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ABSTRACT

The key regulatory enzyme in the gluconeogenesis pathway, fructose-1,6-bisphosphatase (FBPase), is
induced when Saccharomyces cerevisiae are grown in medium containing a poor carbon source. FBPase is
targeted to the yeast vacuole for degradation when glucose-starved cells are replenished with fresh
glucose. To identify genes involved in the FBPase degradation pathway, mutants that failed to degrade
FBPase in response to glucose were isolated using a colony-blotting procedure. These vacuolar import
and degradation-deficient (vid) mutants were placed into 20 complementation groups. They are distinct
from the known sec, ups or pep mutants affecting protein secretion, vacuolar sorting and vacuolar proteoly-
sis in that they sort CpY correctly and regulate osmotic pressure normally. Despite the presence of
FBPase antigen in these mutants, FBPase is completely inactivated in all vid mutants, indicating that the
c-AMP-dependent signal transduction pathway and inactivation must function properly in vid mutants.
vid mutants block FBPase degradation by accumulating FBPase in the cytosol and also in small vesicles
in the cytoplasm. FBPase may be targeted to small vesicles before uptake by the vacuole.

EVERAL pathways of protein degradation have been
identified in cells (JENSCH et al. 1990; SEGLEN et al.
1990; CIECHANOVER 1994; HAYNES and DicE 1996). Most
shortlived proteins are degraded in the ubiquitin/pro-
teasome pathway (JENSCH ef al. 1990; CIECHANOVER
1994), while most long-lived proteins are degraded in
lysosomes (AHLBERG et al. 1985; DICE 1990; SEGLEN et al.
1990). Lysosomes can take up protein molecules by a
heat shock protein-dependent translocation (CHIANG et
al. 1989; TERLECKY et al. 1992; CUERVO ¢t al. 1994), by a
nonselective autophagy (KOIMINAMI et al. 1983; MORTL-
MORE ¢t al. 1983; HENELL and GLAUMANN 1985; HENELL
et al. 1987; DUNN 1990a,b; TAKESHIGE et al. 1992) or by
endocytosis (CHVATCHKO et al. 1986; DAVIS ef al. 1993;
RATHS et al. 1993; KOLLING and HOLLENBERG 1994;
SCHANDEL and JENNESS 1994; VOLLAND et al. 1994; La1
et al. 1995; RIBALLO et al. 1995). Two types of autophagy
have been described in mammalian cells (KOIMINAMI et
al. 1983; MORTIMORE ¢t al. 1983; HENELL and GLAUMANN
1985; HENELL et al. 1987; DUNN 1990a,b; SEGLEN et al.
1990; TAKESHIGE et al. 1992). In fed animals, proteins
are degraded at basal rates (MORTIMORE ¢t al. 1983; HEN-
ELL and GLAUMANN 1985; HENELL et al. 1987) via micro-
autophagy, which is characterized by an invagination of
the lysosomal membrane resulting in pinching off and
accumulation of vesicles inside lysosomes (AHLBERG et
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al. 1985; HENELL and GLAUMANN 1985). Cytosolic pro-
teins can be taken up during the invagination process
in a nonselective manner (MORTIMORE ¢t al. 1983; AHL-
BERG et al. 1985; HENELL and GLAUMANN 1985). When
cells are starved of nutrients or serum, protein degrada-
tion is induced; it occurs in lysosomes as it can be inhib-
ited by lysosomal inhibitors. The enhanced protein deg-
radation can be achieved through macroautophagy
(KOIMINAMI et al. 1983; MORTIMORE et al. 1983; HENELL
and GLAUMANN 1985; DUNN 1990a,b) or a heat shock
protein-mediated translocation (CHIANG et al. 1989; TER-
LECKY et al. 1992; CUERVO et al. 1994). Macroautophagy
is characterized by the formation of autophagic vacuoles
in the cytoplasm. Autophagic vacuoles are often sur-
rounded by a layer of membrane derived from the endo-
plasmic reticulum (ER) and mature from AVi (auto-
phage vacuole—initial) to AVd (autophage vacuole—
degradative) as they fuse with lysosomes and acquire
lysosomal hydrolases (DUNN 1990a,b). Cytosolic proteins
can be taken up by macroautophagy in a nonselective
fashion (KOIMINAMI ef al. 1983; HENELL and GLAUMANN
1985). In Pichia pastoris, the cytosolic protein, formate
dehydrogenase, and peroxisomes are selectively de-
graded in response to glucose in a PEP4dependent man-
ner (TUTTLE and DuUNN 1995).

The key regulatory enzyme in the gluconeogenesis
pathway, fructose-1,6-bisphosphatase (FBPase), is in-
duced when the budding yeast Saccharomyces cerevisiae
is grown in medium containing a poor carbon source
(GANCEDO 1971). FBPase is rapidly inactivated when
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glucose-starved cells are replenished with glucose
(GANCEDO 1971). Studies using the pep4 deletion strains
have indicated that FBPase is targeted to the vacuole
for degradation (CHIANG and SCHEKMAN 1991). The
PEP4 gene encodes the vacuolar proteinase A whose
activity is required for the maturation of proteinase B
and proteinase C (HasILIK and TANNER 1978; HEM-
MINGS ¢f al. 1981; JoNEs 1991). Since FBPase targeting
into the vacuole is not affected, the import process can
be followed in pep4 cells using cell fractionation or local-
ization techniques. Using indirect immunofluorescence
techniques, we have observed that FBPase is localized
in the cytosol during growth on acetate and is imported
into the vacuole upon transfer of pep4 cells to glucose
(CHIANG and SCHEKMAN 1991). The import of FBPase
into the vacuole always occurs whether cells are pre-
grown on acetate, galactose, oleate or pyruvate to in-
duce FBPase. As long as they are transferred to glucose
for 45 min, FBPase is imported into the vacuole in pep4
cells (CHIANG and SCHEKMAN 1994; CHIANG ¢f al. 1996).
Using immunoelectron microscopic techniques, the im-
port process has been visualized at the ultrastructural
level. FBPase can be found on the vacuolar membrane
at the sites of vacuolar invaginations and also with vari-
ous vesicles inside the vacuole, suggesting that FBPase
is taken up by the vacuole by autophagy (CHIANG et al.
1996).

The pathway of FBPase degradation seems to be dif-
ferent from the degradation of RNase A that occurs in
lysosomes when mammalian cells are starved of serum.
The induced degradation of RNase A is dependent on
a pentapeptide sequence (KFERQ) and a heat shock
protein (CHIANG and DICE 1988; CHIANG et al. 1989;
TERLECKY ef al. 1992). A translocation intermediate of
RNase A has been reported recently, suggesting that
the uptake of RNase A is mediated by a direct transloca-
tion of RNase A from the cytosol to lysosomes during
serum starvation {TERLECKEY and DIcE 1993). Whether
FBPase is translocated from the cytosol to the vacuole
has not been ruled out completely. However, the stain-
ing of FBPase on the vacuolar membrane as well as at
the sites where membrane invaginations occur suggests
that FBPase uptake is mediated, at least in part, by mi-
croautophagy (CHIANG et al. 1996).

