of a single meiotic tetrad of
BBY40 was digested with HindIIl and analyzed by Southern
hybridization using a ~ 1.5 kb probe extending upstream from the
HindIlI site at position +542 (see A). Shown on the left are the
positions of HindIll fragments from the UBR/ (1.9 kb) and ubri-Al
(5.4 kb) alleles that overlap the hybridization probe. See Table 1 for
the complete genotypes of the strains.
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the functional significance of these sequences in UBRI1 is
unknown, in part because the probability of random
occurrence of such motifs in a large (1950 residues) protein
is relatively high.

Construction of a ubr1 null mutant

A ubrl null allele was constructed in vitro by replacing
~5 kb of the UBRI coding region with a ~2.2 kb fragment
carrying the LEU2 gene (Figure 2A and Materials and
methods). A linear DNA fragment that included the
disruption (which lacked >85% of the UBRI coding region)
was used to transform DFS5, a leu2/leu2 UBR1/UBRI diploid
strain (Table I). Leu™ transformants, expected to be
heterozygous at the UBRI locus, were sporulated; tetrad
dissection yielded four viable spores whose Leu™
phenotype segregated 2:2, indicating that the UBRI gene is
not essential for either spore germination or vegetative
growth. Southern hybridization analysis of a transformant
and its segregants confirmed the predicted structure of the
ubrl-Al allele by showing the presence of restriction
endonuclease sites diagnostic of the transplacement (Figure
2B), and Northern analysis confirmed that the UBRI message
was not present in the deletion strain (data not shown).

Phenotypic analysis of the ubr1-A1 mutant

Plasmids expressing various Ub-X-Ggal proteins were
transformed into congenic UBRI and ubrl-Al strains. Met-
Bgal and other X-fgals bearing stabilizing amino-terminal
residues remained long-lived in the ubrl-Al strain (data not
shown). As expected from the phenotype of the original ubrl/
mutant, all of the normally short-lived X-Bgals were
metabolically stabilized in the ubrl-Al strain (Figure 3A and
B and data not shown), while the inefficiently deubiquitinated,
short-lived Ub-Pro-Bgal was degraded in this mutant with
wild-type kinetics (Figure 3C). Moreover, the pattern of
Ub-Pro-Ggal multi-ubiquitination (before degradation) in the

UBR ubri1-A1 UBR1 ubri-A1

-Fig. 3. Comparison of metabolic stabilities of X-Bgal and Ub-Pro-8gal

proteins in UBRI and ubri-Al strains. (A) Exponential cultures of
either BBY45 (UBRI) or BBY47 (ubrl-Al) S.cerevisiae strains
carrying a plasmid which expresses Ub-Leu-Bgal, were labeled with
[**S]methionine for 5 min at 30°C followed by a chase in the presence
of cycloheximide and excess cold methionine for 0, 10 or 30 min.
Extracts were immunoprecipitated with a monoclonal antibody to Bgal,
and analyzed by SDS—PAGE (see Materials and methods). (B) Same
as in A but with a plasmid expressing Ub-Arg-Bgal. (C) Same as in A
but with a plasmid expressing Ub-Pro-Bgal. An asterisk denotes an
unknown S.cerevisiae protein that crossreacts with the monoclonal
antibody to Bgal (Bachmair ez al., 1986). ‘90 kd’ indicates a long-lived
Bgal cleavage product that is specific for short-lived X-Bgals and
represents an alternative metabolic fate for short-lived X-Bgals in yeast
(Bachmair et al., 1986; Chau er al., 1989). In A and B, the
fluorograms from the UBRI strain were exposed 2- to 3-fold longer
than those from the (ubri-Al) mutant.



ubrl-Al mutant was indistinguishable from that in wild-type
cells (Figure 3C). The recognition of Ub-Pro-Bgal as a
proteolytic substrate is independent of the N-end rule-based
degradation signal, and has recently been shown to be
mediated by the slowly removed ubiquitin moiety of
Ub-Pro-Bgal (E.Johnson and A.Varshavsky, unpublished
results). Taken together, these data indicated that the ubr/-Al
mutant was affected in an early substrate recognition step
of the N-end rule pathway but apparently not in the later
steps of multi-ubiquitination or degradation of the substrate.
This was consistent with the possibility, to be confirmed
below, that the UBRI gene encodes the previously postulated
N-end-recognizing protein (Bachmair et al., 1986) that
distinguishes between potential proteolytic substrates bearing
destabilizing or stabilizing amino-terminal residues.

Detailed phenotypic characterization of the ubrl-Al
mutant uncovered no significant differences from wild-type
cells in sensitivity to chronic or acute heat stress; in survival
during stationary phase or nitrogen or carbon starvation; in
ability to utilize various carbon sources or grow anacrobically;
in survival of freeze—thaw treatments or exposures to
cytotoxic concentrations of ethanol; or in sensitivity to
chronic exposure to canavanine, an arginine analog (data not
shown; see Materials and methods). Furthermore, while the
ubrl-Al mutant was unable to degrade the normally short-
lived, engineered substrates of the N-end rule pathway such
as X-(gals (see above), no defect in bulk protein degradation,
measured by following the release of acid soluble 33 from
pulse-labeled normal or abnormal (canavanine-containing)
proteins, could be demonstrated (data not shown; see
Materials and methods). Moreover, none of the naturally
short-lived yeast proteins that were identified by pulse —chase
and O’Farrell two-dimensional electrophoresis was
metabolically stabilized in the ubrl/-Al mutant (data not
shown).

One phenotypic characteristic of the ubrl-Al mutant was
a slightly increased doubling time. The difference was too
small to be seen from a comparison of individual growth
curves over a small number of generations, but was detected
by following the growth of a mixed culture of a ubrl-Al
(LEU2) and a congenic UBR! (leu2) strain. The two strains
were grown in the same flask in rich (YPD) medium, and
kept in exponential phase by daily dilution into fresh medium.
The ratio of ubrl-Al to UBRI cells in the mixed population
was monitored by plating diluted samples of the culture on
SD medium either containing or lacking leucine. The relative
content of ubrl-Al (LEU2) cells in the mixed population
was determined as the ratio of the number of Leu™ colonies
to the total number of colonies recovered from the culture.
The results of one such experiment are shown in Figure 4A.
(Three repetitions of this competition experiment yielded the
same result.) The proportion of ubrl-Al cells gradually
decreased in the growing population, reflecting a slightly
(~2%) longer doubling time of the ubrl-Al cells relative
to that of their congenic UBRI counterparts. Similar results
were also obtained with a different haploid ubr-Al strain
(BBY46; data not shown).

