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The gluconeogenic enzyme fructose-1,6-bisphosphatase
(FBPase) is degraded in the vacuole when glucose is added to
glucose-starved cells. Before it is delivered to the vacuole, how-
ever, FBPase is imported into intermediate carriers called Vid
(vacuole import and degradation) vesicles. Here, using bio-
chemical and genetic approaches, we identified a requirement
for SEC28 in FBPase degradation. SEC28 encodes the �-COP
subunit of COPI (coat protein complex I) coatomer proteins.
When SEC28 and other coatomer genes were mutated, FBPase
degradation was defective and FBPase association with Vid ves-
icles was impaired. Coatomer proteins were identified as com-
ponents of Vid vesicles, and they formed a protein complex with
a Vid vesicle-specific protein, Vid24p. Furthermore, Vid24p
association with Vid vesicles was impaired when coatomer
genes were mutated. Kinetic studies indicated that Sec28p traf-
fics to multiple locations. Sec28p was in Vid vesicles, endocytic
compartments, and the vacuolar membrane in various mutants
that block the FBPase degradation pathway. Sec28p was also
found in vesicles adjacent to the vacuolar membrane in the
ret2-1 coatomermutant.We propose that Sec28p resides in Vid
vesicles, and these vesicles converge with the endocytic path-
way. After fusion, Sec28p is distributed on the vacuolar mem-
brane, where it concentrates on vesicles that pinch off from this
organelle. FBPase also utilizes the endocytic pathway for trans-
port to the vacuole, as demonstrated by its presence in endocytic
compartments in the�vph1mutant. Taken together, our results
indicate a strong connection between the Vid trafficking path-
way and the endocytic pathway.

Transport of proteins and lipids between organelles is an
important function of all eukaryotic cells. In many cases, vesi-
cles facilitate the transport of cargo proteins or lipids from
donor membranes to acceptor membranes (1–10). The most
thoroughly studied transporters are coat protein complex I
(COPI),2 COPII, and clathrin-coated vesicles. COPI vesicles

mediate the retrograde transport from the Golgi to the ER as
well as intra-Golgi transport, whereas COPII-coated vesicles
conduct anterograde transport from the ER toGolgi. The clath-
rin-coated vesicles regulate trafficking from the plasma mem-
brane to early endosomes and from the Golgi to endosomes
(1–10).
Characterization of COPI vesicles has revealed the presence

of a protein complex called “coatomer.” Coatomer is a cytosolic
protein complex comprised of seven subunits, �-COP (160
kDa), �-COP (110 kDa), ��-COP (102 kDa), �-COP (98 kDa),
�-COP (61 kDa), �-COP (35 kDa), and �-COP (20 kDa) (11–13).
The COPI coats have been detected on the Golgi complex and
on the ER (14, 15). Coatomer subunits have also been found in
endocytic compartments in mammalian cells and yeast (16–
21). Furthermore, they play an important role in endocytic traf-
ficking in both mammalian cells (16–20), and in yeast (21). In
addition to coatomer, the GTPase ARF (ADP-ribosylation fac-
tor) associates with COPI vesicles in its GTP bound form. This
protein is needed for the formation of COPI vesicles (22).
Several vesicle-mediated protein trafficking pathways have

been identified in Saccharomyces cerevisiae (23–26). For exam-
ple, a specialized autophagy pathway has been studied in our
laboratory. This pathway utilizes a novel type of vesicle called
Vid (vacuole import and degradation) vesicles, which transport
cargo such as fructose-1,6-bisphosphatase (FBPase). FBPase is a
key regulatory enzyme in gluconeogenesis. This enzyme is
induced when yeast cells are grown under glucose starvation
conditions. However, when glucose-starved cells are shifted to
fresh glucose, FBPase is rapidly inactivated and then degraded
(27–30). The glucose-induced degradation of FBPase has been
reported to occur both in the proteasome (31–33) and in the
vacuole (27–30, 34–36). Interestingly, the length of glucose
starvation was found to account for this difference (35). For
example, when cells were starved for a short period of time and
then shifted to glucose, FBPase was degraded in the protea-
some.However, when glucosewas added to cells that have been
starved for longer periods of time, FBPase was degraded in the
vacuole (35). Malate dehydrogenase (MDH2) is another glu-
coneogenic enzyme that shares degradation characteristics
with FBPase. Short-term starvation leads to proteasome-de-
pendent degradation of MDH2, whereas long-term starvation
leads to vacuolar degradation of this protein (35).
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FBPase is transported to the vacuole via Vid vesicles (36). At
present, the origin of these vesicles has not been established,
although we have partially characterized these structures. As
such, we have determined that FBPase import into Vid vesicles
requires the heat shock protein Ssa2p (37), Vid22p (38), and
cyclophilin A (39). Once they are loaded, Vid vesicles are trans-
ported to the vacuole through a process that is dependent on
the presence ofVid24p, Ypt7p, SNAREproteins, andV-ATPase
(40, 41). As stated above, the origin of Vid vesicles remains
unknown. This is largely due to the lack of specific Vid vesicle
markers. Vid24p remains the only known marker for these
structures to date. Further complicating these studies, Vid24p
is present at very low levels prior to a glucose shift. Synthesis of
Vid24p does increase following a glucose shift for 20 min, at
which point it localizes to Vid vesicles as a peripheral protein
(28).
In our previous studies, multiple FBPase containing

