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The key gluconeogenic enzyme fructose-1,6-bisphosphatase
(FBPase) is induced when Saccharomyces cerevisiae are starved
of glucose. However, when glucose is added to cells that have
been starved for 3 days, FBPase is degraded in the vacuole.
FBPase is first imported to Vid (vacuole import and degrada-
tion) vesicles, and these vesicles then merge with the endocytic
pathway. In this report we show that two additional gluconeo-
genic enzymes, isocitrate lyase and phosphoenolpyruvate car-
boxykinase, were also degraded in the vacuole via the Vid path-
way. These new cargo proteins and FBPase interacted with the
TORC1 complex during glucose starvation. However, Tor1p
was dissociated from FBPase after the addition of glucose.
FBPase degradationwas inhibited in cells overexpressingTOR1,
suggesting that excessive Tor1p is inhibitory. Both Tco89p and
Tor1p were found in endosomes coming from the plasmamem-
brane as well as in retrograde vesicles forming from the vacuole
membrane. When TORC1 was inactivated by rapamycin,
FBPase degradation was inhibited. We suggest that TORC1
interacts withmultiple cargo proteins destined for theVid path-
way and plays an important role in the degradation of FBPase in
the vacuole.

The yeast Saccharomyces cerevisiae has been used as amodel
system to study protein trafficking pathways that target pro-
teins or lipids from donor membranes to acceptor membranes
(1–20). The yeast vacuole is homologous to the mammalian
lysosome and plays an important role in protein degradation
(1–3). A number of protein targeting pathways to the vacuole
have been studied. For example, the Vps pathway delivers car-
boxypeptidase Y from the endoplasmic reticulum to the Golgi
and then to the vacuole formaturation (1–6). TheCvt pathway,
on the other hand, carries aminopeptidase I from the cytosol to
the vacuole for maturation (7–12). Organelles such as peroxi-
somes can also be delivered to the vacuole for degradation,
either by micropexophagy or macropexophagy (13–15).

Finally, under starvation conditions, a non-selective macroau-
tophagy pathway targets organelles and proteins to the vacuole
(7–12). A unique autophagy pathway that delivers specific cyto-
solic proteins to the vacuole for degradation has been studied in
our laboratory (16–20). The gluconeogenic enzymes fructose-
1,6-bisphosphatase (FBPase)2 and malate dehydrogenase
(MDH2) are induced when cells are starved of glucose. These
enzymes are then degraded when cells are replenished with
fresh glucose (21).
The site of FBPase and MDH2 degradation is dependent on

the duration of starvation. When cells are starved for a short
period of time (1 day), FBPase and MDH2 are degraded in the
proteasome (21). By contrast, these proteins are degraded in the
vacuole when glucose is added to cells that have been starved of
glucose for longer periods of time (3 days) (21). We have iden-
tified a number of VID genes involved in the degradation of
FBPase in the vacuole. Interestingly, many of the VID genes
function not only in the vacuolar-dependent pathway but also
in the proteasomal pathway as well (21). Conversely,GID genes
were identified for the proteasomal pathway (22, 23), and they
are also required for vacuolar-dependent degradation of
FBPase and MDH2 (21). Thus, the same set of genes can be
utilized for both the proteasomal and the vacuolar degradation
pathways.
For the vacuolar pathway, FBPase is associatedwithVid (vac-

uole import and degradation) vesicles (24), which then merge
with the endocytic pathway (25). FBPase import into Vid vesi-
cles requires the heat shock protein Ssa2p (26), Vid22p (27),
and cyclophilin (28). The biogenesis of Vid vesicles appears to
be regulated by the UBC1 gene. For instance, FBPase accumu-
lates in the cytosol inmutants lackingUBC1, suggesting theVid
vesicle formation requires this gene (29). Purified Vid vesicles
also contain COPI coatomer proteins (25). COPI vesicles are
involved in multiple protein trafficking pathways including the
retrograde trafficking from the Golgi to the endoplasmic retic-
ulum, intra-Golgi trafficking, and endosomal trafficking (30–
33). Inmammalian cells and in yeast coatomer components are
found on endosomes and play critical roles in endocytic traf-
ficking and in multivesicular body sorting (34–39). We have
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shown that coatomer proteins form a large protein complex
withVid24p, a uniqueVid vesiclemarker (29). In the absence of
functional coatomer subunits, Vid24p associationwithVid ves-
icles was reduced, suggesting that coatomer subunits are
required to recruit Vid24p to Vid vesicles (25).
We have used the coatomer � subunit Sec28p to follow the

Vid vesicle trafficking pathway (25). Sec28p was observed on
Vid vesicles as well as in multiple compartments along the
endocytic pathway in both wild type strains and in mutant
strains that block FBPase degradation. Based on Sec28p-GFP
localization studies in various mutants, we proposed that
Sec28p resides on Vid vesicles. These vesicles initially merge
with the endocytic pathway and then with the vacuole. The
merger of the endocytic and Vid pathways was further sup-
ported by co-localization experiments using the�vph1mutant.
FBPase was in the lumen of endocytic compartments at later
time points in this strain. Thus, this provides direct evidence
that FBPase utilizes the endocytic pathway before being deliv-
ered to the vacuole (25).
Although we have shown that the Vid pathway is tightly

linked to the endocytic pathway, there are many questions
remaining to be answered. For example, how do cells recognize
proteins that are destined for degradation? Also, where do Vid
vesicles come from? Along these lines, Sec28p-GFP was found
in vesicles that appear to bud from the vacuolemembrane in the
ret2–1mutant that contained a defective � subunit (25). Could
these retrograde vesicles represent Vid vesicles? Alternatively,
might these vesicles traffic back to the plasmamembrane? This
might occur, for instance, if the plasmamembranewere the site
of Vid vesicle formation.
To address the above questions, we attempted to identify

cellular proteins that interact with FBPase. To identify such
proteins, we used affinity chromatography to purify FBPase-
interacting proteins under native conditions. We then sub-

jected the bound material to MALDI spec analysis. Via this
approach, we identified several candidate proteins including
Tco89p, a specific member of the TORC1 complex that also
contains Lst8p, Kog1p and Tor1p (40–43). Binding of various
components of TORC1 to FBPase was confirmed by in vivo
immunoprecipitation. Kinetic studies indicated that Tor1pwas
released from FBPase in response to glucose. However, in cells
over-expressing TOR1, FBPase degradation was inhibited.
Likewise, in cells lacking TCO89, FBPase degradation was
blocked. Both Tco89p and Tor1p were found in anterograde
endocytic compartments. In addition, they were in retrograde
transport vesicles that form from the vacuolemembrane.When
TORC1was inactivated by rapamycin, FBPase degradation was
inhibited. Taken together, our results suggest TORC1 interacts
with multiple cargo proteins destined for the Vid pathway, and
it plays an essential role in the degradation of cargo proteins in
the vacuole.

