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A library of random 10 residue peptides fused to the
N-terminus of a reporter protein was screened in the
yeast Saccharomyces cerevisiae for sequences that can
target the reporter for degradation by the N-end
rule pathway, a ubiquitin (Ub)-dependent proteolytic
system that recognizes potential substrates through
binding to their destabilizing N-terminal residues. One
of the N-terminal sequences identified by this screen
was used in a second screen for mutants incapable of
degrading the corresponding reporter fusion. A mutant
thus identified had an abnormally low content of free
Ub. This mutant was found to be allelic to a previously
isolated mutant in a Ub-dependent proteolytic system
distinct from the N-end rule pathway. We isolated the
gene involved, termed UFD3, which encodes an 80 kDa
protein containing tandem repeats of a motif that is
present in many eukaryotic proteins and called the
WD repeat. Both co-immunoprecipitation and two-
hybrid assays demonstrated that Ufd3p is an in vive
ligand of Cdc48p, an essential ATPase required for the
cell cycle progression and the fusion of endoplasmic
reticulum membranes. Further, we showed that,
similarly to Ufd3p, Cdc48p is also required for the Ub-
dependent proteolysis of test substrates. The discovery
of the Ufd3p—Cdc48p complex and the finding that
this complex is a part of the Ub system open up a new
direction for studies of the function of Ub in the cell
cycle and membrane dynamics.
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Introduction

Many damaged and otherwise abnormal proteins are short-
lived in vivo. Many regulatory proteins are metabolically
unstable as well. Short lifetimes of regulatory proteins
allow for rapid adjustments of their concentrations through
changes in the rates of their synthesis or degradation.
Features of proteins that confer metabolic instability are
called degradation signals, or degrons (Varshavsky, 1991).
The essential component of one degradation signal, termed
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the N-degron, is a destabilizing N-terminal residue of a
protein (Bachmair et al., 1986). A set of N-degrons
containing different destabilizing residues is referred to
as the N-end rule, which relates the in vivo half-life of a
protein to the identity of its N-terminal residue
(Varshavsky, 1992, 1996). The N-end rule pathway has
been found in all organisms examined, from mammals to
bacteria (Bachmair and Varshavsky, 1989; Gonda er al.,
1989; Tobias et al., 1991; Lévy et al., 1996). The N-end
rules of bacteria, fungi and mammals are similar but not
identical (Varshavsky, 1996).

In eukaryotes, the N-degron comprises two determin-
ants: a destabilizing N-terminal residue and a specific
internal lysine (or lysines) of a protein substrate (Bachmair
and Varshavsky, 1989; Johnson et al., 1990; Hill et al.,
1993). The Lys residue is the site of formation of a
substrate-linked multiubiquitin chain (Chau et al., 1989),
whose presence is required for the degradation of N-end
rule substrates by the 26S proteasome, an ATP-dependent,
multisubunit protease (Rechsteiner et al., 1993; Piihler
et al., 1994; Hochstrasser, 1995; Jentsch and Schlenker,
1995; Hilt and Wolf, 1996). Ubiquitin (Ub) is a protein
whose covalent conjugation to other proteins is involved,
directly or by way of regulation, in a multitude of
processes, including cell growth and differentiation, signal
transduction, DNA repair and the transport of substances
across membranes. In many of these processes, Ub acts
through routes that involve the degradation of Ub-protein
conjugates (Hershko and Ciechanover, 1992; Ciechanover,
1994; Deshaies, 1995).

The N-end rule is organized hierarchically. In
eukaryotes, such as the yeast Saccharomyces cerevisiae,
Asn and Gln are tertiary destabilizing N-terminal residues
in that they function through their conversion, by the
NTAI-encoded N-terminal amidase (Nt-amidase), into the
secondary destabilizing residues Asp and Glu, whose
activity requires their conjugation, by the ATE/-encoded
Arg-tRNA-protein transferase (R-transferase), to Arg, one
of the primary destabilizing N-terminal residues. The latter
are bound directly by the UBR!-encoded 225 kDa protein
called N-recognin or E3. N-recognin selects potential
N-end rule substrates by binding to their primary destabil-
izing N-terminal residues Phe, Leu, Trp, Tyr, Ile, Arg, Lys
or His (Baker and Varshavsky, 1995; Varshavsky, 1996).

The N-end rule was discovered in experiments that
explored, in S.cerevisiae, the metabolic fate of a fusion
between Ub and a reporter such as Escherichia coli
B-galactosidase (B-gal) (Bachmair er al., 1986). In this
and other eukaryotes, Ub-X-B-gal is rapidly (co-transla-
tionally or nearly so) cleaved at the Ub-B-gal junction
regardless of the identity of the residue X at the C-terminal
side of the cleavage site, proline being the single exception.
By allowing a bypass of the ‘normal’ N-terminal pro-
cessing of a newly formed protein, this finding (Bachmair
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et al., 1986) yielded an in vivo method for generating
different residues at the N-termini of otherwise identical
proteins, a technical advance that led to the N-end rule.
Since nascent proteins bear N-terminal Met (a stabilizing
residue), the N-degron of an N-end rule substrate must be
produced from a pre-N-degron. The design of a pre-
N-degron in Ub fusion-based, engineered N-end rule
substrates such as Ub-X-B-gal is unlikely to be relevant
to physiological N-end rule substrates, because natural Ub
fusions (including the major precursors of Ub) either
contain a stabilizing residue at the Ub—protein junction or
bear a mutant Ub moiety that is expected to be retained
in vivo (Varshavsky, 1996, and references therein).

Endoproteolytic cleavages of viral precursor poly-
proteins have been found to produce N-end rule substrates
(deGroot et al., 1991). However, since most non-viral
proteins are not synthesized as polyproteins. the knowledge
of a polyprotein-based route to an N-end rule substrate
does not, by itself, address the problem of how a destabiliz-
ing residue could be generated at the N-terminus of a
cytosolic protein. Most of the directly sequenced cytosolic
and nuclear proteins lack destabilizing residues at their
N-termini (Bachmair et al., 1986). This bias stems in part
from properties of the known Met-aminopeptidases, which
remove N-terminal Met if, and only if. the second residue
is stabilizing in the yeast N-end rule (reviewed by
Varshavsky. 1996). Another likely reason for this bias is
an underrepresentation of short-lived proteins in the current
set of directly determined N-terminal sequences.

A destabilizing residue at the N-terminus of an N-end
rule substrate must be generated through a proteolytic
cleavage (or cleavages) of a pre-N-degron-containing
protein by a processing protease(s) at some unspecified
distance from the protein’s initial N-terminus. Could this
distance be just one or afew residues? If so, a short
(<10 residues) N-terminal sequence might contain both
the recognition motif and the cleavage site(s) for a relevant
(unknown) processing protease. On this assumption, we
constructed a library of random 10 residue sequences
fused to the N-terminus of Ura3p, a reporter protein. and
screened for the fusions that were short lived in the
presence but not in the absence of the N-end rule pathway.
[A similar screen. with B-gal as a reporter. was also carried
out by Sadis er al. (1995). see Results.] Described below
is one N-terminal sequence identified by this screen. That
sequence, in a fusion to a reporter protein, was used in
another screen, for mutants unable to degrade the fusion.
One mutant thus identified was found to be allelic to a
previously isolated mutant in a Ub-dependent proteolytic
system called the UFD (ubiquitin fusion degradation)
pathway (Johnson er «l.. 1995). (The UFD pathway
overlaps with, but is distinct from, the N-end rule pathway.)
We isolated the corresponding gene. UFD3. which encodes
a protein containing tandem repeats of a sequence motif
known as the WD repeat. We also found that Cdc48p. an
essential ATPase, is an in vivo ligand of Ufd3p. and
showed that both Ufd3p and Cdc48p play a role in the
UFD pathway.

Results

N-terminal sequences that confer UBR1-dependent
instability on a reporter protein

A library encoding random 10 residue sequences fused to
the N-terminus of S.cerevisiae Ura3p was constructed.

Ufd3p-Cdc48p and protein degradation
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Fig. 1. Test proteins. (A) and (B) Ub-X-B-gal (constructs I-II) and
Ub-GlIn-Ura3p (construct IV) fusions were expressed in S.cerevisiae
from galactose- and copper-inducible promoters. respectively (see
Materials and methods). A 45 residue. E.coli Lac repressor-derived
sequence. termed e® [extension containing lysines (K)|. between the
Ub moiety and the reporter part of a fusion. bore Lys residues (Lys15
and Lys17) at least one of which is required for the degradation of
eK-based N-end rule substrates (Varshavsky. 1996). A 12 residue
sequence containing an influenza hemagglutinin-derived epitope (ha)
(Johnson er al.. 1992. 1995) was inserted between eX and the
N-terminus of Ura3p. Ub-Met-B-gal. Ub-Leu-B-gal and Ub-Gin-Ura3p
were deubiquitylated rapidly in vivo. yielding. respectively. the long-
lived Met-B-gal and the short-lived Leu-B-gal and Gin-Ura3p. By
contrast. Ub-Pro-B-gal (construct III) was deubiquitylated slowly. but
was also short-lived in wild-type cells because its N-terminal Ub
moiety functioned as a degron recognized by the UFD pathway. a
Ub-dependent system distinct from the N-end rule pathway (Johnson
et al.. 1995). (C) The N-terminal Ub moiety and two abutting residues
of Ub-GIn-Ura3p were replaced by random 10 residue amino acid
sequences. and the resulting library of N-terminal extensions was
screened for those that confer UBR/-dependent metabolic instability
onto the Ura3p reporter (see Materials and methods). Shown are
23-Ura3p (construct V) and 82-Ura3p (construct VI). two out of

65 Ura3p fusions thus identified. In the construct VII. the 10 residue
N-terminal extension of 23-Ura3p was fused to eR-bearing B-gal. In
construct VIII. the N-terminus of B-gal was fused to the 67 residue
N-terminal region of Mato:2p that encompasses its degron. termed
Degl (Hochstrasser and Varshavsky. 1990).

Deg1-pgal
| Degi-pg

and screened for the fusions that were short-lived in the
presence but not in the absence of Ubrlp. the recognition
component of the N-end rule pathway. Specifically. a pool
of ~107 synthetic oligonucleotides encoding N-terminal
Met followed by 10 random residues was fused to the 5’
end of a modified URA3 gene that encoded a hemagglutinin
epitope-tagged Ura3p (see Figure I and Materials and
methods). Screening of this initial library for plasmids
that could confer Ura™ phenotype on [ura3 ubrlA] cells
yielded ~10° clones. Previous work (Dohmen et al..
1994) has shown that expression of a plasmid-borne gene
encoding a Ura3p-based N-end rule substrate such as Arg-
Ura3p in ura3 S.cerevisiae is insufficient to render cells
Ura™ because of rapid degradation of Arg-Ura3p. By
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contrast, Arg-Ura3p is long-lived in ubrlA cells, which
lack the N-end rule pathway, resulting in the Ura* pheno-
type (Dohmen et al., 1994).

To enable the use of an N-end rule substrate as a
conditional marker, a S.cerevisiae strain, termed JD54,
was constructed that expressed UBRI from the galactose-
inducible, glucose-repressible promoter Pgar; (see
Materials and methods). JD54 cells expressing Arg-Ura3p
were Ura®™ in the presence of glucose but Ura™ in a
galactose-containing medium, owing to the induction of
the N-end rule pathway by galactose. Transforming into
JD54 a library of plasmids that expressed Ura3p fusions
bearing random-sequence N-terminal extensions, and
selecting for cells that were Ura® on glucose but Ura~
on galactose yielded 65 distinct 10 residue N-terminal
extensions. Pulse—chase analyses of Ura3p fusions bearing
10 of these extensions confirmed that the fusions were
degraded rapidly in UBRI cells but were long-lived in
ubrlA cells, and were also at least partially stabilized in
ubc2A cells. [Ubc2p, one of at least 11 Ub-conjugating
enzymes in S.cerevisiae, is bound to Ubrlp in a targeting
complex of the N-end rule pathway (Madura et al., 1993).]
The pulse—chase data for two of the fusions, termed 23-
Ura3p and 82-Ura3p (Figure 1C, constructs V and VI),
are shown in Figure 2A and B, D and E. The half-lives
of 23-Ura3p and 82-Ura3p were ~10 and ~12 min,
respectively, in a UBRI strain but increased by at least
10-fold in a congenic ubrlA strain (Figure 2A and B, D
and E).

The sequences of the above 65 N-terminal 10 residue
extensions were largely dissimilar to each other. However,
certain residues appeared to be excluded from some of
the 10 positions and, in addition, 85% of these deduced
sequences bore a destabilizing residue at position 2 (after
the deduced N-terminal Met), while the remainder bore
Val at this position (our unpublished data). In a screen
similar to the one above, Sadis er al. (1995) have used a
library of 11 residue N-terminal extensions fused to a B-
gal reporter, and screened for the extensions that conferred
metabolic instability on B-gal. A large fraction of the
sequences thus identified targeted B-gal for degradation
by the N-end rule pathway. None of the N-terminal
sequences identified by Sadis ez al. (1995) were evidently
similar to the sequences identified in our screen. While
this lack of sequence similarities may stem in part from
differences in the screens’ design [randomization immedi-
ately after N-terminal Met in our screen but after position
2 in the screen by Sadis et al. (1995)], it is also likely
that a large number of 10 residue N-terminal sequences
can produce the N-degron in vivo, perhaps analogously to
a large number of N-terminal sequences that can function
as signals for protein translocation across the endoplasmic
reticulum (ER) membrane (Kaiser et al., 1987). In addition,
both screens explored at most 0.00001% of the a priori
available sequence space (there are ~1X10!3 distinct 10
residue amino acid sequences, and ~1X 10 of these were
present in the library used).