In addition, we constructed a ubrl-Al/ubrl-Al diploid
strain (BBY58, see Table I) from independently derived
ubrl-Al haploids. This diploid strain also showed an
increased doubling time in a co-cultivation experiment with
the parental UBR1/UBRI diploid (Figure 4B), indicating that
the effect was not due to an unrelated (non-ubrl) recessive
mutation (which would be expected to be heterozygous, and
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therefore phenotypically normal, in the ubrl-Al/ubrl-Al
diploid). Moreover, no difference in doubling time was
observed when the heterozygous (ubrl-A1/UBRI) diploids
BBY40 or BBY41 (Table I) were co-cultivated with the
homozygous (UBR1/UBRI) parental diploid DF5 (data not
shown). This confirmed that the strains from which the
ubrl-Al haploids and homozygous (ubrl-Allubrl-Al)
diploids were derived carried no mutations with dominant
detrimental effects on growth, and also that the presence of
the LEU2 gene in the ubrl-Al deletion/disruption was not
the source of the growth defect. In addition, a haploid strain
carrying a different gene disrupted by the same LEU?2 allele
(ubi4-A2::LEU2; Finley et al., 1987) in the same (UBRI)
genetic background showed no growth disadvantage in a
similar co-cultivation experiment with the congenic UBRI
(leu2) strain (data not shown).

Another abnormal phenotypic characteristic of the ubrl-Al
mutant was a defect in sporulation of ubri-Al/ubrl-Al
diploids. Specifically, although wild-type numbers of asci
were produced by the mutant, the proportion of aberrant
(two-spored) asci was much higher in the ubri-Al/ubrl-Al
than in the congenic UBRI1/UBRI strain (Table II). At the
same time, the ubrl-Al spores from either normal or
aberrant asci were apparently normal meiotic products, and
germinated at the same frequency (~98%) as those from
the wild-type (UBRI) strain.

UBR1 binds to substrates of the N-end rule pathway

To test whether UBR1 specifically interacts with substrates
of the N-end rule pathway, two assays were used. In the
first, we asked whether UBR1 could be specifically
crosslinked to dihydrofolate reductase (X-DHFR) derivatives
bearing either a destabilizing (Leu) or a stabilizing (Met)
amino-terminal residue. As observed with X-(gals, the in vivo
degradation of Leu-DHFR is dependent on the presence of
a wild-type UBRI allele (R.Baker and A.Varshavsky,
unpublished data). X-DHFR rather than X-(gal proteins
were used in these experiments, since the smaller size of

percent of population

—=— ubr1-A1/ubr1-a1
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Fig. 4. Growth advantage of UBRI over ubrl-Al strains in mixed
cultures. (A) Exponential cultures of BBY45 (UBRI, open circles) and
BBY47 (ubrl-Al::LEU2, closed circles) strains were inoculated into a
500 ml flask containing 100 ml of rich medium (YPD), and grown
with shaking at 30°C. The culture was diluted daily into a 500 mi
flask containing fresh medium so that Aggg of the culture never
exceeded 1.5. Samples of the culture were taken daily, diluted
appropriately, and spread on minimal (SD) medium plates either
lacking or containing leucine. Plates were incubated at 30°C to allow
colony formation and scoring of Leu* (ubrl-Al) and Leu™ (UBRI)
viable cells in the mixed culture. (B) Same as in A but with the
congenic diploid strains DF5 (UBRI/UBRI, open squares) and BBY58
(ubrl-Al:: LEU2/ubrl-Al::LEU2, closed squares).
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Table II. Abnormal sporulation of the ubri-Al/ubrl-Al diploid

Relevant Percent of cells Pgrcent of asci
genotype sporulated with two spores
(mean + s.d.) (mean + s.d.)
UBRI1/UBRI 17 £ 2 S+4
ubrl-Al/ubrl-Al 23 + 1 38+3

DF5 (UBRI/UBRI) and BBYS53 (ubrl-Al/ubrl-Al) strains were sporulated for 3 days at 30°C in liquid media (2% potassium acetate). The o
proportion of 2-spored asci and efficiency of sporulation were determined using a hemacytometer. Shown are the mean value and standard deviation
(s.d.) from three measurements of the same culture. Both 2- and 4-spored asci gave rise to haploid, ~98% viable spores.

200 —

Fig. 5. Crosslinking of the UBR1 protein to a substrate of the N-end
rule pathway. [**S]methionine-labeled Ub-Met-DHFR and Ub-Leu-
DHFR proteins were purified from E.coli and deubiquitinated by
incubation in an extract prepared from a wbri-Al yeast strain (see
Materials and methods). The resultant Met-DHFR and Leu-DHFR
proteins, which differed exclusively at their amino termini (Bachmair
and Varshavsky, 1989), were incubated for 15 min at 0°C with
extracts from either ubri-Al cells or cells overexpressing the UBR1
protein. These incubations were carried out either in the presence or in
the absence of the crosslinker bis (sulfosuccinimidyl) suberate.
Crosslinking was quenched with ethanolamine, and the samples were
analyzed by SDS—PAGE and fluorography (see Materials and
methods). Protein bands present in all lanes above the (overexposed)
DHFR band are contaminating E.coli proteins. Molecular masses (in
kd) of '“C-labeled protein markers (Amersham) are shown on the left.

DHFR was expected to simplify electrophoretic fractionation
of crosslinked UBR1—substrate complexes. A similar
crosslinking assay has been used to address the recognition
properties of a ubiquitin-dependent proteolytic system in
mammalian reticulocytes (Hershko et al., 1986; Reiss et al.,
1988).