Upon transfer of cells to glucose, other organelles
are also targeted to the vacuole for degradation. Peroxi-
somes, which are important for the oxidation of fatty
acids in S. cerevisiae, are induced when cells are grown
in oleic acid (ERDMANN et al. 1989). Peroxisomes are
delivered to the vacuole for degradation when cells are
shifted to glucose. Immunoelectron microscopic stud-
ies have indicated that peroxisomes are taken up by
autophagy. Peroxisomes are engulfed by the vacuole
membrane, resulting in the destruction of the whole
organelles in the vacuole (TUTTLE and DUNN 1995;
CHIANG et al. 1996). The glucose-induced degradation

of peroxisomes by vacuolar autophagy was observed
previously in methyltrophic yeast such as P. pastoris, H.
polymorpha and C. boidinii (BORMANN and SAHM 1978;
VEENHUIS et al. 1983; TUTTLE and DUNN 1995). In addi-
tion to FBPase (CHIANG and SCHEKMAN 1991), formate
dehydrogenase (TUTTLE and DUNN 1995) and peroxi-
somes (BORMANN and SaHM 1978; VEENHUIS et al. 1983;
TUTTLE and DUNN 1995; CHIANG et al. 1996), the plasma
membrane proteins such as the maltose transporter (Ri-
BALLO et al. 1995) and the galactose transporter
(CHIANG et al. 1996) are also delivered from the plasma
membrane to the vacuole for degradation when cells
are transferred to glucose. The degradation of the ga-
lactose transporter as well as the maltose transporter is
mediated by the endocytic pathway, as mutants defec-
tive in the endocytic process block the degradation of
these sugar transporters in response to glucose (RI-
BALLO ¢t al. 1995; CHIANG et al. 1996).

To identify proteins involved in the pathway of
FBPase degradation, we have taken a genetic approach,
screening for mutants that fail to degrade FBPase in
response to glucose addition. We have identified 20
complementation groups required for the glucose-in-
duced degradation of FBPase. These vacuolar import
and degradation mutants (vid) are different from the
existing pep, sec or vps mutants affecting protein secre-
tion, vacuolar sorting and vacuolar proteolysis in that
they sort CpY and regulate osmolarity normally. They
impair the degradation of FBPase, giving half lives rang-
ing from 100 to >300 min, compared to 30 min for
wild-type cells. FBPase antigen is found in the cytosol or
in punctate structures in the cytoplasm in vid mutants.
Despite the presence of FBPase antigen in these mu-
tants, FBPase is completely inactivated. We propose that
FBPase is first inactivated and then targeted to small
vesicles before entering the vacuole.

MATERIALS AND METHODS

Strains, media and antibodies: The strains used in this
study were as follows: W303 (MATa leu2-3,112 ade2 his3-200
trpl-1 ura3-52) and pep4 (MATw leu2-3,112 ade2 his3-200 trpl-
1 ura3-52 pep4:TRPI). vps8 (MATa leu2-3,112 ura3-52 his3-
A200 trpI-A 901 lys2-801 suc2-A9) was obtained from Dr. S.
EMR (University of California, San Diego). YPD contained 1%
yeast extract (Difco Laboratories), 2% peptone (Fisher) and
2% glucose. YPKG contained 1% yeast extract, 2% peptone,
1% potassium acetate and 0.5% of glucose. SD (—~N) con-
tained 6.7 g/1 yeast nitrogen base (YNB) without amino acids
and ammonium sulfate (Difco Laboratories) supplemented
with 2% glucose. Nutrients containing 2 ug/ml of adenine,
uracil, L-tryptophan and L-histidine and also 3 ug/ml of L-
leucine were added to the SD (—N) medium. Antibodies di-
rected against FBPase were generated against purified FBPase.
Monoclonal antibodies that recognize the pro-sequence of pre-
pro-CpY and pro-CpY were obtained from Dr. T. STEVENS (Uni-
versity of Oregon).

Isolation of vid mutants: Yeast strain W303 was UV muta-
genized to 30% survival, plated on YPKG plates, incubated
for 4 days at room temperature to induce FBPase, and then
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transferred to nitrocellulose membranes. Cells were im-
mersed in 2 ml of YP containing 5% glucose for 2 hr at 37°,
lysed with 2 ml of lysis buffer containing 0.1% SDS, 0.2 M
NaOH, 35 mM dithiotreitol for 30 min and washed with Tris-
buffered saline (TBS) solution containing 0.5 M Tris and 1.5
M NaCl pH 7.4. Nitrocellulose membranes containing cellular
lysates were subsequently incubated with 10 ml of 2% milk in
TBS-T (TBS with 0.1% Tween-20) for 30 min and 10 ml of
1:500 dilution of affinity-purified anti-FBPase antibodies in
TBS-T with 2% milk for another hour. After several washes
with TBS-T, the membranes were incubated with 10 ml of
TBS-T containing 1:1000 dilution of Donkey anti-rabbit anti-
bodies conjugated with horse-radish peroxidase (Amersham)
for 1 hr at room temperature. Membranes were washed three
times with TBS-T for 15 min, rapidly rinsed with 2 ml ECL
reagents (Du Pont) and exposed on X-ray films (Kodak) for
20 sec.

Immunoblotting: Yeast cells were grown in YPKG for 48 hr
at 30° and transferred to YPD at 37° for 75 min. Cell were
lysed by adding equal volume of glass beads and agitating
vigorously. Samples were boiled at 95° for 5 min. Proteins were
separated on 10% SDS gels, transferred to a nitrocellulose
membrane and blotted with 1:1000 dilution of affinity-puri-
fied anti-FBPase antibodies followed by 1:10,000 dilution of
HRP-conjugated anti-rabbit antibodies and exposed on X-ray
films after ECL reaction. To separate P1 and P2 form of pro-
CpY from mature CpY, proteins were separated on 7% SDS
gels and anti-CpY antibodies were used at 1:1000 dilution.

Complementation analysis: Standard yeast genetic tech-
niques were used for complementation and tetrads dissection
(GUTHRIE and FINK 1991). Mutants were backcrossed to W303
four to five times. Segregation of vid mutations was examined
by immunoblotting following the shift up regimen.

