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Abstract. 

 

Glucose regulates the degradation of the key 
gluconeogenic enzyme, fructose-1,6-bisphosphatase 
(FBPase), in 

 

Saccharomyces cerevisiae

 

. FBPase is tar-
geted from the cytosol to a novel type of vesicle, and 
then to the vacuole for degradation when yeast cells are 
transferred from medium containing poor carbon 
sources to fresh glucose. To identify proteins involved 
in the FBPase degradation pathway, we cloned our first 

 

VID

 

 (vacuolar import and degradation) gene. The 

 

VID24

 

 gene was identified by complementation of the 
FBPase degradation defect of the 

 

vid24-1

 

 mutant. 
Vid24p is a novel protein of 41 kD and is synthesized in 

response to glucose. Vid24p is localized to the FBPase-
containing vesicles as a peripheral membrane protein. 
In the absence of functional Vid24p, FBPase accumu-
lates in the vesicles and fails to move to the vacuole, 
suggesting that Vid24p regulates FBPase targeting 
from the vesicles to the vacuole. FBPase sequestration 
into the vesicles is not affected in the 

 

vid24-1

 

 mutant, 
indicating that Vid24p acts after FBPase sequestration 
into the vesicles has occurred. Vid24p is the first pro-
tein identified that marks the FBPase-containing vesi-
cles and plays a critical role in delivering FBPase from 
the vesicles to the vacuole for degradation.

 

P

 

rotein

 

 degradation is an important process that is
tightly regulated. In mammalian cells, serum starva-
tion induces protein degradation by lysosomes

(Dice, 1990; Hayes and Dice, 1996). Cytosolic proteins
containing a pentapeptide sequence are targeted to the ly-
sosome for degradation in a process mediated by a heat
shock protein (Chiang and Dice, 1988; Chiang et al., 1989;
Terlecky et al., 1992; Terlecky and Dice, 1993; Cuervo et
al., 1994). The receptor protein for this selective proteoly-
sis pathway has been identified recently to be LGP96
(Cuervo and Dice, 1996). Overexpression of the receptor
protein increases the degradation of cytosolic proteins in
lysosomes both in vivo

 

 

 

and

 

 

 

in vitro (Cuervo and Dice,
1996).

In 

 

Saccharomyces cerevisiae

 

, the vacuole is functionally
homologous to the lysosome and takes up proteins by sev-
eral mechanisms. Most vacuole resident proteinases such
as carboxypeptidase Y (CPY)

 

1

 

 enter the vacuole through

the secretory pathway (Hasilik and Tanner, 1978; Hem-
mings et al., 1981; Rothman and Stevens, 1986; Banta et al.,
1988; Jones, 1991). CPY is synthesized and processed se-
quentially in the ER and the Golgi. Sorting occurs in the
late Golgi by the CPY receptor encoded by the 

 

PEP1

 

/

 

VPS10

 

 gene (Marcusson et al., 1994; Cooper and Stevens,
1996). CPY is delivered to the vacuole from the prevacu-
olar or endosomal compartment and the receptor protein
recycles back to the Golgi (Marcusson et al., 1994; Cooper
and Stevens, 1996). Other vacuolar proteins such as 

 

a

 

-man-
nosidase or aminopeptidase I are imported from the cyto-
sol to the vacuole, independent of the secretory pathway
(Yoshihisa and Anraku, 1990; Klionsky et al., 1992; Hard-
ing et al., 1995, 1996; Scott et al., 1996). Plasma membrane
proteins can be internalized by endocytosis and trans-
ported through early endosomes to late endosomes, from
which they are directed to the vacuole for degradation
(Davis et al., 1993; Raths et al., 1993; Kolling and Hollen-
berg, 1994; Schandel and Jennes, 1994; Lai et al., 1995;
Riballo et al., 1995). Organelles such as peroxisomes or
mitochondria can be engulfed by the vacuoles by auto-
phagy (Takeshige et al., 1992; Tuttle and Dunn, 1995;
Chiang et al., 1996). 

The key gluconeogenic enzyme, fructose-1,6-bisphos-
phatase (FBPase), is induced when 

 

Saccharomyces cerevi-
siae

 

 cells are grown in medium containing poor carbon
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sources. When cells are transferred to medium containing
fresh glucose, FBPase is rapidly inactivated (Gancedo,
1971). Using isogenic strains differing only at the 

 

PEP4

 

gene, we have demonstrated that FBPase is targeted from
the cytosol to the vacuole for degradation when cells are
transferred from poor carbon sources to fresh glucose
(Chiang and Schekman, 1991). The 

 

PEP4

 

 gene encodes
proteinase A, whose activity is required for the maturation
of proteinase B and proteinase C (Zubenko and Jones,
1981; Jones, 1991). As a result, the 

 

pep4 

 

strain reduces the
vacuolar proteolytic activity to 30% of the wild-type level
(Zubenko and Jones, 1981; Jones, 1991; Chiang et al.,
1996). The glucose-induced distribution of FBPase from
the cytosol to the vacuole has been observed in the 

 

pep4

 

cell by cell fractionation techniques, immunofluorescence
microscopy, and immunoelectron microscopy (Chiang and
Schekman, 1991; Chiang et al., 1996). FBPase targeting
into the vacuole always occurs, regardless of whether cells
are transferred to glucose from acetate, ethanol, galactose,
or oleate (Chiang and Schekman, 1994; Chiang et al.,
1996).

To dissect the FBPase degradation pathway, we have
taken a genetic approach. Several 

 

vid 

 

(vacuolar import
and degradation) mutants that fail to degrade FBPase in
response to glucose have been isolated (Hoffman and
Chiang, 1996). Most 

 

vid

 

 mutants block FBPase in the cyto-
sol. However, in the 

 

vid14-1

 

,

 

 vid15-1

 

,

 

 

 

and 

 

vid16-1 

 

mutants,
FBPase is found in punctate structures in the cytoplasm.
When cell extracts from one of these mutants are fraction-
ated, a substantial amount of FBPase is found in the high
speed pellet, suggesting that FBPase is associated with
intracellular structures in these mutants (Hoffman and
Chiang, 1996). This association is also observed in wild-
type cells (Huang and Chiang, 1997).