The degron of 23-Ura3p

The apparent pre-N-degron of 23-Ura3p was chosen for
a more detailed analysis, in part because the activity of
this degron was found to require not only Ubrlp and
Ubc2p but also Atelp (R-transferase) and Ntalp (Nt-
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amidase) (see Introduction). These results suggested the
presence of a tertiary destabilizing residue, Asn or Gln,
at the processed N-terminus of 23-Ura3p. The N-terminal
extension of 23-Ura3p was transplanted to the N-terminus
of another reporter, E.coli B-gal (Figure 1C, construct
VII). The resulting fusion was short-lived in UBRI cells
(t1, of ~45 min) but not in ubrilA or in atelA and ntalA
cells (Figure 2C), similarly to the effect of this extension
on Ura3p (Figure 2A and D and data not shown), except
that 23-Ura3p was degraded more rapidly (in UBRI cells)
than 23-B-gal. Note also the appearance of the ~90 kDa
B-gal cleavage product characteristic of short-lived B-gal-
based proteins (Bachmair et al., 1986) during the chase
in wild-type cells but not in cells lacking either Ubrlp,
Atelp or Ntalp (Figure 2C).

Previous work (Madura et al, 1993; Baker and
Varshavsky, 1995) has shown that levels of B-gal activity
in extracts from S.cerevisiae expressing B-gal-based N-
end rule substrates can be used to compare relative
metabolic stabilities of these substrates. In agreement with
the results of pulse—chase analysis (Figure 2C), the activity
of B-gal in either ubrIA or ntalA cells that expressed 23-
B-gal was ~7-fold higher than the activity of B-gal in
congenic wild-type cells expressing the same fusion
(Figure 2F). In addition, the level of B-gal in wild-type
cells expressing 23-B-gal could be increased by adding to
the growth medium a dipeptide such as Arg—Ala, which
bore a type 1 primary destabilizing N-terminal residue,
but not by Ala-Arg or Leu—Ala, which bore, respectively,
a stabilizing and a type 2 destabilizing N-terminal residue
(data not shown). [Dipeptides bearing destabilizing N-
terminal residues inhibit the N-end rule pathway by
competing with its substrates for binding to the type 1 or
type 2 binding sites of N-recognin (Baker and Varshavsky,
1991).] Taken together, these data indicated that 23-Ura3p
and 23-B-gal (Figure 1C) were degraded because they
acquired an N-degron that bore a tertiary destabilizing N-
terminal residue, Asn or Gin.

The 23-B-gal protein was purified from ubriA cells
(in which this protein was long-lived) and subjected to
microsequencing, yielding the N-terminal sequence Arg-
Glu-Leu-Ser-Ile instead of the DNA-encoded sequence
Met-GIn-Leu-Ser-Ile (Figure 1C, construct VII; see also
Materials and methods). We concluded that the N-terminal
Met of 23-B-gal was cleaved off in vivo. The resulting N-
terminal Gln, a tertiary destabilizing residue, was deamid-
ated by the Ntalp Nt-amidase, yielding N-terminal Glu,
a secondary destabilizing residue. The N-terminal Glu
was arginylated by the Atelp R-transferase, yielding
the observed sequence Arg-Glu-Leu-Ser-Ile that bore N-
terminal Arg, a primary destabilizing residue (see
Introduction). Maplp, an S.cerevisiae Met-aminopeptid-
ase, appears to be incapable of cleaving the Met-Gln bond
(Chang et al., 1992). Indeed, 23-Ura3p remained short-
lived in map A cells (data not shown); this finding led us to
a screen described below. A second Met-aminopeptidase,
Map2p, has been identified recently in S.cerevisiae (Li
and Chang, 1995). Purified Map2p exhibited no activity
with Met-Leu-Phe or Met-His—-Arg peptides in vitro (Li
and Chang, 1995), suggesting that this enzyme is also
unable to produce an N-degron in vivo (Moerschell
et al., 1990).
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Fig. 2. Metabolic stabilities of 23-Ura3p. 82-Ura3p and 23-B-gal in UBR/ and ubriA strains. (A) Congenic S.cerevisiae strains UBRI (JD47-13C)
and ubriA::HIS3 (JD55) expressing 23-Ura3p were labeled with [*S]methionine/cysteine for 5 min at 30°C. followed by a chase for 0, 20 and

60 min, extraction, immunoprecipitation and SDS-PAGE of 23-Ura3p (see Materials and methods). (B) Same as (A) but with 82-Ura3p. (C) Same
as (A) but the test protein was 23-B-gal. and two additional strains were used. SGY3 (ate/A) and SGY4 (ntalA) (Table I). The asterisk denotes an
~90 kDa B-gal cleavage product characteristic of short-lived B-gal derivatives (Bachmair er al.. 1986). The initial half-life of 23-B-gal (see Materials
and methods) in wild-type cells (WT) was ~45 min. (D) Quantitation of the data in (A). (E) Same as (D) but with 82-Ura3p. Similar (£10%) decay
curves were obtained in three independent pulse—chase experiments with all of the test proteins. (F) Wild-type. ubrIA and ntalA cells expressing
23-B-gal from Peyp; were assayed for B-gal activity as described in Materials and methods. The values shown [in Miller units (Miller. 1972)] are the
means from measurements with two independent transformants. Standard deviations are shown above the bars.

A mutant defective in degradation of 23-Ura3p is
allelic to ufd3-1

To identify a protease(s) that generated the N-degron of
23-Ura3p, we carried out a screen for mutants unable
to degrade 23-Ura3p but relatively unimpaired in the
degradation of N-end rule substrates such as Ub-Asp-B-
gal. [The pre-N-degron of Ub-Asp-B-gal is converted into
the N-degron bearing N-terminal Asp through the removal
of Ub by Ub-specific proteases (see Introduction).] A ura3
S.cerevisiae strain expressing 23-Ura3p and Asp-B-gal
(Ub-Asp-B-gal) was mutagenized and screened for Ura™
cells (see Materials and methods). MGY2, one of the
Ura™ mutants thus obtained, formed white colonies in
the presence of X-Gal. a chromogenic [B-gal indicator,
indicating that Asp-B-gal remained short-lived in MGY2
cells.

The proteolytic defect in MGY2 was analyzed using
additional test proteins, Ub-Pro-B-gal and Degl-B-gal
(Figure 1, constructs III and VIII). Ub-Pro-B-gal bears
Pro at the Ub-B-gal junction, is deubiquitylated slowly (in
contrast with the other 19 Ub-X-B-gals) and is short-lived

in vivo because its N-terminal Ub moiety is recognized
as a degradation signal by the UFD pathway, which is
distinct from the N-end rule pathway (Johnson et al.,
1992, 1995; see Introduction). [To bring ubiquitin-related
terms in line with the standard chemical terminology.
ubiquitin whose C-terminal (Gly76) carboxyl group is
covalently linked to another compound is called the
ubiguityl moiety, with the derivative terms being ubi-
quitviation and ubiquitylated, instead of the earlier terms
‘ubiquitination” and ‘ubiquitinated’. ‘Ub’ refers to both
free ubiquitin and the ubiquityl moiety]. In Degl-B-gal,
the N-terminus of the B-gal moiety is extended with the
67 residue N-terminal region of S.cerevisiae Mato:2p that
contains a degron of this naturally short-lived transcrip-
tional repressor (Hochstrasser and Varshavsky, 1990). The
degradation of Deg1-B-gal requires Ubc6p and Ubc7p Ub-
conjugating enzymes (Chen er al., 1993), whereas the
degradation of Ub-Pro-B-gal requires in particular Ubc4p
(Johnson er al., 1992, 1995). and the degradation of N-
end rule substrates requires Ubc2p (Dohmen et al., 1991;
Madura er al., 1993). indicating that the corresponding
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Fig. 3. UFD3 is required for degradation of several distinct proteins. (A) Comparison of metabolic stabilities of 23-Ura3p, 82-Ura3p and Gln-Ura3p
(Ub-GIn-Ura3p) in congenic UFD3 (JD47-13C) and ufd3A (MGY3) strains. S.cerevisiae expressing either 23-Ura3p, 82-Ura3p or Ub-GIn-Ura3p
(Figure 1, constructs V, VI and IV) were labeled with [>>S]methionine/cysteine for 5 min at 30°C, followed by a chase for 0, 20 and 60 min and
processing as described in the legend to Figure 2A and Materials and methods. (B) Quantitation of the data in (A) for 23-Ura3p. (C) Same as (B)
but for 82-Ura3p. (D) Same as (A) but the test proteins were Ub-Pro-B-gal and Degl-B-gal (Figure 1, constructs III and VIII), and the mutant strain
was MGY?2 (ufd3-2). The asterisk denotes an ~90 kDa [-gal cleavage product characteristic of short-lived B-gal derivatives (Bachmair et al., 1986).
(E) Quantitation of the data in (D) for Ub-Pro-B-gal. (F) Same as (E) but for Degl-B-gal.

Ub-dependent pathways differ at least by their targeting
steps.

Surprisingly, Ub-Pro-B-gal was found to be strongly
stabilized in the MGY2 mutant (Figure 3D and E).
Consistent with this result, the level of the Ub-Pro-B-
gal-derived ~90 kDa [B-gal cleavage product characteristic
of short-lived B-gal-based proteins (Bachmair et al.,
1986) was greatly reduced in MGY2 cells, as was
the relative amount of multiubiquitylated Ub-Pro-B-gal
(Figure 3D). The degradation of Degl-B-gal was also
impaired in MGY2 (Figure 3D and F). Overexpression
of free Ub in MGY?2 cells partially complemented their
defect in degradation of Ub-Pro-B-gal (Figure 4B). This
phenotype was similar to the one of a previously
characterized mutant, termed wufd3-1 (Johnson et al.,
1995). ufd3-1 was isolated in a screen for mutations that
perturb the UFD proteolytic pathway (see Introduction),
whose substrates include Ub-Pro-B-gal (Johnson et al.,
1995). The ufd3-1 mutant has reduced levels of free
Ub, and can be partially complemented by overexpression
of free Ub. Earlier attempts to clone UFD3 by
complementation of the ufd3-1 mutant repeatedly yielded
the poly-Ub gene UBI4 as an extragenic suppressor
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(Johnson et al., 1995), consistent with partial comple-
mentation of the ufd3-1 proteolytic defect by overexpres-
sion of free Ub.

We isolated the wild-type counterpart of a mutant gene
in the MGY?2 strain through a complementation of its
defect in degradation of Ub-Pro-B-gal, and showed that
the cloned gene could also complement the Ub-Pro-f3-gal
degradation defect in ufd3-1 cells (Figure 4A). The level
of free Ub in MGY?2 cells was lower than in congenic
wild-type cells (data not shown), similarly to the phenotype
of ufd3-1 cells (Johnson et al., 1995). Moreover, the
original ufd3-1 strain PM164 (Johnson et al., 1995) and
a strain, termed MGY3, that bore a deletion of the cloned
gene (see below) failed to complement each other in a
diploid background (Figure 4A). The mutation in MGY2
cells and the ufd3-1 mutation were also shown to be
meiotically linked (see Materials and methods). Thus, the
mutation in MGY?2 was allelic to ufd3-1. The cloned gene
was termed UFD3; its mutant allele in MGY2 cells was
termed ufd3-2.

A strong impairment of Ub-Pro-f-gal and Degl-B-
gal degradation in the recessive ufd3-2 mutant, whose
proteolytic defect was indistinguishable from that of the



ufd3A strain MGY3 (see below). indicated that Ufd3p
plays arole in several Ub-dependent proteolytic pathways.
perhaps through its function in regulating the level of free
Ub. Thus. Ufd3p is unlikely to be involved in the produc-
tion of N-degron in 23-Ura3p. A protease that generates
this N-degron remains to be identified, perhaps through a
further application of the screen that yielded ufd3-2.

A partial complementation of the proteolytic defect in
ufd3-2 cells by overexpression of free Ub (Figure 4B)
explained. in retrospect, the paradoxical finding that
whereas 23-Ura3p and 82-Ura3p were both stabilized in
the MGY 3 (ufd3-Al) strain. a Ub fusion-based N-end rule
substrate such as Gln-Ura3p (Ub-GIn-Ura3p) remained
short-lived in the same strain (Figure 3A-C). Indeed.
deubiquitylation of the relatively highly expressed (see
Materials and methods) Ub-GlIn-Ura3p yields stoichio-
metric amounts of GIn-Ura3p and free Ub. The resulting
overproduction of free Ub from Ub-GIn-Ura3p in the
MGY3 (ufd3A) mutant (Figure 3A) or from Ub-Asp-B-
gal in the original MGY2 (ufd3-2) mutant would be
expected to partially complement the proteolytic defect in
these strains.