organelles have been observed to accumulate in vid mutants
(30), suggesting that organelles other thanVid vesiclesmay also
be involved in the delivery of FBPase to the vacuole (30). In an
attempt to identify additional Vid vesicle marker proteins and
track the Vid vesicle trafficking pathway, purified vesicle frac-
tions were subjected to MALDI analysis. Via this method, we
identified COPI coatomer proteins including Sec28p, Sec21p,
and Ret1p as components of purified Vid vesicles. SEC28,
which encodes the �-COP component of coatomers (42, 43),
was also identified independently via the screening of a deletion
library using a previously established colony blot protocol (30).
Here, we show that SEC28 and coatomer genes play a role in

the FBPase degradation process.�sec28 and coatomermutants
exhibited defective FBPase degradation, whereas FBPase asso-

ciation with Vid vesicles was also impaired in these mutant
strains.Moreover, coatomer subunits were found in Vid vesicle
containing fractions, where they formed a protein complex
withVid24p. Sec28pwas also found inVid vesicles, endosomes,
and vacuole membranes in various mutants that block the
FBPase degradation pathway. We propose that Sec28p resides
on Vid vesicles, and these vesicles later merge with the endo-
cytic pathway. This idea was further confirmed by a study of
FBPase distribution in the �vph1 strain. FBPase was initially in
the cytosol but moved to endocytic compartments at later time
points. This suggests that FBPase enters the endocytic pathway
following a glucose shift. Taken together, our results establish a
strong connection between the endocytic pathway and the vac-
uole import and degradation pathway that delivers cytosolic
FBPase to the vacuole for degradation.

EXPERIMENTAL PROCEDURES

Yeast Strains, Antibodies, and Primers—S. cerevisiae strains
used in this study are listed in Table 1. The deletion strains
derived from BY4742 were from Euroscarf (Euroscarf, Ger-
many). The coatomer mutants (ret1-1, ret1-3, sec21-1, and
sec27-1) and anti-Sec28p sera were gifts fromDr. Rainer Duden
(University of Cambridge, UK). The coatomer mutants (ret2-1,
ret3-1, sec21-1, and sec27-1) were gifts from Dr. Howard Riez-
man (University of Geneva, Switzerland). Anti-coatomer sera
were obtained from Dr. R. Schekman (University of California,
Berkeley, CA). The rhodamine goat anti-mouse and fluorescine
goat anti-rabbit antisera were purchased fromCovance.Mouse
monoclonal anti-HA was purchased from Roche. The
enhanced chemiluminescence kit was purchased from

TABLE 1
Strains used in this study
Deletion strains derived from BY4742 were from Euroscarf.