The FBPase-containing vesicles have been purified from
wild-type cells to near homogeneity using a combination
of differential centrifugation, gel filtration, and equilib-
rium centrifugation in sucrose gradients (Huang and
Chiang, 1997). The purified fractions contain 30–40-nm-diam
vesicles and are essentially free of other organelles. Kinetic
studies indicate that FBPase association with these vesi-
cles is induced by glucose, occurs only transiently, and pre-
cedes the association with the vacuole. The FBPase-con-
taining vesicles are distinct from mitochondria, peroxisomes,
endosomes, vacuoles, ER, Golgi, or transport vesicles such
as the coat protein (COPI or COPII)-containing vesicles
as analyzed by protein markers and electron microscopy
(Huang and Chiang, 1997).

The vesicles were predicted to contain proteins involved
in FBPase targeting and sequestration into the vesicles, as
well as proteins participating in carrying FBPase from the
vesicles to the vacuole for degradation. To identify such
factors, we cloned our first 

 

VID

 

 gene. The 

 

VID24 

 

gene
was identified by complementation of the degradation de-
fect of the 

 

vid24-1

 

 mutant. Vid24p is a novel 41-kD protein
and is synthesized in response to glucose. A significant
portion of the Vid24p is localized to the FBPase-contain-
ing vesicles as a peripheral protein. The deletion of Vid24p
abolishes the degradation of FBPase, but does not cause
significant change in growth, sporulation, germination, os-
molarity sensitivity, or processing of CPY. In the absence
of functional Vid24p, FBPase accumulates in the vesicles

 

and fails to move to the vacuole. FBPase is sequestered in-
side the vesicles in the 

 

vid24-1 

 

mutant, suggesting that
Vid24p acts after FBPase sequestration into the vesicles
has occurred. Vid24p is the first protein identified that is
localized to the FBPase-containing vesicles and plays a
critical role in delivering FBPase from the vesicles to the
vacuole for degradation. 

 

Materials and Methods

 

Yeast Strains and Media

 

Yeast strains used in this study were HLY404 (

 

MAT

 

a

 

 

 

trp1 ade2 his3-

 

D

 

200
ura3-52 leu2,3-112)

 

, 

 

vid24-1

 

 (

 

MATa trp1 ade2 his3-

 

D

 

200 ura3-52 leu2,3-
112 vid24-1

 

), 

 

vid15-1

 

 (

 

MATa trp1 ade2 his3-

 

D

 

200 ura3-52 leu2,3-112
vid15-1

 

), MCY1 (

 

MATa trp1 his3-

 

D

 

200 ura3-52 leu2,3-112 lys2-801

 

), and
MCY2 (

 

MATa trp1 his3-

 

D

 

200 ura3-52 leu2,3-112 lys2-801 

 

D

 

 vid24::TRP1

 

).
YPD contained 1% yeast extract (Difco Laboratories Inc., Detroit, MI),
2% peptone (Difco Laboratories Inc.), and 2% glucose (Fisher Scientific
Co., Pittsburgh, PA). YPKG consisted of 1% yeast extract, 2% peptone,
1% potassium acetate (Fisher Scientific Co.), and 0.5% glucose. YPA
sporulation medium is composed of 1% yeast extract, 2% peptone, and
1% potassium acetate. Synthetic dextrose (SD) (-N) medium contained
6.7 g/liter yeast nitrogen base (YNB) without amino acids (Difco Labora-
tories Inc.) supplemented with 2% glucose. SD plates contained 6.7 g/liter of
YNB, 2% glucose, 2% Bacto agar (Difco Laboratories Inc.), and 2 

 

m

 

g/ml
of adenine, uracil, 

 

l

 

-tryptophan, and 

 

l

 

-histidine, and also 3 

 

m

 

g/ml of 

 

l

 

-leu-
cine and 

 

l

 

-lysine (Guthrie and Fink, 1991). Lysine, tryptophan, or uracil
drop-out plates were prepared as described above except that 

 

l

 

-lysine,

 

l

 

-tryptophan, or uracil was omitted. 

 

Pulse Chase of FBPase

 

Pulse-chase experiments were performed as described by Hoffman and
Chiang (1996). Cells were precultured overnight, labeled in 10 ml of yeast
nitrogen base without ammonium sulfate and amino acids, and then sup-
plemented with necessary nutrients and 300 

 

m

 

Ci of [

 

35

 

S]methionine and
cysteine for 24 h. Cells (2 ml) were transferred to YPD medium contain-
ing 2% glucose for 0, 45, 90, 180, or 300 min, harvested, and then resus-
pended in 100 

 

m

 

l of buffer containing 50 mM Hepes-NaOH, pH 7.2, 100

 

m

 

g/ml PMSF, 5 mM MgSO

 

4

 

, 40 mM (NH

 

4

 

)

 

2

 

SO

 

4

 

, 10 mM NaN

 

3

 

 and 0.1 mM
EDTA. Cell extracts were obtained by adding an equal volume of glass
beads and then agitating vigorously. Cell lysates were immunoprecipitated
with anti-FBPase antibodies followed by protein A–Sepharose (Pharma-
cia Biotechnology inc., Piscataway, NJ). Proteins were separated by SDS-
PAGE, exposed in phosphorimager cassettes, and then quantitated with a
phosphorimager (Molecular Dynamics, Inc., Sunnyvale, CA). The kinetics
of FBPase degradation was determined using the amount of FBPase at 

 

t

 

 5 

 

0
min as 100%. The half life of FBPase degradation is defined as the time
required for 50% of the FBPase to be degraded after glucose readdition. 

 

Cloning of VID24

 

Our results suggested that 

 

VID24

 

 was closely linked to 

 

LYS2 

 

on chromo-
some II (see text). The genomic sequence covering a region of 36 kb that
surrounds 

 

LYS2

 

 was obtained from American Type Culture Collection
(Rockville, MD) cosmid clone No. 70930. This region contains 13 open
reading frames, including five known and eight unknown genes. It was
fragmented with either BamHI or XbaI and subcloned into a yeast centro-
meric vector to produce pMC1-pMC5. They were introduced into the

 

vid24-1

 

 strain and tested for complementation by Western blotting.
pMC5, which tested positive, was further digested to yield pMC5-1 and
pMC5-2, which were tested for complementation of the FBPase degrada-
tion defect. To construct the deletion strain, the 

 

TRP1

 

 sequence was inte-
grated into BclI sites on the 

 

VID24 

 

gene to produce MCY2 (

 

MATa trp1
his3-

 

D

 

