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(Background: Gluconeogenic enzymes are degraded in the vacuole via the Vid pathway during glucose re-feeding.
Results: Fructose-1,6-bisphosphatase is in the extracellular fraction during glucose starvation and decreases levels during

Conclusion: VPS34 is required for the decline of extracellular fructose-1,6-bisphosphatase during glucose re-feeding.
Significance: Learning how gluconeogenic enzymes are secreted is critical for understanding the non-classical secretory
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When Saccharomyces cerevisiae are starved of glucose for a
prolonged period of time, gluconeogenic enzymes such as fruc-
tose-1,6-bisphosphatase (FBPase), malate dehydrogenase, isoci-
trate lyase, and phosphoenolpyruvate carboxykinase are in-
duced. However, when glucose is added to prolonged-starved
cells, these enzymes are degraded in the vacuole via the vacuole
importand degradation (Vid) pathway. The Vid pathway merges
with the endocytic pathway to remove intracellular and extra-
cellular proteins simultaneously. Ultrastructural and cell
extraction studies indicate that substantial amounts of FBPase
were in the extracellular fraction (periplasm) during glucose
starvation. FBPase levels in the extracellular fraction decreased
after glucose re-feeding in wild-type cells. The decline of FBPase
in the extracellular fraction was dependent on the SLAI and
ARCI8 genes involved in actin polymerization and endocytosis.
Moreover, the reduction of extracellular FBPase was also
dependent on the VPS34 gene. VPS34 encodes the PI3 kinase
and is also required for the Vid pathway. Vps34p co-localized
with actin patches in prolonged-starved cells. In the absence of
this gene, FBPase and the Vid vesicle protein Vid24p associated
with actin patches before and after the addition of glucose. Fur-
thermore, high levels of FBPase remained in the extracellular
fraction in the Avps34 mutant during glucose re-feeding. When
the Asn-736 residue of Vps34p was mutated and when the C-ter-
minal 11 amino acids were deleted, mutant proteins failed to
co-localize with actin patches, and FBPase in the extracellular
fraction did not decrease as rapidly. We suggest that VPS34
plays a critical role in the decline of extracellular FBPase in
response to glucose.
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The vacuole of Saccharomyces cerevisiae is important for
numerous cellular processes such as osmoregulation, protein
degradation, and pH maintenance (1-7). In addition, the func-
tion of the vacuole requires the targeting of specific vacuole
resident proteins into this organelle (1, 3-7). For instance,
aminopeptidase I is transported from the cytosol to the vacuole
for maturation by the cytoplasm to the vacuole (Cvt) pathway
(8-10). Similarly, another vacuole resident protein, carboxy-
peptidase Y, is transported to the vacuole by the vacuole protein
sorting (Vps)* pathway (3—7). Extracellular and plasma mem-
brane proteins can be internalized and delivered to the vacuole
by endocytosis (11, 12). Moreover, organelles such as peroxi-
somes can also be targeted to the vacuole for degradation by
pexophagy (13, 14).

Under nitrogen starvation conditions in S. cerevisiae, a non-
selective macroautophagic pathway targets proteins and organ-
elles to the vacuole for degradation (15-19). Our laboratory
studies a selective autophagic pathway that delivers specific
cytosolic proteins to the vacuole in response to nutrient replen-
ishment (13). Gluconeogenic enzymes, fructose-1,6-bisphos-
phatase (FBPase), malate dehydrogenase (MDH2), isocitrate
lyase, and phosphoenolpyruvate carboxykinase are induced
when cells are grown in glucose-depleted medium (20-23).
These proteins are inactivated after replenishment of cells with
fresh glucose. This is referred to as “catabolite inactivation” (20,
24). The inactivation and degradation of FBPase has been stud-
ied extensively (20, 25-34). FBPase is targeted to the protea-
some (32—36) or to the vacuole for degradation (22, 23) depend-
ing on growth conditions. For example, upon replenishing cells
with glucose after starvation for 1 day, FBPase is degraded in the
proteasome (37). However, after glucose starvation for 3 days
and subsequent replenishment with glucose, FBPase is de-
graded in the vacuole (37). We have characterized several VID
(vacuole import and degradation) genes, which play a role in the
vacuole dependent degradation of FBPase (21, 30, 38, 39). Inter-

2 The abbreviations used are: Vps, vacuolar protein sorting; FBPase, fructose-
1,6-bisphosphatase; Vid, vacuole import and degradation.
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estingly, some of these VID genes also mediate the degradation
of FBPase in the proteasomal pathway (37).

For the vacuolar pathway, FBPase associates with unique ves-
icles called Vid vesicles (40). We have determined that Vid22p,
cyclophilin A, and the heat shock protein Ssa2p are required for
the import of FBPase into the Vid vesicles (26, 29, 30). More-
over, the biogenesis of Vid vesicles requires the UBCI gene (22).
Vid24p and COPI coatomer proteins such as Sec28p have been
identified as peripheral proteins on Vid vesicles (31, 38). Vid30p
is also localized to Vid vesicles and interacts with Vid24p and
Sec28p (41).

More recently we demonstrated that the endocytic pathway
merges with the Vid pathway to target cargo proteins to the
vacuole (27). In yeast, actin polymerization is required for early
steps of endocytosis (11, 42, 43). The Vid vesicle proteins,
Vid24p and Sec28p, co-localize with actin patches during glu-
cose starvation and after glucose replenishment for up to 30
min (27). However, co-localization is diminished after glucose
re-addition for 60 min (27). Moreover, cargo proteins such as
FBPase and malate dehydrogenase (MDH?2) are associated with
actin patches after glucose re-addition for 30 min, and co-local-
ization diminishes by the 60-min time point (27). In addition,
we have determined that VID30 is required for the association
of Vid vesicles and actin patches (39). In the absence of this
gene, FBPase and Vid24p failed to co-localize with actin
patches (39).

Although our present understanding of the Vid pathway
indicates that this pathway integrates with the endocytic path-
way, essential questions remain to be answered. How does the
Vid pathway converge with the endocytic pathway? Is FBPase
secreted during glucose starvation? Is it internalized during glu-
cose re-feeding? To address some of these questions, we exam-
ined FBPase distribution at the ultra-structural level in wild-
type cells. Substantial amounts of FBPase were in the periplasm
in glucose-starved wild-type cells, suggesting that FBPase is
secreted during glucose starvation.