CpY sorting: Sorting of CpY was studied using wild type,
pep4 and ups8 as controls (ROBINSON et al. 1988). Cells were
spheroplasted with zymolyase-100 T (ICN Biomedicals, Inc.)
with a final activity of 30 U per optical density unit at 600
nm. Spheroplasts were labeled with Tran®S label (0.2 mCi/
ml) (Du Pont, specific activity = 10 mCi/ml) for 20 min
at 30° and chased in medium containing excess unlabeled
methionine and cysteine for 30 min at 30°. The labeled cul-
ture was separated into spheroplasts (intracellular) and me-
dium (extracellular) fractions and immunoprecipitated with
antiserum to CpY. The plate test of LATTERICH and WATSON
(1991) for osmotic regulation was performed using ssv mu-
tants as controls.

Degradation of FBPase: Cells were precultured overnight
and then labeled in 10 ml yeast nitrogen base without sulfate
and amino acids containing 2% oleic acid and 300 uCi of S
methionine and cysteine (Du Pont, specific activity = 10 mCi/
ml) for 24 hr. Cells (2 ml) were shifted to SD (—N) containing
2% glucose, supplements and excess unlabeled L- methionine
and L-cysteine (20 ug/ml) for 0, 45, 90, 180 or 300 min. Cell
extracts were obtained and immunoprecipitated with 5 ml of
anti-FBPase, followed by protein A-Sepharose (Pharmacia).
Proteins were separated on 10% SDS gels, dried, exposed in
phosphoimager cassettes, and quantified with a phospho-
imager (Molecular Dynamics). Degradation of FBPase was
determined using t = 0 as 100%. The half life of FBPase
degradation is defined as the time required for 50% of FBPase
to be degraded after glucose readdition.

Degradation of longlived proteins: Cells (10 ml) were
grown and labeled for 24 hr as described above. Cells (2
ml) were transferred to SD (—N) containing 2% glucose and
supplements with excess unlabeled L-methionine and L-cys-
teine (20 ug/ml) for 0, 45, 90, 180 or 300 min. Cells were
centrifuged and the supernatants (2 ml) were precipitated

TABLE 1

Scheme for the isolation of vid mutants

No. of colonies after UV mutagenesis 30,000
No. of mutants after first screening with colony

blotting procedure 369
No. of mutants accumulating precursors of CpY

as detected by colony lifting assay 75
No. of mutants further screened by Western

blotting of FBPase 40
No. of mutants with half lives of FBPase

degradation longer than 100 min 29
No. of mutants missorting CpY to the cell surface 0
No. of alleles in each complementation group

vidl-11

vidl2

vidl3

vidl4—17

vidl8

vid19

vid20
Final complementation groups

S VN — N

N

with 10% trichloroacetic acid (TCA) with 50 ml of 2% bovine
serum albumin at 4°. Samples were counted with a liquid
scintillation counter. Total radioactivity was determined by
measuring cell-associated counts plus counts in the medium.
Degradation of long-lived proteins was calculated as the per-
centage release of radioactivity into a TCA-soluble fraction in
the medium. The release of methionine and cysteine to the
medium may also come from the vacuolar pool. In the ab-
sence of glucose, both wild-type and pep4 cells show minimal
rates of TCA soluble activity (<0.01%/hr). Upon glucose re-
addition, the TCA-soluble activity in the medium is induced
to 5%/hr in wild-type cells. Since pep4 cells show a rate of
1.3%/hr (CHIANG et al. 1996), the difference between wild-
type and pep4 cells (3.7%/hr) may reflect the glucose-induced
release of methionine and cysteine to the medium due to
vacuolar proteolysis.

Immunofluorescence microscopy: Indirect immunofluo-
rescence microscopy was performed as described (CHIANG
and SCHEKMAN 1991).

FBPase enzyme activity assay: Cells (ODgop = 20) were
lysed by adding 200 pg of glass bead and agitating vigorously.
Cellular lysates were used to assess FBPase activity by the for-
mation of NADPH at 340 nm (CHIANG and SCHEKMAN 1991).

Cell fractionation: Yeast cells were grown in 500 ml of
YPKG for 2 days at 30° in an environmental shaker (300 rpm).
Cells were harvested by centrifugation at 500 X g for 5 min
and divided. Half of the cells (250 ml) were shifted to YPD
for 60 min at 30°. At the end of incubation, 10 mM NaN; was
added to the culture medium and yeast cells were collected
by centrifugation. Cells were resuspended in 50 ml of 100 mMm
Tris-HCI pH 9.5, 100 mM SB-mercaptoethanol, 10 mM NaNj
and 40 mM EDTA and incubated at 30° for 45 min with gentle
shaking (50 rpm). Cells were harvested and spheroplasts pre-
pared by incubating cells in 50 ml of 1.5 M sorbitol, 10 mm
Tris-HCl pH 7.5 with 10 units of zymolyase-100T (ICN Bio-
medicals, Inc.) per O.Dgyp unit of cells at 30° for 30 min.
Spheroplasts were collected by centrifugation and washed
once with 10 ml of 1 M sorbitol, 150 mM potassium acetate,
5 mM magnesium acetate, 20 mm HEPES pH 6.8 and resus-
pended in 10 ml TEA buffer (10 mM triethanolamine pH 7.5,
100 mg/ml phenylmethyl sulfonyl fluoride, 10 mm NaF, 10
mM NaNg, 1 mMm EDTA and 0.8 M sorbitol). Spheroplasts were



1558 M. Hoffman and H.-L. Chiang

vid13-1

-

w

kY

vid15-1

1 6
2 7
3 8
4 9
5 10

a b ¢ d a b ¢ d
WT pep4

FIGURE 1.—Colony blotting of FBPase degradation in tetrads derived from the vid13-1 and vid15-1 mutants. FBPase degradation
mutants were outcrossed to wild-type cells. Tetrads were dissected and grown on YPKG plates to induced FBPase. Cells were
transferred to nitrocellulose membranes and shifted to YPD (5%) glucose as described in MATERIALS AND METHODS. Mutants
were identified as dark circles after ECL reactions. Tetrads are numbered as a, b, ¢, and d. Representative colony blotting of
sets of 10 tetrads (#1-10) are shown for the vidl3-1 (left) and the vid15-1 mutants (right). Wild-type and pep4 cells were shown

on the lowest part of the right panel.

homogenized using a Dounce homogenizer with 20 strokes
on ice. Cell lysates were centrifuged first at 10,000 X g for 20
min. The supernatant was further centrifuged at 100,000 X
gfor 2 hr to obtain the high speed supernatant (S) and pellet
(P). To estimate whether FBPase sedimented in the high
speed pellet after glucose readdition, 5000-fold dilution of
proteins from the total (T), supernatant (S) and pellet (P)
were loaded on SDS-PAGE gels. The distribution of FBPase
and Pmalp were determined by Western blotting. The pellet
(P) was resuspended in 1 ml of TEA buffer, loaded on a 90
X 1.5 cm Sephacryl S-1000 (Pharmacia) column and eluted
with 200 ml of TEA buffer with a flow rate of 8 ml/hr. Frac-
tions (4 ml) were collected and 1.5 ml of samples were precipi-
tated with TCA at the final concentration of 10% at 4° for 1
hr on ice. Samples were centrifuged at 13,000 X g for 10 min
at 4° and pellets washed once with 1 ml ice-cold acetone and
resuspended in 50 ul of SDS sample buffer. Proteins (15 pl)
were separated on 10% SDS-PAGE gels and immunoblotted
with anti-FBPase antibodies. We initially collected 50 samples
and found that most proteins such as Pmalp, FBPase and
hemoglobin (soluble protein marker) fractionated between
#10 and 30. The positions of the plasma membrane ATPase
(Pmalp) were determined by anti-Pmalp antiserum. Hemo-
globin fractionated at #30 on the Sephacryl S-1000 chroma-
tography.