EXPERIMENTAL PROCEDURES

Cell Culture, Media, and Antibodies—Cells used in this
study are listed in Table 1. The deletion strains derived from
BY4742 were from Euroscarf (Euroscarf, Germany). Primers
used to tag FBPase, Icl1p, Pck1p, Tco89p, and Tor1p with
HA or GFP are listed in Table 2. Cells were grown in glucose-
starved conditions in 1% yeast extract, 2% peptone, 1% potas-
sium acetate, 0.5% glucose (YPKG) for the indicated times
then shifted to media containing 2% glucose for various peri-
ods of time points. Tco89-protein A fusion was obtained
fromOpen Biosystems. Cells expressing Tco89p-myc as well
as cells expressing Tor1p-HA, Kog1p-HA, or Lst8p-HAwere
obtained fromDr. T. Powers (University of California, Davis,
CA). The �pep4�prb1�prc1 mutant strain was from Dr. A.
Kornberg (Stanford University). The �vid22�pep4 double
mutant was produced by replacing the PEP4 gene with the

TABLE 1
Strains used in this study

Strain Genotype

BY4742 MAT�his3�1 leu2�0 lys2�0 ura3�0
HLY1049 MAT�ura3 leu2 his3 ICL1-HA::TRP1
HLY635 MAT�ura3–52 LEU2 trp1�63 his3�200 GAL2
HLY1082 MATa ade2 his3 trp1 leu2 ura3 pep4�::HIS3 prb1�hisG prc1�hisG ICL1-HA::TRP1
HLY1052 MAT� leu2�0 lys2�0 ura3�0 pep4::kanMX4 ICL1-GFP::HIS3
HLY2802 MAT� leu2�0 lys2�0 ura3�0 vid22::kanMX4 pep4::URA3 ICL1-GFP::HIS3
HLY1032 MAT�ura3 leu2 his3 PCK1-HA::TRP1
HLY1081 MATa ade2 his3 trp1 leu2 ura3 pep4�::HIS3 prb1�hisG prc1�hisG PCK1-HA::TRP1
HLY1037 MAT� leu2�0 lys2�0 ura3�0 pep4::kanMX4 PCK1-GFP::HIS3
HLY2749 MAT� leu2�0 lys2�0 ura3�0 vid22::kanMX4 pep4::URA3 PCK1-GFP::HIS3
HLY227 MATa his3 trp1 leu2 ura3 vid24::TRP1
HLY1051 MATa his3 trp1 leu2 ura3 vid24::TRP1 ICL1-HA::HIS3
HLY1034 MATa his3 trp1 leu2 ura3 vid24::TRP1 PCK1-HA::HIS3
�tco89 MAT�his3�1 leu2�0 lys2�0 ura3�0 tco89::kanMX4
HLY2149 MAT�his3�1 leu2�0 lys2�0 ura3�0 TCO89-Protein A::URA3
HLY2173 MAT�his3�1 leu2�0 lys2�0 ura3�0 TCO89-V5-His6::URA3PCK1-HA::HIS3
HLY2182 MAT�his3�1 leu2�0 lys2�0 ura3�0 TCO89-V5-His6::URA3 ICL1-HA::HIS3
PLY122 MAT� leu2 ura3 trp1 ade2 3HA-TOR1::HIS3
PLY336 MATa leu2-3 ura3 trp1 ade2-1can1-100 3HA-TOR2::HIS3 TCO89-MYC::TRP1
PLY306 MATahis3 leu2 ura3 ade2 can1-100 KOG1-HA::TRP1
PLY307 MAT�ura3 leu2 his3 LST8-HA::TRP1
HLY228 MAT�leu2�0 lys2�0 ura3�0 VID24-HA::HIS3
HLY1023 MAT�his3�1 leu2�0 lys2�0 ura3�0 vam3::kanMX4 VID24-HA::HIS3
�tor1 MAT� his3�1 leu2�0 lys2�0 ura3�0 tor1::kanMX4
HLY1927 MAT�his3�1 leu2�0 lys2�0 ura3�0 TOR12u URA3
HLY2242 MAT� leu2�0 lys2�0 ura3�0 TCO89-GFP::HIS3
HLY2710 MAT� leu2�0 lys2�0 ura3�0 TCO89-GFP::HIS3 TOR1::URA3 2�
HLY2218 MAT� leu2�0 lys2�0 ura3�0 TOR1-GFP::HIS3
HLY1080 MAT� leu2�0 lys2�0 ura3�0 FBPase-GFP::HIS3
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pep4::URA3 fragment in the �vid22 strain (Euroscarf). The
pep4::URA3 plasmid was linearized by EcoR1 and XhoI
digestions and transformed into the �vid22 strain. Transfor-
mants were screened for the presence of the p2 form of car-
boxypeptidase Y (CPY) by Western blotting with anti-CPY
antibodies. Monoclonal anti-HA was purchased from Roche
Applied Science. FBPase antibodies were produced as
described (17). MDH2 antibodies were from Dr. L. McAlis-
ter-Henn (University of Texas, Houston, TX). The enhanced
chemiluminescence kit was purchased from PerkinElmer
Life Sciences. Rapamycin was purchased from Sigma.
Tco89p-protein A and Tco89p-V5-His6 Pulldown Assay—

Tco89-protein A and Tco89p-V5-His6 were expressed onmul-

ticopy plasmids. Tco89p-protein A was pulled down with IgG
beads, andTco89p-V5-His6 was pulled downwith nickel beads.
Interaction was determined by Western blotting with anti-V5
or anti-FBPase antibodies.
Immunoprecipitation—For immunoprecipitation experi-

ments, cells expressing HA-tagged Tor1p, Kog1p, and Lst8p
were immunoprecipitated with FBPase, MDH2, Icl1p, and
Pck1p. Lysates were precipitated, separated into unbound and
bound fractions, and blotted with HA antibodies. For FBPase
and Tco89p-myc interactions, FBPase was immunoprecipi-
tated, and the bound and unbound fractions were then blotted
with FBPase and myc antibodies to detect FBPase and Tco89p-
myc, respectively.