Vps34p is involved in multiple protein and membrane traf-
ficking events, which include sorting of vacuolar proteins, vac-
uole segregation, endocytosis, multivesicular body formation,
starvation induced macroautophagy, and the Cvt (cytoplasm to
the vacuole) pathway (44— 47). This gene is also required for the
Vid pathway. This gene encodes a class III phosphatidylinositol
3-kinase (PI3K) that functions to phosphorylate phosphatidyli-
nositol at the 3’ hydroxyl position to produce phosphatidyli-
nositol 3-phosphate (44). This function is conserved from yeast
to human (44). For the Vps pathway, Vps34p is recruited from
the cytosol to the Golgi/endosome via interaction with the
membrane-associated protein kinase Vps15p, which also stim-
ulates the phosphatidylinositol 3-kinase activity of Vps34p (48,
49). The C-terminal 11 amino acids of Vps34p (amino acids
864 —875) are implicated in the protein association on the
membrane (50). Furthermore, the deletion of the C-terminal 11
residues reduces PI3K activity (49, 50).

In prolonged-starved cells, Vps34p co-localized with actin
patches. In the absence of this gene, FBPase and Vid24p were
associated with actin patches before and after glucose replen-
ishment. A high abundance of FBPase was in the extracellular
fraction (periplasm) in prolonged-starved Avps34 strain. How-
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TABLE 1
Strains used in this study
Strain Genotype

BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0

HLY635 MATo ura3-52 LEU2 trpl1A63 his3A200 GAL2

Avps34 MATa his3A1 leu2A0 lys2A0 ura3A0 vps34:kanMX4

AvpslS MATa his3A1 leu2A0 lys2A0 ura3A0 vps15:kanMX4

Avps30 MATa his3A1 leu2A0 lys2A0 ura3A0 vps30:kanMX4

HLY2753 MATa his3 leu2A0 lys2A0 ura3A0 VPS34-GFP-URA3

Aslal MATa his3A1 leu2A0 lys2A0 ura3A0 slal:kanMX4

Aarcl8 MATa his3A1 leu2A0 lys2A0 ura3A0 arcl8:kanMX4

HLY2862  MATa his3 leu2A0 lys2A0 ura3A0 slal:kanMX4 VPS34-
GFP-URA3

HLY2879  MATa his3 leu2A0 lys2A0 ura3A0 arc18:kanMX4 VPS34-
GFP-URA3

HLY2793  MATa his3 leu2A0 lys2A0 ura3A0 vps15:kanMX4 VPS34-
GFP-URA3

HLY1418 MATa his3 leu2A0 lys2A0 ura3A0 FBP1-GFP-HIS3

HLY2639  MATa his3 leu2A0 lys2A0 ura3A0 vps34:kanMX4 FBP1-
GFP-HIS3

HLY2998 MATa his3A1 leu2A0 lys2A0 ura3 GFP-VID24-URA3

HLY2878  MATa his3A1 leu2A0 lys2A0 ura3 vps34:kanMX4 GFP-
VID24-URA3

Scwdp-GFP MATa his3A1 leu2A0 lys2A0 ura3A SCW4-GFP-HIS3

HLY2239  MATa his3A1 leu2A0 lys2A0 ura3A LST8-GFP-HIS3

HLY2218  MATa his3AI1 leu2A0 lys2A0 ura3A TORI-GFP-HIS3

HLY2588 MATa his3A1 leu2A0 lys2A0 ura3A VID30-GFP-HIS3

HLY229 MATa his3A1 leu2A0 lys2A0 ura3A HA-VID24-URA3

HLY2658  MATa his3A1 leu2A0 lys2A0 ura3A VPS34-V5-His-URA3

HLY3031 MATa his3A1 leu2A0 lys2A0 ura3 N736K-VPS34-GFP-URA3

HLY3030  MATa his3A1 leu2A0 lys2A0 ura3 AC11-VPS34-GFP-URA3

ever, after glucose replenishment, significant amounts of
FBPase remained in the extracellular fraction in the Avps34
strain. When glucose was added to prolonged-starved cells,
FBPase in the extracellular fraction decreased rapidly. The
decline of extracellular FBPase was dependent on the SLA and
ARCI8 genes involved in actin polymerization and endocytosis.
The N736K point mutation of Vps34p and the deletion of the
C-terminal 11 amino acids retarded the degradation of FBPase.
Furthermore, both mutant proteins caused a delay in the reduc-
tion of FBPase in the extracellular fraction after glucose addi-
tion. In summary, our results suggest that VPS34 plays a critical
role in the decline of extracellular FBPase in response to glucose
re-feeding.

EXPERIMENTAL PROCEDURES

Strains, Media, Plasmids, and Antibodies—Strains used in
the study are listed in Table 1. The deletion strains derived from
BY4742 were from Euroscarf. The Scw4p-GFP strain was pur-
chased from Invitrogen. For most experiments, cells were
grown in glucose-deficient medium (YPKG) (1% yeast extracts,
2% peptone, 1% potassium acetate, and 0.5% glucose) medium
for 3 days at 30 °C. Cells were then transferred to glucose-rich
medium (YPD; 1% yeast extracts, 2% peptone, and 2% glucose)
medium for the indicated times. In some experiments cells
were grown in YPD for 1 day or in YPKG for 1, 2, and 3 days.
Cells were extracted, and proteins were separated into the
extracellular (E) and intracellular (I) fractions. The distribution
of proteins was determined by Western blotting. Anti-FBPase
antibodies were produced in rabbits using purified FBPase.
Mouse monoclonal anti-HA was purchased from Roche
Applied Science, and mouse monoclonal anti-V5 was pur-
chased from Invitrogen. Anti-GAPDH and anti-GFP were pur-
chased from Protein Tech and Abcam, respectively. Pillp anti-
bodies were gifts from Dr. Dickson (University of Kentucky).
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TABLE 2
Primers used in this study

Vps34p-V5-His
P200 forward

TCCATCTCGAGTGAATCGGAAACTTCCGGGACAGAATCGCTACCA

P201 reverse GTTAATTAAGGTCCG CCAGTATTGTGCCAGATTATGTAAATGATC
Vps34p-GFP

P200 forward TCCATCTCGAGTGAATCGGAAACTTCCGGGACAGAATCGCTACCA

P202 reverse GACGTCTTTGTATAGTTCATCCATGCCATGTGTAATCCCAGCAGCTGTTAC
FBPase-GFP

P121 forward
P121 reverse

ATTTGGTTGGGTTCTTCAGGTGAAATTGACAAATTTTTAGACCATATTGGCAAGTCACAGCGGATCCCCGGGTTAATTAA
CCATCCCATTCCATTCGCTACTTCCTTTCTCTTTTCCTAAGAATTTTCATTATTAGAAGGGAATTCGAGCTCGTTTAAAC

C11 deletion
P221 forward
P222 reverse

CTGCCTATCGTGATTGATCGGATCCCCGGG
CCCGGGGATCGGATCAATCACGATAGGCAG

N736K mutation
P223 forward CGATACGCATTTAGACAAGTTACTAGTCACGCCAGAT
P224 reverse ATCTGGCGTGACTAGTAACTTGTCTAAATGCCTATCG

Primers used to tag FBPase, Vps34p, and Vid24p are listed in
Table 2. Plasmid containing GFP-Vid24p was produced as
described (27).