RESULTS

Isolation of vid mutants: Mutants defective in the
glucose-induced degradation of FBPase were screened
with anti-FBPase antibodies using a colony blotting pro-
cedure. Cells were UV mutagenized and grown for 4
days on YPKG plates containing acetate to induce
FBPase; colonies were transferred to nitrocellulose
membranes and immersed in YPD for 2 hr at 37°. Dur-
ing this regimen, wild-type cells degrade FBPase com-
pletely. Of 30,000 colonies from mutagenized cells, 369
were reactive with anti-FBPase antibody and apparently
failed to degrade FBPase (Table 1). They were further

WT  pepd vps8 vidi-1 vid2-1 vid3-1
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| E
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FIGURE 2.—CpY is sorted normally in vid mutants. Wild
type, pep4, ups8 and vidl-vid20 were spheroplasted, radiola-
beled and chased as described in MATERIALS AND METHODS.
Proteins from the intracellular and extracellular fractions
were precipitated with anti-CpY antibodies followed by Pro-
tein A Sepharose. Proteins were separated on 7% SDS-PAGE
gels and exposed using a phosphoimager cassette. I, intracel-
lular fractions; E, extracellular fractions; p1, the ER (67 kDa)
form of CpY; p2, the Golgi (69 kDa) form of CpY; m, the
mature form of CpY (61 kDa).
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TABLE 2
Class A vid mutants

t1,o of FBPase

t;o of FBPase Degradation of

VID degradation Localization inactivation long-lived
genotype (min) of FBPase (min) proteins (%/hr)*
1%/)] 30 Nondetectable 20 5 (100)
vidI-1 300 Cytosol 20 5 (100)
vid2-1 125 Cytosol 20 5 (100)
vid3-1 150 Cytosol 20 5 (100)
vid4-1 >300 Cytosol 20 5 (100)
vid5-1 100 Cytosol 20 5 (100)
vid6-1 115 Cytosol 20 5 (100}
vid7-1 240 Cytosol 20 5 (100)
vid8-1 110 Cytosol 20 5 (100)
vid9-1 120 Cytosol 20 5 (100)
vid10-1 135 Cytosol 20 5 (100)
vidl1-1 110 Cytosol 20 5 (100)
vid12-1,2 180 Cytosol 20 5 (100)
vid13-1,2,3,4 >300 Cytosol 20 5 (100)
vid14-1 110 Vesicles 20 5 (100)
vid15-1 200 Vesicles 20 5 (100)
vid16-1 200 Vesicles 20 5 (100)

“Values in parentheses are.

screened for the presence of pep, sec and vps mutations,
since we showed previously that FBPase degradation is
delayed in the pep4 mutant, which is defective in vacuo-
lar proteinases (HasILIK and TANNER 1978; HEMMINGS
et al. 1981; JONES 1991) and also in sec mutants blocked
in the early portions of the secretory pathway (CHIANG
and SCHEKMAN 1991), and since FBPase is targeted to
the vacuole for degradation. All three classes of mu-
tants, pep, early sec, and vps accumulate ER (pl) or
Golgi-modified (p2) precursors of carboxypeptidase Y
(CpY), both of which retain the pro-peptide of the pre-
cursor (HasiLIK and TANNER 1978; HEMMINGS et al.
1981; ROTHMAN and STEVENS 1986; ROBINSON et al.
1988; JoNES 1991) and were identified by a colony lift
assay employing monoclonal antibodies that specifically
recognize the prosequence of the CpY precursors. A
total of 75 such strains were identified and eliminated.
The remaining 294 strains were examined for FBPase
degradation defects using Western blotting with affinity-

purified anti-FBPase antibodies; 40 vid mutants with
strong degradation defects were chosen for further
study. The remaining 254 mutants showed weak defects
in FBPase degradation.

Upon transfer of cells to glucose from a medium
containing a poor carbon source, the preexisting
FBPase is inactivated and degraded. The transcription
of FBPase is also downregulated so that no new FBPase
is synthesized (SEDIVY and FRAENKEL 1985). Immu-
noblotting detects the steady-state level of FBPase and
does not distinguish between defects in degradation
of FBPase or the downregulation of transcription. To
distinguish, we determined the kinetics of FBPase deg-
radation in the remaining 40 mutants. In wild-type cells,
FBPase is degraded with a half life of 30 min in response
to glucose. Cells that showed half lives of FBPase degra-
dation <100 min were considered to be weak mutants;
11 such strains were identified. The remaining 29 vid
mutants gave FBPase half lives from 100 min to >300

TABLE 3
Class B vid mutants

tiye of FBPase

t12 of FBPase Degradation of

VID degradation Localization inactivation long-lived
genotype (min) of FBPase (min) proteins (%/hr)*®
VID* 30 Nondetectable 20 5.0 (100)
vid17-1 150 Cytosol 20 2.5 (50)
vidl18-1,2 200 Cytosol 20 2.5 (50)
vid19-1,2,3 150 Cytosol 20 3.0 (60)
vid20-1,2,3 >300 Cytosol 20 3.0 (60)

“Values in parentheses are.
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Ficure 3.—Class A mutants are impaired in the degradation of FBPase. Wild type and vidI-vid16 were radiolabeled and
chased in SD (—N) medium containing 2% glucose for 0, 45, 90, 180 or 300 min. Cell-free extracts were obtained, immunoprecipi-
tated with anti-FBPase antibodies, separated on 10% SDS-PAGE gels and exposed using a phosphoimager cassette. The kinetics
of FBPase degradation were determined as described in MATERIALS AND METHODS. The degradation of FBPase was shown in wild
type, vidl —vid4 (a), vid5—vid8 (b), vid9-vid12 (c) and vid13-vid16 (d). The degradation of long-lived proteins was performed
as described in MATERIALS AND METHODS. Representative results of the degradation of long-lived proteins are shown in wild type,

uidl-1, vid2-1, vid9-1, vid14-1 and vid16-1 (e).

min. These 29 mutants were outcrossed to a wild-type
strain four to five times and the segregation of FBPase
degradation defects in tetrads followed by the colony
blotting method. Representative results of 10 tetrads
derived from the vid13-1 and vid15-1 mutants are shown
in Figure 1. Patches of FBPase degradation-defective
mutants reacted with anti-FBPase antibodies and ap-

peared as dark circles. Of the 20 tetrads shown in Figure
1, one segregant from the vid15-1 cross (#6d) showed
a partial FBPase degradation defect. When this clone
was tested for FBPase degradation using Western blot-
ting, it was wild type for FBPase degradation. Therefore,
FBPase degradation-defective mutants were first
screened by the colony blotting procedure, further ana-
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FIGURE 3.— Continued

lyzed by Western blotting and finally confirmed by
pulsechase experiments.