3S-labeled Leu-DHFR and Met-DHFR were prepared by
purifying the corresponding Ub-X-DHFR proteins (Bachmair
and Varshavsky, 1989) from Escherichia coli labeled with
[**S]methionine, and deubiquitinating them in vitro with an
extract from a ubrl-Al yeast strain (see Materials and
methods). Extracts from either a ubrl-Al strain or a UBRI
overproducing strain (carrying UBR! on a high copy
plasmid) were added to the *>S-labeled Leu-DHFR or Met-
DHEFR, together with the crosslinking reagent bis (sulfo-
succinimidyl) suberate. **S-labeled products were analyzed
by SDS—PAGE and fluorography (Figure 5). A discrete
35S-labeled species that migrated more slowly than
uncrosslinked UBR1 was formed under the above conditions
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only if the crosslinker, UBR1, and [*>S]Leu-DHFR were
present (Figure 5). The simplest interpretation of this result
is that the unlabeled 225 kd UBR1 frotein, when present
in the extract, binds to the ~22 kd [>°S]Leu-DHFR but not
to the otherwise identical [*>S]Met-DHFR.

To verify and extend this result, we used a second assay
involving co-immunoprecipitation. The epitope tagging
method (Munro and Pelham, 1984; Field et al., 1988; Finley
et al., 1989) was employed to allow immunoprecipitation
of the UBRI protein. The UBRI gene was mutated in vitro
so that it encoded UBRI1 extended at its carboxyl terminus
by nine residues [derived from hemagglutinin (ha) of influen-
za virus] that are recognized by the monoclonal antibody
12CAS (Field et al., 1988; see also Materials and methods).
The modified UBRI gene (UBRI —ha), when expressed from
a plasmid, complemented the X-(3gal degradation defect of
the ubri-Al mutant to the same extent as the unmodified
UBRI gene expressed from an otherwise identical plasmid
(data not shown), indicating that the ha tag did not significant-
ly interfere with UBR1 function. The UBR1—ha protein,
when expressed from a high copy plasmid, was selectively
immunoprecipitated from cell extracts with the anti-ha
monoclonal antibody (Figure 6A).

In the co-immunoprecipitation experiment (Figure 6B),
extracts from cells overexpressing either UBR1-ha or
untagged UBR1 were mixed with [*°S]X-Bgal bearing
either a destabilizing (Arg) or a stabilizing (Val) amino-
terminal residue, followed by immunoprecipitation with the
anti-ha antibody. Arg-Bgal, but not Val-Bgal, was
precipitated, but only if the tagged UBR1—ha protein was
present during incubation (Figure 6B). We conclude that
UBRI, which is essential for the in vivo degradation of
substrates of the N-end rule pathway, specifically binds to
these substrates in vitro.

UBR1 is a rate-limiting component of the N-end rule
pathway

In the course of using yeast strains overproducing UBR1
for the above in vitro analyses, we observed that cells
expressing a short-lived X-Bgal protein and overexpressing
UBRI had significantly lower levels of Bgal than congenic
cells with a wild-type content of UBR1 (Figure 7A). This
result suggested that UBR1 is normally rate-limiting for X-
fBgal degradation in vivo. Pulse —chase analysis confirmed
that the half-life of the metabolically unstable Tyr-Ggal
(Bachmair er al., 1986) was shortened in cells over-
expressing UBR1 (Figure 7B). In addition, the relative level
of multiply ubiquitinated derivatives of Tyr-Ggal (its putative
degradation intermediates; Chau ez al., 1989; Gonda et al.,
1989) was increased in UBR1 overexpressing cells (Figure
7B). Thus, under these conditions the rate of degradation
of multi-ubiquitinated substrates of the N-end rule pathway
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Fig. 6. Using an epitope tagged UBR1—ha protein to detect

UBRI —substrate binding. (A) Immunoprecipitation of UBR1—ha
(UBRI tagged with ha, a nine residue peptide derived from
hemagglutinin of influenza virus). Exponential culture of BBY47
(ubrl-Al) transformed with 2u-based plasmids carrying either UBR!
(pSOB35) or UBRI —ha (pSOB37) were labeled with [**S]methionine
for 15 min at 30°C, followed by extraction, immunoprecipitation with
an anti-ha monoclonal antibody, and electrophoretic analysis (see
Materials and methods). Molecular masses (in kd) of '“C-labeled
protein markers (Amersham) are shown on the left. (B) Specific
co-immunoprecipitation of UBR1—ha and a substrate protein.
{3*S]methionine-labeled Ub-Arg-Ggal and Ub-Val-Bgal were purified
from E.coli and deubiquitinated by incubation in an extract prepared
from the BBY47 (ubri-Al) yeast strain. The resultant Arg-Ggal and
Val-Bgal proteins were incubated for 1 h at 0°C with extracts from
ubrl-Al (BBY47) cells transformed with high-copy plasmids
expressing either UBR1 or UBR1—ha, followed by
immunoprecipitation with an anti-ha monoclonal antibody and
electrophoretic analysis (see Materials and methods). Overexposures of
these fluorograms showed Val-Bgal was not immunoprecipitated from
the (UBR1—ha)-containing extract over background levels (the amount
of X-Bgal immunoprecipitated with the anti-ha antibody from the
extract containing untagged UBRI).

begins to limit the overall rate of substrate flux through the
pathway.

Discussion

The UBR1 protein
We have isolated a yeast mutant that stabilizes normally
short-lived substrates of the N-end rule pathway such as Arg-
fBgal. The wild-type version of the gene (UBRI) that is defec-
tive in the mutant has been cloned and shown to encode a
225 kd protein that has no homologs in current databases.
The UBR1 protein binds in vitro to substrates of the N-end
rule pathway, with the specificity of binding determined at
least in part by the nature of the substrate’s amino-terminal
residue. These results identify UBR1 as the recognition com-
ponent of the N-end rule pathway.