Fluorescence Microscopy—Proteins were tagged with GFP via
primers using PCR-based reactions. For actin staining, yeast
cells were grown under starvation conditions for 3 days in 2 ml
of YPKG. At each time point, samples of the cells (300 ul) were
taken and fixed with 22 ul of formaldehyde for 5 min at room
temperature. Cells were harvested by centrifugation at 1500 X
g for 2.5 min. After the removal of the supernatant, cells were
washed in 400 ul of PBS (140 mMm NaCl, 2.7 mm KCI, 10 mMm
Na,HPO,, 1.8 mm KH,PO, (pH 7.4)). After further centrifuga-
tion at 1500 X g for 2.5 min, the supernatants were removed,
and —20 °C acetone (800 ul) was added dropwise while vortex-
ing the sample. Cells were then incubated for 5 min at —20 °C.
Cells were washed in 400 ul of PBS and resuspended in 80 ul of
PBS. Cells were finally stained with 1 ul of rhodamine-conju-
gated phalloidin at 0.2 units/ul in methanol and incubated for
30 min in the dark at room temperature. GFP and actin were
visualized by fluorescence microscopy at 26 °C with FLUAR
100X objective lens (1.30 NA) using FITC and rhodamine fil-
ters, respectively. The cells were imaged using a Zeiss Axiovert
$100 inverted microscope with an Axiocam MRm CCD camera
and Axiovision v. 4.5 Software. The percent co-localization of
GFP fusion proteins with actin was determined from three
images and was represented as the mean and S.D.

Whole Cell Immunoelectron Microscopy—Wild-type and the
Avps34 cells were grown in 2 ml of YPKG culture for 3 days and
then transferred to medium containing high glucose for the
indicated time points. To examine FBPase distribution before
starvation, wild-type cells were grown in 2 ml of YPD for 1 day
and harvested. The cells were fixed with 3% paraformaldehyde
and 0.2% glutaraldehyde overnight. The following day cells
were washed by centrifugation (4500 X g) sequentially using 1
ml of each of the following buffers: 0.5 M sorbitol in 0.08 m
potassium phosphate buffer (pH 6.7), 0.25 M sorbitol in 0.08 M
potassium phosphate buffer (pH 6.7), and 0.08 M potassium
phosphate buffer (pH 6.7). After centrifugation of the last wash,
cells were resuspended in 1 ml of sodium metaperiodate (1%
w/v) and were incubated at room temperature for 20 min.
Thereafter, cells were resuspended in 1 ml of 50 mm ammo-
nium chloride and incubated for 15 min at room temperature.
Cells were centrifuged at 4500 X g and subjected to serial dehy-

33082 JOURNAL OF BIOLOGICAL CHEMISTRY

dration by adding an ethanol series (1 ml each) to the cell pellet.
Samples were incubated for 5 min in 50% cold ethanol, 70% cold
ethanol, and 80% cold ethanol followed by 10 min of incubation
in 85% cold ethanol, 90% cold ethanol, 95% cold ethanol, and
100% cold ethanol twice. Finally, 1 ml of fresh 100% ethanol was
added to the cell pellet and incubated for 5 min at room tem-
perature. After dehydration, cells were sequentially incubated
in 1 ml each of the following concentrations of resin (LR
White): 2:1 ethanol:resin at room temperature rotator for 2 h;
1:1 ethanol:resin at room temperature rotator overnight; 1:2
ethanol:resin at room temperature rotator for 2 h; 100% resin at
room temperature rotator for 2 h three times. Cells were then
transferred to gelatin capsules and were then filled with extra
resin to create a proper seal. These capsules were dried and cut
into 10-nm-thin sections. Sections were placed onto grids and
incubated with purified FBPase antibodies followed by goat
anti-rabbit antibodies conjugated with 10-nm gold particles.

Cell Extraction Assay—For most experiments, cells were
grown in 10 ml of YPKG medium for 3 days and transferred to
YPD media for the indicated time points. In some experiments,
cells were grown in YPD for 1 day or in YPKG for 1, 2, or 3 days.
Cells (10 optical density) were collected and pelleted. Cell
extraction was performed as described (51). Briefly, cells (10
optical density) were resuspended with 100 pl of cell extraction
buffer (0.1 M Tris-Base (pH 9.4) and 10 mm B-mercaptoethanol)
and incubated in a 37 °C shaker at 200 rpm for 15 min. After
incubation, cells were pelleted, and supernatants were trans-
ferred to microcentrifuge tubes. After extraction, the superna-
tant fraction was centrifuged at 16,000 X g for 30 s at room
temperature and transferred to microcentrifuge tubes. Proteins
from the supernatant were precipitated using 15% trichloro-
acetic acid, washed, and resuspended in SDS-PAGE buffer. Cell
pellet fractions were also lysed and resuspended in SDS-PAGE
buffer. Both pellet and supernatant fractions were examined by
Western blotting with anti-FBPase, anti-V5, anti-GFP, anti-
Pillp, and anti-HA antibodies.

N736K and AC11 Mutations—V ps34p-GFP was amplified by
PCR reaction using P200 and P202 (Table 2) and cloned into
TOPO plasmid (B548). To produce the N736K and the AC11
mutations, site-directed mutagenesis was performed according
to the manufacturer’s suggestions (Stratagene). The AC11-
Vps34p-GFP mutation was produced using the Vps34p-GFP
template (B548) and the P221 and P222 (Table 2) primers. The
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FIGURE 1. FBPase degradation in the vacuole requires the VPS34 gene.
A and B, wild-type and cells lacking the VP$34 gene were starved of glucose
for 1 day (A) and 3 days (B). Cells were transferred to medium containing high
glucosefor0, 2, and 3 h and examined for FBPase degradation. C, cells lacking
VPS15 and VPS30 were starved of glucose for 3 days, transferred to medium
containing high glucose for 0, 2, and 3 h, and examined for FBPase degrada-
tion. D, wild-type cells expressing Vps34p-GFP were starved of glucose for 3
days, re-fed with glucose for the indicated time points, and examined for the
degradation of FBPase. E, the distribution of Vps34p-GFP and actin patches
was determined using fluorescence microscopy.