Since all vid heterozygotes were wild type for FBPase
degradation, all 29 mutations were recessive. The mu-
tants were crossed in all possible combination to test
for complementation. A total of 20 complementation
groups were identified. Table 1 lists the distribution of
alleles within complementation groups. Single alleles
were found for vidl—vidll and also for vidl4-vidl7,
two alleles for vid12 and vid18, three alleles for vid19
and vid20, and four alleles for vidl13.

Sorting of CpY is not significantly altered in vid mu-
tants: The sorting of CpYwas studied using three meth-
ods in addition to the colony blot using anti proCpY
monoclonal antibodies. The 40 putative vid mutants
were examined for the accumulation of the precursor
forms of CpY in cell-free extracts after SDS-PAGE elec-
trophoresis using antibodies to mature CpY. All 40 vid
mutants tested contained the 61-kD, mature form of
CpYin total cell extracts. Kinetic studies of CpY matura-
tion and sorting were performed on spheroplasts of the
29 strains that displayed half lives of FBPase degrada-
tion longer than 100 min. Figure 2 shows the immuno-
precipitation of CpY in the intracellular (I) and extra-
cellular (E) fractions from wild-type, pep4, vps8 and
vid1 -vid20 mutants after a 30 min chase. The wild type
contains mature CpY within the cell; the pep4 mutant
contains the P2 precursor intracellularly. The vps8 mu-
tant, which missorts CpY (ROTHMAN et al. 1988), con-
tains pl, p2 and mature CpY intracellularly but also
secretes precursors. Mutants representative of the 20
vid complementation groups all showed normal matu-
ration of CpY as demonstrated by the presence of the
mature form of CpYin the intracellular fractions. When
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FIGURE 4.—Class B mutants have additional defects in de-
grading long-lived proteins. Pulse-chase and immunoprecipi-
tation of FBPase were performed as described. The kinetics
of FBPase degradation are shown for vid17-1, vid18-1, vid19-
land vid20-1 (a). The rates degradation of long-lived proteins
are shown for wild-type cells, vid17-1, vid18-1, vid19-1 and
vid20-1 (b).

the results were quantitated, <5% of the CpY forms
were extracellular. Therefore, the sorting of CpY is not
significantly altered in vid mutants. A trace amount of
p2 was found in some mutants, suggesting that CpY
processing may be slowed in these mutants.

Finally, all mutants were able to grow on YPD plates
containing 2 M NaCl, 2.5 M glycerol or 2.5 M sorbitol,
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FIGURE 5.—FBPase is inactivated in response to glucose. Yeast cells were grown in YPKG to induce FBPase and shifted to YPD
at timed intervals. Representative results of the kinetics of FBPase inactivation are shown for wild-type cells, vidI-1 and vid2-1

mutants (a), vidl4-1, vid16-1 and vid20-1 mutants (b).

indicating that osmoregulation was normal. Since the
vacuole plays an important role in osmoregulation
(LATTERICH and WATSON 1991), vacuole function ap-
pears normal.

Class A vid mutants impair the degradation of
FBPase: The mutants defective in the glucose-induced
degradation of FBPase fell into 20 different comple-
mentation groups (Table 1). To further subdivide the
mutants, we examined the degradation of long-lived
proteins, since we showed previously that glucose in-
duces a massive degradation of long-lived proteins at a

rate of 5%/hr. This glucose-induced protein degrada-
tion occurs primarily in the vacuole, as pep4 mutants
block the induced protein degradation in response to
glucose (CHIANG et al. 1996). We have found that repre-
sentatives of 16 complementation groups (vidl-vid16)
degrade long-lived proteins at a normal rate (Table 2).
We call these Class A mutants. Representatives of four
complementation groups (vidl7-vid20) arc dcfective
in degrading long-lived proteins as well as FBPase (Ta-
ble 3). We call these class B mutants.

Figure 3 shows the kinetics of FBPase degradation in
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a. ’ % b.
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t=0min t = 60 min
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FIGURE 6.—Localization of FBPase in vid mutants. Indirect immunofluorescence microscopy of FBPase staining at t = 0 min
and at t = 60 min in wild-type cells (a and b), and also in vidI-1 (c), vid5-1 (d), vid7-1 (e) and vid12-1 (f) mutants that showed
a cytosolic staining of FBPase at t = 60 min.
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Class A mutants. In wild-type cells, FBPase is degraded
with a half life of 30 min and <10% of the FBPase can
be detected after a chase in glucose for 90 min. Class
A mutants degrade FBPase with half lives ranging from
100 to >300 min and the kinetics of FBPase degrada-
tion differ from one mutant to another. For example,
vidl-1 mutants degrade FBPase with a half life of 300
min; 50% of the FBPase remains after 5 hr of chase in
glucose. vid2-1 mutants degrade FBPase with a half life
of 125 min; 35% of the FBPase remains after 5 hr of
chase in glucose. vidI-1, vid4-1 and vid13-1, 2, 3, 4 mu-
tants degrade FBPase with half lives of 300 min or more
and are considered to be strong mutants. vid7-1, vid15-
I and vid16-1 mutants show half lives of FBPase degrada-
tion ranging from 200 to 300 min and are considered
to have intermediate degradation defects. Most mutants
have half lives of FBPase degradation varying from 100
to 200 min. These mutants, vid2-1, vid3-1, vid5-1, vid6-
1, vid8-1, vid9-1, vid10-1, vid11-1, vid12-1, 2 and vid14-
1, are weaker mutants. Class A mutants degrade long-
lived proteins at a rate similar to that of wild-type cells
(Table 2). Representative results of the degradation of
long-lived proteins are shown for vidi-1, vid2-1, vid9-1,
vid14-1 and vid16-1 (Figure 3e).