Proteins with the properties of UBR1 were predicted by
Bachmair et al. (1986), and were first detected by Reiss
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Fig. 7. Effect of overproduction of UBR1 on metabolic instability of
X-Bgal proteins. (A) (gal activity in yeast strains overexpressing
UBRI. BBY45 (UBRI)-based strains carrying plasmids expressing
different Ub-X-Bgal proteins were transformed with either a control
high copy (2u-based) vector (YEplac112) or an otherwise identical
vector expressing UBR1 (pSOB35). Extracts prepared from
exponentially growing cells were assayed for Bgal activity using
ONPG (see Materials and methods). Values shown are the means of at
least three independent measurements. Standard deviations are shown
above each bar. (B) Enhanced metabolic instability of Tyr-Bgal in
yeast overexpressing UBR1. Exponential cultures of the BBY45
(UBRI) strain carrying plasmids expressing Ub-Tyr-Bgal and either a
control 2u-based vector or an otherwsie identical vector encoding
UBRI (pSOB35) were labeled with [>*S]methionine for 5 min at
30°C, followed by a chase in the presence of 0.5 mg/ml
cycloheximide for 0, 10 or 30 min, extraction, immunoprecipitation
with a monoclonal antibody to Bgal and electrophoretic analysis (see
Materials and methods).

et al. (1988) and Gonda et al. (1989) in an in vitro ubiquitin-
dependent proteolytic system derived from rabbit
reticulocytes. These proteins were identified as the E3
proteins that had previously been shown to be required for
ubiquitination of proteolytic substrates by specific ubiquitin-
conjugating (E2) enzymes and to contain the substrate-bind-
ing site of the proteolytic pathway (Hershko et al., 1983,
1986).

Three distinct types of E3 activity have been detected in
the above in vitro system using assays based on selective
inhibition of the degradation of specific proteins by dipeptides
bearing different destabilizing amino-terminal residues. The
type 1 E3 activity is specific for the positively charged
destabilizing amino-terminal residues Arg, Lys and His
(Reiss et al., 1988; Gonda et al., 1989). The type II activity
is specific for the bulky hydrophobic destabilizing amino-
terminal residues Phe, Trp, Tyr and Leu (and Ile in yeast)
(Reiss et al., 1988; Gonda et al., 1989; R.Baker and
A.Varshavsky, unpublished results). The type III activity is
specific for the amino-terminal residues Ala, Ser and Thr,
which share the properties of small size and lack of charge
(Gonda et al., 1989). The Ala, Ser and Thr residues are
destabilizing in reticulocytes but stabilizing in yeast, implying
that S.cerevisiae lacks type III activity (Bachmair et al.,
1986; Bachmair and Vashavsky, 1989; Gonda et al., 1989).

The ubrl-Al mutant metabolically stabilizes X-Ggals
bearing either type I or type II destabilizing amino-terminal
residues. Furthermore, we have demonstrated that the UBR1
protein binds in vitro to representatives of both type I and
type II substrates (see Results). Since the type I and type
11 binding activities can be independently inhibited in both
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yeast UBR1 (R.Baker and A.Varshavsky, unpublished
results) and in a mammalian counterpart of UBR1 (Reiss
et al., 1988; Gonda er al., 1989), it is likely that the
corresponding binding sites are distinct in both of these
proteins.

Partial purification of a rabbit E3 has shown it to be a
~ 180 kd protein (Hershko et al., 1986) that, like the 225 kd
yeast UBRI1, contains binding sites for both type I and type
II destabilizing amino-terminal residues (Reiss and Hershko,
1990). Furthermore, the rabbit E3 protein (whose gene
remains to be cloned) binds to a specific ubiquitin-conjuga-
ting (E2) enzyme in vitro (Reiss et al., 1989). Thus, both
the yeast and the rabbit E3 proteins can be viewed as
‘recognition’ subunits of a ubiquitin —protein ligase complex
whose catalytic component is a specific ubiquitin-conjugating
(E2) enzyme. In a model for substrate recognition by the
N-end rule pathway (Bachmair and Varshavsky, 1989) the
recognition component of the pathway (either an E3 protein
alone or in a complex with an E2 enzyme) has a binding
site for the substrate’s destabilizing amino-terminal residue,
and a lysine binding site. The latter site binds the second-
determinant lysine residue of the N-end rule-based
degradation signal (see Introduction). Occupation of both of
these sites by a proteolytic substrate is postulated to be
required for multi-ubiquitination to commence at the bound
lysine of the substrate (Bachmair and Varshavsky, 1989).
It remains to be determined whether E3 proteins such as
UBRI contain a lysine binding site, in addition to the type
I and type II binding sites for destabilizing amino-terminal
residues (and presumably also an E2 enzyme binding site),
or whether the lysine binding site is located in the E3-bound
E2 enzyme.

The relative ease of overexpression of the UBR1 protein
in yeast, and the availability of an epitope tagged UBRI1 (see
Results) will allow purification of the tagged UBR1—ha
protein by affinity chromatography using the anti-ha
monoclonal antibody. Having significant amounts of the
UBR1 —ha protein should allow detailed functional mapping
of UBRI and identification, via direct binding assays, of
UBRI-interacting yeast proteins, including the relevant E2
enzyme(s).

A note on terminology: we suggest the name ‘N-recognin’
for proteins that are functionally equivalent to the N-end-
recognizing yeast UBR1 protein. More generally, the term
‘recognin’ is proposed to denote recognition components of
intracellular proteolytic pathways (either independent of or
dependent on ubiquitin), with specific prefixes (e.g. N-
recognin) distinguishing various recognins. Recent evidence
(reviewed by Hershko, 1988) suggests that the class of
recognins thus defined contains more than one functionally
distinct member. Moreover, certain previously characterized
proteins, in particular some of the homologs of heat shock
proteins (Chiang er al., 1989), are likely to function as
specific recognins.

On the function of the N-end rule pathway
The N-end rule pathway is inactive in the ubrl/-Al mutant
(see Results). The viability of this mutant, and its wild-type
sensitivity to a variety of metabolic and physical stresses (see
Results) indicate that this pathway is not essential in grow-
ing yeast cells or germinating spores.

However, the lack of the N-end rule pathway does have
a subtle effect on sporulation, inasmuch as the proportion
of aberrant (two-spore) asci was much higher in a
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ubrl-Al/ubrl-Al strain than in a congenic UBRI/UBRI
strain (Table II). It is possible that this sporulation defect
is due to metabolic stabilization, in the ubri-Al mutant, of
a protein or proteins whose rapid degradation is required
for efficient execution of a step in spore formation.