200 ura3-52 leu2,3-112 lys2-801 

 

D

 

 vid24::TRP1

 

). The transformants
were selected on the tryptophan drop-out plates and the site of integration
was confirmed by PCR. The DNA

 

 

 

from the original 

 

vid24-1 

 

mutant was
sequenced from both strands using the Biopolymer Facility at Harvard
Medical School (Cambridge, MA). Computer searches for domains, mo-
tifs or homologies with Vid24p were performed using the GCG Wisconsin
package to search the databases from Genbank, EMBL, and SwissProt. 
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Hemagglutinin-tagged Vid24p

 

Double-stranded DNA containing the hemagglutinin (HA) epitope cod-
ing sequence was produced by mixing the synthetic oligonucleotide GAT-
CCCAGGTGGTTACCCATATGTTCCAGATTACGCTGGTAA with
the oligonucleotide GATCTTACCAGCGTAATCTGGAACATCGTAT-
GGGTAACCACTGG. The DNA was ligated to the BclI site of the

 

VID24

 

 gene (pMC5-2). The resulting construct contained the HA coding
sequence fused in frame with the 

 

VID24 

 

gene on the NH

 

2

 

 terminus. The
entire 

 

VID24 

 

coding sequence was preserved except that the first me-
thionine residue was replaced with lysine. The construct was digested with
BspEI restriction enzyme and transformed into the 

 

vid24

 

 null allele
(MCY2) by integration into the BspEI site located in the promoter region.
The construct was also transformed into the 

 

pep4

 

 and 

 

vid15-1

 

 cells. The
transformants were selected on the SD minus uracil plates and the inte-
gration was confirmed by PCR reactions. 

 

Immunofluorescence Microscopy

 

Immunofluorescence microscopy was performed as described by the sup-
plier (Boehringer Mannheim Corp., Indianapolis, IN) with the following
modifications. The cells were fixed and stained with 4 

 

m

 

g/ml of 12CA5
monoclonal antibodies for 30 min at room temperature and a 5 

 

m

 

g/ml dilu-
tion of FITC-conjugated, goat anti–mouse antibodies (Sigma Chemical
Co., St. Louis, MO) for 1 h at room temperature. The staining of HA-
Vid24p was visualized using an Axiophot microscope (Carl Zeiss Inc.,
Thornwood, NY) and then analyzed with Photoshop software (Adobe
Systems Inc., Mountain View, CA).

 

Cell Fractionation on S-1000 Columns and Sucrose 
Density Gradients

 

The wild-type, 

 

pep4

 

,

 

 

 

and 

 

vid15-1

 

 cells expressing the HA-Vid24p were
cultured in 1 liter of YPKG for 2 d. Cells (OD

 

600

 

 

 

5 

 

7,000–10,000) were
transferred to YPD medium for the indicated times and temperatures.
Cells were harvested, converted to spheroplasts, and then homogenized as
described by Hoffman and Chiang (1996). Cell lysates were centrifuged at
15,000 

 

g

 

 for 20 min and the medium speed supernatant was further centri-
fuged at 100,000 

 

g

 

 for 2 h to obtain the high speed pellet that was resus-
pended in 1 ml of TEA buffer (10 mM triethanolamine, pH 7.5, 100 

 

m

 

g/ml
PMSF, 10 mM NaF, 10 mM NaN

 

3

 

, 1 mM EDTA, and 0.8 M sorbitol) and
loaded onto S-1000 columns (Pharmacia Biotechnology Inc.). Fractions
25–30, which contained FBPase, were collected from the S-1000 columns
and centrifuged at 100,000 

 

g

 

 for 4 h. The pellets were resuspended in 0.5 ml
of TEA buffer, loaded onto the top of 10 ml of 20–50% (wt/wt) sucrose
gradients and centrifuged to equilibrium at 100,000 

 

g

 

 for 20 h at 4

 

8

 

C. Frac-
tions were collected from the top (0.8 ml), precipitated with 10% TCA,
washed twice in cold acetone, and then solubilized in SDS sample buffer.
Proteins were separated using 10% SDS-PAGE and transferred to nitro-
cellulose membranes. FBPase was detected by Western blotting with anti-
FBPase antibodies, and HA-Vid24p was detected by monoclonal antibod-
ies against the HA tag.

 

Proteinase K Treatment

 

To test the sensitivity of FBPase and Vid24p to proteinase K, the vesicles
were isolated from the 

 

vid15-1 

 

strain and treated with or without protein-
ase K (1 mg/ml) in the absence or presence of Triton X-100 (2%) for 0, 10,
and 20 min. The reactions were terminated by adding 10% TCA and the
samples were processed as described above. To test whether FBPase was
sequestered inside the vesicles, both 

 

pep4

 

 and 

 

vid24-1

 

 mutant were shifted
to glucose for 0, 30, and 60 min. Total cell extracts (OD

 

600

 

 5 

 

20) were
treated with proteinase K in the absence or presence of 2% Triton X-100
for the indicated times. The reactions were terminated by adding 10%
TCA, and the samples were processed as described above. 

 

Extraction of Vid24p

 

The vesicles were isolated and resuspended directly in 1 ml of TE buffer
alone (10 mM Tris, 1 mM EDTA, pH 8.0); 0.1 M Na

 

2

 

CO

 

3

 

, pH 11.5; 5 M
urea or 2% Triton X-100 for 30 min on ice. Samples were centrifuged at
100,000 

 

g

 

 for 1 h using an RP 555 rotor (Sorvall, Newtown, CT). The su-
pernatant was precipitated with 10% TCA, processed, and then solubi-
lized in 20 

 

m

 

l of SDS sample buffer. The pellet was resuspended in 1 ml of
deionized water, precipitated with TCA, processed, and then resuspended
in 20 

 

m

 

l of SDS sample buffer. Samples from the supernatant and pellet

fractions from each treatment were loaded on SDS–polyacrylamide gels,
transferred to nitrocellulose membranes, and then blotted with anti-HA
antibodies.