Strain Genotype
HLY635 MAT� ura3-52 LEU2 trp1�63 his3�200 GAL2
BY4742 MAT� his3�1 leu2�0 lys2�0 ura3�0
�sec28 MAT� his3�1 leu2�0 lys2�0 ura3�0 sec28::kanMX4
HLY1080 MAT� leu2�0 lys2�0 ura3�0 FBPase-GFP::HIS3
HLY1385 MAT� leu2�0 lys2�0 ura3�0 sec28::kanMX4 FBPase-GFP::HIS3
HLY 2119 MAT� his3�1 leu2�0 lys2�0 ura3�0 vam3::kanMX4 FBPase-GFP::HIS3
HLY225 MATa his3-�200 ura3-52 leu2,3-112 lys2-801 vid24::TRP1
�vam3 MAT� his3�1 leu2�0 lys2�0 ura3�0 vam3::kanMX4
HLY1023 MAT� leu2�0 lys2�0 ura3�0 vam3::kanMX4 VID24-HA::HIS3
HLY1816 MAT a lys2�O ura3�O leu2�O sec2-1 Vid24-HA::HIS3
RSY1010 MAT� ura3 leu2 sec21-1
RH3517 MAT� ura3 his3 leu2 lys2 suc2�9 ret3-1 mycSTE2EMP47tail::URA3
RH3521 MATa sec27-1 his4 ura3 leu2 bar1 mycSTE2EMP47ptail::URA3
RH3516 MAT� his3 ura3 leu2 lys2 suc2�9 ret2-1 mycSTE2EMP47tail::URA3
YW05 MAT� lys1 leu2 ura3 trp1 ubc1::HIS3
�ise1 MAT� his3�1 leu2�0 lys2�0 ura3�0 ise1::kanMX4
�arf1 MAT� his3�1 leu2�0 lys2�0 ura3�0 arf1::kanMX4
HLY228 MAT� leu2�0 lys2�0 ura3�0 VID24-HA::HIS3
HLY1386 MAT� leu2�0 lys2�0 ura3�0 sec28::kanMX4 VID24-HA::HIS3
HYL1817 MAT� leu2 ura3 ret2-1 Vid24-HA::HIS3
HLY1816 MATa leu2 ura3 sec21-1 Vid24-HA::HIS3
HLY1422 MAT� ura3 leu2 lys1 Sec28p-GFP::HIS3
�ypt7 MAT� his3�1 leu2�0 lys2�0 ura3�0 ypt7::kanMX4
�ubc1 MAT� his3�1 leu2�0 lys2�0 ura3�0 ubc1::kanMX4
�vph1 MAT� his3�1 leu2�0 lys2�0 ura3�0 vph1::kanMX4
HLY1412 MAT� his3�1 leu2�0 lys2�0 ura3�0 vam3::kanMX4 Sec28p-GFP::HIS3
HLY1463 MAT� his3�1 leu2�0 lys2�0 ura3�0 ubc1::kanMX4 Sec28p-GFP::HIS3
HLY1793 MAT� his3 ura3 leu2 lys2 suc2�9 ret2-1 mycSTE2EMP47tail::URA3 Sec28p-GFP::HIS3
HLY2113 MAT� his3�1 leu2�0 lys2�0 ura3�0 vph1::kanMX4 Sec28p-GFP::HIS3
HLY1747 MAT� leu2�0 lys2�0 ura3�0 vph1::kanMX4 FBPase-GFP::HIS3
�pep4 MAT� leu2�0 lys2�0 ura3�0 pep4::kanMX4
W303 MAT� ura3 leu2 his3 trp1 lys2 ade2
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PerkinElmer Life Sciences. Primers used in this study are listed
in Table 2.
FBPase Colony Blot Assay—The colony blot assay was per-

formed as described (30). A yeast deletion library was plated on
YPKG plates for 5–7 days at 22 °C, after which mutant strains
were replica plated onto nitrocellulose membranes. Nitrocel-
lulose membranes were incubated with affinity purified anti-
FBPase antibodies at 1:1000 dilution, washed, and incubated
with alkaline phosphatase-conjugated goat anti-rabbit antibod-
ies at 1:5000 dilution. FBPase degradation-deficient mutants
were identified as dark purple colonies. SEC28 was identified
using this method.
Differential Centrifugation, Sucrose Density Gradients, S-1000