TABLE 2
Primers used in this study
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Subcellular Fractionation—Cells with various tags were sub-
jected to subcellular fractionation as described (16, 26). Briefly,
cells were grown in glucose starvation conditions and then
refed with fresh glucose for various periods of time. Lysates
were fractionated by differential centrifugation followed by
immunoblotting with anti-FBPase antibodies or HA antibodies
for cells expressing Vid24p-HA.
Fluorescence Microscopy—Cells expressing FBPase-GFP,

Tco89p-GFP, or Tor1p-GFP were grown in glucose starvation
conditions. Cells were refed with fresh glucose for various peri-
ods of time. For anterograde transport, FM4-64 (FM) was
added at the same time with glucose. For retrograde transport,
FMwas added 16 h before glucose shift to label the vacuole. For
rapamycin treatment experiments, cells were transferred to
media containing fresh glucose in the presence of rapamycin.
The distribution of Tco89p-GFP, Tor1p-GFP, and FBPase-GFP
was determined in untreated or treated cells.

RESULTS

Isocitrate Lyase and Phosphoenolpyruvate Carboxykinase
Are Degraded in the Vacuole in a VID24-dependent Manner—
Wehave shown that FBPase andMDH2 can be degraded either
in the proteasome or the vacuole, depending on the duration of
glucose starvation (25).When glucose is added to 1-day-starved
cells, these proteins are degraded in the proteasome. By con-
trast, when glucose is added to 3-day-starved cells, they are
degraded in the vacuole. For the vacuole-dependent pathway,

both FBPase and MDH2 are de-
graded via the Vid vesicle-mediated
pathway (21).
In this study, we asked the ques-

tion of whether other cytosolic
proteins utilized the Vid pathway
for degradation in the vacuole.
Isocitrate lyase (Icl1p) is a cytoso-
lic protein involved in gluconeo-
genesis. This protein, as with other
gluconeogenic enzymes such as phos-
phoenolpyruvate carboxykinase
(Pck1p), is inactivated in response
to glucose (44, 45). Therefore, we
first determined whether Icl1p
and Pck1p were degraded in the
vacuole. For these studies, we used
a �pep4�prb1�prc1mutant strain
lacking the three major vacuole
proteinases, proteinase A, B, and
C. This strain was used previously
to show that FBPase and MDH2
are targeted to the vacuole for
degradation when 3-day-starved
cells are shifted to glucose (21). If
Icl1p is degraded in the vacuole,
then the degradation of this pro-
tein should be retarded in the
�pep4�prb1�prc1 strain. By con-
trast, if Icl1p is not degraded in the
vacuole, then this mutant should

have little effect on the degradation of this protein. Wild type
and �pep4�prb1�prc1 mutants were transformed to express
Icl1p-HA, starved for 24–72 h, and then transferred to media
containing fresh glucose. In wild type cells, Icl1p was degraded
in response to glucose whether cells were starved for 1 or 3 days
(Fig. 1A). In this study, unless otherwise indicated, all the tagged
proteins were expressed from their own promoters after inte-
gration to their chromosomal loci. In the �pep4�prb1�prc1
mutant, however, Icl1p was degraded when glucose was added
to 1-day-starved cells, but its degradation was retarded when
3-day-starved cells were refed with fresh glucose (Fig. 1A).
Thus, the degradation of Icl1p does not require vacuole pro-
teinases after short term starvation, but vacuole proteinases are
required when cells are subjected to 3-day starvation before
shifting to glucose.
Next, we examinedwhether Icl1pwas targeted to the vacuole

when glucose was added to 3-day-starved cells. If this is the
case, then this protein should accumulate in the vacuole of cells
deficient in vacuole proteolysis. Icl1p was tagged with GFP and
transformed into �pep4 cells. This strain was used because the
�pra1�prb1�prc1mutant displayed a high level of autofluores-
cence, and as such, it was not suitable for theGFP study. In 3-day-
starved�pep4 cells, Icl1p-GFPwas in the cytosol at t� 0min (Fig.
1B). However, after the addition of glucose for 3 h, Icl1p-GFPwas
detected in the vacuole. Thus, Icl1p is targeted from the cytosol to
the vacuole in response to glucose in 3-day-starved cells.

FIGURE 1. Icl1p is targeted to the vacuole for degradation in 3-day-starved cells. A, wild type (WT) and
�pep4�prb1�prc1 cells expressing Icl1p-HA were starved for 24 –72 h and then shifted to glucose. The degra-
dation of Icl1p was examined by Western blotting. B, Icl1p-GFP was expressed in 3-day-starved �pep4cells that
were labeled with FM for 16 h to visualize the vacuole. Cells were then refed with glucose for 0 and 3 h. GFP and
FM were visualized by fluorescence microscopy. O/N, overnight. C, Icl1p-GFP was expressed in the
�vid22�pep4 cells that were starved for 3 days. FM was added to cells for 16 h to label the vacuole before
glucose addition. Icl1p-GFP and FM were examined by fluorescence microscopy.
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The VID22 gene is required for FBPase import into Vid ves-
icles. Therefore, we determined whether Icl1p-GFP was tar-
geted to the vacuole in the �vid22�pep4 double mutant strain.
Icl1p-GFP was expressed in the �vid22�pep4 double mutant,
and the distribution of Icl1p-GFP was examined (Fig. 1C). The
majority of Icl1p-GFP was outside the vacuole during glucose