 

Differential Centrifugation

 

The 

 

pep4 

 

and 

 

vid24-1

 

 were cultured in 1 liter of YPKG for 2 d. Cells
(OD

 

600

 

 

 

5 

 

7,000–10,000) were divided and aliquots with OD

 

600

 

 

 

5

 

 3,500–
5,000 were transferred to YPD medium for the indicated times and tem-
peratures. Cells were harvested, converted to spheroplasts, and homoge-
nized as described above. Cell lysates were first centrifuged at 500 

 

g

 

 for 10
min, and centrifuged at 15,000 

 

g

 

 for 20 min, and then the medium speed
supernatant (T) was further centrifuged at 100,000 

 

g

 

 for 2 h to obtain the
high speed pellet (P) and the high speed supernatant (S). Proteins from
the T, S, and

 

 

 

P

 

 

 

fractions were diluted 5,000-fold, separated by electro-
phoresis using 10% SDS–polyacrylamide gels, and then transferred to ni-
trocellulose membranes. The distributions of FBPase or glucose-6-phos-
phate dehydrogenase (G-6-P dehydrogenase) were detected by Western
blotting with a 1:1,000 dilution of affinity-purified anti-FBPase antibodies
or a 1:10,000 dilution of G-6-P dehydrogenase antibodies (Sigma Chemi-
cal Co.) for 1 h, followed by a 1:10,000 dilution of HRP-conjugated anti–
rabbit antibodies for 1 h (Amersham Corp., Arlington Heights, IL), and
then detected by enhanced chemiluminescence reactions. 

 

Miscellaneous Assays and Methods

 

Tetrad dissecting, colony-blotting procedure, and regrowth of cells on
fresh glucose were performed as described by Hoffman and Chiang
(1996). Survival rates during nitrogen starvation were measured according
to Finley et al. (1987). The numbers of survival cells at each day were
counted using 

 

t

 

 5 

 

0 d as 100%. Sporulation efficiency was conducted as
described by Betz and Weiser (1976). Cells were pre-grown in medium
containing 1% potassium acetate and 0.67% yeast nitrogen base (without
amino acids). Cells were transferred to YPA sporulation medium contain-
ing 1% potassium acetate, 2% peptone, and 1% yeast extract for 4 d. CPY
sorting was performed as described by Robinson et al. (1988). Cells were
spheroplasted, pulsed for 20 min, and chased for 30 min. Cells were then
separated into intracellular and extracellular fractions. CPY in these frac-
tions was precipitated with CPY serum and quantitated with a phosphor-
imager. The growth of cells on high salt plates was performed as described
by Latterich and Watson (1991).

 

Results

 

vid24-1 Shows a Strong Defect in FBPase Degradation

 

We have isolated and characterized 

 

vid1-vid20 mutants
that are defective in the glucose-induced degradation of
FBPase (Hoffman and Chiang, 1996). Using the same col-
ony-blotting scheme, we obtained the vid24-1 mutant that
showed a strong defect in FBPase degradation. The vid24-1
mutant was back-crossed to wild-type cells four times.
Analysis of tetrads derived from vid24-1/wild-type diploid
cells demonstrated that the FBPase degradation defect
segregated 2:2, suggesting that a single gene lesion was re-
sponsible for the FBPase degradation defect. The half-life
of FBPase degradation was determined by pulse-chase ex-
periments (Fig. 1). In wild-type cells, FBPase was de-
graded in response to glucose with a t1/2 5 30 min. The
vid24-1 mutant had a strong defect in the glucose-induced
degradation of FBPase with a t1/2 . 300 min. This defect
was seen whether the cells were transferred to glucose at
228 or 308C. 

Cloning of the VID24 Gene

We observed a tight linkage between the FBPase degrada-
tion defect and the lysine auxotrophy in the vid24-1 mu-
tant. Of the 26 tetrads that we have dissected, we obtained
22 parental ditypes, 4 tetratypes, and 0 nonparental di-
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types. Based on this, we calculated the distance between
LYS2 and VID24 to be 7–8 map units. This corresponded
to 15–20 kb, assuming 1 map unit equals 2.5 kb. The clone
containing 36-kb genomic sequences flanking LYS2 was
obtained from American Type Culture Collection. This re-
gion has been completely sequenced by the yeast genome
project and contained 13 open reading frames. To deter-
mine which open reading frame contained the authentic
VID24 gene, five genomic fragments were generated by
restriction digestion and subcloned into a yeast centro-
meric vector. They were introduced into the vid24-1 cell
and complementation of the FBPase degradation defect
was examined. Fig. 2 A shows that the plasmids pMC1 and
pMC5 complemented the defect, whereas pMC2, pMC3,
and pMC4 did not. pMC5, which was the smallest frag-
ment that complemented the degradation defect of vid24-1,
had two open reading frames. They were further sub-
cloned to yield pMC5-1 and pMC5-2. We found that
pMC5-2 complemented the degradation defect, but pMC5-1
did not. pMC5-2 has an open reading frame previously
called YBR105C by the yeast genome project and encodes
a 41-kD protein of unknown function. 

To determine whether YBR105C was the authentic
VID24 gene, we performed targeted disruption to essen-
tially delete the entire YBR105C coding sequence (Fig. 2
B). Fig. 2 C shows that the deletion of YBR105C caused
the wild-type cell to become defective in FBPase degrada-
tion. The half life of FBPase degradation was .300 min in
the deletion strain, similar to that found in the original
vid24-1 mutant. Tetrad analysis indicated that the FBPase
degradation defect always cosegregated with TRP1 (data
not shown). Since all spores were viable, VID24 appeared
to be nonessential for viability. 

The vid24-1 gene was sequenced from both strands. A
point mutation from A to T was found in position 811 of
the coding sequence, which resulted in early translation
termination (ArgAGA → TermTGA) at amino acid residue
271. Since the pMC5-2 that contained YBR105C comple-
mented the vid24-1 defect, and the deletion of YBR105C
rendered wild-type cells defective in FBPase degradation,
and because the original vid24-1 mutant had a point muta-
tion in YBR105C, we concluded that YBR105C was the
authentic VID24 gene. 

VID24 Encodes a Novel Protein of 41 kD 

Fig. 3 shows that the nucleic acid sequence of VID24 en-

codes a protein of 362 amino acid resides. The calculated
molecular weight of Vid24p is 41 kD, and the calculated
isoelectric point is 6.5. There are no hydrophobic stretches
of sufficient length to serve as a signal sequence or trans-
membrane domain. Computer database searches failed to
identify functional domains or motifs in the Vid24p pro-
tein sequence, except for some potential glycosylation and
phosphorylation sites. Vid24p shares 56% sequence simi-
larity or 32% sequence identity with another protein of un-
known function encoded by YGR066C. The function of
YGR066C is probably not related to the degradation of
FBPase, since the deletion of YGR066C had no effect on
FBPase degradation (data not shown).