Another characteristic of the phenotype of the ubrl-Al
mutant is its slightly decreased growth rate (Figure 4). Both
the sporulation and the growth rate defects of the ubri-Al
mutant, while far from dramatic, would have been sufficient
to retain UBRI, and by inference the N-end rule pathway,
in the course of evolution. At the same time, these subtle
defects have not illuminated specific functions of the N-end
rule pathway. The problem is exacerbated by the lack of
known physiological substrates of this pathway. Specifically,
the ubri-Al mutant, while unable to degrade the normally
short-lived engineered substrates of the N-end rule pathway
such as X-Bgals, showed no defect in bulk protein
degradation, measured by following the release of acid-
soluble **S from pulse-labeled normal or abnormal
(canavanine-containing) proteins. Moreover, none of the
naturally short-lived yeast proteins that were identified by
pulse —chase and O’Farrell two-dimensional electrophoresis
was metabolically stabilized in the ubrl-Al mutant (data not
shown). Since the degradation of abnormal (canavanine-
containing) proteins is known to be ubiquitin-dependent, at
least in part, (Ciechanover et al., 1984; Finley et al., 1987;
Seufert and Jentsch, 1990), the unimpaired ability of the
ubrl-Al mutant to degrade canavanine-containing proteins
implies that the N-end rule-mediated recognition is only one
of several targeting mechanism that mediate ubiquitin-
dependent degradation of short-lived proteins. Indeed, a
recent in vitro study has identified a ubiquitin-dependent
pathway that degrades substrates with acetylated amino
termini (Mayer et al., 1989), which are not expected to be
recognized by the N-end rule pathway.

Thus, the degradation of physiological substrates of the
N-end rule pathway is either non-essential for cell growth
and division or, alternatively, is essential, but can take place
in the absence of the N-end rule pathway because the short-
lived proteins involved each carry more than one degrada-
tion signal. This would account for the apparent absence of
naturally short-lived yeast proteins that are metabolically
stabilized in the ubrl-Al background. A precedent for this
possibility is provided by the recent analysis of the natural-
ly short-lived yeast MATo2 repressor that has been shown
to possess two degradation signals operating via distinct,
N-end rule-independent pathways (Hochstrasser and Var-
shavsky, 1990). If natural substrates of the N-end rule
pathway do in fact carry more than one degradation signal,
additional mutations (in the ubrl-Al genetic background)
will be required to generate a conspicuous phenotype. We
are testing this possibility by screening for ‘synthetic’ muta-
tions (Basson ef al., 1987) i.e. those that are either lethal
or otherwise phenotypically significant only in the absence
of the functional UBRI gene (I.Ota, B.Bartel and A. Var-
shavsky, unpublished results).

One potential function for the N-end rule pathway that is
compatible with the possiblities considered above is selective
destruction of otherwise long-lived proteins that mislocalize
into the cytosol from compartments such as the endoplasmic
reticulum, Golgi, and vacuoles or lysosomes. It has been
noted (Bachmair er al., 1986) that the amino-terminal
residues of compartmentalized proteins are largely of the
destabilizing type according to the N-end rule, in striking



contrast to the amino-terminal residues of non-
compartmentalized proteins, which are almost exclusively
of the stabilizing type. The above conjecture is consistent
with the proposed role of ubiquitin-dependent degradation
in the maturation of erythrocytes, during which the destruc-
tion of previously compartmentalized proteins accounts for
a large proportion of the total protein degradation (Dubiel
and Rapoport, 1989). Metabolic instability of a small
proportion of an abundant and long-lived compartmentalized
protein would be difficult to detect using pulse—chase
protocols and two-dimensional electrophoretic analyses. It
is likely that the generation and analysis of synthetic mutants
described above will provide evidence bearing on this
hypothesis.

Materials and methods

Strains, media, genetic techniques and (gal assay

The S.cerevisiae strains used in this work are listed in Table 1. E.coli strains
MC1061 and JIM101 (progagated in Luria Broth, LB) were used as hosts
for plasmids and phage M13 derivatives. Rich (YPD) and synthetic yeast
media were prepared according to Sherman et al. (1986), with synthetic
media containing 0.67% yeast nitrogen base without amino acid (Difco)
and either 2% glucose (SD medium) or 2% galactose as a carbon source.
Synthetic medium plates supplemented with 0.1 M KH,PO,—K,HPO, (pH
7.0) and 40 pg/ml S-bromo-4-chloro-3-indole-3-p-galactoside (X-Gal)
(Rose et al., 1981) were used to assay yeast colonies for their relative Sgal
content. To induce the galactose-dependent expression of Ub-X-3gal proteins
in the Gal~ strains BBY45—BBY48 (see Table I, and Figures 3 and 7).,
Gal + Gro medium (Guarente ez al., 1982) containing 2% galactose, 2%
ethanol, 2% glycerol and 40 pg/ml aspartic acid, along with 0.67% yeast
nitrogen base without amino acids (Difco) and auxotrophic nutrients at
concentrations recommended by Sherman er al. (1986) was used. Synthetic
media lacking appropriate nutrient(s) were used to select for and maintain
specific plasmids. Yeast mating, sporulation and tetrad analysis were
performed as described by Sherman er al. (1986). Transformation of yeast
was carried out by the lithium acetate method (Ito er al., 1983). Strains
were cured of URA3 expressing plasmids using 5-fluoroorotic acid (5-FOA)
as described by Boeke er al. (1984). Enzymatic activity of Sgal in extracts
was measured using o-nitrophenyl-3-p-galatoside (ONPG) as described by
Ausubel er al. (1989).