N736K-Vps34p-GFP mutation was generated by PCR using the
Vps34p-GFP (B548) template and the P223 and P224 (Table 2)
forward and reverse primers, respectively. The resulting muta-
tions were confirmed by DNA sequencing at the Core Facility of
the Penn State University College of Medicine.

RESULTS

VPS34 Is Required for the Degradation of FBPase in Pro-
longed-starved Cells—The yeast VPS34 gene is involved in mul-
tiple protein-targeting pathways to the vacuole. We deter-
mined whether or not the VPS34 gene also has a role in the Vid
pathway. We have shown previously that FBPase is degraded in
the proteasome when glucose is added to cells that are starved
of glucose for 1 day (37). In contrast, when glucose is added to
cells that are starved of glucose for 3 days, FBPase is degraded in
the vacuole (37). Wild-type and the Avps34 mutant cells were
starved of glucose for 1 or 3 days, transferred to medium con-
taining 2% glucose for 0, 2, and 3 h, and examined for FBPase
degradation (Fig. 1). FBPase was degraded in 1 day-starved
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wild-type and Avps34 cells (Fig. 1A4), suggesting that VPS34 is
not involved in the degradation of FBPase in the proteasome.
FBPase was degraded in 3 day-starved wild-type cells (Fig. 1B).
In contrast, FBPase degradation was inhibited in the 3-day-
starved Avps34 mutant (Fig. 1B). These results suggest that the
VPS34 gene is required for the degradation of FBPase in the
vacuole. For the Vps pathway, Vpsl5p forms a complex with
Vps34p and activates the PI3K activity of Vps34p (48, 52).
FBPase degradation was also impaired in the Avpsl5 mutant
that was starved of glucose for 3 days and replenished with
glucose (Fig. 1C). Vps34p, Vpsl5p, and Vps30p are common
subunits of two distinct phosphatidylinositol 3-kinase com-
plexes; Complex I is involved in the autophagic pathway,
whereas Complex II is required for the Vps pathway (45, 54, 55).
We next determined whether or not VPS30 is also involved in
the Vid pathway by examining FBPase degradation in the
Avps30 strain. FBPase was degraded in the Avps30 strain that
was glucose-starved for 3 days and re-fed with glucose, suggest-
ing that Complex I and Complex II are not involved in the Vid
pathway. In this study we focused on the role of VPS34 in the
vacuole-dependent pathway. Therefore, most of our experi-
ments were performed in cells that had been starved of glucose
for 3 days and transferred to medium containing high glucose
for the indicated time points.

Vps34p Is Associated with Actin Patches—We have shown
recently that the Vid pathway merges with the endocytic path-
way (27, 31). Vid vesicle proteins such as Vid24p, Sec28p, and
Vid30p associate with actin patches initially, but they dissociate
later (27, 41). We determined whether or not Vps34p was asso-
ciated with actin patches in glucose-starved wild-type cells
using a protocol that gives consistent and reliable results
regarding the distribution of GFP tagged proteins with actin
patches (27, 31, 41). Wild-type cells expressing Vps34p-GFP
were starved of glucose for 3 days and then shifted to glucose for
the indicated time points. FBPase was degraded in cells express-
ing Vps34p-GFP in response to glucose (Fig. 1D), suggesting
that the GFP tag does not interfere with FBPase degradation. A
high percentage of Vps34p-GFP signals were in punctate struc-
tures that colocalized with actin patches that were stained with
phalloidin during glucose starvation (Fig. 1E). After the addi-
tion of glucose, Vps34p-GFP still co-localized with actin
patches up to the 60-min time point (Fig. 1E). This is different
from FBPase, Vid24p, and Vid30p in that they showed less co-
localization with actin patches at the 60-min time point (27, 41).

Vps34p Distribution Is Affected in the Aslal and Aarcl8
Mutants—Given that Vps34p shows co-localization with actin
patches before and after glucose addition, Vps34p distribution
may be affected when the polymerization of actin is disrupted.
In yeast grown in rich medium, actin is assembled in a stepwise
manner (11, 42, 56, 57). Slalp, End3p, and Panlp are required
early in the process of assembly, whereas the Arp2/3 complex is
required at later steps (11, 42, 56, 57). Arc18p is the subunit of
Arp2/3 complex involved in the nucleation and formation of
short actin filaments (11, 42, 56, 57). FBPase degradation was
retarded in cells lacking the SLAI gene and the ARCI8 gene
(Fig. 2A), suggesting that these genes are required for the Vid
pathway.
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FIGURE 2. Vps34p distribution is affected in cells lacking the SLAT and
ARC18 genes. A, wild-type and cells lacking the SLAT and ARC18 genes were
starved of glucose for 3 days and replenished with glucose. FBPase degrada-
tion was examined after the addition of glucose for 0, 2, and 3 h. B-D, Vps34p-
GFP was expressed in the AslaT (B), the Aarc18 (C), and the Avps15 (D) strains.
These cells were starved of glucose for 3 days and shifted to glucose for the
indicated times. The distribution of Vps34p-GFP and actin patches was deter-
mined by fluorescence microscopy.

We determined the distribution of Vps34p-GFP in the Asla 1,
the Aarc18, and the Avps15 strains that expressed Vps34p-GFP.
For the Vps pathway, the protein kinase Vpsl5p recruits
Vps34p to membranous structures, resulting in the activation
of the PI3K activity (48, 58). These strains were starved of glu-
cose for 3 days and transferred to media containing glucose for
the indicated time points. In the Aslal strain, Vps34p-GFP
appeared to be diffused, and some GFP puncta were also
observed. However, the majority of the Vps34p-GFP did not
co-localize with phalloidin in the Asla1 mutant before and after
the addition of glucose (Fig. 2B). In the Aarci8 mutant, the
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distribution of Vps34p-GFP was diffused before and after the
addition of glucose (Fig. 2C). Therefore, Vps34p localization is
affected in cells lacking the SLAI and ARCIS8 gene. In pro-
longed-starved Avps15 mutant, Vps34p-GFP showed co-local-
ization with actin patches during glucose starvation and after
the addition of glucose for up to 60 min (Fig. 2D). Thus, the
absence of Vps15p does not appear to affect the distribution of
Vps34p and actin patches.