Class B mutants are defective in degrading FBPase
and long-lived proteins: We have identified four Class B
mutants that are defective in degrading both FBPase and
long-lived proteins (Table 3). Figure 4a shows that the
vid17-1, vid18-1, vid19-1 and vid20-1 mutants degraded
FBPase with half lives of 150, 200, 150 and >300 min,
respectively. The degradation of long-lived proteins was
reduced to 50% of the wild-type level in vid17-1 and vid18-
I and to 60% in vid19-1 and vid20-1. (Figure 4b). All
Class B vid mutants accumulate FBPase in the cytosol
(Table 3). Since Class B mutants have an additional de-
fect in degrading long-lived proteins, they may affect
more global aspects of the degradation process, affecting
the degradation of FBPase and other cytosolic proteins.

FBPase is inactivated in all vid mutants: If FBPase
remained active during fermentative growth, it would
generate a futile cycle of simultaneous gluconeogenesis
and glycolysis, resulting in wasting of ATP. Failure to
degrade FBPase might be detrimental to the growth of
vid mutants if FBPase remained active. All vid mutants
grew normally, with a doubling time of 90-110 min
(data not shown), suggesting that FBPase might not
function in vid mutants. This possibility was examined
by measuring the activity of FBPase at several time inter-
vals after glucose readdition. As was reported by
GANCEDO (1971), in wild-type cells, FBPase was inacti-
vated rapidly with 50% of FBPase being inactivated
within 20 min after a shift to glucose. We found that
all vid mutants inactivated FBPase at rates similar to
that of wild-type cells. Figure 5 shows representative
results of FBPase inactivation for the wvidl-1, vid2-1,
vid14-1, vid16-1 and vid20-1 mutants. Since FBPase was

t =60 min

t=0min

vid14-1
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vidl5-1
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I'\‘
vid18-1 -

FIGURE 7.—Distribution of FBPase in wvidl3-1, vidl4-1,
vid15-1 and vidl8-1 mutants. Indirect immunofluorescence
microscopic studies of FBPase that show FBPase staining at t
= 0 min and at t = 60 min in the vidl3-1 (a and b), vid14-1
(c and d), vid15-1 (e and f) and vid181 (g and h).

completely inactivated, no energy futile cycle was pro-
duced in vid mutants.

FBPase is found in the cytosol and also in punctate
structures in vid mutants: To determine the site of
blockage along the FBPase degradation pathway in vid
mutants, we studied the subcellular localization of
FBPase using indirect immunofluorescence micros-
copy. Cells were glucose-starved, transferred to glucose
for 60 min, fixed and processed for immunofluores-
cence microscopic studies. As shown in Figure 6, wild-
type cells accumulated FBPase in the cytosol at t = 0
min (Figure 6a). Upon refeeding of cells with glucose
for 60 min, no FBPase was detected, indicating a com-
plete degradation of FBPase in wild-type cells (Figure
6b). All vid mutants accumulated FBPase in the cytosol
at t = 0 min. However, FBPase was not degraded in
these mutants. Immunofluorescence studies indicated
that most of the vid mutants accumulate FBPase in the
cytosol after glucose readdition for 60 min (Table 2,
Table 3 and Figure 6). Representative results of cyto-
solic staining of FBPase at t = 60 min are shown in vidI-
I (Figure 6¢), vid5-1 (Figure 6d), vid7-1 (Figure 6e)
and vid12-1 (Figure 6f).

Figure 7 shows the time-dependent distribution of
FBPase in the vidl3-1, vid14-1 vidl5-1 and vidl8-1. At t
= 0 min, FBPase staining was in the cytosol (Figure 7a).
FBPase remained in the cytosol in vid13-1 at t = 60 min
( Figure 7b). Different patterns of FBPase staining were
observed in the vidl4-1, vidl5-1 and vidl6-1 mutants.
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FIGURE 8.—Cell fractionation of FBPase in the vid13-1 and vid15-1 mutants. vid13-1 and vid15-1 were grown in YPKG medium
and shifted to glucose. Spheroplasts were prepared and fractionated as described in MATERIALS AND METHODS. The distribution
of FBPase and Pmalp in the total (T), supernatant (S) and pellet (P) were determined by immunoblotting with anti-FBPase
and anti-Pmalp antibodies. The pellets were further separated on a Sephacryl S-1000 chromatography. Fractions are shown
from #10-30. Pmalp fractionates at #12-14, the soluble proteins using hemoglobin as a marker fractionates at #30. A, vid13-1
att = 0 min and t = 60 min; a and b, FBPase; ¢ and d, Pmalp; B, vidI5-1 at t = 0 min and t = 60 min; e and f, FBPase; g and

h, Pmalp.

At t = 0 min, FBPase was localized in the cytosol in
vid14-1 (Figure 7c), but 60 min after transfer to glucose,
FBPase staining was now localized in punctate struc-
tures in the cytoplasm in the vid14-1 mutant (Figure
7d). Similarly, in the vid15-1 mutant, FBPase was local-
ized in the cytosol at t = 0 min (Figure 7e) but was
found in punctate structures in the cytoplasm 60 min
after transfer to glucose (Figure 7f). vid17-vid20 have
additional defects in degrading long-lived proteins.
They all block FBPase degradation by accumulating
FBPase in the cytosol (Table 3). Representative results
of cytosolic staining of FBPase at t = 0 min (Figure 7g)
and t = 60 min are shown for the vid18-1 mutant (Fig-
ure 7h).

Cell fractionation of FBPase: Punctate staining of
FBPase in the vid14-1, vid15-1 and vid16-1 mutants sug-
gested that FBPase was associated with subcellular struc-
tures in these mutants. If this were the case, FBPase
might be sedimented in the high speed pellet. The
distribution of FBPase in the supernatant (S) or pellet
(P), before and after glucose shift in the vid13-1 and
vid15-1 mutants were examined by Western blotting.
To separate intracellular organelles, the pellets were
further fractionated on a Sephacryl S-1000 chromatog-

raphy. The vid13-1 mutant, which accumulated FBPase
in the cytosol, was used as a control. Most of the FBPase
was present in the supernatant at either t = 0 or t =
60 min. On the S-1000 chromatography, no FBPase was
detected (Figure 8, a and b). We used the plasma mem-
brane ATPase (Pmalp) as a control and found that
Pmalp was present mostly in the pellet. It fractionated
at positions 12—14 both at t = 0 min and t = 60 min
(Figure 8, c and d). vid15-1 showed FBPase staining in
punctate structures after glucose shift (Figure 7f). At t
= 0 min, FBPase was present in the supernatant (Figure
8e). After glucose readdition for 60 min, ~30-40% of
the total FBPase was sedimentable in the pellet. On the
S-1000 chromatography, FBPase was detected in two
peaks: one at fractions 12—-14, another at 24-28 (Figure
8f). In the vid15-1 mutant, Pmalp partitioned mostly
in the pellet. It fractionated at positions 12—14; its distri-
bution was not affected by glucose in either the vid15-
I or the vid13-1 mutants (Figure 8, g and f).