Chromatography, Immunoprecipitation, and Cross-linking—Dif-
ferential centrifugation and sucrose density gradients were con-
ducted as described previously (37, 40). S-1000 chromatogra-
phy was performed as described (30). Yeast cells expressing
Vid24p-HAwere grown in YPKG (50ml) for 2 days and shifted
to YPD for 30 min. Cells were harvested and cell lysates were
subjected to differential centrifugation. Vid vesicle-enriched
pellet fractions were further fractionated on sucrose density
gradients. Fractions were collected and proteins from each
fraction were blotted with anti-HA, anti-Sec28p, or anti-
coatomer antibodies. For immunoprecipitation experiments,
Vid vesicle-enriched fractions from the sucrose gradients were
pooled, followed by 2% Triton X-100 solubilization. After cen-
trifugation at 13,000� g for 20min at 4 °C, the supernatant was
then incubatedwith 2�l of anti-HA antibodies, followed by 100
�l of a 50% slurry of protein G beads (Amersham Biosciences).
Beads were then washed three times and the bound and
unbound fractions were detected by Western blotting with
anti-HA, anti-Sec28p, anti-FBPase, and anti-coatomer anti-
bodies. Chemical cross-linking experiments were performed
on selected fractions as described previously (44) with minor
modifications. Briefly, DSP was added to 100 �l of the sucrose
gradient fraction to a final concentration of 1 mg/ml. Samples
were incubated on ice for 45 min and the reaction was
quenched via the addition of 50 �l of 0.4 M ammonium acetate.
SDSwas added to a final concentration of 1%, followed by heat-
ing at 65 °C for 10 min. Samples were cooled on ice and 1 ml of
immunoprecipitation buffer was added to dilute the SDS. HA
antibody was added to the mixture and incubated overnight,
and material was captured using protein G-Sepharose. Follow-
ing washes with IP buffer, proteins were released from the
beads via the addition of 1� sample buffer with or without 50
mM dithiothreitol.

GFP Studies—GFP microscopy was performed as described
(36). FBPase-GFP or Sec28p-GFP were transformed into
cells using the PCR-based integration methods described by
Longtine et al. (45). The PCR was performed using the prim-
ers listed in Table 2. Cells were grown under YPKG condi-
tions to induce FBPase. In most studies, cells were shifted to
glucose in the presence of the FM 4-64 dye for various peri-
ods of time. In some experiments, cells were preincubated
with FM 4-64 for 1 h and chased in YPKG without the dye
overnight. These cells were then shifted to glucose for vari-
ous periods of time. Cells were examined using a Zeiss Axio-
vert s100 (Carl Zeiss Inc., Thornwood, NY) fluorescence
microscope and images were taken with a digital camera
(Hamamatsu Inc., Japan).
Immunofluoresence Microscopy—�vam3 cells expressing

Vid24p-HA were grown in YPKG to induce FBPase. Cells
were then shifted to glucose for 30 min and spheroplasted
with zymolase. Cells were incubated with anti-HA antibod-
ies at 1:10 dilution or anti-Sec28p antibodies at 1:10 dilution
followed by Texas Red-conjugated goat anti-mouse secondary
antibodies or fluorescein isothiocyanate-conjugated goat anti-
rabbit antibodies at 1:50 dilution. Cells were washed and visu-
alized using fluorescence microscope equipped with a digital
camera.

RESULTS

SEC28 Is Required for the Vacuolar Pathway of FBPase
Degradation—In an attempt to identify molecules that are
involved in FBPase degradation and Vid vesicle function, two
different approaches were used. The first one utilized genome-
wide screening of a deletion librarywhere individual open read-
ing frameswere disrupted. Strains that failed to degrade FBPase
following a shift to glucose were identified using a colony blot
procedure (30). One strain that showed a severe FBPase degra-
dation defect was the �sec28 mutant. SEC28 encodes the
�-COP component of the COPI coatomer, a complex that has a
known role in vesicular transport from the Golgi to the ER, as
well as endocytic trafficking (3–5, 7, 16–21). In a second
approach, Vid vesicles were purified using established proto-
cols (36) and proteins from the Vid vesicle fractions were sub-
jected toMALDI analysis. A number of proteinswere identified
using this approach. These included Sec28p, as well as other
subunits of the COPI coatomer complex such as Sec21p and
Ret1p.
We have shown that FBPase is degraded in the proteasome

when glucose is added to cells that are starved for 1 day. In

TABLE 2
Primers used in this study

Primers
FBPase-GFP
Forward ATTTGGTTGGGTTCTTCAGGTGAAATTGACAAATTTTTAGACCATATTGGCAAGTCACAGCGGATCCCCGGGTTAATTAA
Reverse CCATCCCATTCCATTCGCTACTTCCTTTCTCTTTTCCTAAGAATTTTCATTATTAGAAGGGAATTCGAGCTCGTTTAAAC