FBPase and Vid24p Are Associated with Actin Patches in
Cells Lacking the VPS34 Gene—W e next determined whether
or not Vps34p has a role in the co-localization of FBPase and
Vid24p with actin patches. Vid24p is a peripheral protein on
Vid vesicles (38) and has been used to follow the trafficking
of Vid vesicles in the Vid pathway (27). FBPase-GFP and GFP-
Vid24p were expressed in wild-type and the Avps34 mutant
strain that were starved of glucose and then transferred to
media containing fresh glucose. In wild-type cells, the associa-
tion of FBPase with actin patches was low at £ = 0 min (Fig. 34).
However, the co-localization of FBPase with actin patches
increased at ¢ = 30 and then decreased at £ = 60 min (Fig. 3A4).
In the Avps34 mutant, a high percentage of FBPase was associ-
ated with actin patches before and after the addition of glucose
for up to 60 min (Fig. 3B). In wild-type cells, GFP-Vid24p was
associated with actin patches during glucose starvation and
after the addition of glucose for 30 min (Fig. 3C). However, this
protein showed less co-localization with actin patches at the
60-min time point (Fig. 3C). In the Avps34 strain, GFP-Vid24p
co-localized with actin patches during glucose starvation and
after the addition of glucose for up to 60 min (Fig. 3D). Hence,
the association of FBPase and Vid24p with actin patches per-
sists in the absence of the VPS34 gene.

FBPase Is in the Periplasm in Prolonged-starved Wild-type
Cells—To gain a better understanding of how the Avps34
mutant affected the FBPase degradation pathway, we used
immunoelectron microscopy to examine the distribution of
FBPase at the ultra-structural level. Wild-type and Avps34
mutant cells were starved of glucose for 3 days and transferred
to medium containing 2% glucose for the indicated time points.
Cells were fixed and embedded. Thin sections of embedded
cells were incubated with purified FBPase antibodies followed
by goat anti-rabbit secondary antibodies conjugated with
10-nm gold particles. In wild-type cells grown in medium con-
taining high glucose, FBPase levels were low (Fig. 4A4). In 3-day-
starved wild-type cells, significant amounts of FBPase were in
the periplasm (Fig. 4B). When glucose was added to starved
cells for 15 min, high levels of FBPase were in intracellular
structures (Fig. 4C). These structures resembled the Vid/endo-
somes that we have characterized previously (27). In cells that
were re-fed with glucose for 2 h, amounts of FBPase decreased
(Fig. 4D). In 3-day-starved Avps34 mutants, high levels of
FBPase were in the periplasm (Fig. 5A4). In the Avps34 mutant
that was re-fed with glucose for 2 h, significant amounts of
FBPase remained in the periplasm (Fig. 5B).

We determined the distribution of FBPase-GFP in unpro-
cessed and processed wild-type and Avps34 mutant cells that
were glucose-starved and then re-fed with glucose (Fig. 6). We
detected strong FBPase-GFP signals in unprocessed wild-type
cells that were glucose-starved. In processed wild-type cells
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FIGURE 3. FBPase and Vid24p are associated with actin patches in the
Avps34 mutant before and after the addition of glucose. Wild-type (A) and
the Avps34 mutant (B) strains expressing FBPase-GFP were starved of glucose for
3 days and replenished with glucose for the indicated time points. The distribu-
tion of FBPase and actin was determined by fluorescence microscopy. Wild-type
(O) and the Avps34 (D) strains expressing GFP-Vid24p were glucose-starved, re-
fed with glucose for the indicated time points, and examined for the distribution
of GFP-Vid24p and actin patches by fluorescence microscopy.
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FIGURE 4.FBPaseis in the periplasm in prolonged-starved wild-type cells.
FBPase distribution was determined in wild-type cells that were grown in
glucose-rich medium (A), in cells starved of glucose for 3 days (B), and in cells
that were starved and then re-fed with glucose for 15 min (C) and 2 h (D). Cells
were processed and embedded as described under “Experimental Proce-
dures.” Thin sections were incubated with FBPase antibodies followed by
goat anti-rabbit antibodies conjugated with 10-nm colloid gold particles and
then visualized with transmission electron microscopy. Bars, 200 nm. The
number of gold particles in the cytoplasmic and periplasmic space was 6 and
17 before starvation (A), 62 and 156 after 3 days of starvation (B), 260 and 16
after re-feeding for 15 min (C), and 8 and 16 after re-feeding for 120 min (D).

JOURNAL OF BIOLOGICAL CHEMISTRY 33085



Vps34p and the Vid Pathway

A
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FIGURE 5.FBPase s in the periplasm in the Avps34 mutant during glucose
starvation and after glucose re-feeding. FBPase distribution was deter-
mined in the Avps34 mutant that was starved of glucose for 3 days (A) and
transferred to medium containing glucose for 2 h (B). FBPase distribution was
examined by incubating thin sections with FBPase antibodies followed by
goat anti-rabbit antibodies conjugated with 10-nm colloid gold particles.
Bars, 200 nm. The number of gold particles in the cytoplasmic and periplasmic
space in glucose-starved Avps34 mutant was 51 and 268 (A). The number of
gold particles in glucose re-fed Avps34 mutant was 72 and 182 (B).

that were glucose-starved, FBPase-GFP signals were weaker.
FBPase is degraded in response to glucose. As such, FBPase-
GFP signals were low in both unprocessed and processed wild-
type cells that were re-fed with glucose for 120 min. In the
Avps34 mutant, FBPase-GFP signals were stronger in unpro-
cessed cells than in processed cells at £ = 0 min and at ¢ = 120
min. Lower fluorescence signals in processed wild-type and the
Avps34 mutant cells may result from the loss of intracellular
pool of FBPase-GFP, the loss of extracellular pool of FBPase-
GFP, or both.

To further examine the presence of FBPase in the extracellu-
lar fraction, we utilized a protocol that detected the secretion of
mammalian galectin-1 expressed in S. cerevisiae (51). This pro-
tocol uses the combination of high pH and reducing agents
such as B-mercaptoethanol or DTT to release periplasmic pro-
teins that are linked by ionic interactions and by disulfide
bonds, respectively.

We first determined whether or not this protocol extracted
known periplasmic proteins into the extracellular fraction.
Scw4p is a soluble protein of the cell wall (59). Wild-type cells
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FIGURE 6. FBPase-GFP in unprocessed and processed wild-type and
Avps34mutant. FBPase-GFP was expressed in wild-type and Avps34 cells
that were starved of glucose for 3 days and transferred to medium containing
high glucose for 120 min. FBPase-GFP in unprocessed and processed wild-
type and Avps34 mutants were visualized by fluorescence microscopy.

expressing Scw4p-GFP were starved of glucose for 3 days and
extracted. After the extraction protocol, extracellular proteins
were precipitated with TCA and solubilized in SDS sample
buffer. This fraction is called the extracellular fraction (E) in
this study. After extraction, cells were lysed and solubilized in
SDS buffer. This fraction is called the cell-associated fraction/
intracellular fraction () in this study. More than 90% of the
Scw4p-GFP was in the extracellular fraction after the extraction
(Fig. 7A), suggesting that this protocol extracts most of the
Scw4p into the extracellular fraction.