Isolation of a ubr1 mutant

BWGYa-1 (Table 1) was transformed with a 2u-based, URA3-containing
plasmid expressing Ub-Arg-Bgal under control of the galactose inducible
GALI promoter (Bachmair er al.. 1986). These cells were mutagenized with
EMS (Sherman et al.. 1986) to 4—8% survival and plated on synthetic
medium containing 2% galactose and lacking uracil. After 3—4 days of
growth at 23°C. colonies were replica plated onto X-Gal containing plates
and allowed to grow at 23°C for 2 days. Since Arg-Bgal is short-lived in
wild-type cells (Figure 3B) its galactose-induced steady state level is low.
resulting in white colonies on X-Gal plates. About 600 blue colonies (out
of ~3 x 10* colonies screened) were picked and retested by a second
round of replica plating. Extracts from 39 colonies that remained blue on
the second X-Gal plate were tested for Bgal activity using the ONPG assay
(Ausubel et al., 1989). Five apparent mutants that had significantly higher
than wild-type levels of 3gal activity were cured of the Ub-Arg-Bgal plasmid
using 5-FOA (Boeke et al.. 1984) and then transformed with plasmids
expressing either Ub-Met-S3gal, Ub-Pro-Bgal or Ub-Arg-3gal (Bachmair
et al., 1986). A mutant (IW100), showing wild-type levels of Bgal activity
with Met-8gal and Ub-Pro-Bgal but increased levels of Sgal activity with
Arg-Bgal was chosen for further analysis. This strain was crossed to
BWG1-7a; the resultant diploids had wild-type (low) levels of Sgal activity.
indicating that the relevant mutation in IW100 was recessive. Sporulation
and tetrad analysis of the IW100/BWG1-7a diploid showed 2:2 segrega-
tion of high levels of Arg-Bgal. indicating that a single lesion was responsible
for the mutant phenotype. IW100 was back-crossed to wild-type strains
(BWGI-7a or BWG9a-1) four times. to yield the strain IW104 carrying
the original mutation. This strain was cured of the Ub-Arg-Bgal plasmid
and transformed with each of the 12 Ub-X-3gal plasmids (Bachmair and
Varshavsky, 1989) that produce metabolically unstable X-Sgals (X = Arg.
Lys, His. Tyr. Phe. Leu. Ile. Trp. Glu, Gln. Asp, Asn). All of these normally
short-lived X-Bgals accumulated to high levels in the IW104 strain. in con-
trast to the slowly deubiquitinated Ub-Pro-Bgal. which remained short-lived.
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Pulse —chase analysis followed by immunoprecipitation and electrophoretic
fractionation of Arg-Ggal (Bachmair er al., 1986; see also Figure 3) con-
firmed that Arg-Bgal was metabolically stabilized in IW 104 (data not shown),
whose relevant mutant gene was named ubrl.

Cloning the UBR1 gene

The ubrl strain IW104 carrying a Ub-Arg-fgal plasmid in which the URA3
marker (Bachmair er al., 1986) had been replaced by LEU2 was transformed
with a . cerevisiae genomic DNA library carried in the URA3, CEN4-based
vector YCp50 (Rose er al., 1987). Approximately 2 X 103 transformants
were screened for white colonies (low levels of Arg-Bgal) on X-Gal plates
that contained galactose and lacked uracil and leucine to maintain both
plasmids. Four of the 10 initially selected white colonies remained white
upon retesting on X-Gal plates. When these cells were cured of their library-
derived plasmids on 5-FOA plates and retested, two of the four isolates
regained their blue color (high levels of Arg-Ggal) on X-Gal plates. Plasmid
DNA isolated according to Hoffman and Winston (1987) from these two
yeast strains was used to transform E.coli to ampicillin (amp) resistance.
The YCpS50 library-derived plasmids were distinguished from the Ub-Arg-
Bgal plasmid also present in the above strains by picking white E.coli
transformants on LB + amp plates containing X-Gal. Indistinguishable
library-derived plasmids (producing identically sized EcoRI and HindIII
fragments) were obtained from both strains. This plasmid (pUBR1) was
used to transform a ubr! (IW104) yeast strain, and it again complemented
the ubrl mutatuon on X-Gal plates. Several subclones of pUBRI, including
one containing the ~4 kb Nsil fragment, one containing DNA from the
Bglll site to the 3’ end of the cloned insert, and one containing DNA from
the Xbal site to the 5’ end of the cloned insert (Figure 2A). failed to
complement the ubr/ mutation.

To prove that the cloned insert originated from the chromosomal locus
of the original ubrl mutation, we subcloned the ~2.5 kb HindIII fragment
from pUBRI that contains a unique Xbal site (Figure 2A) into HindIII-cut
YIp33 (a yeast integrating plasmid containing the LEU2 marker: Botstein
et al.. 1979), to yield the plasmid pSOB6. This DNA was linearized with
Xbal and used to transform the strain IW104 (Table I) carrying the Ub-
Arg-Bgal-expressing plasmid. Leu™ transformants were selected. and the
expected insertion was confirmed by Southern hybridization analysis. The
transformants remained Ubrl ™ (i.e. they had high steady-state levels of
Arg-Bgal as judged by the colonies’ color on X-gal plates) indicating that
the lesion in the original ubr/ allele did not map within the ~2.5 kb HindIll
fragment which encompasses the 3’ portion of the UBRI reading frame
(Figure 2A). Several transformants were crossed to a MATo his4 adel ura3
leu2 UBRI strain and the resultant diploids were sporulated and tetrads
dissected. Eight tetrads in which all four segregants were Ura* (indicating
that the Ub-Arg-Sgal plasmid was maintained) were assayed for their Leu
and Ubr phenotypes. All eight were of the parental ditype class (segregating
2 Leu”™ Ubr*:2 Leu™ Ubr ™). indicating that the integrated fragment from
the cloned ubri/ complementing DNA was closely linked to the ubr/ locus.

DNA sequencing and Southern hybridization
Fragments (2—4 kb) of the 8.65 kb insert of the pUBRI plasmid (Figure
2A) were subcloned into M13mp18 and M13mp19 (Ausubel er al.. 1989),
and sets of nested deletions were generated using exolll and exoVII
(Ozkaynak and Putney, 1987). Single-stranded M13 DNA was sequenced
using the Sequenase kit (United States Biochemical Corp.) under conditions
recommended by the manufacturer. The entire cloned insert in pUBRI
(Figure 2A) was sequenced on at least one strand, and the subset of this
sequence shown in Figure 1 was sequenced on both strands. The predicted
amino acid sequence of UBR1 was compared with sequences in the NBRF
protein database (release 21.0) using the FastA algorithm, and to sequences
(translated in all six reading frames) in the nucleic acid databases GenBank
(release 60.0) and EMBL (release 19.0), using the TFastA algorithm.
For Southern hybridization analysis, DNA was isolated from yeast as
described by Hoffman and Winston (1987), digested with restriction
endonucleases. electrophoresed in 1% agarose gels in TAE buffer (Ausubel
et al.. 1989), transferred to GeneScreen filters (New England Nuclear),
and crosslinked to the filters using UV light (Church and Gilbert, 1984).
DNA probes were labeled using [*2PJdCTP and the method of Feinberg
and Vogelstein (1986). Hybridization was carried out at 42°C in 5 X SSPE
(Sambrook er al.. 1989). 7% SDS and 40% formamide. Filters were washed
as described for nylon membranes by Ausubel et al. (1989).

