The EMBO Journal Vol. 19 No. 10 pp.2161-2167, 2000

Ubc8p functions in catabolite degradation of
fructose-1,6-bisphosphatase in yeast

Thomas Schiile, Matthias Rose’,
Karl-Dieter Entian’, Michael Thumm and
Dieter H.Wolf?

Institut fiir Biochemie, Universitit Stuttgart, Pfaffenwaldring 55,
70569 Stuttgart and 'Institut fiir Mikrobiologie, Johann Wolfgang
Goethe-Universitéit Frankfurt, Marie-Curie-Strale 9, 60439 Frankfurt,
Germany

2Corresponding author
e-mail: dieter.wolf@po.uni-stuttgart.de

The key gluconeogenic enzyme fructose-1,6-bisphos-
phatase (FBPase) is synthesized when cells of the
yeast Saccharomyces cerevisiae are grown on a non-
fermentable carbon source. After shifting the cells
to glucose-containing medium, in a process called cat-
abolite degradation, FBPase is selectively and rapidly
broken down. We have isolated gid mutants, which
are defective in this glucose-induced degradation pro-
cess. When complementing the defect in catabolite
degradation of FBPase in gid3-1 mutant cells with a
yeast genomic library, we identified the GID3 gene
and found it to be identical to UBC8 encoding the
ubiquitin-conjugating enzyme Ubc8p. The in vivo
function of Ubc8p (Gid3p) has remained a mystery so
far. Here we demonstrate the involvement of Ubc8p in
the glucose-induced ubiquitylation of FBPase as a pre-
requisite for catabolite degradation of the enzyme via
the proteasome. Like FBPase, Ubc8p is found in the
cytoplasmic fraction of the cell. We demonstrate cyto-
plasmic degradation of FBPase.

Keywords: catabolite degradation/fructose-
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Introduction

Fructose-1,6-bisphosphatase (FBPase), a key gluconeo-
genetic enzyme, is synthesized when cells are grown on
non-fermentable carbon sources like ethanol. When yeast
cells are subsequently shifted to a glucose-containing
medium, FBPase is rapidly inactivated and degraded
(Gancedo, 1971; Holzer, 1976). This mechanism prevents
a futile cycling of ATP hydrolysis, which would be
induced by a simultaneous proceeding of the glycolytic
reaction (formation of fructose-1,6-bisphosphate) and
the gluconeogenic reaction (formation of fructose-6-
-phosphate). Inactivation of FBPase is triggered by rapid
phosphorylation, which is followed by degradation of the
enzyme (Funayama et al., 1980; Miiller and Holzer, 1981;
Mazon et al., 1982). The site of this so-called catabolite
degradation of FBPase is the topic of numerous studies,
but is still a matter of debate (Schork et al., 1994b). On one
hand, the selective engulfment of FBPase in vesicular
compartments and its import into the vacuole, followed by
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degradation through the vacuolar proteinases, has been
reported (Chiang and Schekman, 1991; Chiang et al.,
1996; Huang and Chiang, 1997; Chiang and Chiang,
1998). We have shown that after addition of glucose to
cells, polyubiquitylation of FBPase occurs as a pre-
requisite for the degradation process (Schork et al.,
1995). Furthermore, we demonstrated the stabilization of
FBPase in mutants defective in the activity of the cytosolic
proteasome, indicating this protease complex to be the
machinery that degrades FBPase (Schork et al., 1994a,b,
1995). As the enzymes involved in ubiquitin—proteasome-
dependent degradation are all localized in the cytosol,
hydrolysis of FBPase is supposed to be a cytosolic event
under the conditions tested (Schork et al., 1995). We also
found the N-terminal proline to be essential for selective
degradation of FBPase (Haemmerle ef al., 1998). To gain
deeper insight into the mechanism of catabolite-induced
FBPase degradation, we isolated mutants with a defect in
glucose-induced degradation of the enzyme (gid mutants)
(Haemmerle ef al., 1998). Here we report the isolation of
the GID3 gene, which we identified as identical to UBCS.
So far, no in vivo function could be attributed to Ubc8p,
which is a ubiquitin-conjugating enzyme (Ubc) (Qin et al.,
1991; Kaiser et al., 1994). We found a nearly complete
stabilization of FBPase in ubc8A cells and a lack of
ubiquitin conjugation onto the enzyme. This identifies
Ubc8p as a central component of the ubiquitylation
machinery necessary to tag FBPase for proteasomal
degradation. Localization studies identify Ubc8p as a
cytosolic enzyme. Under the conditions tested, FBPase is
not engulfed in vesicles during the inactivation process,
underlining a cytoplasmic localization of the catabolite
degradation process.