We next determined the distribution of proteins that are
known to play important roles in the Vid pathway. The Target
of Rapamycin complex 1 is involved in the Vid pathway (20) and
comprises multiple subunits including Lst8p, Koglp, Tco89p,
and Torlp (60-62). Cells expressing Lst8p-GFP and Torlp-
GFP were starved of glucose for 3 days, extracted, and examined
for the distribution of these proteins (Fig. 7A). After extraction,
the majority of the Lst8p-GFP and Torlp-GFP were in the
intracellular fraction, and minimal amounts were in the extra-
cellular fraction (Fig. 7A). Sec28p and Vid30p are also involved
in the Vid pathway (31, 41). Again, most of the Sec28p and
Vid30p were in the intracellular fraction, and little was in the
extracellular fraction (Fig. 7A). By contrast, FBPase was in both
intracellular and extracellular fractions in 3-day-starved cells
(Fig. 7A). Therefore, molecules involved in the Vid pathway are
retained inside the cells, whereas cargo protein is present in
both fractions.

We used this protocol to determine the conditions that led to
the presence of FBPase in the extracellular fraction. Wild-type
cells were grown in YPD or in YPKG for 1, 2, and 3 days. Cells
were harvested and subjected to the extraction protocol. Pro-
teins were separated into intracellular, and extracellular frac-
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FIGURE 7. FBPase is in the extracellular fraction in prolonged-starved
wild-type cells. A, wild-type cells expressing Scw4p-GFP, Tor1p-GFP, Lst8p-
GFP, and Vid30p-GFP were starved of glucose for 3 days and subjected to the
extraction protocol. Levels of Scw4p, Torlp, Lst8p, Sec28p, Vid30p, and
FBPase in the intracellular (/) and extracellular (E) fractions were examined.
Proteins were quantified using NIH ImageJ program. Relative percentages of
proteins in the intracellular and extracellular fractions were determined. B,
wild-type cells were grown in YPD for 1 day or in YPKG for 1 (1D), 2 (2D), and 3
(3D) days. Cells were extracted, and proteins were separated into the intracel-
lular (/) and extracellular (E) fractions. Levels of FBPase and GAPDH in the
intracellular and intracellular fractions were determined and quantified using
NIH ImageJ program. Relative percentages of FBPase and GAPDH in the intra-
cellular and extracellular fractions under each growth condition were
determined.

tions and examined for the distribution of FBPase (Fig. 7B).
FBPase was not expressed in cells grown in YPD and was not
detected in the extracellular fraction. In cells grown in YPKG
for 1 day, FBPase was expressed in the intracellular fraction but
was not detected in the extracellular fraction. In 2-day-starved
cells grown in YPKG, low amounts of FBPase were detected in
the extracellular fraction. Higher amounts of FBPase were pres-
ent in the extracellular fraction in 3-day-starved cells grown in
YPKG. Thus, the presence of FBPase in the extracellular frac-
tion is dependent on the duration of starvation.

It has been reported that the glycolytic enzyme GAPDH is on
the cell surface of S. cerevisiae grown in YPD (63). Therefore,
this protein should also be detected in the extracellular fraction
in cells grown in YPD. Consistent with previous reports, levels
of GAPDH in the extracellular fraction were high in cells grown
in YPD (Fig. 7B). Levels of GAPDH in the extracellular fraction
were low in cells grown in YPKG for 1 and 2 days and increased
after growth in YPKG for 3 days (Fig. 7B). Thus, amounts of
FBPase and GAPDH in the extracellular fraction vary depend-
ing on the growth conditions.

SEPTEMBER 21, 2012+ VOLUME 287 +-NUMBER 39

Vps34p and the Vid Pathway

FBPase Levels in the Extracellular Fraction Decrease in
Response to Glucose in Wild-type Cells—We determined
whether or not levels of FBPase in the extracellular fraction
changed when glucose-starved cells are replenished with glu-
cose. Wild-type cells were starved of glucose for 3 days and
transferred to medium containing 2% glucose for 0, 30, and 60
min. Cells were subjected to the extraction protocol, and the
distribution of FBPase in the intracellular and extracellular
fractions was determined (Fig. 84 and Table 3). In wild-type
cells, levels of FBPase in the extracellular fraction were high at
t = 0 min and decreased dramatically after the addition of glu-
cose (Fig. 84). Under the same conditions, most of the Vps34p,
Lst8p, Torlp, Sec28p, Vid24p, and Vid30p were in the intracel-
lular fraction, and minimal levels were detected in the extracel-
lular fraction (Fig. 84). However, Pillp, which is a component
of eisosomes, was detectable in the intracellular as well as extra-
cellular fractions in wild-type cells that were starved and then
re-fed with glucose (Fig. 84).

The Aslal, Aarcl8, and Avps34 Mutants Delay the Decrease of
FBPase in the Extracellular Fraction in Response to Glucose—
We next determined whether or not levels of extracellular
FBPase changed in response to glucose in the Aslal and the
Aarcl8 mutants that block endocytosis. The Aslal and the
Aarc18 mutants were starved of glucose for 3 days, re-fed with
glucose, and examined for FBPase distribution (Fig. 8B). In
these strains, FBPase levels in the extracellular fraction did not
decrease as rapidly as wild-type cells.

Our immunoelectron microscopy results showed that high
amounts of FBPase remained in the periplasm after the addition
of glucose to the Avps34 mutant for 2 h. We determined
whether or not high levels of FBPase in the extracellular frac-
tion remained in the Avps34 mutant that was replenished with
glucose. The Avps34 mutant was starved of glucose for 3 days
and re-fed with glucose for up to 60 min. Cells were subjected to
the extraction protocol, and the distribution of FBPase in the
intracellular (I) and extracellular (E) fractions was examined
(Fig. 8B). FBPase was detected in the extracellular fraction dur-
ing glucose starvation in the Avps34 mutant. After the addition
of glucose to the Avps34 mutant, levels of FBPase in the extra-
cellular fraction did not decrease as rapidly as wild-type cells.
Thus, the absence of the VPS34 gene appears to retard the
decrease of FBPase in the extracellular fraction in response to
glucose. Pillp was detectable in both intracellular and extracel-
lular fractions after glucose re-feeding in strains lacking the
SLAI, ARCI8 and VPS34 genes (Fig. 8C).