starvation. This protein remained
outside the vacuole after the addi-
tion of glucose for 3 h. Thus, Icl1p is
not targeted to the vacuole in the
�vid22�pep4 strain.
The above strategy was next used

to study the degradation of another
key gluconeogenic enzyme Pck1p.
Glucose addition causedPck1pdeg-
radation in wild type cells that
were starved for 24–48 h (Fig. 2A).
By contrast, there was a progres-
sive defect in the degradation of
Pck1p in �pep4�prb1�prc1 mu-
tant cells that were starved for lon-
ger periods of time (Fig. 2A). The
level of Pck1p was low in 1-day-
starved �pep4�prb1�prc1 strain.
Pck1p may not be fully induced in
1-day-starved �pep4�prb1�prc1
mutant. Alternatively, Pck1p may
be partially degraded by non-vacuo-
lar or residual vacuolar proteinases
in 1-day-starved �pep4�prb1�prc1
cells. Note that the degradation of
Pck1p was slightly delayed in 3-day-
starvedwild type cells. However, this
process was significantly retarded in
the �pep4�prb1�prc1 cell.
To test whether Pck1p was tar-

geted to the vacuole in prolonged
starved cells, Pck1p was tagged with GFP, and its distribution
was determined in�pep4 cells. Before glucose shift, most of the
protein was outside the vacuole, although some uneven distri-
bution was seen (Fig. 2B). However, by 3 h after the addition of
glucose, themajority of Pck1p-GFPwas detected in the vacuole
in �pep4 cells. These results indicate that Pck1p is indeed tar-
geted to the vacuole for degradation, when 3-day-starved cells
are replenished with fresh glucose.
Wenext determinedwhether Pck1p-GFPwas targeted to the

vacuole in cells lacking the VID22 gene. Pck1p-GFP was
expressed in the �vid22�pep4 double mutant, and the distri-
bution of Pck1p-GFPwas determined (Fig. 2C). During glucose
starvation, the majority of Pck1p-GFP was outside the vacuole.
Again, uneven distribution of Pck1p-GFP was seen at t � 0 in
this doublemutant. After the addition of glucose for 3 h, Pck1p-
GFP remained outside the vacuole. Because Pck1p-GFP was
not targeted to the vacuole after the addition of glucose for 3 h
in cells lacking the VID22 gene, our results suggest that this
gene plays an important role in the targeting of Pck1p to the
vacuole.
Proteins can be delivered to the vacuole via multiple

routes, including the Vid trafficking pathway. Therefore, we
tested whether Icl1p and Pck1p were degraded in the vacuole
via the Vid pathway. If this is the case, then the degradation
of these proteins should be blocked in cells lacking VID
genes. Along these lines, the VID24 gene plays a role in
FBPase trafficking after the import of FBPase into Vid vesi-

FIGURE 2. Pck1p is targeted to the vacuole in 3-day-starved �pep4cells. A, wild type (WT) and
�pep4�prb1�prc1 cells expressing Pck1p-HA were glucose-starved for 24 –72 h and then refed with glu-
cose for 0 and 3 h. Pck1p degradation in response to glucose was examined. B, Pck1p-GFP was expressed
in �pep4 cells that were starved for 3 days. FM was added to cells for 16 h to label the vacuole. Cells were
then transferred to media containing fresh glucose for 3 h, and Pck1p distribution was visualized using
fluorescence microscopy. C, Pck1p-GFP was expressed in �vid22�pep4 double mutant that was starved
for 3 days. FM was added to cells for 16 h to label the vacuole. Cells were then transferred to
media containing fresh glucose for 0 and 3 h. Pck1p-GFP and FM were examined by fluorescence
microscopy.

FIGURE 3. FBPase, MDH2, Pck1p, and Icl1p are degraded in response to
glucose in a VID24 dependent manner. Wild type (WT) and �vid24 mutants
were transformed to express Pck1p-HA and Icl1p-HA individually. These cells
were transferred to media containing fresh glucose for the indicated times,
and their degradation was examined with anti-FBPase, anti-MDH2 antibod-
ies, or with HA antibodies.
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cles (46). Therefore, if Icl1p and Pck1p are degraded in the
vacuole via the Vid dependent pathway, their degradation
should be affected in cells lacking this gene. In wild type cells,
most of the FBPase, MDH2, Pck1p, and Icl1p were degraded
in response to glucose (Fig. 3). However, the degradation of
these proteins was reduced in a strain lacking VID24. Thus,
FBPase, MDH2, Icl1p, and Pck1p are targeted to the vacuole
via the Vid pathway in 3-day-starved cells. In this study, we
focused on the role that TORC1 played in the vacuole-de-
pendent pathway. Therefore, all subsequent experiments
were performed in cells that were starved for 3 days and then
transferred to media containing fresh glucose for the indi-
cated time points.
TCO89 Is Required for the Degradation of FBPase, MDH2,

Icl1p, and Pck1p—Having established that multiple proteins
utilize the Vid vacuolar degradation pathway, we asked the
question as to how these proteins were recognized for degrada-
tion. First, we looked for proteins that may form an interaction
with cargo proteins. Potential interacting proteins were iso-
lated using lysates from wild type cells that had been shifted to
glucose for 20 min. Total lysates were solubilized with Triton
X-100, and FBPase-interacting proteins were captured using
an FBPase affinity column. Proteins were eluted from the
column and then subjected to MALDI analysis. Via this
approach, a number of proteins including Tco89p were iden-
tified (Table 3).
To test the role of Tco89p in the FBPase degradation path-

way in the vacuole, we examined FBPase degradation in a
�tco89 strain. FBPase was degraded normally in 3-day-starved
wild type cells. However, FBPase degradation was defective in
�tco89 cells that were starved for 3 days (Fig. 4A). Therefore,
Tco89p plays an important role in the degradation of FBPase in
the vacuole.
Having established that Icl1p and Pck1p utilized the Vid

pathway, we next tested whether Tco89p played a similar role
in the degradation of these proteins in the vacuole. Wild type
and �tco89 cells were starved for 3 days and shifted to glucose.
Under these conditions, wild type cells degradedMDH2, Icl1p,
and Pck1p in response to glucose. By contrast, the degradation
of these proteins was delayed in cells lacking TCO89 (Fig. 4A).
Thus, Tco89p is involved in the vacuolar degradation of multi-
ple proteins selected for the Vid pathway.