Results

Isolation and chromosomal deletion of the
GID3/UBC8 gene

In a previous study, gid3-1 mutant cells had been isolated
on the basis of a defect in glucose-induced degradation of a
fusion protein consisting of the N-terminal part (291
amino acids) of FBPase and -galactosidase (Haemmerle
et al., 1998). To identify mutant cells, the alteration of
B-galactosidase activity after addition of glucose had been
measured using a microtitre plate reader (Haemmerle ez al.,
1998). This method could not be used to identify
complementing plasmids after transformation of gid3-1
mutant cells with a genomic library (not shown). We
therefore established a screening procedure using anti-
bodies directed against FBPase. After transformation of
gid3-1 mutant cells with a YCp50-based yeast genomic
library (Rose et al., 1987), transformants were plated onto
medium containing glucose. The colonies were replica
plated onto selective plates containing 2% ethanol and
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Fig. 1. (A) Colony screen for the detection of gid3-1-complementing
genomic DNA fragments. Cells were transferred on nitrocellulose
sheets as described in Materials and methods and probed with
antibodies against FBPase. Further details are given in the text.

gid mutant cells appear significantly darker than wild-type cells
(arrowheads) due to their higher FBPase level. (B) Complementation
of gid3-1 cells was verified in immunoblots following FBPase
immunogenic material after retransformation of the plasmid, isolated
from the clone shown in (A). The complementing plasmid
re-introduces the FBPase degradation phenotype. (C) Subcloning
identifies UBCS as the complementing ORF.

grown for 2 days. Then cells were transferred onto
nitrocellulose sheets and placed on filters soaked with
yeast extract/peptone/dextrose (YPD) medium for 2 h.
Thereafter, colonies were lysed and the concentration of
FBPase was determined using specific antibodies. Non-
complemented colonies of gid3-1 mutant cells appear dark
due to their high level of FBPase, while wild-type cells and
colonies harbouring a complementing plasmid are sig-
nificantly brighter due to FBPase degradation (Figure 1A).
As a control, wild-type colonies were placed on each filter
(Figure 1A, arrowheads). One positive clone was found
among the 20 000 colonies screened. After rescuing
the respective plasmid and retransformation in gid3-1
mutant cells the wild-type-like glucose-induced degrad-
ation of FBPase was confirmed by immunoblotting
(Figure 1B). Sequencing localized the complementing
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Fig. 2. Pulse—chase analysis of glucose-induced degradation of FBPase
in wild-type and ubcS8A cells (A). Quantification unravels a half-life of
FBPase of ~20 min in wild-type cells and >10 h in ubc8A cells (B).

genomic fragment on chromosome V (Figure 1C).
Subcloning (Figure 1C) suggested that GID3 might be
identical to UBC8. We constructed a chromosomal
deletion of UBCS by integrating a LoxP-Kan®-LoxP
cassette (Wach et al., 1994; Giildener et al., 1996),
generated by PCR, into this locus of wild-type cells.
Correct gene replacement was confirmed by Southern
hybridization (not shown). Immunoblot analysis of gid3-1
ubc8A diploid cells confirmed the identity of GID3 with
UBCS8 (not shown). As expected, ubcSA cells exhibit a
strong defect in glucose-induced degradation of FBPase.
Pulse—chase measurements unravelled a significant stabi-
lization of FBPase (half-life >10 h) in ubc8A cells
compared with wild-type cells (half-life ~20 min)
(Figure 2A and B).