Plasmids and DNA manipulations

Plasmids were constructed by standard procedures (Ausubel et al., 1989).
DNA fragments were isolated from agarose gels using GeneClean (Biol01.
La Jolla, CA). pUBRI is the initial plasmid from the YCp50 based library
(Rose et al.. 1987) that encodes the UBRI gene. with its 5’ end proximal
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to the Sphl site of YCp50. Ub-X-Bgal vectors were described previously
(Bachmair et al., 1986; Bachmair and Varshavsky, 1989).

To construct the ubrl-Al allele, the 1.2 kb SphI—EcoRV fragment of
pUBRI (from the Sphl site in the YCp50 vector to the EcoRYV site at position
+149 in the UBR1-encoding insert) was ligated into Sphl/Hincll-cut pUC19
(Ausubel et al., 1989) to yield pSOB27. pSOB28 was made by filling in
the ends of the ~2.9 kb Clal fragment of pUBRI1 (from the Clal site at
position +5087 in the UBR1-encoding insert to the Clal site in the YCpS0
vector), ligating it into Smal-cut pUC19, and screening for constructs in
which the UBRI coding region was proximal to the Xbal site of pUC19.
The ~2.9 kb BamHI—Kpnl fragment of pSOB28 was then ligated into
BamHV/Kpnl-cut pSOB27 to yield pSOB29, in which the insert of pUBR1
was modified by the ~5 kb deletion of a fragment from the 5’ EcoRYV site
to the 3’ Clal site. The ends of the ~2.2 kb Sall —Xhol fragment of YEp13
(Broach et al., 1979) that contains the LEU2 gene were filled in with Klenow
Pol I, Xbal linkers were added, and the resultant fragment was ligated into
the Xbal site of pSOB29, yielding pSOB30, which encodes ubrl-Al, the
null ubrl allele (Figure 2A). The ~5 kb HindII fragment of pSOB30 that
contained ubrl-Al was used to replace the wild-type UBRI allele in
S. cerevisiae by homologous recombination (Rothstein, 1983) (see main text
and the legend to Figure 2B).

Two plasmids overexpressing UBR1 were constructed. pSOB33 contained
the ~8 kb Sphl— Psil fragment of pUBRI (from the Sphl site in the YCpS0
vector to the PstI site 3’ of the UBRI coding region) inserted into Psz1/Sphl-
cut YEp352 (a 2p based vector containing URA3; Hill et al., 1986). pSOB35
was made by inserting the ~ 8 kb Sall —Pstl fragment of pUBRI (from
the Sall site in the YCpS0 vector to the Psi site 3’ of the UBRI coding
region) into the Sall/Pstl-cut YEplac112 (a 2u-based vector containing 7RP3;
Gietz and Sugino, 1988).

To construct UBRI—ha, which encodes an epitope-tagged UBRI1
(see main text), the ~2 kb Xbal—Ps!l fragment encompassing the 3’
end of UBRI was ligated into the Xbal/Pstl-cat M13mp18 replicative
form DNA (Ausubel eral., 1989). A synthetic oligonucleotide
(5'-GTAGAGGGCTTGAATCTAAGCGTAATCTGGAACATCGTAT-
GGGTACCAAATCTCTCGCTCATC-3), corresponding to the desired
non-coding DNA strand, was used for insertional mutagenesis using the
MutaGene kit (BioRad), yielding an open reading frame which encoded
the carboxyl-terminal region of UBR1 followed by a nine-residue sequence,
YPYDVPDYA, derived from hemagglutinin (ha) of the influenza virus,
with a Kpnl site at the junction between the two coding regions. The ~2 kb
Xbal —Sphl fragment of the resultant construct was ligated, along with the

~6 kb Sall—Xbal fragment of pUBRI, into Sall/Sphl-cut YEplac112,
yielding the plasmid pSOB37, which expressed the UBR1 —ha protein from
the UBRI promoter.

Phenotypic characterization of the ubr1-A1 mutant

Assays measuring sensitivity of yeast cells to chronic heat stress (at 38 and
39°C), sensitivity to canavanine, and survival during stationary phase,
nitrogen starvation and carbon starvation were carried out according to Finley
et al. (1987). Sensitivity to acute heat stress was determined by exposing
cells (growing exponentially in YPD at 30°C) to YPD at 50°C for 0— 15 min
prior to plating on YPD plates to assay colony formation at 30°C. Carbon
sources tested included ethanol, acetate and glycerol. Ability to grow
anaerobically was assayed on YPD plates incubated in GasPak pouches
(Becton Dickinson) at 30°C. Freeze —thaw sensitivity was determined by
freezing exponentially growing cells quickly (in liquid nitrogen) or slowly
(in an isopropanol bath placed in a —85°C freezer), thawing the cells in
a 30°C water bath, and determining plating efficiency on YPD at 30°C.
Sensitivity to a cytotoxic concentration (15%) of ethanol was determined
as described by Petko and Lindquist (1986) except that cells were grown
in YPD prior to exposure. Bulk protein degradation in the presence and
absence of canavanine was measured as described by Seufert and Jentsch
(1990).

Pulse — chase and immunoprecipitation assays

Pulse —chase analysis, extraction and immunoprecipitation of 3gal-based
proteins with a monoclonal antibody to (3gal were carried out essentially
as described by Bachmair et al. (1986), except that cells were harvested
by centrifugation at ~2000 g for 5 min, rather than by filtration. Briefly,
yeast cells exponentially growing in Gal + Gro were labelled for 5 min
at 30°C with 33S-Translabel (ICN) and were then disrupted (either
immediately or following a chase in the presence of 0.5 mg/ml cycloheximide
and 10 mM cold methionine) by vortexing for 3 min at 4°C with 0.5 mm
glass beads in 0.8 ml of cold buffer A (1% Triton X-100, 0.15 M NaCl,
5 mM Na-EDTA, 50 mM Na-HEPES pH 7.5) containing protease inhibitors
(leupeptin, pepstatin A, antipain, aprotinin and chymostatin, each at
20 pg/ml, plus 1 mM phenylmethylsulfonyl fluoride and 5 mM
N-ethylmaleimide). The extracts were centrifuged at 12 000 g for 5 min
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and portions of supernatants containing equal amounts of acid-insoluble **S
were incubated for 1 h at 0°C with a monoclonal antibody to Bgal (Bachmair
et al., 1986). 15 ul of protein A —Sepharose (Repligen) was added and the
suspensions were incubated with rocking for 30 min at 4°C, followed by
a 3 s centrifugation in a microcentrifuge. Pellets were washed three times
with 0.8 ml of buffer A containing 0.1% SDS, resuspended in electrophoretic
sample buffer, heated at 100°C for 3 min, and electrophoresed in a 6%
polg/acry]amide—SDS gel, followed by fluorography.