N736K and AC11 Mutants Delayed the Decline of FBPase in
the Extracellular Fraction—The N736K mutation of Vps34p
affects a number of vacuole targeting pathways (44 —47). In
addition, the last 11 amino acids of the C terminus (residues
864 —875) are implicated in membrane binding (49, 50). We
determined whether or not the N736K mutation and the dele-
tion of the C-terminal 11 amino acids blocked the Vid pathway.
We produced the N736K and the AC11 mutants using site-
directed mutagenesis. Vps34p-GFP was used as the template
for site-directed mutagenesis because FBPase degradation was
not affected in wild-type cells expressing Vps34p-GEP (see Fig.
1D).
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TABLE 3

Relative distribution of FBPase and Pil1p in the intracellular and extra-
cellular fractions in glucose-starved wild type and mutant strains

Figures Proteins and strains Intracellular  Extracellular
Fig. 84 FBPase in WT 58.5 41.5
Vps34p in WT >95 <5
Lst8p in WT >95 <5
Torlpin WT >95 <5
Sec28p in WT >95 <5
Vid24p (t60) in WT >95 <5
Vid30p in WT >95 <5
Pillp in WT 53.3 46.7
Fig. 8B FBPase in WT 56.1 43.9
FBPase in the Aslal mutant 55.2 44.8
FBPase in the AgrcI8 mutant  50.6 49.4
FBPase in the Avps34 mutant ~ 53.5 46.7
Fig.8C  Pillpin WT 49.7 50.3
Pillp in the Aslal mutant 48.3 51.7
Pillp in the AarcI18 mutant 49.7 50.3
Pillp in the Avps34 mutant 53.4 46.6
Fig.9C  FBPasein WT 56.7 43.3
FBPase in the N736K mutant ~ 48.8 51.2
Fig.9D  Pillpin WT 51.1 489
Pillp in the N736K mutant 49.8 50.2
Fig. 10C  FBPase in WT 53.8 46.2
FBPase in the AC11 mutant 51.6 48.4
Fig. 10D  Pillp in WT 525 47.5
Pillp in the AC11 mutant 51.7 48.3

Cells expressing N736K-GFP were starved of glucose for 3
days, transferred to medium containing 2% glucose for 0, 2, and
3 h, and examined for FBPase degradation (Fig. 9A4). FBPase
degradation was retarded in cells expressing N736K-GFP. We
next determined whether or not the N736K mutant co-local-
ized with actin patches. Cells expressing N736K-GFP were
starved of glucose for 3 days, transferred to medium containing
2% glucose, and examined for the distribution of GFP and actin
(Fig. 9B). In prolonged-starved cells expressing N736K-GFP,
most of the GFP signals appeared to be in punctate structures,
and some GFP signals were diffused. However, there was a low
percentage of co-localization of GFP signals with actin patches
(Fig. 9B). We next determined whether or not the N736K
mutant affected the decline of FBPase in the extracellular frac-
tion in response to glucose. In cells expressing N736K-GFP that
were starved of glucose for 3 days and re-fed with glucose, levels
of FBPase in the extracellular fraction did not decrease as rap-
idly as the wild-type control (Fig. 9C). Pillp was detectable in
the extracellular fraction after the addition of glucose to wild-
type and the N736K mutant (Fig. 9D).

Vps34p-V5-His, Lst8p-GFP, Tor1p-GFP, Vid24p-HA, and Vid30p-GFP were
starved of glucose for 3 days and re-fed with glucose for 0, 30, and 60 min.
FBPase degradation was normal in cells expressing these tags. Cells were
subjected to the extraction protocol, and levels of these proteins in the intra-
cellular (/) and extracellular (E) fractions were determined by Western blot-
ting. Proteins were quantified with NIH ImageJ program, and the percentages
of proteins remaining in the intracellular fraction after the addition of glucose
were determined using t = 0 min as 100%. The amount of Vid24p in the
intracellular fraction at t = 60 min was used as 100%. B and C, wild-type cells
and cells lacking SLAT, ARC18, and VPS34 were starved of glucose for 3 days
and replenished with glucose for the indicated time points. Cells were
extracted, and proteins were separated into the intracellular (/) and extracel-
lular (E) fractions. The distribution of FBPase (B) and Pil1p (C) was determined
by Western blotting. The percentages of FBPase (B) and Pil1p (C) remaining in
both intracellular and extracellular fractions after the addition of glucose
were determined using the amounts of FBPase and Pil1p att = 0 min as 100%.
Relative distribution of proteins in the intracellular (/) and extracellular (E)
fractions in glucose-starved wild-type and mutant cells was determined and
listed in Table 3.
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FIGURE 9. The N736K mutant impairs FBPase degradation, association
with actin patches, and internalization of extracellular FBPase. A, FBPase
degradation was examined in cells expressing N736K-GFP. B, cells expressing
N736K-GFP were starved of glucose for 3 days and transferred to medium
containing glucose. The distribution of N736-K-GFP and actin patches was
examined by fluorescence microscopy. Levels of FBPase (C) and Pil1p (D) in
the intracellular and extracellular fractions were determined in the N736K-
GFP cells that were starved of glucose for 3 days and transferred to media
containing high glucose for 0, 30, and 60 min. The percentages of FBPase and
PilTp remaining in intracellular and extracellular fractions after glucose re-
feeding were determined using t = 0 min as 100%. Relative distribution of
FBPase and Pil1p in the intracellular (/) and extracellular (E) fractions in glu-
cose-starved wild-type and N736K cells was determined and listed in Table 3.

Finally, we determined whether or not the deletion of the last
11 amino acids affected the Vid pathway. FBPase degradation
was inhibited in cells expressing the AC11 mutation (Fig. 10A4).
In prolonged-starved cells expressing AC11-GFP, the GFP sig-
nals were mostly diffused and did not show significant co-local-
ization with actin before and after the addition of glucose (Fig.
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FIGURE 10. The AC11 mutant blocks FBPase degradation, localization
with actin patches, and FBPase internalization. A, cells expressing AC11-
GFP were starved of glucose for 3 days, transferred to media containing high
glucose for the indicated time points, and examined for FBPase degradation.
B, prolonged-starved cells expressing AC11-GFP were transferred to medium
containing glucose and examined for the distribution of GFP and actin
patches by fluorescence microscopy. C and D, FBPase and Pil1p in the intra-
cellular (/) and extracellular (E) fractions were determined in cells expressing
AC11-GFP that were starved of glucose and transferred to media containing
high glucose for the indicated time points. The percentages of FBPase and
Pil1p remaining after the addition of glucose were determined using t = 0
min as 100%. Relative distribution of FBPase and Pil1p in the intracellular and
extracellular fractions in glucose-starved wild-type and AC11 cells was deter-
mined and listed in Table 3.