UFD3 encodes a WD repeat protein

Sequencing of an ~3 kb. library-derived DNA fragment
that complemented the Ub-Pro-B-gal degradation defect
in ufd3-2 cells (see Materials and methods) revealed a
single open reading frame (ORF) identical to a previously
identified ORF of unknown function located on chromo-
some XI between SACI and URA] [this ORF was termed
YKL213C by Dujon et al. (1994) and F715 by Tzermia
et al. (1994)]. The UFD3 gene encodes a 715 residue
(79.5 kDa) protein containing five tandem repeats of an
~30 residue motif in its N-terminal half (Figure 5B and
C). This motif. originally identified in B-subunits of
heterotrimeric G proteins (Fong et al., 1986), is called the
WD repeat, because it often ends with the sequence Trp—
Asp (WD) (Neer et al., 1994). The ufd3-2 allele of UFD3
was found to contain a single G—A transition that resulted
in a Cys—Tyr alteration at position 237, in the fifth WD
repeat of Ufd3p (Figure 5C). The phenotypic effect of
this single missense mutation was indistinguishable from
that of the ufd3A allele (Figures 3B and 4A). The UFD3
gene is identical to DOAI. which has been cloned by
M.Hochstrasser (personal communication) by comple-
menting a defect in degradation of the Mato2p transcrip-
tional repressor in a previously isolated mutant
(Hochstrasser and Varshavsky. 1990).

The five WD repeats of S.cerevisiae Ufd3p are highly
similar (40% identical over 250 N-terminal residues) to
WD repeats of the mammalian phospholipase A2-activat-
ing protein (PLAP) (Clark er al.. 1991) (Figure 5B). and
are also similar (28% identity over 176 residues) to WD
repeats of Lisl. a subunit of platelet-activating-factor
acetylhydrolase (Hattori er al.. 1994). The 413 residue C-
terminal region of Ufd3p outside of the WD repeats lacks
significant similarities to sequences in databases.

Construction and analysis of a ufd3A mutant

A LEU2-marked ufd3-Al allele (Figure 5A) was used to
replace the wild-type UFD3 in a diploid strain (see
Materials and methods). Sporulation of the resulting ufd3-
AI/UFD3 diploid yielded tetrads with four viable spores
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Fig. 4. Complementation analysis of ufd3 mutants. (A) Degradation of
Ub-Pro-B-gal in different S.cerevisive strains. Lanes 1-3. UFD3 strain
JD47-13C. Lanes 4-6. ufd3-Al strain MGY3. Lanes 7-9. ufd3-1 strain
PM164. Lanes 10-12. [ufd3-Al/ufd3-1] diploid strain. Lanes 13-15.
lutd3-A1/UFD3] diploid strain. Lanes 16-18. [ufd3-Al/ufd3-2] diploid
strain. Lanes 19-21. ufd3-1 strain PM164 carrving pUFD3. a low-copy
plasmid that expressed Utd3p. Pulse—chase analyses were carried out
as described in Materials and methods. (B) Effects of overexpression
of Ufd3p and free Ub in ufd3-2 cells on the degradation of Ub-Pro-f3-
gal. The ufd3-2 strain MGY2 that expressed Ub-Pro-B-gal was
transformed with the following plasmids: pRS314 (vector alone. a
negative control) (lanes 1-3): pUFD3C1 (a pRS423-based high copy
plasmid expressing Ufd3p) (see Figure 5A) (lanes 4-6): pUFD3 (a
library-derived low copy plasmid carrying a 9.8 kb insert that
contained UFD3) (lanes 7-9): pCUPUBI (a YEplac181-based. high
copy plasmid expressing Ub from the CUPI promoter) (lanes 10-12).
The initial half-lives of Ub-Pro-B-gal (see Materials and methods)
were >60. ~5. ~40 and ~30 min for cells carrying. respectively. vector
alone. pUFD3. pUFD3C1 and pCUPUBI. (C) Quantitation of Ub-Pro-
B-gal decay in UFD3 (JD47-13C) and ufd3-A1 (MGY3) cells carrying
either the vector pRS314GAL or the pRS314GAL-based pGALUFD3.
which expressed UFD3 from the P4, promoter.

in which the Leu~™ (Ufd3") phenotype segregated 2:2.
indicating that UFD3 is not essential for cell viability.
However. a homozygous ufd3-Al/ufd3-Al diploid had a
defect in sporulation: the fraction of asci with four spores
was ~100-fold lower than in a congenic wild-type strain.
This defect could be complemented by a low copy plasmid
expressing UFD3. Neither ufd3-Al nor ufd3-2 cells
differed significantly from their congenic UFD3 counter-
parts in their growth rate or sensitivity (measured as a
decrease in plating efficiency) to acute (50°C) or chronic
(38°C) heat stress. to canavanine (at 1.5 pg/ml). to caffeine
(at 8 mM). to NaCl (at 0.9 M). to CaCl, (at 0.1 M). to
EGTA (at 10 mM) and to nitrogen starvation (data
not shown).

Pulse—chase analysis of the Ub-Pro-B-gal degradation
defect in ufd3-Al cells showed it to be indistinguishable
from the defect in the original (missense) ufd3-2 mutant
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Fig. 5. The S.cerevisiae UFD3 gene. (A) UFD3 and adjacent loci on chromosome XI. ORFs are shown as arrow-shaped boxes indicating the

direction of transcription. Subcloned regions are also indicated, with (+) or

(-) denoting their ability to complement the proteolytic defect of ufd3

mutants. pUFD3 is a p366-based, low-copy plasmid carrying a 9.8 kb insert that contains UFD3. Dashed lines delineate the region of UFD3 that has
been replaced with LEU? in the ufd3-Al allele. (B) Comparison of the amino acid sequences (in single-letter abbreviations) of Ufd3p and the

mammalian PLAP protein (Clark er al., 1991). Identities are highlighted by
(C) Alignment of the five tandem repeats (WD repeats) of Ufd3p. Residues
Consensus elements of WD repeats are boxed. The encircled Cys residue in

vertical bars. Dashes indicate gaps introduced to optimize the alignment.
present in at least three WD repeats are marked by an asterisk.
the fifth WD repeat was replaced by Tyr by the ufd3-2 mutation (see

Results). Ufd3p has a sixth WD repeat (residues 251-287) that diverges from the consensus WD sequence (Neer et al., 1994) at three more positions

in comparison with the other five WD repeats of Ufd3p.

(Figure 4A; compare with Figure 3D and E). Strikingly,
Ub-Pro-f-gal was found to be stabilized in the MGY2
(ufd3-2) strain that carried pUFD3Cl, a high copy
(2 p-based) plasmid overexpressing Ufd3p, in comparison
with the same strain carrying the low copy (CEN-based)
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Ufd3p-expressing plasmid pUFD3 (Figure 4B and C;
compare lanes 4-6 with lanes 7-9). Similar results were
obtained with the MGY3 (ufd3-Al)strain that over-
expressed Ufd3p from the Pg,4;; promoter: the half-life of
Ub-Pro-B-gal in Ufd3p-overexpressing MGY3 cells was
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Fig. 6. Ufd3p binds to Cdc48p. (A) Specificity tests of anti-Ufd3p
antibodies. Whole-cell extracts (10 pg of total protein) were
fractionated by SDS-10% PAGE and analyzed by immunoblotting
with anti-Ufd3p antibodies (see Materials and methods). Lane 1.
UFD3 strain JD47-13C. Lane 2. ufd3A strain MGY3. Lane 3. MGY3
(ufd3-Al) carrying pGALUFD3. a low-copy plasmid expressing Ufd3p
from Pgaz1/10- Lane 4, MGY3 carrying pFLAGUFD3. a low-copy
plasmid expressing Hise- and FLAG-tagged Ufd3p from P4y ;.

(B) Co-immunoprecipitation of Ufd3p and Cdc48p. Whole-cell
extracts (175-350 pg of total protein) from [*3S]methionine/cysteine-
labeled cells were processed for immunoprecipitation with either
anti-Ufd3p or anti-FLAG antibodies. followed by SDS-8% PAGE and
fluorography (see Materials and methods). Lanes 1 and 6. UFD3 strain
JD47-13C. Lanes 2 and 7. ufd3-Al strain MGY3. Lanes 3 and 8.
cdc48-1 strain DBY2030. Lanes 4 and 9. MGY3 expressing
Hisq-FLAG-Ufd3p from pFLAGUFD3. Lanes 5 and 10, MGY3
expressing Ufd3p from pGALUFD3. Asterisks denote non-specifically
immunoprecipitated proteins. (C) Two-hybrid assay of interaction
between Ufd3p and Cdc48p. The S.cerevisiae HF7c strain. which lacks
GAL4 and GALS0, and contains an integrated GAL/::HIS3 reporter
gene, was transformed with pBUFD3 and pACDC48. expressing.
respectively. a fusion of Ufd3p to the DNA binding domain of Gal4p
and a fusion of Cdc48p to the activation domain of Galdp. In the
plasmids pBUFD3-2 and pBUFD3AC. the DNA binding domain of
Galdp was fused. respectively. to the mutant Ufd3-C237Yp protein and
to the WD repeats-containing N-terminal domain of Ufd3p. The
control plasmids pGBT9. pGAD424. pTD! and pLAMS’ expressed.
respectively, the DNA binding domain of Gal4p. the activator domain
of Galdp. a fusion of the SV40 large T protein to the DNA binding
domain of Gal4p and a fusion of human lamin C to the same domain
of Galdp. HF7c¢ cells could grow in the absence of histidine in the
medium if the HIS3-activating function of a split Galdp protein was
restored through a spatial juxtaposition of its otherwise separately
expressed domains.

>30 min, in comparison with ~6 min in a congenic wild-
type (UFD3) strain (Figure 4C).

Ufd3p is physically associated with Cdc48p

Polyclonal anti-Ufd3p antibodies were raised in rabbits
against the purified Hiss- and FLAG-tagged Ufd3p (Hise-
FLAG-Ufd3p) that had been expressed in E.coli. In
immunoblots of extracts from wild-type (UFD3) S.cerevis-
iae, these antibodies bound to a single protein with an
apparent M, of ~75 kDa, close to the predicted size of
Ufd3p (79.5 kDa) (Figure 6A). This protein was absent
from ufd3-Al cells (Figure 6A). In extracts from ufd3-Al
cells that expressed Hise-FLAG-Ufd3p from the Pgyy,
promoter, the same antibodies detected an abundant protein

Ufd3p-Cdc48p and protein degradation

of ~77 kDa, 2kDa larger than the untagged Ufd3p
(Figure 6A). Thus, the ~75 kDa protein detected in UFD3
cells by immunoblotting with anti-Ufd3p antibodies was
in fact Ufd3p.

Anti-Ufd3p antibodies were also used in immunopre-
cipitation assays with extracts from [**S]methionine/
cysteine-labeled S.cerevisiae. In addition to the expected
~75 kDa Ufd3p, these antibodies precipitated an ~105 kDa
protein. This species was present in immunoprecipitates
from Ufd3p-containing but not Ufd3p-lacking cells (Figure
6B). Overexpression of Ufd3p (as His-FLAG-Ufd3p)
increased the yield of immunoprecipitated ~105 kDa
protein (Figure 6B). The specificity of an apparent inter-
action between the ~75 kDa Ufd3p and the ~105 kDa
protein was probed further using a monoclonal anti-FLAG
antibody. This antibody precipitated the ~105 kDa protein
from extracts of ufd3A cells that expressed Hisg-FLAG-
Ufd3p but not from extracts of otherwise identical cells
that lacked Hisg-FLAG-Ufd3p (Figure 6B). To purify the
~105 kDa protein, an extract from cells expressing Hisq-
FLAG-Ufd3p was passed over an anti-FLAG antibody
affinity column, which retained both proteins (see
Materials and methods). Direct microsequencing of the
eluted ~105 kDa protein yielded the N-terminal sequence
GEEHKPLLDASG, identical to the deduced N-terminal
sequence of the 92 kDa S.cerevisiae Cdc48p (minus N-
terminal Met, which is expected to be removed from the
nascent Cdc48p) (Frohlich et al., 1991).

To verify the in vivo existence of a Ufd3p—Cdc48p
complex, we employed the two-hybrid assay (Phizicky
and Fields, 1995). In this method, the expression of a
reporter gene such as HIS3 from the Gal4p-dependent
P4 promoter in the S.cerevisiae strain HF7c is designed
to require the reconstitution of the Galdp function from
two unlinked domains of Galdp that are brought together
through an interaction between two proteins of interest.
Specifically, the DNA binding (DB) domain of Gal4p was
fused to the N-terminus of the full-length Ufd3p, yielding
GBD-Ufd3p (encoded by the plasmid pBUFD3) (see
Materials and methods). The full-length Cdc48p was fused
to the C-terminus of the Gal4p activation domain (GAD),
yielding GAD-Cdc48p (encoded by the plasmid
pACDC48). Expression of either of these fusions alone
in HF7c S.cerevisiae did not activate the expression of
HIS3 reporter. By.contrast, the expression of both pBUFD3
and pACDC48 in HF7c cells resulted in the His™ pheno-
type (active HIS3 reporter), confirming the in vivo inter-
action between Ufd3p and Cdc48p (Figure 6C). Additional
control experiments showed that GAD-Cdc48p and GBD-
Ufd3p did not form complexes with analogous Gal4p-
based fusions containing proteins such as human lamin C
or SV40 large T protein, expressed, respectively, by the
plasmids pLam5" and pTD1 (Figure 6C).