DISCUSSION

Using a colony blotting procedure, we have identified
20 mutants defective in the glucose-triggered degrada-
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tion of FBPase. These mutants are different from the
existing pep, sec or yps mutants, because they process
and sort CpY normally and show normal osmoregula-
tion. Based on these criteria, they are unlikely to be
known mutants that affect the secretory pathway, the
sorting of proteins to the vacuole or proteolysis in the
vacuole. vid mutants are also different from the existing
mutants that impair the c-AMP-dependent signal trans-
duction pathway (LAMPONI et al. 1987; TOYODA et al.
1987), for FBPase is completely inactivated in vid mu-
tants.

Inactivation of FBPase precedes the degradation of
the protein: An interesting feature of vid mutants is
that no significant growth defect is observed in vid mu-
tants during fermentative growth. FBPase activity de-
creases rapidly following a transfer of vid mutants to
glucose. The inactivation occurs at a rate similar to that
of wild-type cells in spite of the presence of FBPase
protein in vid mutants. Therefore, no futile cycling of
gluconeogenesis and glycolysis occurs in vid mutants.
In wild-type cells, the inactivation of the FBPase enzyme
and the degradation of the FBPase protein occur so
rapidly that these two processes cannot be separated.
Using vid mutants, the inactivation can now be sepa-
rated from the degradation process. Thus, catabolite
inactivation of FBPase occurs in two sequential steps:
inactivation of the enzyme followed by the degradation
of the protein in the vacuole.

FBPase is associated with subcellular structures in the
vid14, vid15 and vidl16 mutants: Immunolocalization
experiments have revealed two patterns of FBPase stain-
ing in vid mutants: in some mutants, FBPase can be
found in the cytosol; in others it is found in punctate
structures in the cytoplasm. The punctate staining of
FBPase in the vid14-vid]6 mutants suggests that FBPase
is associated with small vesicles in the cytoplasm. This
was further supported by cell fractionation, for a sub-
stantial amount of FBPase was recovered in the 100,000
g pellet after transfer of the vidi15-1 mutant to glucose
for 60 min. On Sephacryl S-1000 chromatography,
FBPase appears as two distinct peaks in the vid15-1 mu-
tant, one at fractions #12—14, another at #24-28. The
first peak overlaps with Pmalp, FBPase may be associ-
ated with subcellular structures with similar size to the
fragmented or recircularized plasma membrane. A
greater amount of FBPase is found in the second peak,
which may represent a different type of structure. If
FBPase targeting to the vacuole occurs in a sequential
manner such that FBPase is inactivated first in the cyto-
sol, targeted to small vesicles and then to the vacuole,
the mutations causing accumulation of FBPase in the
cytosol (vidl-vidl3) may affect early steps of the
FBPase degradation pathway, whereas the vidI4—vidl6
mutations, which result in vesicle-associated FBPase,
may interfere with the FBPase degradation pathway at
later stages by blocking the fusion of small vesicles with

the vacuole. The vidl7-vid20 mutants are defective in
degrading long-lived proteins as well as FBPase. Cloning
of VID genes may provide insights into the understand-
ing of the molecular mechanisms responsible for the
targeting of FBPase into the vacuole for degradation.

We thank Drs. J. FRED DicE, WiLLIAM DUNN, and DAVE FELDHEIM
for insightful discussions. We also thank Dr. T. STEVENS (University
of Oregon) for providing monoclonal antibodies that recognize the
prosequence of CpY and Dr. S. EMR (University of California, San
Diego) for providing anti-CpY antibodies. The work was supported
by American Cancer Society grant BE-212 to H.-L.C.

LITERATURE CITED

AHLBERG, J., A. BERKENSTRAM, F. HENNELL and H. GLAUMANN, 1985
Degradation of short and long-lived proteins in isolated rat liver
lysosomes, effects of pH, temperature and proteolytic inhibitor.
J. Biol. Chem. 260: 5847-5854.

BORMANN, C., and H. SaHM, 1978 Degradation of microbodies in
relation to activities of alcohol oxidase and catalase in Candida
boidinii. Arch. Microbiol. 117: 67-72.

CIECHANOVER, A,, 1994 The ubiquitin-proteasome proteolytic path-
way. Cell 79: 13-21.

CHIANG, H-L., and J. F. Dicg, 1988 Peptide sequences that target
proteins for enhanced degradation during serum withdrawal. J.
Biol. Chem. 263: 6797-6805.

CHIANG, H.-L., and R. SCHEKMAN, 1991 Regulated import and degra-
dation of a cytosolic protein in the yeast vacuole. Nature 350:
313-318.

CHIANG, H.-L., and R. SCHEKMAN, 1994 Site of catabolite inactiva-
tion. Nature 369: 284.

CHIANG, H.-L., S. R. TERLECKEY, C. P. PLANT and J. F. DicE, 1989 A
role for a 70 kD heat shock protein in lysosomal degradation of
intracellular proteins. Science 246: 382-385.

CHIANG, H.-L., R. SCHEKMAN and S. HAMAMOTO, 1996  Selective up-
take of cytosolic, peroxisomal and plasma membrane proteins
by the yeast vacuole. J. Biol. Chem. 271: 9934-9941.

CHVATCHKO, Y., I. HowaLDp and H. RIEZMAN, 1986 Two yeast mu-
tants defective in endocytosis are defective in pheromone re-
sponse. Cell 46: 355-364.

CUERvVO, A. M, S. R. TERLECKY, |. F. DICE and E. KNECHT, 1994
Selective binding and uptake of RNase A and glycerate-3-phos-
phate dehydrogenase by isolated rat liver lysosome. J. Biol. Chem.
269: 26374-26380.

Davis, N. G., J. L. HORECKA and G. F. SPRAGUE, 1993  Cis- and wrans-
acting functions required for endocytosis of the yeast pheromone
receptor. J. Cell Biol. 122: 53-65.

DicE, ]. F,, 1990 Peptide sequences that target cytosolic proteins for
lysosomal proteolysis. Trends Biochem. 15: 305-309.

DunN, W. A,, 1990a  Studies on the mechanisms of autophagy: for-
mation of the autophagic vacuole. J. Cell Biol. 110: 1923~1933.

Dunn, W. A, 1990b  Studies of the mechanisms of autophagy: matu-
ration of the autophagic vacuole. J. Cell Biol. 110: 1935-1945.

ERDMANN, R., M. VEENHUIS, D. MERTENS and W. KUNAU, 1989 Isola-
tion of peroxisomes-deficient mutants of Saccharomyces cerevisiae.
Proc. Natl. Acad. Sci. USA 86: 5419-5423.

GANCEDO, C., 1971 Inactivation of fructose-1,6-bisphosphatase by
glucose in yeast. J. Bacteriol. 107: 401-405.