Vid24p Is Synthesized in Response to Glucose

If Vid24p participated in the glucose-induced degradation

Figure 1. Pulse-chase analy-
sis of FBPase degradation in
wild-type and vid24-1 cells.
Wild-type and vid24-1 cells
were pulse labeled in poor
carbon sources and chased in
glucose for 0, 45, 90, 180, or
300 min at 228C as described
in Materials and Methods.
Cell lysates were immuno-
precipitated with FBPase an-
tibodies, separated by SDS-
PAGE, and the FBPase levels
quantitated using a phosphor-
imager. 

Figure 2. Cloning of VID24. (A) A 36-kb DNA sequence flank-
ing LYS2 was obtained from the American Type Culture Collec-
tion, digested by either XbaI (X) or BamHI (B), and then sub-
cloned into a yeast centromeric vector to generate pMC1-pMC5.
These plasmids were introduced into the vid24-1 mutant and
complementation of FBPase degradation defect was examined by
Western blotting (right-hand column). pMC5 complemented the
degradation defect and was subcloned to yield pMC5-1 and
pMC5-2. pMC5-2, but not pMC5-1, complemented the defect.
(B) The VID24 gene was deleted by replacing the entire gene
with TRP1. The deleted gene was introduced into wild-type cells
and the transformants were selected on the tryptophan drop-out
plates. The deletion was confirmed by PCR reactions. (C) The
degradation of FBPase in wild-type, vid24-1, and the Dvid24::
TRP1 strains after glucose shift for 0–180 min. 
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of FBPase, the expression of Vid24p might be regulated by
glucose. To test this, the HA coding sequence was fused in
frame with the VID24 gene. The construct was integrated
to replace the endogenous VID24 gene and the expression
of the HA-Vid24p was under its own promoter control.
Cells were grown in poor carbon sources and shifted to
glucose for various periods of time. Fig. 4 shows that in the
untransformed control cell FBPase was degraded at a nor-
mal rate and the anti-HA antibodies failed to detect any
signal (Fig. 4, lanes 1–5). In the wild-type cell expressing
the HA-Vid24p, anti-HA antibodies detected a 42-kD
protein that appeared after glucose shift for 20 min (Fig. 4,
lanes 7–10). This protein was undetectable at t 5 0 min
(Fig. 4, lane 6). The degradation of FBPase was normal
(Fig. 4, lanes 6–10), suggesting that HA tagging on the
NH2 terminus preserved the function of Vid24p. The syn-
thesis of HA-Vid24p was blocked when cycloheximide
was added with glucose (Fig. 4, lanes 11 and 12). The deg-
radation of FBPase was also prevented by cycloheximide
(Fig. 4, lanes 11 and 12).

Vid24p Is a Peripheral Protein Localized to the
FBPase-containing Vesicles

FBPase is targeted from the cytosol to intermediate vesi-
cles and then to the vacuole for degradation. The FBPase-
associated vesicles were expected to contain proteins that
functioned in targeting and sequestration of FBPase into
the vesicles and also proteins involved in delivering FBPase
from the vesicles to the vacuole for degradation. If Vid24p
played a role in the vesicle trafficking pathway, Vid24p it-
self might be localized to the FBPase-containing vesicles.
We studied the localization of Vid24p in the wild-type
cells that were shifted to glucose for 0, 15, 30, and 60 min
at 228C. The cells were visualized by Nomarski images
(Fig. 5, a–d), and localization of HA-Vid24p was examined
by immunofluorescence microscopy using anti-HA anti-
bodies, followed by FITC-conjugated, goat anti–mouse
antibodies. At t 5 0 min, there was no detectable fluores-
cence (Fig. 5 e). After a glucose shift of 15 min, the fluores-
cence remained low (Fig. 5 f). At t 5 30 or 60 min, the flu-
orescence increased. Most of the staining appeared in
punctate structures within cells (Fig. 5, g and h), suggesting
that a substantial amount of HA-Vid24p was associated
with intracellular organelles. A similar staining of Vid24p
was seen in the vid15-1 mutant that accumulates FBPase
in the vesicles (data not shown). The structures were most
likely to be the FBPase-containing vesicles or aggregates
of the vesicles.

We investigated whether HA-Vid24p was indeed local-
ized to the FBPase-containing vesicles. Colocalization stud-
ies using immunofluorescence microscopy were not suit-
able for this purpose, because a high level of FBPase
remained in the cytosol and the diffuse cytosolic staining
could mask the staining of FBPase in the vesicles. For this
reason, cell fractionation experiments were undertaken
using the vid15-1 mutant that accumulates FBPase in the
vesicles (Hoffman and Chiang, 1996). Cells were shifted to
glucose for 0, 30, and 60 min at 228C, and the vesicles were
fractionated by differential centrifugation, S-1000 columns,
and sucrose gradients as described earlier (Huang and
Chiang, 1997). Each fraction from the sucrose gradients
was divided into two portions and blotted with anti-HA

Figure 3. Analysis of the VID24 gene and Vid24p. The nucleic
acid sequence and corresponding amino acid sequence were ob-
tained directly from the yeast genome database. (These sequence
data are available from Genbank/EMBL/DDBJ under accession
number U86750.) Both strands of the DNA of the original vid24-1
mutant were sequenced. The mutation was found to be a point
mutation at position 811 of the coding sequence.

Figure 4. Vid24p is synthesized in response to glucose. Wild-type
cells expressing the HA-Vid24p were cultured and shifted to glu-
cose for 0, 20, 40, 60, and 100 min at 228C. The induction of HA-
Vid24p and the degradation of FBPase in response to glucose were
examined by Western blotting with anti-HA and anti-FBPase an-
tibodies. Lanes 1–5, untransformed wild-type cells were shifted to
glucose for 0–100 min. Lanes 6–10, wild-type cells expressing the
HA-Vid24p were shifted to glucose for 0–100 min in the absence
of cycloheximide. Lanes 11 and 12, wild-type cells expressing the
HA-Vid24p were shifted to glucose for 0 and 100 min in the pres-
ence of 10 mg/ml of cycloheximide.
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and anti-FBPase antibodies separately. Fig. 6 shows that
the amount of FBPase was low at t 5 0 min (Fig. 6 a). The
amount of FBPase increased in fractions 9–11 at t 5 30
min (Fig. 6 b) and also at t 5 60 min (Fig. 6 c). Fractions 9–11
were isolated from the vid15-1 mutant and examined by
electron microscopy. A homogeneous population of vesi-
cles was seen. These vesicles were indistinguishable from the
ones isolated from wild-type cells (Huang and Chiang, 1997). 