UBCS3 is required for glucose-induced
ubiquitylation of FBPase in vivo

UBCS8 had initially been cloned by chance and was
identified as a Ubc (E2) capable of modifying histones
in vitro (Qin et al., 1991; Kaiser et al., 1994). So far, no
specific phenotypes could be attributed to UBC8 deleted
cells and no in vivo substrate had been identified. The lack
of phenotypes of UBCS deleted cells has led to speculation
that the biological function of the expressed enzyme may
overlap with other Ubcs or that it is required for a more
specialized purpose. We checked the fidelity of the
glucose-induced ubiquitin conjugation of FBPase by
overexpressing a haemagglutinin (HA)-tagged ubiquitin
species (Ellison and Hochstrasser, 1991; Schork et al.,
1995). As shown previously (Schork ez al., 1995), in wild-
type cells a large amount of FBPase—ubiquitin conjugates
are detectable 25 min after induction of degradation
(Figure 3). Most interestingly, the formation of these
conjugates is significantly reduced in ubc8A cells, sug-
gesting that Ubc8p is required for the glucose-induced
ubiquitylation of FBPase in vivo.
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Fig. 3. Glucose-induced ubiquitylation of FBPase is significantly
affected in ubc8A cells. Crude extracts from wild-type and ubcSA cells
overexpressing wt-Ub or HA-Ub were immunoprecipitated with anti-
FBPase antibodies. After SDS-PAGE, proteins were transferred to a
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Fig. 4. Degradation of the N-end rule substrate Arg-p-gal is not
affected in ubc8A cells. Degradation of Arg-f3-gal was followed in a
pulse—chase experiment and the remaining antigenic B-galactosidase
material was quantified. Antigenic material at time zero was set to
100%.

Ubc8p is not involved in the N-end rule pathway
Measurement of steady-state levels of plasmid-expressed
jB-galactosidase fusion proteins (Bachmair et al., 1986) in
wild-type and gid3-1 mutant cells had indicated a 21-fold
increase in the steady-state level of Arg-f-gal and a 2-fold
increase in the level of Ub-Pro-f-gal in mutant cells
(Haemmerle et al., 1998). We repeated these experiments
with mutant cells carrying the UBCS deletion and
performed pulse—chase analysis of B-galactosidase to
follow its degradation. As can be seen, there is no
significant difference in degradation of Arg-B-gal in wild-
type and ubc8A mutant cells (Figure 4). Also, degradation
of Ub-Pro-B-gal was not altered in ubc8A mutant cells (not
shown). This strongly supports the notion that Ubc8p is not
involved in the N-end rule pathway.

Localization of Ubc8p

To learn more about the intracellular localization and
function of Ubc8p, we generated a chromosomally
integrated, C-terminally HA-tagged version of Ubc8p
under the control of its native promoter. A PCR fragment
containing a triple HA-tag and carrying the
Schizosaccharomyces pombe HISS5 gene as a selectable
marker for the his3 mutant allele was introduced into the
chromosome of Saccharomyces cerevisiae (see Materials
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Fig. 5. HA-tagged Ubc8p is functional. (A) Pulse—chase analysis
demonstrates the biological activity of a chromosomally integrated
Ubc8-(HA);-tagged fusion protein. (B) Quantification of FBPase
immunogenic material in Ubc8p and Ubc8-(HA); protein expressing
strains. (C) Steady-state levels of Ubc8-(HA); in ethanol-containing
medium and after glucose addition. Crude extracts of cells grown in
glucose- (G) or ethanol (E)-containing media were probed with HA
antibodies. Ethanol-grown cells were shifted to glucose medium and
aliquots were analysed at the indicated times.

and methods). Correct integration at the UBCS locus was
confirmed by Southern analysis (not shown). Biological
activity of the HA-tagged version of Ubc8p was confirmed
by pulse—chase analysis of FBPase breakdown induced by
glucose, which remained at wild-type rate (Figure SA
and B). The steady-state level of Ubc8-(HA); itself was
significantly increased in cells grown on ethanol. After
shifting the cells to glucose-containing medium the
steady-state level decreased with time (Figure 5C).

Since there is an ongoing debate about the site of
catabolite inactivation and the involvement of vesicular
intermediates in the catabolite-induced degradation of
FBPase (Schork et al., 1994b), we used sucrose density
gradient centrifugation to localize the Ubc8-(HA); protein.
We analysed cells immediately before shifting them to
glucose medium and cells treated for 30 min with glucose
to induce catabolite degradation of FBPase (Figure 6A and
B). Under both conditions the Ubc8-(HA); protein and
FBPase were detectable in fractions 1-5, co-sedimenting
with the cytosolic marker 3-phospho-glycerokinase (PGK)
and the vacuolar proteinase carboxypeptidase yscY (CPY)
(Figure 6A and B). Since we were further interested in
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Fig. 6. Sucrose density gradient fractionation of cell extracts from cells expressing a chromosomally integrated Ubc8-(HA); fusion protein. Cells
were grown for 18 h on ethanol medium and then transferred to glucose medium. Aliquots were analysed before (A) and 30 min after (B) the
transfer. Immunoreactive material of proteins (PGK, cytosol; CPY, vacuole; Kar2, ER and GDPase activity, Golgi) were measured.