TORC1 Binds to Multiple Proteins Destined for the Vid
Pathway—As noted above, Tco89p was identified as an
FBPase-interacting protein using lysates from 3-day-starved
cells. To confirm the results of ourMALDI study, we examined
the in vivo interaction of Tco89p with FBPase. For this study,
we obtained a strain that expressed Tco89p-myc on its own
chromosomal locus. This strain was starved for 3 days, and
FBPase was precipitated from total lysates at t � 0 min. The
bound and unbound fractions were then immunoblotted with
myc to detect Tco89p-myc. The majority of FBPase and
Tco89p-myc were detected in the bound fractions (Fig. 4B, left
panel). We also utilized Tco89p-protein A or Tco89p-V5-His6
fusion proteins that were transformed into wild type cells and
expressed on multicopy plasmids for interaction studies.
Transformed cells were starved for 3 days and then shifted to
glucose for the indicated times. Tco89p was precipitated first,
and FBPase in the precipitates was detected by Western blot-
ting. Under these conditions, FBPase was found in the material
that co-precipitated with Tco89p-protein A (Fig. 4B, right
panel).
We next tested whether other Vid cargo proteins interacted

with Tco89p. Tco89p-V5- His6 was precipitated from cells that

FIGURE 4. Tco89p is required for the degradation of FBPase, MDH2, Icl1p,
and Pck1p. A, wild type (WT) cells and cells lacking TCO89 were starved for 3
days. Cells were then transferred to media containing fresh glucose for 0
and 3 h. The degradation of FBPase, MDH2, Icl1p, and Pck1p was exam-
ined. B, left panel, wild type strain expressing Tco89p-myc was starved for
3 days. FBPase was immunoprecipitated from total lysates at t � 0 min.
The bound and unbound fractions were subjected to immunoblotting
with anti-FBPase and anti-myc antibodies. Right panel, Tco89p-protein A
fusion proteins were precipitated from wild type cells that were refed with
fresh glucose for the indicated times. The bound fractions were blotted
with anti-FBPase antibodies. C, Tco89p-V5-His6 fusion proteins were pre-
cipitated from wild type cells that expressed Pck1p-HA or Icl1p-HA. The
presence of MDH2, Pck1p and Icl1p in the unbound (U) and bound (B)
fractions was detected by Western blotting.

TABLE 3
Putative FBPase-interacting proteins identified by MALDI

Gene Functions

KCS1 Inositolhexakisphosphate (IP6) and inositolheptakisphosphate
(IP7) kinase

YHR097C Putative protein of unknown function
HSC82 Cytoplasmic chaperone of the Hsp90 family
GYP1 Cis-golgiGTPase-activating protein (GAP) for the Rab family

members Ypt1p
AKL1 Ser-Thr protein kinase, member of the Ark kinase family
PPZ1 Serine/threonine protein phosphatase Z
ARP5 Actin-related protein
ARP6 Actin-related protein
ARP8 Actin-related protein
MDS3 Protein with an N-terminal kelch-like domain
UBC2 Ubiquitin-conjugating enzyme (E2)
UBP14 Ubiquitin-specific protease
YML050W Putative protein of unknown function
HSV2 Phosphatidylinositol 3,5-bisphosphate-binding protein
TCO89 Subunit of TORC1
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were starved for 3 days, and the unbound and bound materials
were immunoblotted with antibodies directed against MDH2,
Icl1p-HA, and Pck1p-HA. As expected, the majority of Tco89p
was in the bound fraction (Fig. 4C). Likewise, high levels of
MDH2, Icl1p, and Pck1p were also detected in the bound frac-
tions, indicating that Tco89p interacts with these cargo
proteins.
Tco89p is a specific component of the TORC1 complex (40).

Therefore, we tested whether other components of TORC1
might bind to our cargo proteins. FBPase was precipitated from
total lysates from cells expressing Tor1p-HA, Kog1p-HA, or
Lst8p-HA. The presence of TORC1 and FBPase in the bound
andunbound fractionswas then examined byWestern blotting.
In these strains the majority of the FBPase was in the bound
fractions (Fig. 5A). Significant amounts of Tor1p, Kog1p, and
Lst8p were also detected in the bound fraction (Fig. 5A).
Next, we examined whether TORC1 components bound to

MDH2, Icl1p, and Pck1p. For these experiments, MDH2, Icl1p,
and Pck1p were precipitated from total lysates from cells
expressing Kog1p-HA, Lst8p-HA, or Tor1p-HA. The unbound
and bound fractions were then immunoblotted with HA anti-
bodies. As expected, themajority ofMDH2 (Fig. 5B), Icl1p (Fig.
5C), and Pck1p (Fig. 5D) were precipitated in the bound frac-
tions. Likewise, significant amounts ofTor1p, Lst8p, andKog1p
were found in the bound fractions. Under these conditions,

most of the FBPase was in the unbound fraction when TORC1
components were precipitated with MDH2, Icl1p, or Pck1p
(Figs. 5, B–D).
Tor1p Is Released from FBPase after the Addition of Glucose—