Colocalization of HA-Vid24p with FBPase in the vesi-
cles was observed after the vid15-1 mutant was shifted to
glucose for 30 min (Fig. 6 e) and also 60 min (Fig. 6 f). At
t 5 0 min, HA-Vid24p was low (Fig. 6 d). These results
suggest that Vid24p is localized to the FBPase-containing
vesicles.

We studied how Vid24p was associated with the vesicles
by proteinase K treatment and carbonate extraction. The
vesicles were isolated and treated with proteinase K for 0,
10, and 20 min in the absence or presence of Triton X-100.
Fig. 7 A shows that FBPase was stable in the absence of
both proteinase K and Triton X-100 (Fig. 7 A, a). FBPase
remained resistant to proteinase K in the absence of Tri-
ton X-100 (Fig. 7 A, b); it was digested by proteinase K in
the presence of Triton X-100 (Fig. 7 A, c). Vid24p was also
stable in the absence of both proteinase K and Triton
X-100 (Fig. 7 A, d). When proteinase K was added, Vid24p
was digested by proteinase K whether Triton X-100 was
present or not (Fig. 7 A, e and f). 

As an additional test, the FBPase-associated vesicles
were resuspended in buffer alone, 0.1 M Na2CO3, 5 M
urea, or 2% Triton X-100. After incubation for 30 min on
ice, samples were separated into supernatants and pellets,
and the distributions of HA-Vid24p in these fractions
were determined by Western blotting. The control experi-
ment shows that most of the HA-Vid24p was detected in
the pellet when incubated in buffer alone (Fig. 7 B, lanes 1
and 2). When 0.1 M Na2CO3, pH 11.5, was added to re-
move peripheral membrane proteins, HA-Vid24p was ex-
tracted to the supernatant fraction (Fig. 7 B, lanes 3 and
4). Similarly, the addition of 5 M urea caused HA-Vid24p
to distribute to the supernatant (Fig. 7 B, lanes 5 and 6).
When 2% Triton X-100 was added to solubilize the mem-
branes, HA-Vid24p was found in the supernatant (Fig. 7 B,
lanes 7 and 8). These results suggest that Vid24p is local-
ized to the FBPase-containing vesicles as a peripheral pro-
tein. 

FBPase Accumulates in the Vesicles
in the vid24-1 Mutant 

We studied which step of the FBPase targeting pathway is
affected in the vid24-1 or the vid24 null mutant. Since in-
distinguishable results were obtained with either the vid24-1
mutant or the vid24 null mutant, the sets of results obtained
with the vid24-1 mutant were shown from Fig. 8 to Fig. 11
to avoid redundancy. If Vid24p played a role in FBPase
targeting and sequestration into the vesicles, FBPase might
accumulate in the cytosol in the vid24-1 mutant. If Vid24p
participated in the delivery of FBPase from the vesicles to
the vacuole, FBPase might accumulate in the vesicles in
the vid24-1 mutant. To distinguish between these possibili-
ties, differential centrifugation experiments were performed.
The vid24-1 mutant was transferred to glucose for 60 min
at 228C, homogenized, and then centrifuged to obtain the
high speed supernatant and high speed pellet. The distri-
butions of FBPase and a control cytosolic protein, G-6-P
dehydrogenase, were compared in the vid24-1 mutant and
the pep4 strain.

Figure 5. Immunolocalization of Vid24p. Wild-type cells express-
ing the HA-Vid24p were shifted to glucose at 228C for 0, 15, 30,
and 60 min. Cells were fixed and immunofluorescence micros-
copy was performed as described. Left, Nomarski images of cells
(a–d). Right, FITC staining of HA-Vid24p using 12CA5 mono-
clonal antibodies (e–h). The same immunofluorescence results
were obtained using the vid15-1 mutant (data not shown).

Figure 6. Vid24p is localized to the FBPase-containing vesicles.
The vid15-1 mutant was shifted to glucose for 0, 30, and 60 min at
228C. Cells were fractionated by differential centrifugation, gel
filtration on S-1000 column, and sucrose equilibrium density gra-
dient as described (Huang and Chiang, 1997). Fractions were col-
lected from the top of the sucrose gradients. Fractions were di-
vided into two portions and blotted with FBPase and HA-Vid24p
antibodies separately. The distributions of FBPase on the sucrose
gradients at t 5 0 min (a), 30 min (b), and 60 min (c), and the dis-
tributions of HA-Vid24p on the sucrose gradients at t 5 0 min
(d), 30 min (e), and 60 min (f) were detected by enhanced chemi-
luminescence reactions.
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In the pep4 strain, most of the FBPase was detected in
the high speed supernatant and very little FBPase was
found in the high speed pellet at t 5 0 min. (Fig. 8 a). After
a glucose shift of 60 min, z20–30% of the FBPase was de-
tected in the pellet (Fig. 8 b). These results are consistent
with FBPase being localized to the cytosol at t 5 0 min and
then distributed to intracellular organelles after a 60-min
glucose shift in the pep4 cell. In the vid24-1 mutant, most
of the FBPase was present in the supernatant at t 5 0 min
(Fig. 8 c). After a 60-min glucose shift, z20–30% of the
FBPase was recovered in the pellet (Fig. 8 d). The control
cytosolic protein, G-6-P dehydrogenase, was distributed
mostly in the supernatants both in the pep4 strain (Fig. 8, e
and f) and the vid24-1 mutant (Fig. 8, g and h). Further-
more, its distribution was not affected by glucose readdi-
tion in either strain. Similar amounts of FBPase were re-
covered in the high speed pellet when the pep4 or vid24-1
cells were shifted to glucose at t 5 30 min. 