[*3S]methionine-labeled UBR1—ha was immunoprecipitated (Figure 6A)
from yeast extracts prepared from BBY47 (ubrl-Al, Table I) transformed
with either pSOB35 (UBR!) or pSOB37 (UBRI —ha). Ascitic fluid containing
the anti-ha monoclonal antibody 12CAS (Field ez al., 1988) was used, with
the immunoprecipitation procedure described above for Bgal, except that
the antigen —antibody —protein A —Sepharose pellets were washed twice
with 0.8 ml of 1% Triton X-100, 1 M NaCl, 5 mM Na-EDTA, 50 mM
Na-HEPES pH 7.5 prior to a wash with 0.8 ml of Buffer A. Approximately
20-fold more UBR1 —ha was immunoprecipitated from cells expressing it
from a high copy (2u-based) plasmid than from a low copy (CEN-based)
plasmid under otherwise identical conditions (data not shown). The 12CA5
antibody-containing ascitic fluid was kindly provided by Ian Wilson and
Gail Fieser, Scripps Clinic and Research Foundation.

For co-immunoprecipitation of UBR1—ha and a substrate protein (Figure
6B), the BBY47 (ubrl-Al) strain, either untransformed, transformed with
pSOB35 (UBRI), or transformed with pSOB37 (UBRI —ha) was grown
t0 Aggo of ~2 in SD (lacking tryptophan in the case of plasmid bearing
cells). Cells were pelleted by centrifugation at ~2000 g for 5 min, washed
once with cold H,O, resuspended in 1.5 vol of cold buffer B (0.1 M NaCl,
1 mM Na-EDTA, 50 mM Na-HEPES pH 7.5) with leupeptin, pepstatin
A, antipain, aprotinin and chymostatin, each at 20 ug/ml. Cells were lysed
by vortexing with an equal volume of glass beads for 4 min at 4°C. The
extracts were centrifuged at 12 000 g for 10 min at 4°C, and the supernatants
used as sources of either the ubiquitin-specific processing protease (BBY47),
UBRI protein (BBY47 + pSOB35), or UBR1—ha protein (BBY47 +
pSOB37). 33S-labeled Ub-Arg-8gal and Ub-Val-Bgal proteins (~ 10°
c.p.m./ug), purified as described by Gonda et al. (1989) from overexpressing
E. coli (which does not deubiquitinate ubiquitin fusions), were kindly supplied
by Erica Johnson (MIT). These ubiquitin fusions were deubiquitinated for
30 min at 30°C in 0.3 ml of buffer B containing ~2 X 10° c.p.m. of
Ub-X-Bgal and 30 ul of the extract prepared as described above from BBY47
(ubr1-Al). 70 pl of the resultant 3S-labeled Arg- or Val-Agal proteins
(~4.6 x 10° c.p.m.) was incubated for 1 h at 0°C with 30 gl of an extract
(prepared as described above) containing either UBR1 or UBR1 —ha along
with a molar excess of the 12CAS5 anti-ha monoclonal antibody, in a final
volume of 0.2 ml of buffer B. 20 pl of protein A —Sepharose (Repligen)
was added, and the suspensions were incubated with rocking for 30 min
at 4°C, followed by a 3 s centrifugation in a microcentrifuge. Pellets were
washed three times with 0.8 ml of buffer B containing 0.2% Triton X-100,
resuspended in electrophoretic sample buffer, heated at 100°C for 3 min,
and electrophoresed in a 6% polyacrylamide—SDS gel, followed by
fluorography.

Protein crosslinking
Ub-Leu-DHFR and Ub-Met-DHFR were overexpressed in E.coli,
metabolically labeled with [>*S]methionine, and purified using methotrexate
affinity chromatography (Bachmair and Varshavsky, 1989; E.Johnson and
A.Varshavsky, unpublished data). These ubiquitin fusions were
deubiquitinated in a final volume of 0.45 ml of buffer B by incubating
0.15ml (~2 X 10% c.p.m.) of Ub-X-DHFR for 1 h at 30°C with 30 ul
of an extract prepared as described above from the BBY47 (ubri-Al) yeast
strain. 1.5 ml of buffer C (1 mM Na-EDTA, 25 mM Na-HEPES, pH7.5)
was added, and the protein was concentrated to a final volume of ~0.22 ml
using Centricon-10 microconcentrators (Amicon). These extracts were used
as a source of [3>S]X-DHFR in the crosslinking experiment below.
Extracts were prepared as described above from 0.5 I cultures (grown
to Aggy of ~2 in SD) for BBY47 (ubri-Al) and BBY4S5 (UBRI)
transformed with pSOB33 (a high copy plasmid expressing the UBR1
protein), and fractionated by precipitation with 30% saturated ammonium
sulfate. The pellets (enriched, in the case of BBY45 + pSOB33, for the
UBR1 protein) were dissolved in 1.5 ml of buffer C, followed by a 2-fold
concentration using Centricon-30 microconcentrators (Amicon). For
crosslinking (Hershko er al., 1986), 20 ul of these unlabeled extracts was
mixed with 50 pl (~4.5 X 10° c.p.m.) of [33S]Leu-DHFR or [**S]Met-
DHEFR (see above), with or without the addition of crosslinker [7 ul of
10 mM bis (sulfosuccinimidyl) suberate (Pierce)]. The samples were
incubated for 15 min at 0°C. Crosslinking was stopped with 10 mM
ethanolamine pH 8.0, followed by the addition of electrophoretic sample
buffer, heating at 100°C for 3 min, electrophoresis in a 5%
polyacrylamide —SDS gel, and fluorography.
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