We next determined whether the addition of glucose affects
these interactions. Tagged cells were transferred to media con-
taining fresh glucose for various periods of time. FBPase was
then precipitated from total lysates, and the boundmaterial was
blotted with HA to detect Tor1p and Lst8p. In these experi-
ments, high amounts of FBPase were precipitated at each time
point (Fig. 6A). The levels of bound Tor1p, however, changed
over time. For example, high levels of Tor1p were bound to
FBPase at t � 0 min, but these levels were significantly reduced
after the addition of glucose. At these time points, substantial
amounts of Tor1p were detected in total lysates. Thus, glucose
appears to trigger a rapid dissociation of Tor1p from FBPase.
This is in contrast to Lst8p, where a high percentage of this
protein remained associated with FBPase after a glucose shift.
We next examined whether Tor1p dissociated from Icl1p

and Pck1p (Fig. 6, B and C). During glucose starvation, Tor1p
was bound to Icl1p and Pck1p. However, after a glucose addi-
tion, there was a drastic decrease of Tor1p in the bound frac-
tions. Taken together, these results suggest that glucose triggers
a rapid dissociation of Tor1p from these proteins.
TOR1 Overexpression Inhibits FBPase Degradation—Be-

cause Tor1p is released from cargo proteins shortly after the
addition of glucose, one possible explanation is that Tor1p is
inhibitory and the dissociation of Tor1p from cargo proteins
might relieve the inhibition, thereby allowing for their degrada-
tion. For the following experiments, we used FBPase as amodel
protein to study the Vid pathway. MDH2, Icl1p, and Pck1p are
likely to follow the same pathway, as they are all degraded in the
vacuole in a VID24-dependent manner when cells are starved

FIGURE 5. The TORC1 complex binds to proteins destined for the Vid
pathway. A, FBPase was precipitated from wild type cells expressing Tor1p-
HA, Kog1p-HA, or Lst8p-HA. The presence of these HA-tagged proteins was
then detected in the unbound (U) and the bound (B) fractions. The tagged
cells were used to precipitate MDH2 (B), Icl1p (C), and Pck1p (D) in total
lysates. The HA-tagged proteins and FBPase in the unbound and bound frac-
tions were then detected by Western blotting with anti-HA antibodies or
anti-FBPase antibodies.

FIGURE 6. Tor1p is released from FBPase following a glucose shift. A, wild
type cells expressing Tor1p-HA or Lst8p-HA were glucose-starved and then
refed with fresh glucose for the indicated time points. FBPase was precipi-
tated from total lysates, and the presence of Tor1p and Lst8p in the bound
fractions was determined by Western blotting. Only one FBPase blot was
shown. IP, immunoprecipitated. B and C, Icl1p and Pck1p were precipitated
from cells expressing Tor1p-HA that were transferred from low to high glu-
cose for 0 and 40 min. The kinetics of Tor1p-HA interaction with these pro-
teins in the bound fraction was shown.
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for 3 days. Furthermore, these proteins all bind to the TORC1
complex and require the TCO89 gene for degradation.

If Tor1p is inhibitory, then overexpression of the TOR1 gene
should block FBPase degradation, whereas the deletion of
TOR1 would either accelerate degradation or have little effect.
To test this idea, wild type cells were transformed to overex-
press TOR1, and FBPase degradation was examined. FBPase
degradation was delayed in cells overexpressing TOR1 (Fig.
7A). By contrast, the deletion of TOR1 had little effect on
FBPase degradation. Thus, excessiveTor1p appears to be inhib-
itory for FBPase degradation.
We next determined which step of the FBPase degradation

pathway was affected by TOR1 overexpression. Wild type cells
and wild type cells that overexpressed TOR1 were shifted to
glucose for 20 min, and the distribution of FBPase was exam-
ined. If overexpression ofTOR1 inhibits the targeting of FBPase
toVid vesicles, then FBPase should remain in the cytosol in cells
overexpressing this gene. By contrast, if TOR1 overexpressing
inhibits a step after the sequestration of FBPase in Vid vesicles,
FBPase should be in Vid vesicle-containing fraction in these
cells. Inwild type cells, a fraction of FBPasewas found in theVid
vesicle-enriched fraction (Fig. 7B). In cells lacking the TOR1
gene, a percentage of FBPase was also detected in the Vid vesi-
cle-enriched fraction. By contrast, very little FBPase was
detected in the Vid vesicle fraction in TOR1-overexpressing
cells. We used the same strategy to study the role of Tco89p in
the FBPase degradation pathway. Themajority of FBPasewas in
the cytosolic fraction in cells lacking the TCO89 gene.
We next examined the distribution of Vid24p in cells over-

expressing TOR1 as well as in cells lacking this gene. Vid24p is
a peripheral protein resides on Vid vesicles. If Vid vesicles are
formed, then a fraction of Vid24p should be detected in the Vid
vesicle-enriched fraction. By contrast, if Vid vesicles are not
formed, then most of the Vid24p should not be in the Vid ves-
icle-enriched fraction. Vid24p was tagged with HA and
expressed in wild type cells, in cells lacking TOR1, and in cells

overexpressing TOR1. These cells were transferred to media
containing fresh glucose for 20 min, and total lysates were sub-
jected to differential centrifugation. The distribution of Vid24p
in the cytosolic versus Vid vesicle-enriched fraction was then
examined (Fig. 7C). In wild type cells, a portion of Vid24p was
present in the Vid vesicle-enriched fraction. Likewise, in cells
lacking TOR1, a percentage of Vid24p was also detected in the
Vid vesicle-enriched fraction. By contrast, in cells overexpress-
ing TOR1, low levels of Vid24p were detected in Vid vesicle-
enriched fraction. In a similar manner, low amounts of Vid24p
were found in the Vid vesicle-enriched fraction in cells lacking
the TCO89 gene.
Tco89p and Tor1p Associate with Endosomes and Retrograde