We followed the kinetics of FBPase distribution in the
pep4 and vid24-1 strains that were shifted to glucose for 0,
30, 60, and 90 min at 228C. The high speed pellets were
fractionated on S-1000 columns and then by sucrose den-
sity equilibrium gradients. Fractions were collected from
the sucrose gradients and FBPase distribution was de-
tected by Western blotting with FBPase antibodies. In the
pep4 strain, the amount of FBPase was minimal at t 5 0
min. (Fig. 9 a). At t 5 30 min, the amount of FBPase in
fractions 9–11 containing the vesicles increased. A small
amount of FBPase was detected in the lighter fractions
containing the vacuole (Fig. 9 b). At t 5 60 min, FBPase
was detected in the vacuole and also in the vesicles (Fig.
9 c). At t 5 90 min, FBPase distribution in the vesicles dis-
appeared and a small amount of FBPase was recovered in
the vacuole (Fig. 9 d). 

In the vid24-1 mutant, the amount of FBPase was low on
the sucrose gradients at t 5 0 min (Fig. 9 e). At t 5 30 min
and t 5 60 min, the amounts of FBPase in the vesicles in-
creased (Fig. 9, f and g). At t 5 90 min, FBPase in the vesi-
cles persisted in the mutant and failed to move to the vacu-
ole (Fig. 9 h), suggesting that the delivery of FBPase from
the vesicles to the vacuole is impaired in the vid24-1 mu-
tant.

To determine whether the sequestration of FBPase into
the vesicles occurred at a similar rate, the pep4 and vid24-1
cells were shifted to glucose for 0, 30, and 60 min at 228C.
Total cell extracts were obtained and treated with or with-
out proteinase K in the absence or presence of Triton
X-100. At t 5 0 min, most of the FBPase was sensitive to

proteinase K in the pep4 and the vid24-1 mutant (Fig. 10, a
and d), suggesting that FBPase was in the cytosol in these
strains. After a shift of cells to glucose for 30 min, z30%
of the FBPase became resistant to proteinase K in the
pep4 cell (Fig. 10 b) and also the vid24-1 mutant (Fig. 10 e).
Similar results were obtained after shifting of both strains
to glucose for 60 min (Fig. 10, c and f), suggesting that the
sequestration of FBPase occurred at a similar rate in the
pep4 and the vid24-1 strains. 

Other Functions Proceed Normally
in the vid24-1 Mutant 

To determine whether Vid24p was involved in other cellu-
lar processes, we studied glucose response, sporulation ef-
ficiency, response to nitrogen starvation, processing of
vacuolar protein CPY, and osmolarity regulation in the
vid24-1 mutant. Glucose response was examined by starv-
ing cells in poor carbon sources and then diluting them to
resume growth in medium containing fresh glucose. The
vid24-1 mutant grew as well as wild-type cells with a simi-
lar doubling time (Fig. 11 a), indicating that the growth re-
sponse to glucose was normal in the vid24-1 mutant.

Nitrogen starvation induces accumulation of autophagic
bodies in the vacuole (Takeshige et al., 1992; Tsukada and
Ohsumi, 1993). apg mutants defective in this process lose
viability when cultured in medium lacking nitrogen source
(Tsukada and Ohsumi, 1993). We measured the number of

Figure 7. Vid24p is a peripheral protein. (A) The
vesicles were isolated from the vid15-1 mutant
and incubated with 1 mg/ml of proteinase K for 0,
10, and 20 min in the absence or presence of 2%
Triton X-100. The amounts of FBPase and
Vid24p without proteinase K and without Triton
X-100 (a and d), with proteinase K and without
Triton X-100 (b and e), with proteinase K and
with Triton X-100 (c and f). (B) The vesicles were
resuspended in buffer alone (lanes 1 and 2); 0.1 M

Na2CO3, pH 11.5 (lanes 3 and 4); 5 M urea (lanes 5 and 6) or 2% Triton X-100 (lanes 7 and 8) and incubated for 30 min on ice. The sam-
ples were centrifuged to separate the supernatants (S) and pellets (P). The distribution of HA-Vid24p was examined by Western blot-
ting with anti-HA antibodies.

Figure 8. FBPase is recovered in the high speed pellet in the
vid24-1 mutant. pep4 and vid24-1 cells were grown in YPKG and
transferred to YPD containing 2% glucose for 60 min at 228C.
Cell lysates were separated into medium speed supernatant (T),
high speed supernatant (S) and high speed pellet (P) as described
in Materials and Methods. The distribution of FBPase in pep4 (a
and b) and vid24-1 cells (c and d) at t 5 0 and t 5 60 min was de-
tected by Western blotting. The distribution of G-6-P dehydroge-
nase in the pep4 (e and f) and vid24-1 cells (g and h) at t 5 0 min
and t 5 60 min was detected by Western blotting with G-6-P de-
hydrogenase antibodies. 
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viable cells after nitrogen starvation and found that the
vid24-1 mutant survived well under nitrogen starvation
(Fig. 11 b). It has been reported that homozygous diploids
of pep4 strain (Zubenko and Jones, 1981), or apg strains
defective in the nitrogen-induced autophagy (Tsukada and
Ohsumi, 1993) could not sporulate. We tested sporulation
frequency in homozygous diploids of vid24-1 and found
that the spore formation was as efficient as the wild-type
cell (Fig. 11 c). Therefore, vid24-1 did not affect the au-
tophagy stimulated by nitrogen starvation. The pep4 strain
that reduces the vacuolar proteolytic activity (Zubenko
and Jones, 1981) lost viability during nitrogen starvation
(Fig. 11 b). In addition, the sporulation efficiency was se-
verely impaired in the homozygous pep4 strain (Fig. 11 c).

We determined the kinetics of processing and sorting of
CPY in wild-type, pep4, and vid24-1 cells using the proto-
col described by Robinson et al. (1988). The cells were
pulsed for 20 min and then chased for 30 min. The CPY in
the extracellular or intracellular fractions were immuno-
precipitated with anti-CPY antibodies, separated by SDS-
PAGE, and then quantitated by a phosphorimager. Both
the wild-type and the vid24-1 strains processed CPY to the
mature form (Fig. 11 d). Essentially all the CPY (.95%)
was recovered intracellularly in the vid24-1 cell (Fig. 11 d).
The pep4 strain contained the p2 form of CPY intracellu-
larly, suggesting that p2-CPY was not processed but was
targeted correctly to the vacuole. Finally, the vid24-1 mu-
tant grew well on the high salt plates that selected for mu-
tants defective in osmolarity regulation by the vacuole

(Latterich and Watson, 1991), suggesting that regulation
of osmolarity by the vacuole was not significantly altered
in the vid24-1 mutant (data not shown).