whether the Ubc8-(HA); protein is localized in the cytosol
or the vacuole, we additionally fractionated hypotonically
lysed spheroplasts taken 30 min after the shift to glucose
medium (Figure 7), using a previously described proced-
ure (Lang et al., 1998). We started with a centrifugation
step at 6000 g, which yielded a Pg pellet fraction enriched
for the endoplasmic reticulum (ER) and the vacuole, as
shown by enrichment of Kar2p (BiP), an ER lumenal
chaperone, and CPY, respectively (Figure 7). In the Pg
pellet fraction almost no FBPase and Ubc8-(HA); protein
were detectable. Then the 6000 g supernatant fraction (Se)
was centrifuged at 100 000 g, yielding a P; pellet fraction
and an S; supernatant fraction. FBPase and Ubc8-(HA)3
were detectable predominantly in the S; fraction. Almost
no FBPase and Ubc8-(HA); were found in the P, pellet
fraction, suggesting the localization of both proteins in the
soluble fraction.

To check whether some Ubc8-(HA); or FBPase became
membrane protected during glucose-induced degradation,
we further performed a proteinase protection experiment
using hypotonically lysed spheroplasted cells (Figure 8).
As a control we checked the lumenal ER protein Kar2p.
For both Ubc8-(HA); and FBPase no significant mem-
brane protection was detected (Figure 8A). To check for
the accumulation of FBPase-containing vesicular inter-
mediates in UBCS8 deleted cells, we also measured the
accessibility of FBPase to proteinase K in these cells in a
proteinase protection experiment with wild type as a
control (Figure 8B and C). As shown in Figure 8A and C,
no membrane protection of FBPase or Ubc8-(HA)s,
respectively, was detectable. This indicates that under
the derepression conditions tested, FBPase is not engulfed
in a vesicular compartment. FBPase and all components of
the degradation machinery, including Ubc8p, are in the
soluble compartment of the cell, the cytosol.
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Discussion

So far, 13 Ubcs have been identified in the yeast genome
(Hochstrasser, 1996; Scheffner er al., 1998). Specific
in vivo functions have been uncovered only for part of
these Ubcs. UBC8 was initially cloned by chance and
identified as encoding a Ubc due to its sequence homology
(Qin et al., 1991). It has been found to conjugate ubiquitin
to histones in vitro (Kaiser et al., 1994). No specific
phenotypes have been detected for UBCS deleted cells so
far. This led to speculation that functionally overlapping
enzymes may exist in yeast or that Ubc8p may be required
for a more specialized in vivo function (Kaiser et al.,
1994). When searching for mutants that are defective in
catabolite degradation of FBPase, we found a mutation,
gid3-1 (Haemmerle et al., 1998), which nearly completely
blocked degradation of the enzyme. Cloning of the
respective wild-type gene uncovered GID3 as being
identical to UBCS8. This now allows us to describe the
first in vivo function of Ubc8p. Our findings demonstrate
that Ubc8p is essential for conjugating ubiquitin onto
FBPase after shifting gluconeogenic cells to medium
containing glucose, thus initiating degradation of the
enzyme by the proteasome. FBPase degradation is almost
completely abolished in ubc8A cells. With a half-life of
>10 h, compared with 20 min in wild-type cells, FBPase is
stabilized >30-fold. In a previous study, we described
partial stabilization of FBPase in ubcl (2-fold) and ubc4/
ubc5 double mutant cells (4-fold) (Schork et al., 1995).
This partial stabilization suggests that FBPase is also
modified to a lesser degree by this family of Ubcs known
to be involved in the degradation of abnormal and short-
lived proteins (Hershko and Ciechanover, 1998; Scheffner
et al., 1998), and that Ubc8p is indeed the major enzyme
polyubiquitylating FBPase.
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Fig. 7. Thirty minutes after addition of glucose, FBPase localizes in the
soluble fraction together with cytosolic PGK, different from CPY
(vacuole) and Kar2 (ER). Thirty minutes after transfer of yeast cells
expressing a chromosomally integrated HA-tagged Ubc8p to glucose
medium, the cells were spheroplasted and, after hypotonic lysis,
fractionated by centrifugation as indicated in the text.