Vesicles from the Vacuole Membrane—Tco89p localizes to
plasma membranes and vacuoles in cells that are grown expo-
nentially (40, 41, 47, 48). However, the distribution of this pro-
tein under our growth conditions has not been examined. Fur-
thermore, whether these proteins move in or out of these
compartments has not been investigated. We have shown that
the Vid pathway merges with the endocytic pathway (25).
Therefore, we utilized the FM dye to determine whether
Tco89p travels to parts of the endocytic pathway. FM is inter-
nalized from the plasmamembrane, traffics to endosomes, and
reaches the vacuole membrane (49). To examine localization,
Tco89p-GFP was expressed in wild type cells that were grown
under 3-day glucose starvation conditions and then transferred
to media containing fresh glucose for various periods of time.
Note that during prolonged starvation, most cells displayed a
very large vacuole, which made our interpretation difficult.
Therefore, to better visualize the distribution of GFP-tagged
proteins, cells with smaller vacuoles or with the vacuole on one
side of the cells were selected for presentation purposes. During
glucose starvation, Tco89p-GFP appeared to be in the cytosol
and in punctate structures (Fig. 8A). However, after the addi-
tion of glucose for 30 min, a portion of Tco89p-GFP appeared
in punctuate structures (Fig. 8A, arrows), some of which co-
localized with FM-labeled dots located around the vacuole
membrane. At 120 min, most of the FM reached the vacuole,
and some Tco89p was also seen on the vacuole membrane.
Thus, at least a portion of Tco89p appears to associate with
endocytic compartments.
We previously observed retrograde transport vesicles con-

taining Sec28p that formed from the vacuole (25). To test
whether Tco89p could also be in these vesicles, the vacuole was
prelabeled with FM overnight, and cells were then shifted to
glucose in the absence of FM. A portion of Tco89p (Fig. 8B,
arrows) was observed in dots that were closely associated with
the vacuole membrane. Thus, these results indicate that
Tco89p associates with vesicles that appear to form from the
vacuole membrane.
We performed the same experiments with wild type cells

expressing Tor1p-GFP. When cells were labeled with FM dur-
ing the glucose addition, we observed some co-localization of
Tor1p with FM-containing endosomes (Fig. 9A, arrows). Like-
wise, when the vacuolewas prelabeledwith FMand then shifted
to glucose, some Tor1p-GFP was localized in dots that were
also labeled with FM on the vacuole membrane (Fig. 9B,
arrows). Thus, these results suggest that Tor1p can be found in

FIGURE 7. TOR1 overexpression inhibits FBPase degradation. A, wild type
(WT) cells overexpressing TOR1 on multicopy plasmids and cells lacking this
gene were examined for FBPase degradation. B and C, wild type cells,
�tor1cells, cells overexpressing TOR1, and the �tco89 strain were glucose-
starved for 3 days. These cells were transferred to media containing fresh
glucose for 20 min. The distribution of FBPase and Vid24p in the cytosolic
enriched (C) and the Vid vesicle enriched (V) fractions was examined. Relative
ratios of FBPase and Vid24p in these fractions were quantitated by ImageJ
software.
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both endocytic vesicles and retrograde transport vesicles com-
ing from the vacuole.
Rapamycin Inhibits FBPase Degradation—After periods of

nitrogen starvation, autophagy is induced. Autophagy can also
be induced by the drug rapamycin, even in the absence of nitro-
gen starvation (7–12). Because Tor1p is inhibitory to FBPase
degradation, we anticipated that rapamycin treatment would
enhance the degradation of this protein. To our surprise, the
presence of rapamycin in fact blocked FBPase degradation in
wild type cells that were starved for 3 days and then re-fed with

glucose (Fig. 10). FBPase degradation was impaired in 3-day-
starved�tco89 and�vid24 cells that were re-fedwith glucose in
the absence or presence of rapamycin.
We next determined whether rapamycin might affect the

distribution of Tor1p or Tco89p within cells. For these experi-
ments, wild type cells expressing Tor1p-GFP or Tco89p-GFP
were refed with glucose in the presence of rapamycin. Antero-
grade endocytic pathway was monitored with FM added at the
same time of glucose, whereas retrograde movement from the
vacuole membrane was examined by labeling of the vacuole
membrane with FM for 16 h. For anterograde pathway, rapa-

FIGURE 8. Tco89p can be found in multiple locations. A, wild type cells
expressing Tco89p-GFP were transferred to media containing fresh glucose
in the presence of FM for the indicated times. Tco89p-GFP and FM were visu-
alized with fluorescence microscopy. Cells were visualized by Nomarski
optics. B, wild type cells expressing Tco89p-GFP were labeled with FM for 16 h
(FM O/N) and then refed with fresh glucose in the absence of FM for the
indicated times. Tco89p-GFP, FM, and cells were visualized by fluorescence
microscopy. Arrows indicate the co-localization of Tco89p-GFP with FM.

FIGURE 9. Tor1p is distributed in multiple locations. A, wild type cells
expressing Tor1p-GFP were transferred from low to high glucose in the pres-
ence of FM for the indicated times. B, the vacuole was pre-labeled with FM for
16 h (FM O/N) in the same cells expressing Tor1p-GFP. Cells were then trans-
ferred to media containing fresh glucose in the absence of FM for the indi-
cated times. Tor1p-GFP and FM were visualized with fluorescence micros-
copy. Arrows indicate the co-localization of Tor1p-GFP with FM.
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mycin appeared to cause a kinetic delay of themovement of FM
to the vacuole (Fig. 11A). FM normally reached the vacuole in
wild type cells in 30–60 min. In cells treated with rapamycin, a
high percentage of FM was in endosomes at 60–120 min. A
portion of Tco89p was also found in these FM positive endo-
somes at these time points (Fig. 11A, arrows).

We next examined the effects of rapamycin in retrograde
transport by labeling the vacuole with FMovernight. Cells were
then treated with rapamycin and glucose at the same time.
After a shift to glucose in the presence of rapamycin for 60 or
120 min, a significant amount of Tco89p was on the vacuole
membrane (Fig. 11B). Interestingly, the vacuole membrane
appeared to be enlarged and twisted. Note that a percentage of
Tco89p could still be observed on vesicles that appeared to
form from the vacuole membrane (Fig. 11B, arrows).
The same distribution pattern was found for Tor1p-GFP.