Discussion
Several lines of evidence indicate that FBPase is targeted
from the cytosol to a novel type of vesicles before uptake
by the vacuole. The vid14-1, vid15-1, and vid16-1 mutants
accumulate FBPase in punctate structures in the cyto-
plasm as detected by indirect immunofluorescence micros-
copy (Hoffman and Chiang, 1996). In the vid15-1 mutant,
a substantial amount of FBPase sediments in the high
speed pellet, suggesting that FBPase associates with intra-
cellular structures in these mutants. The FBPase-contain-
ing fractions have been purified to near homogeneity from
wild-type cells and the vid15-1 mutant. The purified vesi-
cles are distinct from the ER, Golgi, vacuole, endosomes,
peroxisomes, mitochondria, or transport vesicles such as
the COPI- or COPII-containing vesicles (Huang and
Chiang, 1997). 

The vid24-1 mutant also accumulates FBPase in the ves-
icles. When these vesicles were isolated from the vid24-1
mutants and examined under electron microscopy, they
were indistinguishable from the ones isolated from the
wild-type strain. Furthermore, these vesicles equilibrate at

Figure 9. FBPase accumulates in the vesicles in the vid24-1 mu-
tant. pep4 and vid24-1 cells were transferred to glucose for 0, 30,
60, or 90 min at 228C. The high speed pellets were fractionated on
S-1000 columns first and then on equilibrium sucrose density gra-
dients using the protocol described by Huang and Chiang (1997).
Fractions were collected from the top. FBPase distribution on the
sucrose gradient was detected by Western blotting after a shift of
the pep4 cell (a–d) and the vid24-1 mutant (e–h) to glucose for 0,
30, 60, and 90 min. 

Figure 10. FBPase is seques-
tered inside the vesicles in the
vid24-1 mutant. Both pep4
and vid24-1 cells were shifted
to glucose for 0, 30, and 60
min. Total cell extracts were
treated with 0, 1, and 2 mg/ml
of proteinase K for 20 min in
the pep4 cell (a–c) or in the

vid24-1 cell (d–f). Samples were processed and transferred to ni-
trocellulose membranes. FBPase was detected by Western blot-
ting.

Figure 11. The vid24-1 mutant shows normal growth, survival
during nitrogen starvation, sporulation efficiency, and processes
CPY to the mature form. (a) Regrowth of wild type and vid24-1
in glucose for 9 h. (b) The percentage of cells surviving after ni-
trogen starvation for 3 d in wild-type, pep4, and vid24-1 cells. (c)
Sporulation efficiency in homozygous diploids of wild-type, pep4,
and vid24-1 cells. (d) Pulse chase and immunoprecipitation of
CPY in the intracellular (I) or extracellular (E) fractions in wild-
type, pep4, and vid24-1 cells.
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a density of 1.20–1.22 g/ml, a value similar to that of the
vesicles purified from the wild-type strain or the vid15-1
mutant. These results suggest that the wild-type, the vid15-1,
and vid24-1 strains use the same type of vesicles as inter-
mediates in the FBPase degradation pathway. 

The vid24-1 mutant exhibits a specific defect in the
FBPase degradation pathway. When Vid24p is mutated,
deleted, or not synthesized, the degradation of FBPase is
prevented. Other cellular functions such as regrowth in
glucose, processing and sorting of the vacuolar protein CPY,
osmotic regulation, sporulation efficiency, and viability
during nitrogen starvation are not significantly altered in
the vid24-1 mutant. FBPase targeting and sequestration
into the vesicles occur at normal rates, suggesting that Vid24p
acts after FBPase sequestration into the vesicles has oc-
curred. Since FBPase accumulates in the vesicles and fails
to move to the vacuole in the vid24-1 mutant, a functional
Vid24p is required to deliver FBPase from the vesicles to
the vacuole for degradation. Vid24p is most likely to be
part of the protein machinery that regulates the trafficking
of the vesicles in the FBPase degradation pathway. 

The proteins that reside in the FBPase-containing vesi-
cles are largely unidentified. The vesicles are expected to
contain proteins that function in the sequestration of FBPase
into the vesicles and also proteins mediating the delivery of
FBPase from the vesicles to the vacuole. Consistent with this
prediction, Vid24p is localized to the FBPase-containing
vesicles. Vid24p is a peripheral protein, as it can be re-
moved from the membranes by extraction with sodium
carbonate and urea. In addition, Vid24p is sensitive to pro-
teinase K digestion. 

We have reported previously that the glucose-induced
degradation of FBPase is inhibited by cycloheximide
(Chiang and Schekman, 1991), suggesting that FBPase
degradation requires the synthesis of new proteins. Our
present studies indicate that Vid24p is undetectable at t 5 0
min and is induced in response to glucose. Furthermore,
the synthesis of Vid24p is blocked by the addition of cyclo-
heximide. Vid24p induction by glucose is consistent with
the idea that Vid24p plays a role in the FBPase targeting
pathway, which is specially activated by glucose. There-
fore, Vid24p is not only the first protein shown to be local-
ized to the FBPase-containing vesicles, but also the first
cycloheximide-sensitive factor identified whose de novo
synthesis is important for FBPase degradation to occur. 

Based on these results, we propose a model for the
FBPase degradation pathway (Fig. 12). When cells are trans-
ferred from poor carbon sources to glucose, the signal
transduction pathways activate several important events.
One of the glucose-stimulated events is the targeting and
sequestration of FBPase into the vesicles. The vesicles then
carry FBPase to the vacuole for degradation in a process
that is dependent on Vid24p. Another glucose-induced
process is the synthesis and binding of Vid24p to the vesi-
cles. The downstream events after Vid24p binding to the
vesicles have not been established. We envision several
possibilities that FBPase can be delivered from the vesi-
cles to the vacuole for degradation. The vesicles may fuse
directly with the vacuole. Alternatively, the vesicles may
fuse with each other or with different types of vesicles be-
fore fusion with the vacuole. It is also possible that the ves-
icles aggregate to form large structures before fusion with

the vacuole. Major questions remain as to whether the ves-
icles are newly formed or whether they are derived from
existing structures. We suggest that Vid24p is part of the
protein machinery that mediates recognition, fusion or
docking of the FBPase-containing vesicles with the down-
stream compartment. Using a targeting event that remains
to be determined, FBPase is correctly delivered to the fi-
nal destination—the vacuole—for degradation.
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