It has been shown previously that different Ubcs can act
on a certain substrate without being additive in their effect
(Biederer et al., 1996; Hiller et al., 1996). This may be due
to considerably different K, or v,,x values of different
Ubcs for a particular substrate. Also, complex formation of
a Ubc with other Ubcs or other proteins may be necessary
for its activity (Chen et al., 1993; Biederer et al., 1997).
The non-additivity of their effects also holds true for
ubiquitin conjugation of FBPase by Ubc1p, Ubc4p, UbcS5p
(Schork et al., 1995) and Ubc8p (this paper). The
mechanism behind this phenomenon awaits further elucid-
ation. In contrast to our previous study, where we
measured activities of steady-state levels of plasmid-
encoded B-galactosidase fusions (Haemmerle et al., 1998),
pulse—chase experiments following the degradation of
[B-galactosidase protein show unequivocally that Ubc8p
does not function in the N-end rule pathway. Even though
in other instances comparison of steady-state levels and
degradation rates of N-end rule substrates had given
reliable results (Richter-Ruoff et al., 1992), this does not
seem to hold true for all cases. Depending on the strain
background, overexpression of the plasmid-encoded
[-galactosidase constructs might, for instance, cause
changes in cellular metabolism, finally leading to uneven
downregulation of B-galactosidase or to uneven plasmid
loss in wild-type and mutant cells.

The important function of Ubc8p during the catabolite-
induced degradation of FBPase is further illustrated by the
enhanced steady-state level of the protein in cells grown
on ethanol (Figure 5C). After shifting the cells to glucose-
containing medium the steady-state level of Ubc8p
decreases with time, which is in accordance with the
action of the protein during catabolite degradation of
FBPase.

The site of catabolite degradation of FBPase has been
under debate for some time (Chiang and Schekman, 1991;
Schork et al., 1994a,b, 1995; Shieh and Chiang, 1998).
Degradation by the ubiquitin—proteasome pathway
(Schork et al., 1994a, 1995; Haemmerle et al., 1998) and
vesicle-mediated uptake into the vacuole followed by
degradation by the vacuolar proteinases (Huang and
Chiang, 1997; Chiang and Chiang, 1998) have been
reported. Under the conditions we tested (derepression of
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Fig. 8. FBPase is not vesicle engulfed under inactivation conditions. At
the times indicated after shift to glucose media, spheroplasted and
lysed cells were incubated with proteinase K (K) and proteinase K with
Triton X-100 (KT). Western blots were analysed with antibodies
directed against Kar2p (ER), Ubc8-(HA); and FBPase, respectively.
Protein protection experiment of Ubc8-(Ha); (A) and FBPase in
wild-type (B) and ubc84 (C) cells.

FBPase on ethanol as non-fermentable carbon source for
between 5 and 18 h), the enzyme reaches highest activities
and catabolite degradation appears to be completely
cytosolic. Only cytoplasmic components, the known
Ubcs and the proteasome consist of the degradation
machinery (Schork et al., 1994a, 1995; Haemmerle et al.,
1998). We thus also searched for the location of Ubc8p,
which we discovered here as the most important Ubc to
deliver FBPase to proteasomal degradation. For this
purpose we used a biologically active HA-tagged version
of Ubc8p. We especially checked for the involvement of
vesicular intermediates using cell fractionations and
proteinase protection experiments (Figure 8). Our experi-
ments clearly suggest a non-membranous, cytosolic
environment for Ubc8p. As expected, FBPase was found
in the same non-membranous, cytosolic fraction as Ubc8p.
Also, in ubc8 null mutant cells, no hints for the accumu-
lation of FBPase-containing vesicular intermediates were
found (Figure 8C). This again indicates ubiquitin con-
jugation of FBPase and subsequent proteasomal break-
down in the cytosol under the conditions tested.

It will be of great interest to follow the glucose-induced
signals, which finally render FBPase accessible to the
Ubcs. The N-terminal proline of the enzyme has pre-
viously turned out to be necessary for the ubiquitylation
and degradation process (Haemmerle et al., 1998). It can
therefore be assumed that the N-terminus of FBPase plays
a crucial role in the signalling process.
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Materials and methods

Yeast strains and media

Yeast strains used in this study were W303-1B (MATo. ade2 leu2-3 112
his3 trpl ura3), WAY.5-4A (MATa his3-Al ura3-52) and WAY.5-4A/C3
(MATa his3-Al ura3-52 gid3-1). Cells were grown in synthetic medium
(CM; 0.67% Difco yeast nitrogen base without amino acids) containing
2% glucose or, for derepression of FBPase, 2% ethanol as the sole carbon
source, and required supplements. Radiolabelling for pulse-chase
experiments was carried out in pulse medium (0.17% Difco yeast
nitrogen base without amino acids and ammonium sulfate, 0.5% proline,
100 uM ammonium sulfate, 2% ethanol and required supplements).