Analogous two-hybrid assays with GAD-Cdc48p and
GBD-Ufd3-C237Yp, the latter fusion containing the func-
tionally inactive Cys-237—Tyr-237 ufd3-2 allele of Ufd3p
(see above), also yielded His* cells (Figure 6C). Thus,
the defect in degradation of Ub-Pro-B-gal in ufd3-2 cells
is unlikely to result from the absence of physical interaction
between Cdc48p and the mutant ufd3-2p protein.

Conditionally lethal cdc48-1 mutant is impaired in
Ub-Pro-f-gal degradation

Given the requirement for Ufd3p in the Ub-dependent pro-
teolysis and the discovery of interaction between Ufd3p
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Fig. 7. Cold-sensitive cdc48-1 mutant is impaired in the degradation
of Ub-Pro-B-gal. (A) Pulse—chase analysis of Leu-B-gal (Ub-Leu-B-
gal) and Ub-Pro-B-gal degradation. Mid-exponential cultures of
congenic CDC48 (DBY1705) and cdc48-1 (DBY2030) strains were
grown at 30°C (permissive temperature). Cells were labeled with
[33SImethionine/cysteine for 5 min at 30°C, followed by a chase for 0,
10 and 30 min, preparation of extracts, immunoprecipitation with a
monoclonal antibody to B-gal, and SDS-PAGE (see Materials and
methods). The open-ended bracket denotes the positions of
multiubiquitylated Ub-Pro-B-gal species. The asterisk indicates an

~90 kDa cleavage product characteristic of short-lived B-gal
derivatives (Bachmair et al., 1986). (B) Quantitation of the data in (A)
for Ub-Pro-B-gal. (C) Same as (B) but for Ub-Leu-B-gal. At 30°C, the
initial half-life of Ub-Pro-B-gal was ~6 min in CDC48 cells and >30
min in cdc48-1 cells. The initial half-life of Leu-B-gal was ~5 min in
CDC48 cells and ~7 min in cdc48-1 cells. Similar (£10%) results
were obtained in two independent pulse—chase experiments.

and Cdc48p, we asked whether the Cdc48p (which, unlike
Ufd3p, is essential for cell viability) is also required for
Ub-dependent proteolysis. Pulse—chase experiments were
carried out with Ub-Pro-B-gal and Leu-B-gal (Ub-Leu-B-
gal) in congenic wild-type (CDC48) and cdc48-1 strains,
the latter carrying a cold-sensitive allele of CDC48 (see
Materials and methods).

Even at the permissive temperature of 30°C, the degrada-
tion of Ub-Pro-B-gal was strongly inhibited in cdc48-1 cells
relative to wild-type cells (¢, of ~60 min and 6 min, respect-
ively) (Figure 7A and B). By contrast, the degradation of
Leu-B-gal (derived from Ub-Leu-B-gal) was only slightly
slower in cdc48-1 than in CDC48 cells (¢, of ~8 min and
6 min, respectively, at 30°C) (Figure 7A and C). The Ub-
Pro-PB-gal degradation defect of cdc48-1 cells was even more
severe (relative to wild-type cells) at the semipermissive
temperature of 23°C (data not shown).

Discussion

The initial aim of this work was to identify N-terminal
sequences of a reporter protein that can be proteolytically
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processed in the cytosol to yield any of the 12 N-terminal
residues that are destabilizing in the S.cerevisiae N-end
rule (see Introduction). We report the following results.

A library of ~107 plasmids encoding N-terminal Met
followed by 10 random residues and a modified S.cerevis-
iae Ura3p reporter protein was constructed, and introduced
into a S.cerevisiae strain in which the expression of Ubrlp
(N-recognin), the recognition component of the N-end
rule pathway, was placed under control by the galactose-
inducible, glucose-repressible promoter Pg4z,. A screen
for Ura3p fusions that were long-lived on glucose (render-
ing cells Ura™) but short-lived on galactose (rendering cells
Ura") yielded 65 fusions that differed by the sequences of
their 10-residue N-terminal extensions.

The degradation of at least one of these fusions, termed
23-Ura3p, required not only Ubrlp, but also Atelp [Arg-
tRNA—protein transferase (R-transferase)] and Ntalp [N-
terminal amidase (Nt-amidase)] (see Introduction), sug-
gesting the presence of a tertiary destabilizing residue
at the N-terminus of the processed 23-Ura3p protein.
Sequencing of purified 23-B-gal, a counterpart of 23-
Ura3p that bore the same N-terminal extension, showed
that the extension’s N-terminal Met was cleaved off
in vivo. The resulting N-terminal Gln, a tertiary destabiliz-
ing residue, was deamidated and then arginylated, yielding
the actually observed N-terminal sequence Arg-Glu-Leu-
Ser-Ile instead of the encoded sequence Met-Gln-Leu-
Ser-Ile.

Since Maplp and Map2p, the known S.cerevisiae Met-
aminopeptidases, appear to be incapable of cleaving the
Met-Gln bond (Moerschell et al., 1990; Chang et al.,
1992; Li and Chang, 1995) (see also Results), we carried
out a screen for mutants unable to degrade 23-Ura3p but
relatively unimpaired in the degradation of Ub fusion-
based N-end rule substrates. This screen was expected to
identify mutations that perturb the production of N-degron
but not the ‘downstream’ steps of the N-end rule pathway.
However, the mutant actually isolated was found to be
defective in the degradation of both 23-Ura3p and several
other (normally short-lived) proteins distinct from N-end
rule substrates. This and other properties of the mutant,
including its abnormally low content of free Ub, suggested
that it may be allelic to the previously characterized
mutant ufd3-1, identified in a screen for mutations in the
UFD proteolytic pathway (see Introduction) (Johnson
et al., 1995). We showed this conjecture to be correct,
and isolated the corresponding gene, termed UFD3. (See
Results for a likely explanation of how a mutation in
UFD3, which plays a role in several proteolytic systems
but appears not to be required for the production of
N-degron, could be detected in the screen that utilized
23-Ura3p. This screen should still be capable of yielding
mutants that are impaired in the production of N-degron;
experiments to identify such mutants are under way.)

The UFD3 gene encodes a 715 residue protein con-
taining five tandem repeats of an ~30 residue motif (known
as the WD repeat) in its N-terminal half (Figure 5B and
C). The WD repeats are present in a number of eukaryotic
proteins whose functions encompass cell cycle control,
cell fate determination, transcription, transmembrane sig-
naling, RNA metabolism and vesicular traffic (Neer et al.,
1994). WD proteins tend to occur in multiprotein com-
plexes, in which their interactions with other proteins are



often mediated by their WD repeat regions (Neer et al..
1994). The five WD repeats of S.cerevisiae Ufd3p are
highly similar (40% identical over 250 residues) to WD
repeats of the mammalian protein PLAP (Figure 5B).
which has been shown to stimulate the activity of phospho-
lipase A2 in vitro (Clark et al.. 1991). The C-terminal
half of Ufd3p lacks significant similarities to sequences
in databases.

An S.cerevisiae strain bearing a deletion/disruption
allele of UFD3 was constructed and found to be pheno-
typically indistinguishable from the originally isolated
ufd3-2 mutant, in which a single Cys—Tyr alteration (at
position 237) has occurred within the fifth WD repeat
of Ufd3p.

Antibodies to Ufd3p co-immunoprecipitated an ~105
kDa protein, which was purified. microsequenced and
found to be Cdc48p. an essential ATPase that contains
two ATP binding domains (Frohlich et al.. 1991). The
co-immunoprecipitation evidence for a Ufd3p—Cdc48p
complex (Figure 6A and B) was confirmed and extended
using the two-hybrid assay (Phizicky and Fields. 1995).
which detected an in vivo interaction between Ufd3p and
Cdc48p (Figure 6C). The Ufd3p—Cdc48p interaction was
apparently unimpaired by a Cys—Tyr alteration within
the fifth WD repeat of Ufd3p that rendered the latter
functionally inactive. It remains to be determined whether
the Ufd3p—Cdc48p complex is mediated by any of the
other WD repeats of Ufd3p.

Saccharomyces cerevisiae Cdc48p has significant
sequence similarities to the S7 subunit of the mammalian
26S proteasome (Dubiel et al., 1993) and to Suglp. an
ATPase and component of the S.cerevisiae 26S proteasome
required for Ub-dependent protein degradation and cell
viability (Ghislain et al., 1993; Rubin er al., 1996). A
conditionally lethal, cold-sensitive mutant cdc48-1 was
used to determine whether Cdc48p plays a role in degrada-
tion of a test protein such as Ub-Pro-B-gal. The results
(Figure 7) showed that Cdc48p is indeed required for
wild-type rates of Ub-dependent protein degradation. and
suggested that the proteolysis-sustaining role of Ufd3p
may be mediated through its complex with Cdc48p.

The S.cerevisiae Cdc48p is essential in particular for a
late step in the cell division cycle: at non-permissive
temperature. strains bearing temperature-sensitive cdc48
alleles arrest as large budded cells containing an undivided
nucleus in the neck between the mother and daughter cells
(Frohlich et al., 1991). Recently, Cdc48p was shown to
be required for the homotypic fusion of ER membranes
(Latterich et al.. 1995). The S.cerevisiae Cdc48p is a
member of a set of highly conserved prokaryotic and
eukaryotic ATPases (Schnall er al.. 1994; Feiler et al..
1995). The functions of this diverse family include
proteasome-mediated proteolysis (Dubiel et al.. 1993:
Rubin er al.. 1996), vesicular transport and fusion (Wilson
et al., 1989: Latterich et al.. 1995). biogenesis of peroxi-
somes (Erdmann et al.. 1991) and regulation of transcrip-
tion (Nelbock et al.. 1990).

Immunolocalization studies of S.cerevisiae Cdc48p indi-
cated that this apparently hydrophilic ATPase (it lacks
putative membrane-spanning regions) is associated with
the nuclear and ER membranes. but is also present in both
the cytosol and nucleosol (Latterich er al.. 1995). The
intracellular distribution of Ufd3p remains to be deter-
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mined. One plausible (and testable) model is that Ufd3p
is associated with a ‘non-membrane’ subpopulation of
Cdc48p molecules that are present in the cytosol and/or
nucleosol. Deletion of UFD3 perturbs sporulation and Ub-
dependent proteolysis but not cell viability (see Results).
whereas deletion of CDC48 is lethal (Frohlich et al..
1991). Furthermore. the ufd3-Al mutation does not result
in synthetic lethality when combined with the cdc4S-1
mutation (our unpublished data). Thus. an essential func-
tion of Cdc48p must either not involve Ufd3p or involve
it in a way that can be at least partially complemented by
another protein. In particular. the conditional lethality of
the cdc48-1 mutant is not suppressed by overexpressing
Ub (data not shown). whereas overexpression of Ub at
least partially suppresses the proteolytic defect of ufd3A
cells (Johnson et al.. 1995). If the essential function of
Cdc48p involves the destruction of a short-lived inhibitor
whose presence arrests cells in the late G, phase. Cdc48p
must be sufficient for the required proteolysis even in the
absence of Ufd3p.

At present. the only significant clue to the mechanics
of the Ufd3p-Cdc48p function is provided by the findings
that ufd3 mutants have an abnormally low level of free
Ub. and that an overexpression of Ub in ufd3 cells at least
partially complements their defect in degradation of Ub-
Pro-B-gal and other test proteins (see Results. and also
Johnson er al.. 1995). The low concentration of free Ub
in ufd3 cells is likely to account for the relative deficiency
in multiubiquitylated (bearing multi-Ub chains) Ub-Pro-
B-gal derivatives. and this. in turn. may account for the
markedly reduced rate of Ub-Pro-B-gal degradation in
ufd3 cells. The mechanistic function of multi-Ub chains
(Cook et al.. 1994) is unknown. Two mutually non-
exclusive models for the role of a substrate-linked multi-
Ub chain are first. that such a chain. through its binding
to a component of the proteasome. reduces the rate
of dissociation of a substrate—proteasome complex, and
second. that a multi-Ub chain conformationally destabil-
izes a substrate to which it is covalently linked by
interacting with the substrate non-covalently as well. in a
manner analogous to that of chaperonins.

It is unlikely that Ufd3p regulates the level of free Ub
by controlling the expression of S.cerevisiae Ub genes.
First. the genes UBII-UBI3. which produce the bulk of
Ub in unstressed cells, encode Ub fusions to specific
ribosomal proteins (Ozkaynak et al.. 1987). A significant
reduction in the rate of synthesis of Ub and these ribosomal
proteins results in slow-growing cells (Finley er al.. 1989),
whereas ufd3A cells are at most slightly growth impaired.
Second. the expression of UBI4. the stress-inducible Ub
gene, was found to be unperturbed in ufd3 cells (our
unpublished data). In addition. an overexpression of Ufd3p
inhibits the degradation of Ub-Pro-B-gal (Figure 4B and
C). Thus. an optimal level of Ufd3p is required for
the maximal rate of Ub-Pro-B-gal degradation. which is
impaired in cells that lack or overproduce Utd3p.