10B). Furthermore, the AC11 mutant also delayed the decline
of FBPase in the extracellular fraction after glucose re-feeding
(Fig. 10C). Pillp was detectable in the intracellular and extra-
cellular fractions in wild-type and the AC11 mutant that were
starved and re-fed with glucose (Fig. 10D). Hence, both N736K
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FIGURE 11. The Vid pathway model. During prolonged glucose starvation, FBPase is in both the intracellular and extracellular fractions. After the addition of
glucose, levels of extracellular FBPase decrease in a process dependent on the SLAT, ARC18, and VPS34 genes. Vps34p association with actin patches is linked
to the decline of extracellular FBPase. When the Asn-736 residue was mutated or when the C-terminal 11 amino acids were deleted, Vps34p association with
actin patches was impaired, and the reduction of extracellular FBPase was inhibited. The decrease of extracellular FBPase was also inhibited in the AslaT and
Aarc18 mutants that affected Vps34p distribution. The decline of extracellular FBPase may result from internalization of FBPase into the cells, release into the

medium, or degradation in the extracellular space.

and AC11 mutants inhibited the degradation of FBPase,
retarded the decrease of FBPase in the extracellular fraction in
response to glucose, and failed to co-localize with actin patches.

DISCUSSION

In this paper we demonstrate that Vps34p plays an important
role in the Vid pathway. In the absence of this gene, FBPase and
Vid24p associated with actin patches before and after addition
of glucose. These characteristics are different from those seen
in wild-type cells in which the association of FBPase, Vid24p,
Sec28p, and Vid30p with actin all decreased at the 60-min time
point. Given that actin polymerization is required for endocy-
tosis, prolonged association of FBPase and Vid24p with actin
patches after the addition of glucose in the Avps34 mutant is
consistent with the idea that endocytosis is affected in the
absence of the VPS34 gene. Immunoelectron microscopy data
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and cell extraction data indicated that substantial amounts of
FBPase were in the periplasm or extracellular fraction in glu-
cose-starved wild-type and the Avps34 mutant. These results
suggest that FBPase is secreted in glucose-starved cells and that
the VPS34 gene is not involved in the secretion of FBPase dur-
ing glucose starvation.

The appearance of FBPase in the extracellular fraction is
dependent on the duration of starvation. In cells starved of glu-
cose for 1 day, FBPase was expressed but was not detected in the
extracellular fraction. In 2-day-starved cells grown in YPKG,
low levels of FBPase were in the extracellular fraction, and
higher levels were detected in the extracellular fraction in
3-day-starved cells. GAPDH is a glycolytic enzyme and is asso-
ciated with the cell surface of S. cerevisiae grown in rich
medium (53). Interestingly, levels of GAPDH in the extracellu-
lar fraction also varied. For example, levels of GAPDH in the
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extracellular fraction were high in cells grown in YPD but were
low in cells grown in YPKG for 1 and 2 days. Levels of GAPDH
increased in cells grown in 3-day YPKG. Hence, levels of FBPase
and GAPDH in the extracellular fraction vary depending on the
physiological states of the cells.

Why is FBPase secreted during prolonged glucose starva-
tion? We speculate that when cells are starved of glucose for a
shorter period of time (1 day), FBPase is needed for gluconeo-
genesis inside the cells and, therefore, is not secreted. However,
as cells are starved of glucose for a longer period of time (3
days), substrates for gluconeogenesis may be depleted, and the
need for FBPase inside cells decreases. Therefore, more FBPase
is secreted into the periplasm in 3-day-starved cells. Interest-
ingly, when glucose was added to glucose-starved wild-type
cells, levels of FBPase in the extracellular fraction decreased
rapidly. Because FBPase is degraded in the vacuole, extracellu-
lar FBPase may be internalized in response to glucose. This idea
is consistent with the findings that when glucose was added to
the Aslal and Aarci8 mutants that block actin polymerization
and endocytosis, the decline of FBPase in the extracellular frac-
tion was delayed. Under the same conditions, the majority of
Vps34p, Lst8p, Torlp, Vid24p, Sec28p, and Vid30p were in the
intracellular fraction. The decline of extracellular FBPase may
also result from the release of this protein into the medium or
the degradation of this protein in the extracellular space.

The decrease of FBPase in the extracellular fraction was
delayed in the Avps34 mutant. Furthermore, the N736K and the
AC11 mutants also retarded the decline of FBPase in the extra-
cellular fraction and impaired the association of Vps34p with
actin patches. Vps34p distribution was affected in the Asla I and
Aarci8 mutants that also delayed the reduction of FBPase in the
extracellular space. Taken together, we suggest that Vps34p
localization to actin patches is important for its function in the
reduction of FBPase in the extracellular fraction. At present, it
is not known how Vid vesicles associate with actin patches and
how they dissociate. Vid vesicles may aggregate in the cyto-
plasm, and actin is assembled on clusters of Vid vesicles. They
then move to sites of internalization on the plasma membrane.
Alternatively, actin may mark the sites for Vid vesicles to aggre-
gate near the plasma membrane. In the Avps34 mutant, a high
percentage of Vid24p remained associated with actin patches at
t = 60 min, suggesting that the dissociation process is blocked
in the absence of this gene. We suggest that the dissociation of
Vid vesicles/actin is tightly linked to the decrease of extracellu-
lar FBPase. Dissociation may occur after cargo proteins are
internalized. If this model is true, the Avps34 mutant may
inhibit the internalization process and hence Vid vesicles, and
actin cannot dissociate. This model is consistent with the find-
ings that the decline of extracellular FBPase is nearly complete
after the addition of glucose for 30 min, whereas the dissocia-
tion of Vid vesicles and actin is observed at the 60-min time
point. If the decline of extracellular FBPase results from the
degradation of this protein in the extracellular space or the
release of this protein into the medium, this would suggest that
VPS34, SLA1, and ARC18 have roles in processes that are unre-
lated to endocytosis.

Based on our findings, we propose the following model (Fig.
11). FBPase is present in two pools in prolonged starved cells.
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High levels of FBPase were observed in the extracellular frac-
tion (periplasm) during prolonged starvation. Because FBPase
does not contain the N-terminal signal for the ER-Golgi path-
way, this protein is likely to be secreted via a non-classical path-
way. After the addition of glucose, levels of extracellular FBPase
decrease. The decline in extracellular FBPase may result from
internalization, degradation in the extracellular space, or
release of this protein into the medium. Further experiments
will be required to sort out these possibilities.
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