Plasmids

YEp96 is a 2-um-based S.cerevisiae—Escherichia coli shuttle vector
carrying a synthetic version of yeast ubiquitin (Ub) under the control of
the copper-inducible CUP1 promoter (Hochstrasser et al., 1991). YEp112
encodes yeast ubiquitin carrying an epitope from the HA of influenza
virus attached to the N-terminus of ubiquitin (HA-Ub) (Ellison and
Hochstrasser, 1991).

Identification of UBC8/GID3
The gid3-1 mutant strain was transformed with a yeast genomic library
based on the CEN URA3 shuttle vector YCp50 (Rose et al., 1987), spread
on CM plates without uracil (2% glucose) and grown for 3 days at 30°C.
The colonies were then replica plated onto selective CM plates without
uracil containing 2% ethanol for 2 days, replica plated onto nitrocellulose
membranes and transferred for 2 h at 30°C onto filters soaked with 3 ml of
YPD medium. Afterwards the cells were lysed with 3 ml of lysis buffer
(0.1% SDS, 0.2 M NaOH, 35 mM dithiothreitol) for 30 min and washed
off the membranes. Nitrocellulose sheets containing cellular lysates were
subsequently incubated with 10 ml of 2% milk in TBS-T (20 mM Tris—
HCI pH 7.6, 137 mM NaCl, 0.1% Tween-20) for 1 h, and anti-FBPase
antibody (1:5000) in TBS-T for another hour. After several washes with
TBS-T, the membranes were incubated with the secondary goat anti-
rabbit antibody (Medac, Hamburg, Germany) (1:5000) coupled to
peroxidase, which was diluted in 10 ml of TBS-T buffer. Membranes
were washed three times with TBS-T and the peroxidase activity was
detected using the ECL system (Amersham, Braunschweig, Germany).
One positive clone was found among 20 000 colonies screened. After
plasmid rescue of the respective plasmid YCp50/I an ~6 kb DNA
fragment was released from the genomic insert by digestion with Mlul—
BsiWI, and subsequent religation yielded plasmid YCp50/II. Molecular
biological procedures were performed according to Ausubel et al. (1987).

Generation of strains YTS2 and YTS4

Strain YTS2 was obtained by chromosomal deletion of the UBCS8 gene in
W303-1B cells. Using oligonucleotides Agid3 KAN1 (5-TAATGA-
AACAGTAGCTCTAAAAGAAGGATCGAGACAGATGTTCAGCTG-
AAGCTTCGTACGC-3"), Agid3 KAN2 (5-ACATACATATATATAT-
ATATATATATATGTGTGTGCTCGAAAAGCATAGGCCACTAGT-
GGATCG-3’) and plasmid pUG6, a DNA fragment for the chromosomal
replacement of UBCS8 with a LoxP-KAN®-LoxP cassette was created by
PCR. Strain YTS2 was generated by transforming the single LoxP-KAN®-
LoxP cassette into the wild-type strain and selecting for colonies on YPD
plates containing kanamycin.

YTS4 was generated by chromosomal integration of a 1.5 kb fragment,
consisting of a triple HA-tag and an S.pombe HIS5 marker (Cottarel,
1995) upstream of the UBCS coding region. The 1.5 kb fragment was
synthesized by PCR using oligonucleotides GID3-HA (TGTCAGTGA-
TGACGATGACTACGACGAAGTCGCAAATCAAGGAGCAGGGG-
CGGGTGC), GID3-HIS5 (5-ATACATATATATATATATATATAT-
ATGTGTGTGCTCGAAAGAGGTCGACGGTATCGATAAG-3’) and
plasmid p3xHA HIS5 (S.Munro, Cambridge, UK) as template. After
transformation of the PCR product into wild-type cells, positive
transformants were selected on plates lacking histidine. Correct gene
replacement was confirmed by Southern blotting (not shown).