One possibility is that Ufd3p. perhaps in a complex
with Cdc48p. controls the amount or activity of Ub-
specific proteases (isopeptidases) (Baker et al.. 1992:
Huang et al.. 1995). which recycle Ub from multi-Ub
chains back to the free Ub v Another model is
suggested by the finding that p97/VCP. a mammalian
homolog of Cdc48p (Koller and Brownstein. 1987: Peters
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et al., 1990), binds the clathrin heavy chain in vitro
(Pleasure et al., 1993), and also by similarities between the
phenotypes of S.cerevisiae mutants that lack, respectively,
clathrin (Nelson and Lemmon, 1993) and Ufd3p. Specific-
ally, clathrin-deficient cells have reduced levels of free
Ub, and can be partially complemented by overexpression
of Ub, analogously to ufd3A cells (see Results). Higher
levels of free Ub are beneficial to a clathrin-lacking cell
presumably because they enhance the degradation of
mislocalized or misprocessed proteins that accumulate in
the absence of clathrin (Nelson and Lemmon, 1993).
Another possibility is suggested by the finding that Cdc48p
participates in homotypic membrane fusion (Latterich
et al., 1995). Specifically, Ufd3p might be a functional
analog of Secl7p, a S.cerevisiae SNAP protein that binds
to Sec18p (an ATPase with significant sequence similarities
to Cdc48p) and is involved in heterotypic membrane fusion
(reviewed by Mellman, 1995). Although no sequence
similarities were found between Ufd3p and either Secl7p
or its mammalian SNAP counterpart, it should be interes-
ting to determine whether ufd3 mutants exhibit defects
in membrane fusion similar to those of cdc48 mutants
(Latterich er al., 1995). Yet another possibility is that
Cdc48p (or Ufd3p) may function as a distinct E2 or
E3 enzyme of the Ub system (see Introduction for the
terminology).

The discovery of the Ufd3p—Cdc48p complex and the
finding that this complex is a part of the Ub system open
up a new direction for studies of the function of Ub in
the cell cycle and membrane dynamics.

Materials and methods

Strains, media, genetic techniques and -galactosidase
assay

Saccharomyces cerevisiae was grown in rich (YPD) medium containing
1% yeast extract, 2% peptone (Difco) and 2% glucose, or in synthetic
media, containing 0.67% yeast nitrogen base without amino acids
(Difco), auxotrophic nutrients, and either 2% glucose (SD medium) or
2% galactose (SG medium) (Sherman et al., 1986). For the induction of
Pcyp; promoter, CuSO, was added to a final concentration of 0.1 mM.
Transformation of S.cerevisiae was carried out using the lithium acetate
method (Ausubel er al., 1989). A B-gal colony overlay assay was
performed using 0.1 mg/ml 5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside (X-Gal) as described by Barral er al. (1995). Enzymatic
activity of B-gal in cell extracts from mid-exponential cultures growing
on synthetic media was measured as described by Ausubel er al. (1989).
using chlorophenol red-f-p-galactopyranoside (Eustice et al., 1991).
Unless stated otherwise, the E.coli strains used were DH5a and MC1061
(Ausubel et al., 1989).

Plasmids encoding test proteins

The Ub-X-B-gal fusions (constructs I-111 in Figure 1) were expressed
from the galactose-inducible Pcycj/Gar; hybrid promoter in the high
copy (2u-based) plasmids pUB23-X (Bachmair et al., 1986; Bachmair
and Varshavsky, 1989) and pXL (Baker and Varshavsky, 1995) that bore,
respectively, URA3 and LEU2 markers. (‘X' in these families of fusions
refers to a varied amino acid residue after the last residue of Ub.) The
plasmid pBAQ that expressed hemagglutinin (ha) epitope-containing
Ub-Gln-Ura3p (construct IV in Figure 1) from the P¢yp; promoter was
produced from pBAM, a pRS314-based, low copy (CEN-based) plasmid
that encoded Ub-Met-Ura3p (Johnson et al.. 1995) (details are available
upon request). The high copy, YEplacl81-based plasmid pCUPI-
UB::LEU2 (Johnson er al., 1995), renamed pCUPUBI in this study,
expressed ubiquitin from the Pcyp; promoter. YEpDegl-URA3 is a
YEp13-based plasmid that encodes the first 67 residues of Mato:2p fused
to B-gal (Hochstrasser and Varshavsky, 1990). All constructs were
verified by nucleotide sequencing (Ausubel et al., 1989).
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S.cerevisiae strain in which the expression of Ubrip is
controlled by galactose

The strain JD54 (P4, ,-UBR!) was produced from JD47-13C (Table I)
(Madura et al., 1993) by replacing a part of the P pg; promoter (from
position -342 to —19, in the notation of Bartel et al., 1990) with Pg4; ;.
Specifically, oligonucleotide-directed mutagenesis (Ausubel et al., 1989)
was employed to introduce a BamHI site 24 bp upstream of the UBRI
start codon in the plasmid pSOB35 (Bartel er al., 1993). A 685 bp
BamHI fragment of pBM272 (Hovland et al., 1989) that contained the
P L1710 promoter was ligated to BamHI-cut pSOB35. (The above BamHI
fragment contained a Smal site, introduced by oligonucleotide-directed
mutagenesis, between Pg;; and P4y 0. In addition, one of the two
BamHI sites in pBM272 was adjacent to an engineered EcoRI site at
the 3" end of Pgay0.) The Pgaz 0 promoter was then deleted as a Smal
fragment, and replaced with a 589 bp Dral fragment corresponding to
the —834/-345 region of the UBRI locus (Bartel et al., 1993). A Stul
site in this fragment and a Psil site 810 bp downstream of the UBRI
stop codon were used to produce a 7.38 kb transplacement fragment.
S.cerevisiae JD47-13C was co-transformed with this fragment and the
plasmid pCURTO314 (our unpublished data) that expressed a Ura3p-
based N-end rule substrate. Transformants that were Ura* (long-lived
Ura3p reporter) on glucose-containing medium but Ura™ (short-lived
Ura3p reporter) on galactose-containing medium were selected. The
transplacement was verified (Rothstein, 1991) by Southern hybridization
(data not shown). JD54, one of transformants thus obtained, was cured
of pCURTO314 by growing cells in YPD.

A screen for N-terminal sequences that confer
UBR1-dependent metabolic instability on a reporter protein
Oligonucleotides 5'-CGCGGAATTCATG(N),yCGGATCCG-3"  con-
taining 29mer random sequences flanked by the EcoRI and BamHI sites
were made double-stranded by mutually primed second strand synthesis
(Oliphant et al., 1986), digested with EcoRIl and BamHI, and inserted
into EcoRI-BamHI-cut pBAM, immediately upstream of a sequence
encoding eK-ha-Ura3p (see above). The eK-ha-Ura3p moiety of the
resulting Met-X,o-eX-ha-Ura3p fusions bore a 12 residue sequence
containing the ha epitope (Field et al., 1988; Johnson et al., 1992, 1995),
as well as eX [extension (e) containing lysines (K)], a 45 residue sequence
derived in part from E.coli Lac repressor (Bachmair and Varshavsky,
1989) (see also constructs V and VI in Figure 1). The pool of recombinant
plasmids pCOUL was amplified in E.coli and transformed into the yeast
ura3 strain JD54 (Table I) in which the expression of UBRI had been
placed under control of the P4, promoter. Yeast transformants were
first plated on SD(-Ura) medium to select for Ura®™ cells, thereby
eliminating those among the pCOUL plasmids that contained stop codons
within an Xo-coding sequence. Ura™ transformants were then replica-
plated onto SG medium containing 5-fluoroorotic acid (5-FOA). On this
medium, the expression of UBR! (and hence also the activity of the N-
end rule pathway) is induced by galactose. In the presence of FOA,
which kills cells that contain a sufficiently high steady-state level of the
Ura3p enzyme (Boeke et al., 1984), only cells in which Met-Xo-eX-ha-
Ura3p became short-lived (because of the induction of the N-end rule
pathway) would be expected to form colonies. Approximately 200 of
the ~10° Ura® transformants initially selected on SD plates grew on
SG-FOA plates. As expected, these transformants were unable to grow
on SG(-Ura) plates that lacked both uracil and FOA. Plasmids isolated
from 82 of the above ~200 transformants could confer a Ura* phenotype
onto the ura3 ubrlA strain JDS5 but not onto the ura3 UBRI strain
JD47-13C (Table I). Some of the thus isolated Met-X -coding sequences
were fused to a sequence encoding an e¥-bearing B-gal (see, for example,
construct VII in Figure 1), by removing URA3 as a BamHI-Smal
fragment and replacing it with a lacZ-containing BamHI-Scal fragment
of pUB23 (Bachmair et al., 1986). One of these N-degron-producing N-
terminal extensions of eK-ha-Ura3p (extension #23) (Figure 1, construct
V) was employed in a screen described below. Other N-terminal
extensions isolated in this work will be described elsewhere.

Isolation of ufd3-2 mutant

The ura3 strain JD47-13C (Table 1) carrying the plasmid pDL that
expressed Asp-B-gal (Ub-Asp-B-gal) from the Pgayy/0 promoter was
mutagenized with ethyl methanesulfonate to ~30% survival (Lawrence,
1991). Approximately 4500 mutant isolates were transformed with a
plasmid encoding the short-lived 23-Ura3p test protein (Figure 1,
construct V) and screened for Ura™ cells, where 23-Ura3p was likely to
be longer-lived than in parental (Ura”) cells. The Ura™ colonies were
replica-plated on galactose-containing medium to induce the expression
of Asp-B-gal (Ub-Asp-B-gal), and B-galactosidase activity was examined
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Table L. S.cerevisiae strains used in this study

Strain Genotype References
YPHS500 ~ MATo ura3-52 Ivs2-801 ade2-101 trpl-A63 his3-A200 leu2-Al Sikorski and Hieter (1989)
HF7c MATa ura3-32 his3-A200 Ivs2-801 ade2-101 1rpl1-901 leu2-3.112 gal4-542 gal80-538 Feilotter er al. (1994)
LYS2::GALI-HIS3 URA3::(GAL4 17mer)3-CYCl-lacZ
DBY1705 MATo leu2-3,112 ura3-52 Ivs2-801 D.Botstein (Stanford University)
DBY2030 MATa cdc48-1 ade2-1 Ivs2-801 ura3-32 Frohlich er al. (1991)
PM164 MATa ufd3-1 his4-519 wra3-52 adel-100 leu2-3.112 Johnson et al. (1995)
ID47-13C  MATa ura3-52 Ivs2-801 trpl-A63 his3-A200 leu2-3.112 Madura et al. (1993)
ID51 MATa/MATo ura3-52/ura3-52 Ivs2-801/1vs2-801 trpl-A63/trp1-A63 his3-A200/his3-A200 Dohmen et al. (1995)
leu2-3,112/leu2-3.112
D52 MATa ura3-52 Ivs2-801 trpl-A63 his3-A200 leu2-3.112 segregant of JDSI.
Johnson er al. (1995)
D53 MATo. ura3-52 Ivs2-801 trpl-A63 his3-A200 leu2-3.112 segregant of JD51.
Johnson et al. (1995)
JDS5 MATa ura3-52 Ivs2-801 trp1-A63 his3-A200 leu2-3.112 ubri-Al::HIS3 Madura and Varshavsky (1994)
ID54 MATa ura3-52 Ivs2-801 trpl-A63 his3-A200 leu2-3,112 GALI::UBRI derivative of JD47-13C
SGY3 MATo ura3-52 Ivs2-801 ade2-101 trpl-Al his3-A200 leu2-Al atel-A2::LEU?2 derivative of YPHS00.
Grigoryev et al.®
SGY4 MATo ura3-52 Ivs2-801 ade2-101 trpl-Al his3-A200 leu2-Al ntal-A2::LEU2 Grigoryev et al.*
MGY1 MATa ura3-52 Ivs2-801 trpl-A63 his3-A200 leu2-3.112 ntal ufd3-2 derivative of JD47-13C
MGY2 MATa ura3-52 Ivs2-801 trp1-A63 his3-A200 leu2-3,112 ufd3-2 segregant of MGY'1
MGY3 MATa ura3-52 Ivs2-801 trpl-A63 his3-A200 leu2-3.112 ufd3-Al::LEU2 segregant of MGY5
MGY4 MATaIMATo ura3-52/ura3-52 Ivs2-801/1vs2-801 trpl-A63/trp1-A63 his3-A200/his3-A200 produced by mating JD52 and JD53

leu2-3,112/leu2-3,112

MGYS MATa/MATo ura3-52/ura3-52 Ivs2-801/1vs2-801 1rpl-A63/trp1-A63 his3-A200/his3-A200

leu2-3.112/leu2-3.112 ufd3-Al/UFD3

derivative of MGY4

“S.Grigoryev. A E.Stewart. Y.-T.Kwon. S.M.Arfin. R.A.Bradshaw. N.A Jenkins. N.J.Copeland and A.Varshavsky. manuscript in preparation.

using the X-Gal overlay assay. Seventeen of 38 Ura™ colonies remained
white on X-Gal (low levels of Asp-B-gal).