Anterograde movement of FM appeared to be delayed in cells
treatedwith rapamycin (Fig 12A).Most of this dye accumulated
in endocytic compartments at 60–120 min upon rapamycin
treatment. A percentage of Tor1p associated with these FM-
positive endosomes (Fig. 12A, arrows). For the retrograde
movement, Tor1p was seen on the vacuole membrane after a
shift to glucose in the presence of rapamycin for 120 min
(Fig. 12B).
Finally, we tested whether overexpression of TOR1 affected

Tco89p-GFP distribution. Wild type cells expressing Tco89p-
GFPwere transformed to overproduceTOR1 from amulticopy
plasmid. The distribution of Tco89p-GFP was examined for
both anterograde and retrograde trafficking pathways (Fig. 13,
A andB). For anterograde transport, we observed that a portion
of Tco89p co-localized with FM containing endosomes after
the addition of glucose for 30–60 min (Fig. 13A, arrows). For
retrograde transport, a percentage of Tco89p was seen in dots
that appeared to form from the vacuole membrane. Thus, the
distribution of Tco89p appears to be similar to that seen in wild
type cells that did not overexpress TOR1(see Figs. 8, A and B).

DISCUSSION

Previously, we demonstrated that FBPase andMDH2 are tar-
geted to the vacuole for degradation when 3-day-starved cells
are shifted to glucose. Furthermore, these proteins utilize the

Vid pathway for targeting to the vacuole (21). In this study we
identified two additional proteins, Icl1p and Pck1p, as cargo
proteins that utilize the Vid-dependent pathway for degrada-
tion in the vacuole during prolonged starvation. Both proteins
were detected in the vacuoles of�pep4 cells after a glucose shift.
Furthermore, degradation of both proteins required the VID24
gene. To search for cellular factors that recognize these cargo
proteins, we have identified Tco89p as an FBPase-interacting
protein using affinity chromatography. In addition to FBPase,
Tco89p also bound to MDH2, Icl1p, and Pck1p. Not surpris-
ingly, other TORC1 components also bound to these proteins.
We found that excessive Tor1p was inhibitory. For example,

FIGURE 10. Rapamycin inhibits FBPase degradation. Wild type (WT),
�tco89, and �vid24 strains were glucose starved for 3 days and transferred to
media containing fresh glucose in the absence or presence of rapamycin.
FBPase degradation was then examined.

FIGURE 11. Tco89p distribution in response to rapamycin. A, Tco89p-GFP
cells were glucose-starved for 3 days and then transferred to media contain-
ing fresh glucose and FM in the presence of rapamycin for the indicated
times. Tco89p-GFP, FM, and cells were visualized by fluorescence microscopy.
B, the vacuole of the Tco89p-GFP cells was pre-labeled with FM for 16 h (FM
O/N). The distribution of Tco89p-GFP after the addition of glucose in the pres-
ence of rapamycin was observed by fluorescence microscopy. Co-localization
of Tco89p-GFP with FM is indicated by arrows.
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overexpression of TOR1 inhibited FBPase degradation. Kinetic
studies indicated that Tor1p dissociated fromFBPase upon glu-
cose addition. We suggest that Tor1p is inhibitory, and this
protein needs to be removed for FBPase degradation to occur.
When the distribution of Tco89p and Tor1p was examined,

both proteins were detected in vesicles that appeared to form
from the vacuole membrane. These observations support our
previous findings whereby retrograde vesicles containing
Sec28p could form from the vacuole membrane. In addition,
these proteins can be found in endosomes coming from the
plasmamembrane. Therefore, we suggest that the TORC1 traf-
fics to and from the vacuole. An increase in influx without an
increase in efflux may lead to expansion of the membrane,

whereas a decreased influx with an increased efflux may lead to
shrinkage of the compartments. When endocytosis is induced,
influx into the vacuole increases. Without an increase in efflux,
the vacuole will expand. Therefore, retrograde transport pro-
vides a mechanism to maintain the size of the vacuole. In addi-
tion, retrograde transport may carrymolecules back for further
use. Hence, when the retrogrademovement is disrupted, anter-
ogrademovementmay also be affected.We observed that vacu-
oles became large and twisted after a rapamycin treatment. It is
possible that rapamycin causes a primary defect in retrograde
movement. An impaired retrograde movement then causes a
secondary defect in anterograde movement due to the deple-

FIGURE 12. Tor1p distribution in response to rapamycin. A, wild type cells
expressing Tor1p-GFP were glucose-starved for 3 days and transferred to
media containing fresh glucose. FM and rapamycin were added to the media,
and Tor1p-GFP and FM were observed using fluorescence microscopy. Co-
localization of Tor1p-GFP with FM is indicated by arrows. B, the same cells
were incubated with FM for 16 h (FM O/N) to pre-label vacuoles. Cells were
then transferred to media containing fresh glucose in the presence of rapa-
mycin for the indicated times. Tor1p-GFP, FM, and cells were visualized using
fluorescence microscopy.

FIGURE 13. Tco89p-GFP distribution in cells overexpressing TOR1. A, wild
type cells expressing Tco89p-GFP were transformed to overproduce TOR1 on
a multicopy plasmid. Cells were starved for 3 days and transferred to media
containing fresh glucose and FM for the indicated times. Co-localization of
Tco89p-GFP with FM is indicated by arrows. B, FM was added to the same cells
for 16 h (FM O/N) to pre-label vacuoles. Cells were then transferred to media
containing fresh glucose in the absence of FM for the indicated times.
Tco89p-GFP, FM, and cells were visualized using fluorescence microscopy.
Arrows indicate the co-localization of Tco89p-GFP with FM.

A Role for TORC1 in the Vid Pathway

JULY 23, 2010 • VOLUME 285 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 23369



tion of molecules that need to be recycled. Alternatively, rapa-
mycin may have a direct effect on both the anterograde and
retrograde trafficking pathways. Further experiments will be
needed to sort out these possibilities.
Based on our results, we suggest the following model. The

TORC1 complex binds to FBPase and other cargo proteins des-
tined for the Vid pathway. After the addition of glucose, Tor1p
is released from FBPase. In cells overexpressing TOR1, FBPase
association with Vid vesicles was inhibited. The association of
FBPase with Vid vesicles was also reduced in cells lacking
TCO89, suggesting this gene plays a required role in Vid vesicle
formation or Vid vesicle function. Further experiments will be
needed to elucidate whether Vid vesicle formation is linked to
anterograde or retrograde transport pathways and how these
two trafficking pathways are coordinately regulated.
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