Pulse-chase analysis, immunoprecipitation and Western
blotting

Pulse—chase experiments were performed as described by Schork et al.
(1995), using specific antibodies against FBPase. Protein bands were
quantitated with a Phosphorlmager (Molecular Dynamics). Immuno-
detection of FBPase or FBPase—HA-ubiquitin conjugates was carried out
according to Schork er al. (1995), using FBPase or HA antibodies
[Boehringer Mannheim (Roche), Germany; clone 12CAS].
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Degradation of the N-end rule substrates Arg-B-gal and Ub-Pro-f-gal
was followed by pulse—chase analysis in wild-type and ubc8A strains. The
experiments were carried out according to Richter-Ruoff et al. (1992).
Cells were grown to an ODggy of 3, labelled with radioactive
[*°S]methionine for 10 min and shifted onto chase medium. Samples
were taken at the time points indicated. Crude extracts were treated with
specific anti-B-galactosidase antibodies for the immunoprecipitation of
Arg-B-gal and Ub-Pro-B-gal. Proteins were then separated by SDS-—
PAGE and protein bands were quantitated with a Phosphorlmager
(Molecular Dynamics).

Cell fractionation

Subcellular fractionations were carried out as described by Lang et al.
(1998) with the following modifications. Cells expressing either the wild-
type or HA-tagged Ubc8p were cultured in YPD medium containing 2%
glucose to an Aggp of 5-6. After harvesting, cells were resuspended in YP
medium containing 2% ethanol to an Aggo of 0.2 and incubated for 16 h to
derepress FBPase. Thirty minutes after addition of glucose (final
concentration 2%), cells (Aggg = 60) were harvested, converted to
spheroplasts and lysed by an osmotic procedure. Unlysed cells were
removed by an additional 300 g centrifugation step. The cytosol-enriched
Se fraction was obtained by a second centrifugation step at 6000 g for
20 min. A further centrifugation of the S fraction at 100 000 g for 3 h
yielded an S; supernatant and a P, pellet fraction. The fractions were
precipitated with 10% trichloroacetic acid (TCA), washed twice in cold
acetone, and then solubilized in SDS sample buffer. Proteins were
separated by SDS-PAGE (10%) and transferred to nitrocellulose
membranes. Fractions were analysed by immunoblotting with a
monoclonal antibody against the HA-tag (Boehringer Mannheim,
Germany), anti-FBPase antibody (1:5000), anti-PGK (1:5000)
(Molecular Probes, Leiden, The Netherlands), anti-CPY (1:10 000)
(Molecular Probes, Leiden, The Netherlands) and anti-Kar2 antibody
(1:5000) (R.Schekman, Berkeley, CA), followed by goat anti-rabbit
(Medac, Hamburg, Germany) or goat anti-mouse (Boehringer Mannheim,
Germany) antibody coupled to peroxidase (1:5000). Peroxidase activity
was detected using the ECL system (Amersham, Braunschweig,
Germany).

Sucrose density gradient fractionation

Subcellular fractionation was performed as described by Antebi and Fink
(1992) and Egner et al. (1995). Cells of the yeast strain YTS4 expressing
the HA-tagged Ubc8p were grown in YPD medium (2% glucose) to an
Agoo of 5-6, shifted to YP medium containing 2% ethanol to an Agoo of 0.2
and incubated for 16 h to derepress FBPase. After addition of glucose
(2%), cells (Agpp = 1000) were harvested at the times indicated (0 and
30 min), converted to spheroplasts and then homogenized in the presence
of proteinase inhibitors using a Dounce homogenizer. Afterwards cell
lysates were centrifuged at 2000 g for 10 min at 4°C to remove cell debris.
The supernatants were then loaded onto the top of 10 ml of an 18-54%
sucrose gradient and centrifuged to equilibrium at 100 000 g for 3 h at
4°C. Fractions (0.6 ml) were collected from the top. Part of each fraction
was precipitated with 10% TCA, washed twice in cold acetone,
solubilized in SDS sample buffer and analysed as described above.
Guanosine diphosphatase (GDPase) activity was measured as described
by Abeijon et al. (1989).

Proteinase K treatment

Cells of wild-type, YTS2 (ubc8A) and YTS4 (UBC8-HAj) strains were
grown, derepressed for FBPase and lysed before and after shift to glucose
for 30 min, as described above. Total cell extracts (Agoo = 60) were
treated with proteinase K (1 mg/ml) in the absence or presence of Triton
X-100 (2%) for 30 min on ice. The reactions were stopped by the addition
of 10% TCA and the samples were processed as described above.
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