Pulse—chase analyses of 17 putative mutants identified one strain.
termed MGY 1. in which 23-Ura3p. but not Asp-B-gal. was significantly
longer-lived than in the parental strain JD47-13C. Further pulse—chase
analyses. carried out with Ub-Pro-B-gal. Asn-B-gal and Asp-B-gal in
MGY1 that had been cured of the other reporter plasmids indicated that
MGY 1 cells were impaired in the degradation of Ub-Pro-B-gal and Asn-
B-gal but not Asp-B-gal. MGY 1 was crossed to the congenic wild-type
strain YPH500 (Table I). and the resulting diploid was sporulated. Tetrad
analyses showed that the defects in degradation of Asn-B-gal and Ub-
Pro-B-gal segregated independently. suggesting the presence of two
mutations in the strain MGY 1. Complementation tests (Sherman et al..
1986) revealed that one of these mutation affected NTA /. which encodes
Nt-amidase (Baker and Varshavsky. 1995) (see Introduction). while the
second lesion. termed ufd3-2, was found to be allelic to ufd3-1. a
mutation that perturbs the degradation of Ub-Pro-B-gal (Johnson er al..
1995). A meiotic segregant (termed MGY2) of the MGY 1/YPH500
diploid that contained the ufd3-2 mutation but not a mutation in NTA/
was used to clone the wild-type UFD3 gene.

Isolation of UFD3 and ufd3-2

The strain MGY2 (ufd3-2) carrying pUB23-P that expressed Ub-Pro-f3-
gal was transformed with a yeast genomic DNA library constructed in
the LEU2, CEN4-based vector p366. also known as pBS32 (Rose and
Broach. 1991) (the library was purchased from the American Type
Culture Collection: ATCC #77162). Approximately 6400 Leu™ trans-
formants were plated onto SG plates and screened for white colonies
(low levels of Ub-Pro-B-gal) using the X-Gal overlay assay (see above).
Colonies of three (out of seven) initially picked transformants remained
white upon retesting by the X-Gal assay. Pulse—chase analysis of these
isolates identified one transformant in which the degradation of Ub-Pro-
B-gal was restored. The library-derived plasmid. termed pUFD3. was
recovered from this transformant and shown to complement the Ub-Pro-
B-gal degradation defect in MGY2. Of several pUFD3 subclones
(generated in the background of the vector pRS423: Christianson et al..
1992). only pUFD3C1 complemented the ufd3-2 mutation (Figure SA).
Partial sequencing from either side of the ~4.3 kb insert showed it to be
identical to a region of the chromosome XI containing the ORFs
YKL213c and YKL2I14¢ (Tzermia er al.. 1994). The YKL214¢c ORF
was contained within a non-complementing 3.5 kb EcoRI fragment of
pUFD3 (the plasmid pUFD3E! in Figure 5A). By contrast. plasmids
that contained the YKL213c but not the YKL214c ORF (Figure 5A)

could complement the Ub-Pro-B-gal degradation defect of the wufd3-2
strain MGY?2. This and other data (see below) showed that the YKL213c
ORF was the UFD3 gene sought.

To verify that the veast DNA insert of pUFD3 was derived from the
chromosomal locus of the ufd3-2 mutation. an ~3.6 kb EcoRI fragment
from pUFD3E2 (Figure 5A) was inserted into the [/RA3-marked. EcoRI-
cut integrating vector YIp5 (Struhl er al.. 1979). yielding pIUE2. This
plasmid was linearized with Sall and used to transform the ufd3-2 strain
MGY2. A Ura™ transformant was selected. and mated to the UFD3
strain JD53 that carried the LEU2-marked plasmid pPL expressing Ub-
Pro-B-gal. The resulting diploid was sporulated. tetrads were dissected
and testec for their Ufd3™ (the ability to degrade Ub-Pro-B-gal) and
Ura™ phenotypes. A majority of tetrads were of the parental ditype
class. indicating that the putative UFD3 gene was closely linked to the
chromosomal ufd3-2 mutation.

The mutant ufd3-2 gene of the MGY?2 strain was amplified by PCR.
using the AmpliTaq DNA polymerase (Perkin-Elmer) and oligonucleotide
primers OX11 and OX12 (see below). The amplified DNA was cloned
as a Clal-Xhol fragment into Clal-Xhol-cut pRS424GAL (see below).
One cloned PCR product from each of the two independent assays was
sequenced and found to contain the same G—A mutation.

Construction and analysis of the ufd3-A1 mutant

The ~4.3 kb Clal fragment of pUFD3C1 (Figure 5A) was ligated into
Clal-cut pRS314. a TRP/-marked low copy vector (Sikorski and Hieter.
1989). yielding pCUC1. An ~2 kb Ndel-Hpal fragment of pCUC! that
encompassed ~80% of the UFD3 coding region (Figure SA) was replaced
with an ~2.2 kb Xhol-Sall fragment of YEp!3 (Broach er al.. 1979)
containing LEU2 (the ends of this fragment had been blunted with
Klenow Pol I). An ~4.0 kb HindllI-Pvul fragment of the resulting
plasmid (pufd3-Al::1LEU2) that contained the deletion/disruption ufd3-
Al::LEU?2 allele was used to replace the wild-type UFD3 of the diploid
strain MGY4 by homologous recombination (Rothstein. 1991). MGY+4
was produced by mating JD52 to JDS3 (Table I). A ufd3-Al/UFD3
diploid. MGY5. was sporulated and tetrads were dissected. A Leu™
meiotic segregant. termed MGY3. that contained the ufd3-Al::LEU2
allele was mated to the ufd3-1 strain PM164 (Table I) (Johnson et al..
1995). and also to the ufd3-2 strain MGY?2. each strain carryving pUB23-
P that expressed Ub-Pro-B-gal. Pulse—chase analyses of the resulting
diploid strains showed that Ub-Pro-B-gal degradation defects of the
PM164 and MGY3 haploid strains failed to complement each other in
a diploid. The strain produced by mating of MGY3 to PMI164 was
sporulated. Only six tetrads were analyzed. because of inefficient
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sporulation of ufd3 diploids (see Results). All of the examined haploid
segregants were impaired in the degradation of Ub-Pro-B-gal. These
data indicated that the relevant mutations in the PM164 and MGY3
strains were in the same (UFD3) gene.

Plasmids overexpressing Ufd3p

PCR was carried out using either the AmpliTaq (Perkin-Elmer) or Pwo
(Boehringer Mannheim) DNA polymerase. Nucleotide sequencing was
performed using double-stranded plasmid DNAs as templates and the
Sequenase kit (US Biochemical Corp). An ~0.6 kb EcoRI-BamHI
fragment of YEplacI95GAL that contained the Pg;y;y70 promoter was
ligated to EcoRI-BamHI-cut pRS314 and pRS424 (Sikorski and Hieter.
1989: Christianson et al.. 1992). yielding. respectively. the plasmids
pRS314GAL and pRS424GAL. The UFD3 gene was amplified by PCR.
using pUFD3C1 as a DNA template and the primers OX11 (5'-CCA-
ATCGATCCATGGGATATCAATTGAGT-3') and OX12 (5'-CCACT-
CGAGTTAGGAGAGATCGTCGAA-3'). which were complementary.
respectively. to the 5" and 3" termini of UFD3. The PCR product was
digested with Clal and Xhol. and ligated to Clal-Xhol-cut pRS424GAL,
placing UFD3 under control of the S.cerevisiae P10 promoter. To
eliminate potential PCR-generated mutations in the UFD3 ORF. the
Aatll-Bg/ll tfragment of pUFD3C1 that encompassed the bulk of UFD3
ORF was used to replace the corresponding Aarll-Bg/Il fragment of the
above PCR product. yielding pPCRUFD3. The identity of the UFD3
ORF thus produced to the previously identified YKL213C and F715
ORFs (Dujon er al.. 1994: Tzermia er al.. 1994: see Results) was
confirmed by nucleotide sequencing. An ~2 kb Ncol-Xhol fragment of
pPCRUFD3 that contained UFD3 was filled in with Klenow Pol I and
ligated to BamHI-cut pRS314GAL. yielding pGALUFD3.

The plasmid pET30f was a modified pET30a (Novagen Inc.) that
allowed T7 polymerase promoter-driven expression of proteins N-
terminally tagged with the Hisq (Hoffman and Roeder. 1991) and FLAG
(Brizzard er al.. 1994) tags. FLAG is an eight residue sequence recognized
by the monoclonal antibody M2 (IBI/Eastman Kodak). An Ncol-Xhol
fragment of pGALUFD3 that contained UFD3 was ligated to Ncol-
Xhol-cut pET30f, yielding pPETUFD3. The predicted N-terminal sequence
of the resulting Hise-FLAG-Ufd3p fusion protein was MGH-
HHHHHDYKDDDDKAMGYQ [the residues of wild-type Ufd3p are in
bold face. the six His residues and the FLAG epitope (DYKDDDDK)
are in italics. and the three construction-derived residues are underlined].
pETUFD3 was digested with Xbal and Xhol. The resulting ~2 kb
fragment encoding Hisq-FLAG-Ufd3p was blunted with Klenow Pol |
and ligated into BamHI-cut. blunted pRS314GAL. yielding pFLA-
GUFD3. which overexpressed His,-FLAG-Ufd3p from the Pga0
promoter. The epitope-tagged Utd3p was functionally active. in that
Ufd3p and His,-FLAG-Ufd3p were indistinguishable in their ability to
complement the Ub-Pro-B-gal degradation defect in ufd3A cells.

Anti-Ufd3p antibodies, immunoblotting and
immunoprecipitation

Escherichia coli BL21 (DE3) (Studier er al.. 1990) was transformed
with pETUFD3 expressing His,-FLAG-Ufd3p from the T7 promoter.
Cells were grown at 37°C to an Ag, of ~0.5. Isopropylthiogalactoside
(IPTG) was then added to a final concentration of 1 mM, and the
incubation was continued for another 3 h. Cells were harvested by
centrifugation and lysed by freezing—thawing in 40 ml of a lysis buffer
(0.1% Triton X-100, 2 mM EDTA. 50 mM Tris-HCI. pH 8.0). Inclusion
bodies containing overexpressed Hisq-FLAG-Ufd3p (~30% of total
protein) were resuspended in 2 ml of a binding buffer (0.1 M Na
phosphate. 0.01 M Tris—HCI. pH 8.0) containing 8 M urea. Solubilized
Hiss-FLAG-Utd3p was purified by Ni* *-chelate affinity chromatography.
using Ni "-nitrilotriacetic acid—agarose (Qiagen). Fractions containing
the eluted His,-FLAG-Ufd3p were dialyzed against a buffer (10%
glycerol, I mM EDTA. 10 mM Tris—HCI. pH 8.0) containing decreasing
concentrations of urea to allow refolding of His,-FLAG-Ufd3p. Poly-
clonal antibodies to His,-FLAG-Ufd3p were raised in two New Zecaland
white rabbits using standard procedures (Harlow and Lane. 1988). The
purified protein (~100 pg per rabbit) was injected with complete Freund
adjuvant, followed by a boost with the same amount of antigen and
incomplete Freund adjuvant 7 weeks later. Serum was collected 2 weeks
after the boost. and pre-cleared by passing it through a column containing
a whole-cell extract from ufd3A S.cerevisiae cross-linked to CNBr-
activated Sepharose.

For the preparation of crude extracts. ~10” yeast cells were harvested
by centrifugation and washed once with water. The cell pellet was
resuspended in 0.5 ml of cold buffer A [1% Triton X-100. 0.15 M NaCl.
5 mM EDTA. 50 mM Na HEPES (pH 7.5). I mM phenylmethylsulfonyl
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fluoride (PMSF). and leupeptin, pepstatin A. chymostatin, antipain and
aprotinin. each at 2 pg/ml]. An equal volume of 0.5 mm glass beads
was added. followed by vigorous vortexing for 3 min. The beads and
cell debris were removed by centrifugation at 13 000 g for 10 min at
4°C. A 10 ul sample was withdrawn for protein determination using the
Bio-Rad Protein Assay (Bio-Rad). with bovine serum albumin as a
standard. Extracts containing 10 pg of total protein were fractionated by
SDS-10% PAGE (Ausubel e al.. 1989). and then electroblotted onto a
nitrocellulose membrane (Millipore) at 0.8 mA/cm? for 60 min. using a
semidry transfer apparatus (Hoefer Scientific). For immunoblotting.
the anti-Ufd3p serum (pre-cleared as described above) and secondary
horseradish peroxidase-conjugated anti-rabbit antibodies were used at
the dilution of 1:4000 and 1:2000. respectively. The bound secondary
antibodies were detected using the ECL system (Amersham).