GUTHRIE, C., and G. FINK, 1991  Guide to yeast genetics and molecu-
lar biology. Methods Enzymol. 194: 21-37.

HasILIK, A., and W. TANNER, 1978  Biosynthesis of the vacuolar yeast
glycoprotein, carboxypeptidase Y conversion of precursor into
the enzyme. Eur. J. Biochem. 85: 599-608.

HAWNES, S., and J. F. DICE, 1996 Roles of molecular chaperones in
protein degradation. J. Cell Biol. 132: 2556-258.

HEMMINGS, B., G. ZUBENKO, A. HasILIK and E. W. JONEs, 1981 Mu-
tants defective in processing of an enzyme located in the lyso-
some-like vacuole of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 78: 435-439.

HENELL, F,, and H. GLAUMANN, 1985 Participation of lysosomes in



1566 M. Hoffman and H.-L. Chiang

basal proteolysis in perfused liver. Discrepancy between leupep-
tin-induced lysosomal enlargement and inhibition of proteolysis.
Exp. Cell Res. 158: 257-262.

HENELL, F., A. BERKENSTAM, J. AHLBERG and H. GLAUMANN, 1987
Degradation of short and long-lived proteins in perfused liver
and in isolate autophagic vacuoles/lysosome. Exp. Mol. Pathol.
46: 1-14.

JeNTscn, S., T. SEUFERT, T. SOMMER and H. Reins, 1990  Ubiquitin-
conjugating enzymes, novel regulators of eucaryotic cells. Trends
Biol. Sci. 15: 195-198.

JonEs, E. W.,, 1991 Three proteolytic systems in the yeast Saccharo-
myces cerevisiae. J. Biol. Chem. 266: 7963—7966.

KOLLING, R,, and C. HOLLENBERG, 1994 The ABC transporter Ste6
accumulates in the plasma membrnae in a ubiquitinated form
in endocytosis mutants. EMBO J. 13: 3261-3271.

Kominami, E., S. HASHIDA, E. KHAIRALLAH and N. KATUNUMA, 1983
Sequestration of cytoplasmic enzymes in an autophagic vacuole-
lysosomal system induced by injection of leupeptin. |. Biol.
Chem. 258: 6093-6100.

Lal, K., C. BOLOGNESE, S. SWIFT and P. MCGRAW, 1995 Regulation
of inositol transport in Saccharomyces cerevisiae involves inositol-
induced changes in permease stability and endocytic degradation
in the vacuole. J. Biol. Chem. 270: 2525-2534.

LATTERICH, M., and M. D. WATSON, 1991 Isolation and characteriza-
tion of osmosensitive vacuolar mutants of Sacchromyces cerevisiae.
Mol. Microbiol. 5: 2417-2426.

LAMPONI, S., P. GaLassl, P. TORTORA and A. GUERRITORE, 1987  Glu-
cose induced degradation of yeast fructose-1,6-bisphosphatase
requires additional trigerring events besides protein phosphory-
lation. FEBS Lett. 216: 265—-269.

MORTIMORE, G. E., N. HUTSON and C. A. SURMNACZ, 1983 Quantita-
tive correlation between proteolysis and macro- and microau-
tophagy in mouse hepatocyte during starvation and refeeding.
Proc. Natl. Acad. Sci. USA 80: 2179-2183.

RaTHS, S., J. ROHRER, F. CRraUsaz and H. RIEzZMAN, 1993  end3 and
end 4: two mutant defective in receptor-mediated and fluid phase
endocytosis in S. cerevisiae. J. Cell Biol. 120: 55-65.

RiBALLO, E., M. HERWEIJER, D. WOLF and R. LAGUNAS, 1995 Catabo-
lite inactivation of the yeast maltose transporter occurs in the
vacuole after internalziation by endocytosis J. Bacteriol. 177:
5622-5627.

RoBINSON, |. S., D. J. KLIONSKY, L. M. BANTA and S. D. EMR, 1988
Protein sorting in Saccharomyces cerevisiae: isolation of mutants
defective in the delivery and processing of muptiple vacuolar
hydrolases. Mol. Cell. Biol. 8: 4936—4948.

ROTHMAN, J., and T. STEVENS, 1986  Protein sorting in yeast: mutants
defective in vacuolar biogensis mislocalize vacuolar proteins into
the late secretory pathway. Cell 47: 1041-1051.

SCHANDEL, K., and D. JENNES, 1994 Direct evidence for ligand-in-
duced internalization of the yeast alpha-factor pheromone recep-
tor. Mol. Cell. Biol. 14: 7245-7255.

SEDIVY, J. M., and D. G. FRAENKEL, 1985 Fructose bisphosphatase of
Sacchromyces cerevisiae, cloning, disruption and regulation of the
FBP] structure gene. J. Mol. Biol. 186: 307-319.

SEGLEN, P, P. GORDON and 1. HOLEN, 1990 Non-selective autoph-
agy. Semin. Cell Biol. 1: 441-448.

TAKESHIGE, K., M. BaBa, S. Tsuol, T. Nopa and Y. OHsuMi, 1992
Autophagy in yeast demonstrated with proteinase-deficient mu-
tants and conditions for its induction. J. Cell Biol. 119: 301-311.

TERLECKEY, S. R., and . F. DICE, 1993 Polypeptide import and degra-
dation by isolated lysosomes. J. Biol. Chem. 268: 23490-23495.

TERLECKEY, S. R., H.-L. CHIaNG, T. S. OsLON and J. F. DIcg, 1992
Protein and peptide binding and stimulation of in vitre lysosomal
proteolysis by 73 kD heat shock cognate protein. J. Biol. Chem.
267: 9202-9209.

TovoDa, Y., H. Fuji,, I. Miwa, J. OkupA and J. Sy, 1987 Anomeric
specificity of glucose effect on cAMP, fructose-1,6-bisphosphatase
and trehalase in yeast. Biochem. Biophy. Res. Comm. 143: 212-
217.

TUTTLE, D. L., and W. A. DUNN, 1995 Divergent modes of autophagy
in the methylotrophic yeast Pichia. Pastoris. J. Cell Sc. 108: 25—
35.

VEENHUIS, M., A. C. DouMa, W. HARDER and M. OsuMI, 1983  Degrada-
tion and turnover of peroxisomes in the yeast Hasenula poly-
morphainduced by selective inactivation of peroxisomal enzymes.
Arch. Microbiol. 134: 193-203.

VoLranp, C., D. URBAN-GRIMAL, G. GERAUD and R. HAGUENAUER-
Tsapis, 1994 Endocytosis and degradation of the yeast uracil
permease under adverse conditions. J. Biol. Chem. 269: 9833—
9841.

Communicating editor: E. JONEsS