For immunoprecipitation assays. the cells were labeled for 1 h at
30°C with 0.15 mCi of [’“S]methionine/cysteine (EXPRESS: New
England Nuclear), followed by preparation of extracts as described
above. Utd3p or His,-FLAG-Ufd3p were immunoprecipitated by mixing
cell extracts (175-350 pg of total protein) with, respectively, the pre-
cleared anti-Ufd3p serum diluted 1:500. or the monoclonal anti-FLAG
M2 antibody (3 pg/ml: IBI/Eastman Kodak) diluted 1:200, and incubating
the samples with rocking for 2 h at 4°C. Protein A-Sepharose (Repligen)
or immobilized protein G (Pierce) were then added. followed by rocking
at 4°C for 1 h, and a 5 s centrifugation in a microcentrifuge. The pellets
were washed three times with the lysis buffer. resuspended in SDS
sample buffer (Ausubel er al., 1989), heated at 100°C for 3 min. and
subjected to SDS-10% PAGE. followed by fluorography.

Pulse-chase analysis

Saccharomyces cerevisiae cells from 10 ml cultures (A of 0.5-1) in
SG or SD media containing 0. mM CuSO, were pelleted by a 10 s
centrifugation in a microcentrifuge, and washed in the same medium.
The cells were resuspended in 0.4 ml of SG or SD containing 0.1 mM
CuSO0y,. and labeled for 5 min at 30°C with 0.15 mCi of [3°S]methionine/
cysteine (EXPRESS. New England Nuclear). The cells were harvested
by centrifugation, resuspended in 0.3 ml of growth medium containing
10 mM L-methionine and 0.5 mg/ml cycloheximide. and incubated
further at 30°C. Samples of 0.1 ml were withdrawn during the incubation
and added to 0.7 ml of the lysis buffer (1% Triton X-100, 0.15 M NaCl,
I mM EDTA., 50 mM Na HEPES. pH 7.5) containing also | mM PMSF
and other protease inhibitors (see above), each at 20 pg/ml. Then 0.5 ml
of 0.5 mm glass beads was added., and the cells were disrupted by
vortexing three times for I min. with intermittent cooling on ice. The
samples were centrifuged at 14 000 g for 15 min. The volumes of
supernatants were adjusted to equalize the amounts of 10% trichloroacetic
acid (TCA)-insoluble *3S, and the samples were processed for immuno-
precipitation and SDS-PAGE as described by Dohmen er al. (1995).
using either the anti-B-gal (Promega) or the anti-ha (Babco Inc.)
monoclonal antibody. SDS-PAGE **S patterns were detected by fluoro-
graphy or autoradiography, and quantified using Phosphorlmager
(Molecular Dynamics). The proteins™ half-life values cited herein are
the ‘initial® half-lives. determined by assuming first-order Kkinetics
between the end of the pulse and the earliest chase time (Baker and
Varshavsky. 1991: Lévy er al., 1996).

Purification and sequencing of 23-B-gal

Extracts were prepared (using a spheroplast isolation and lysis procedure
described below) from the ubr/A strain JD55 (Table I) that expressed
23-B-gal (Figure 1C. construct VII) from the P¢yp; promoter. 23-B-gal
was isolated from the clarified lysate by affinity chromatography on a
column of a monoclonal anti-B-gal antibody coupled to cross-linked
agarose beads (Promega), further puritied by SDS-PAGE and subjected
to sequencing at the Microchemistry Facility (Harvard University) as
described by Gonda et al. (1989). Besides the N-terminal sequence Arg-
Glu-Leu-Ser (see Results). a second sequence. Ser-Leu-Val-Lys-Arg-
Lys-Thr, was also detected: it matched an internal sequence of the eX
region of 23-B-gal. indicating that some molecules of 23-B-gal were
cleaved 20 residues from their initial N-terminus. It is unknown whether
this second cleavage was alternative to the cleavage that exposed Gln2
at the N-terminus of newly formed 23-B-gal. It is also unknown whether
this second cleavage took place in wild-type (UBR/) cells. in which 23-
B-gal was short-lived (see Results).

Purification and sequencing of a protein bound to Ufd3p

Approximately 2X 10" cells of the ufd3A strain MGY3 that carried the
plasmid pFLAGUFD3 expressing His,-FLAG-Ufd3p were grown to an
Ao of ~1 in SG medium. Cells were converted to spheroplasts



using zymolyase 100T (ICN) as described by Ausubel er al. (1989).
Spheroplasts were washed three times with 1 M sorbitol. 10 mM MgCl-.
I mM dithiothreitol. 50 mM Tris—HCI (pH 7.5). and then osmotically
lysed in two pellet volumes of buffer A (see above). The extract was
centrifuged for 15 min at 15 000 ¢. and then for 40 min at 100 000 g.
The supernatant (~10 ml at ~10 mg/ml of total protein) was applied to
a 2 ml anti-FLAG M2 antibody affinity column (2.8 mg of the
M2 monoclonal antibody per ml of gel) prepared according to the
manufacturer’s instructions (IBI/Eastman Kodak). The column was
washed with three 10 ml samples of TBS buffer (0.15 M NaCl. 50 mM
Tris=HCI. pH 7.5). The bound Hise-FLAG-Ufd3p fusion protein and
Cdc48p (see Results) were eluted by adding three 2 ml samples of TBS
containing respectively. 50. 100 and 200 pug/ml of FLAG peptide (IBI/
Eastman Kodak). The eluted proteins were fractionated by SDS-7%
PAGE. and electroblotted onto a polyvinylidene difluoride membrane
(Pro-Blot. Perkin Elmer/Applied Biosystems). After a brief staining with
Coomassie blue. the band of 105 kDa Cdc48p protein (~12 pmol) was
excised and subjected to N-terminal sequencing for 12 cycles using the
Applied Biosystems 476A protein sequencer (Microchemistry Facility.
Caltech).

Two-hybrid assays

The in vivo interaction between Ufd3p and Cde48p was verified using
the two-hybrid assay (Fields and Song. 1989: Phizicky and Fields. 1995).
The pGBTY9 and pGAD424 cloning vectors. the pTD1 and pLAMS’
control plasmids (Bartel er «l.. 1993: Li and Fields. 1993) and the yeast
strain HF7¢ (Feilotter er al.. 1994, see Table I) were purchased from
Clontech. The S.cerevisiae CDC48 gene was amplified from genomic
DNA of JD47-13C cells (Table I) using the primers PCC1 (5'-
CCACCCGGGATCCATGGGTGAAGAACATAA-3") and PCC2 (5'-
CCACTCGAGCTAACTATACAAATCATC-3'). The PCR product was
digested with Smal and Xhol. and ligated to Smal-Sall-cut pGAD424.
vielding pACDCH8 that expressed a fusion of Cde48p to the transcription-
activating domain of Gal4p. The PCR-amplified UFD3 and ufd3-2 genes
were digested with Ncol. blunted with Klenow Pol L. digested with Xhol
and then ligated to the Smal-Sall-cut plasmid pGBTY. yielding pPBUFD3
and pBUFD3-2. which expressed fusions of. respectively. Ufd3p and
Ufd3-2p to the DNA binding domain of Gal4p. The first 456 N-terminal
residues of Ufd3p were also fused to the DNA binding domain of Gal4p
by ligating the Ncol-Pstl fragment of pPCRUFD3 to Ncol-Pstl-cut
pGBT9Y. yielding pBUFD3AC. Nucleotide sequences of the constructs
were verified using the chain termination method (Ausubel er al.. 1989).

Acknowledgements

We thank A.Webster for comparing the sequences of N-terminal exten-
sions: colleagues cited in the paper. especially K.Madura. E.Andrews.
E.S.Johnson. T.W.Chritianson and J.Mulhollaw for strains and/or
plasmids: and W.Lane (Harvard Microchemistry Facility) for protein
sequencing. This work was supported by grants to A.V. from the National
Institutes of Health (GM31530 and DK39520). M.G. and FL. were
supported by postdoctoral fellowships from. respectively. the Human
Frontier Science Program and the Swiss National Fund for Research.

References

Ausubel.FM.. Brent.R.. Kingston.R.E.. Moore.D.D.. SmithJ.A..
SeidmanJ.G. and Struhl.LK. (1989) Current Protocols in Molecular
Biologv. Wiley-Interscience. NY.

Bachmair.A. and Varshavsky.A. (1989) The degradation signal in a
short-lived protein. Cell. 56. 1019-1032.

Bachmair.A.. Finlev.D. and Varshavsky.A. (1986) In vivo half-life of a
protein is a function of its amino-terminal residue. Science. 234.
179-186.

Baker.R.T. and Varshavsky.A. (1991) Inhibition of the N-end rule
pathway in living cells. Proc. Natl Acad. Sci. USA. 87. 2374-2378.
Baker.R.T. and Varshavsky.A. (1995) Yeast N-terminal amidase: a new
enzyme and component of the N-end rule pathway. J. Biol. Chem..

270. 12065-12074.

Baker.R.T.. Tobias.J.W. and Varshavsky.A. (1992) Ubiquitin-specific
proteases of Saccharomyces cerevisiae. Cloning of UBP2 and UBP3.
and functional analysis of the UBP gene family. J. Biol. Chem.. 267.
23364-23375.

Barral.Y.. Jentsch.S. and Mann.C. (1995) G1 cyclin turnover and nutrient

Ufd3p-Cdc48p and protein degradation

uptake are controlled by a common pathway in veast. Genes Dev.. 9.
399—409.

Bartel.B.. Wiinning.I. and Varshavsky.A. (1990) The recognition
component of the N-end rule pathway. EMBO J.. 9. 3179-3189.

Bartel.PL.. Chien.C.-T.. Sternglanz.R. and Fields.S. (1993) In
Hartley.D.A. (ed.). Cellular Interactions in Development: A Practical
Approach. IRL Press at Oxford University Press. pp. 153-179.

Boeke.J.D.. Lacroute.F. and Fink.G.R. (1984) A positive selection for
mutants lacking orotidine-3'-phosphate decarboxylase activity in yeast:
S-fluoroorotic acid resistance. Mol. Gen. Gener.. 197, 345-346.

Brizzard.B.L.. Chubet.R.G. and Vizard.D.L. (1994) Immunoaffinity
purification of FLAG epitope-tagged bacterial alkaline phosphatase
using a novel monoclonal antibody and peptide elution. BioTechniques.
16. 730-734.

Broach.J.R.. StrathernJ.N. and HicksJ.B. (1979) Transformation in
yeast: development of a hybrid cloning vector and isolation of the
CANI gene. Gene. 8. 121-133.

Chang.Y.-H.. Teichert.V. and SmithJ. (1992) Molecular cloning.
sequencing. deletion. and overexpression of a methionine amino-
peptidase from Saccharomyces cerevisiae. J. Biol. Chem.. 267.
8007-8011.

Chau.V.. Tobias.J.W.. Bachmair.A.. Marriott.D.. Ecker.D.J.. Gonda.D K.
and Varshavsky.A. (1989) A multiubiquitin chain is confined to specific
lysine in a targeted short-lived protein. Science. 243, 1576-1583.

Chen.P., Johnson.P.. Sommer.T.. Jentsch.S. and Hochstrasser.M. (1993)
Multiple ubiquitin-conjugating enzymes participate in the in vivo
degradation of the yeast MAT a2 repressor. Cell. 74. 357-369.

Christianson. T.W.. Sikorski.R.S.. Dante.M.. SheroJ.H. and Hieter.P.
(1992) Multifunctional yeast high-copy-number shuttle vectors. Gene.
110. 119-122.

Ciechanover.A. (1994) The ubiquitin—proteasome proteolytic pathway.
Cell. 79. 13-21.

Clark. M.A.. Ozgiir.L.E.. Conway.T.M.. Dispoto.J.. Crooke.S.T. and
BomalaskiJ.S. (1991) Cloning of a phospholipase A2-activating
protein. Proc. Natl Acad. Sci. USA. 88. 5418-5422.

Cook.W.J.. Jeffrey.L.C.. Kasperek.E. and Pickart.C.M. (1994) Structure
of tetraubiquitin shows how multiubiquitin chains can be formed. J.
Mol. Biol.. 236. 601-609.

deGroot.R.J.. Riimenapf.T.. Kuhn.RJ.. Strauss.E.G. and Strauss.J.H.
(1991) Sindbis virus RNA polymerase is degraded by the N-end rule
pathway. Proc. Natl Acad. Sci. USA. 88. 8967-8971.

Deshaies.R.J. (1995) Make it or break it: the role of ubiquitin-dependent
proteolysis in cellular regulation. Trends Cell Biol.. 5. 428—34.

Dohmen.R.J.. Madura.K.. Bartel.B. and Varshavsky.A. (1991) The N-end
rule is mediated by the Ubc2 (Rad6) ubiquitin-conjugating enzyme.
Proc. Natl Acad. Sci. USA. 88. 7351-7355.

Dohmen.R.J.. Wu.P. and Varshavsky.A. (1994) Heat-inducible degron: a
method for constructing temperature-sensitive mutants. Science. 263.
1273-1276.

Dohmen.R.J..  Stappen.R.. McGrathJ.P.. Forrova.H.. Kolarov.]..
Goffeau.A. and Varshavsky.A. (1995) An essential yeast gene encoding
a homolog of ubiquitin-activating enzyme. J. Biol. Chem.. 270.
18099-18109.

Dubiel.W.. Ferrell.K. and Rechsteiner.M. (1993) Peptide sequencing
identifies MSS1. a modulator of HIV Tat-mediated transactivation. as
subunit 7 of the 26S protease. FEBS Lerr.. 323, 276-278.

Dujon.B. er al. (1994) Complete DNA sequence of yeast chromosome
XI. Nanure. 369. 371-378.

Erdmann.R.. Wiebel.[FF.. Flessau.A.. RytkaJ.. Beyer.A.. Frohlich.K.-U.
and Kunau.W.-H. (1991) PAS/. a yeast gene required for peroxisome
biogenesis. encodes a member of a novel family of putative ATPases.
Cell. 64. 499-510.

Eustice.D.C.. Feldman.P.A.. Colberg-Poley. A.M.. BuckeryR.M. and
Neubauer.R.H. (1991) A sensitive method for the detection of -
galactosidase in transtected mammalian cells. BioTechnigues. 11.
739-743.

Feiler.H.S.. Desprez.T.. Santoni.V.. KronenbergerJ.. Caboche.M. and
Traas.J. (1995) The higher plant Arabidopsis thaliana encodes a
functional CDC48 homologue which is highly expressed in dividing
and expanding cells. EMBO J.. 14, 5626-5637.

Feilotter.H.E.. Hannon.G.J.. Ruddell.C.J. and Beach.D. (1994)
Construction of an improved host strain for two-hybrid screening.
Nucleic Acids Res.. 22. 1502-1503.

Field.J.. Nikawa.J.l.. Broek.D.. MacDonald.B.. Rodgers.L.. Wilson.L.A..
Lerner.R.A. and Wigler.M. (1988) Puritication of a RAS-responsive
adenylyl cyclase complex from S.cerevisiae by use of an epitope
addition method. Mol. Cell. Biol.. 8. 2159-2165.

4897



M.Ghislain et al.

Fields,S. and Song,0. (1989) A novel genetic system to detect protein—
protein interactions. Nature, 340, 245-247.

Finley,D., Bartel.B. and Varshavsky,A. (1989) The tails of ubiquitin
precursors are ribosomal proteins whose fusion to ubiquitin facilitates
ribosome biogenesis. Nature, 338, 394—401.

Fong HK., HurleyJ.B., Hopkins.R.S.. Miake-Lye.R.. Johnson.M.S..
Doolittle,R.F. and Simon,M.I. (1986) Repetitive segmental structure
of the transducin B subunit: homology with the CDC4 gene and
identification of related mRNAs. Proc. Natl Acad. Sci. USA, 83.
2162-2166.

Frolich,K.-U., Fries,H.-W., Riidiger,M., Erdmann,R.. Botstein.D. and
Mecke,D. (1991) Yeast cell cycle protein CDC48p shows full-length
homology to the mammalian protein VCP, and is a member of a
protein family involved in secretion, peroxisome formation, and gene
expression. J. Cell Biol., 114, 443-453.

Ghislain,M., Udvardy,A. and Mann,C. (1993) S.cerevisiae 26S protease
mutants arrest cell division in G2/metaphase. Nature, 366, 358-362.

Gonda,D.K., Bachmair,A., Wiinning.I., TobiasJ.W.. Lane,W.S. and
Varshavsky,A. (1989) Universality and structure of the N-end rule. /.
Biol. Chem. 264, 16700-16712.

Harlow,E. and Lane.D. (1988) Antibodies: A Laboratory Manual. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Hattori,M., Adachi,H., Tsujimoto,M.. Arai.H. and Inoue.,K. (1994) The
catalytic subunit of bovine brain platelet-activating factor
acetylhydrolase is a novel type of serine esterase. Nature. 370.
216-218.

Hershko,A. and Ciechanover,A. (1992) The ubiquitin system for protein
degradation. Annu. Rev. Biochem., 61, 761-807.

Hill,C.P., Johnston,N.L. and Cohen,R.E. (1993) Crystal structure of a
ubiquitin-dependent degradation substrate: a three-disulfide form of
lysozyme. Proc. Natl Acad. Sci. USA. 90, 4136-4140.

Hilt,W. and Wolf,D.H. (1996) Proteasomes: destruction as a programme.
Trends. Biochem. Sci., 21, 96-102.

Hoffmann,A. and Roeder,R.G. (1991) Purification of His-tagged proteins
in nondenaturing conditions suggests a convenient method for protein
interaction studies. Nucleic Acids Res., 19, 6337-6338.

Hochstrasser M. (1995) Ubiquitin, proteasomes, and the regulation of
intracellular protein degradation. Curr. Biol.. 7. 215-223.

Hochstrasser M. and Varshavsky.A. (1990) /n vivo degradation of a
transcriptional regulator: the yeast Mata2 repressor. Cell, 61. 697-708.

Hovland,P,, Flick,J., Johnston,M. and Sclafani,R.A. (1989) Galactose as
a gratuitous inducer of GAL gene expression in yeasts growing on
glucose. Gene, 83, 57-64.

Huang,Y., Baker,R.T. and Fischer-Vize J.A. (1995) Control of cell fate
by a deubiquitinating enzyme encoded by the fat facets gene. Science.
270, 1828-1831.

Jentsch,S. and Schlenker,S. (1995) Selective protein degradation: a
journey’s end within the proteasome. Cell, 82, 881-884.

Johnson,E.S., Gonda,D.K. and Varshavsky.A. (1990) Cis—trans
recognition and subunit-specific degradation of short-lived proteins.
Nature, 346, 287-291.

Johnson,E.S., Bartel, B.W. and Varshavsky,A. (1992) Ubiquitin as a
degradation signal. EMBO J., 11, 497-505.

Johnson,E.S., MaPCM., OtalM. and Varshavsky.A. (1995) A
proteolytic pathway that recognizes ubiquitin as a degradation signal.
J. Biol. Chem., 270, 17442-17456.

Kaiser,C.A.. Preuss,D., Grisafi.P. and Botstein.D. (1987) Many random
sequences functionally replace the secretion signal sequence of yeast
invertase. Science, 235, 312-317.

Koller,K.J. and Brownstein,M.J. (1987) Use of a cDNA clone to identify
a supposed precursor protein containing valosin. Nature, 325, 542-545.

Latterich,M., Frohlich,K.-U. and Scheckman.R. (1995) Membrane fusion
and the cell cycle: Cdc48p participates in the fusion of ER membranes.
Cell, 82, 885-893.

Lawrence,C.W. (1991) Classical mutagenesis techniques. Methods
Enzymol., 194, 273-281.

Lévy,F., JohnssonN., Riimenapf.T. and Varshavsky.A. (1996) Using
ubiquitin to follow the metabolic fate of a protein. Proc. Natl Acad.
Sci. USA, 93, 4907-4912.

Li,B. and Fields,S. (1993) Identification of mutations in p53 that affects
its binding to SV40 large T antigen by using the yeast two-hybrid
system. FASEB J.. 7, 957-963.

Li,X. and Chang,Y.-H. (1995) Amino-terminal protein processing in
Saccharomyces cerevisiae is an essential function that requires two
distinct methionine aminopeptidases. Proc. Natl Acad. Sci. USA. 92.
12357-12361.

4898

Madura.K. and Varshavsky,A. (1994) Degradation of Ga by the N-end
rule pathway. Science. 265, 1454-1458.

Madura.K., Dohmen.R.J. and Varshavsky.A. (1993) N-recognin/Ubc2
interactions in the N-end rule pathway. J. Biol. Chem., 268, 12046-
12054.

Mellman.I. (1995) Enigma variations: protein mediators of membrane
fusion. Cell, 82. 869-872.

MillerJ.H. (1972) Experiments in Molecular Genetics. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

Moerschell ,R.P., Hosokawa.Y., Tsunasawa,S. and Sherman.F. (1990) The
specificities of yeast methionine aminopeptidase and acetylation of
amino-terminal methionine in vivo. Processing of altered iso-1-
cytochromes created by oligonucleotide transformation. J. Biol. Chem.,
265, 19638-19643.

Neer.E.J.. Schmidt,C.J., Nambudripad,R. and Smith.T.F. (1994) The
ancient regulatory-protein family of WD-repeat proteins. Nature, 371,
297-300.

Nelbock.P., Dillon,PJ., Perkins,A. and Rosen,C.A. (1990) A ¢cDNA for
a protein that interacts with the human immunodeficiency virus Tat
transactivator. Science, 248, 1650-1653.

Nelson.K.K. and Lemmon.S.K. (1993) Suppressors of clathrin deficiency:
overexpression of ubiquitin rescues lethal strains of clathrin-deficient
Saccharomyces cerevisiae. Mol. Cell. Biol., 13. 521-532.

Oliphant.A.R.. Nussbaum.A L. and Struhl.K. (1986) Cloning of random-
sequence oligodeoxynucleotides. Gene. 44, 177-183.

Ozkaynak.E.. Finley.D., Solomon,M.J. and Varshavsky.A. (1987) The
yeast ubiquitin genes: a family of natural gene fusions. EMBO J., 6.
1429-1440.

Peters.J.-M.. Walsh.M.J. and Franke, W.W. (1990) An abundant and
ubiquitous homo-oligomeric ring-shaped ATPase particle related to
the putative vesicle fusion proteins Secl8p and NSF. EMBO J., 9.
1757-1767.

Phizicky.E.M. and Fields.S. (1995) Protein—protein interactions: methods
for detection and analysis. Microbiol. Rev.. 59, 94-123.

Pleasure..T.. Black M.M. and KeenJ.H. (1993) Valosin-containing
protein, VCP. is a ubiquitous clathrin-binding protein. Narure. 365.
459-462.

Piihler.G., Pitzer.F.. Zwickl.P. and Baumeister,W. (1994) Proteasomes:
multisubunit proteases common to Thermoplasma and eukaryotes.
Svst. Appl. Microbiol., 16, 734-741.

Rechsteiner,M.. Hoffman.L. and Dubiel W. (1993) The multicatalytic
and 26S proteases. J. Biol. Chem.. 268, 6065-6068.

Rose.M.D. and BroachJ.R. (1991) Cloning genes by complementation
in yeast. Methods Enzymol.. 194, 195-230.

Rothstein.R. (1991) Targeting, disruption, replacement. and allele rescue:
integrative DNA transformation in yeast. Methods Enzvmol.. 194,
281-301.

Rubin.D.M..  Coux.O.. WefesI.. Hengartner.C..  Young.R.A.,
Goldberg.A.L. and Finley.D. (1996) Identification of the gal4
suppressor Sug/ as a subunit of the yeast 26S proteasome. Nature,
379, 655-657.

Sadis.S.. Atienza.C. and Finley.D. (1995) Synthetic signals for ubiquitin-
dependent proteolysis. Mol. Cell. Biol.. 15, 4086—4094.

Schnall.R.. Mannhaupt.G.. Stucka.R.. Tauer.R.. Ehnle,S.. Scwarzlose,C..
Vetter.I. and Feldmann.H. (1994) Identification of a set of yeast genes
coding for a novel family of putative ATPases with high similarity to
constituents of the 26S protease complex. Yeast, 10, 1141-1155.

Sherman.F., Fink.G.R. and Hicks.J.B. (1986) Methods in Yeast Genetics.
Cold Spring Harbor Laboratory Press. Cold Spring Harbor, NY.

Sikorski.R.S. and Hieter.P. (1989) A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in S.cerevisiae.
Genetics, 122, 19-27.

StruhLK.. Stinchcomb.D.T.. Scherer.S. and Davis.R.W. (1979) High-
frequency transformation of yeast: autonomous replication of hybrid
DNA molecules. Proc. Nail Acad. Sci. USA. 76, 1035-1039.

Studier.FW., Rosenberg,A.H., DunnJ.J. and Dubendorff,J.W. (1990)
Use of T7 RNA polymerase to direct expression of cloned genes.
Methods Enzymol., 185, 60-89.

Tobias.J.W.. Shrader.T.E.. Rocap.G. and Varshavsky,A. (1991) The N-
end rule in bacteria. Science, 254, 1374-1377.

Tzermia.M.. Horaitis.O. and Alexandraki.D. (1994) The sequencing of
a 24.6 kb segment of yeast chromosome XI identified the known loci
URAI. SACI and TRP3. and revealed 6 new ORFs, including
homologues of the threonine dehydratases, membrane transporters,
hydantoinases and the phospholipase A2-activating protein. Yeast. 10,
663-679.

Varshavsky.A. (1991) Naming a targeting signal. Cell, 64. 13-15.



Varshavsky.A. (1992) The N-end rule. Cell, 69. 725-735.

Varshavsky.A. (1996) The N-end rule. Cold Spring Harbor Symp. Quant.
Biol.. 60, 461-478.

Wilson.D.W.. Wilcox.C.A.. Flynn.G.C.. Ellison.C.., Kuang.W.-J..
Henzel.W.J.. Block.M.R.. Ullrich.A. and Rothman.J.E. (1989) A fusion
protein required for vesicle-mediated transport in both mammalian
cells and yeast. Nature. 339, 355-359.

Received on April 3. 1996, revised on June 11, 1996

Ufd3p-Cdc48p and protein degradation

4899