Vid24p-HA
Forward CATCTTTGAAAAATAAAGTCGAGTCCAGTGATTGTTCTTTTGAGTTTGCTCGGATCCCCGGGTTAATTAA
Reverse TAGACATAGACATGCTGTTATCATACCAAATAGAAAAGTGTACAGTCTTTGAATTCGAGCTCGTTTAAAC

Sec28p-GFP
Forward CACCAAGAAATTGACGCAAAATTCGATGAATTAGTGAGGAAATATGATACGTCCAACCGGATCCCCGGGTTAATTAA
Reverse ATGAAATATTTTTTTCTTTTTCTAAAAAACCTACATGTTTAATGTGAGATATTACGTAAAGAATTCGAGCTCGTTTAAAC
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contrast, when 3-day starved cells are shifted to glucose, FBPase
is degraded in the vacuole (36). Therefore, to test whether
SEC28 functions in the vacuolar pathway or proteasome path-
way, the �sec28 strain was starved of glucose for either 1 or 3
days. Cells were then shifted to fresh glucose and examined for
FBPase degradation. For 1-day starved�sec28 cells, FBPase was
degraded at a rate similar to that seen inwild type cells (Fig. 1A).
By contrast, when 3-day starved �sec28 cells were shifted to
glucose, FBPase degradation was blocked (Fig. 1A). Therefore,
SEC28 is not involved in the proteasome-dependent pathway,
but is needed for the vacuolar dependent pathway.
SEC28 Plays a Role in the Import of FBPase into Vid Vesicles—

For the vacuolar-dependent degradation pathway, FBPase is
imported into intermediate carriers know asVid vesicles (36). If
SEC28 is involved in either FBPase import intoVid vesicles or in
the formation of Vid vesicles, FBPase should accumulate in the
cytosol in the �sec28mutant. In contrast, if SEC28 plays a role
downstream of FBPase import, a portion of FBPase should
accumulate in Vid vesicles. FBPase-GFP was expressed in wild
type and �sec28 cells and these strains were shifted to glucose
for 2 h (Fig. 1B). Following a 2-h shift to glucose, most of the
FBPase-GFPwas in the cytosol in�sec28 cells. By contrast, wild
type cells degraded FBPase after a glucose shift for 2 h. There-
fore, in the �sec28mutant, the trafficking of FBPase appears to
be blocked prior to import of this protein into Vid vesicles. This

was not the case, however, for the
�vam3 mutant. This mutant also
blocks FBPase degradation, but the
block occurs after FBPase is
imported into Vid vesicles. Accord-
ingly, when this strain was exam-
ined following a shift to glucose for
2 h, a portion of FBPase was seen in
punctuate structures. Note, how-
ever, that the �vam3 mutant also
contained high levels of FBPase in
the cytosol. This distribution was as
expected, and it is consistent with
fractionation data for this same
mutant (see Fig. 3B).
To further confirm the site of the

degradation defect in �sec28 cells,
differential centrifugation was per-
formed. The �vid24 strain was used
for comparative purposes in these
experiments, because this strain
accumulates FBPase in the Vid ves-
icle fraction. The�vid24 and�sec28
cells were glucose starved and
shifted to glucose for 30 min. In
�vid24 cells, FBPasewas detected in
the cytosol (200,000 � g superna-
tant) as well as the vesicle
(200,000 � g pellet) fractions (Fig.
1C). However, in the �sec28
mutant, the vast majority of FBPase
was in the cytosolic fraction. Thus,
our results suggest that SEC28 is

required for FBPase association with Vid vesicles. As an exper-
imental control, we examined the distribution of �-COP under
the same condition. Themajority of this proteinwas detected in
the Vid vesicle fractions. Interestingly, the stability of �-COP
was not affected in cells lacking the SEC28 gene under our
YPKG conditions (Fig. 1D). In contrast, �-COP was unstable
when the �sec28 mutant was grown under the YPD-rich
medium (Fig. 1D and Ref. 42). Thus, the stability of �-COP
appears to vary depending on growth conditions.
Sec28p Is a Component of Vid Vesicles—As mentioned

above, Sec28p was identified as a component of Vid vesicles
based on our MALDI analysis. To verify that Sec28p is
indeed a component of Vid vesicles, we performed co-local-
ization experiments using subcellular fractionation as well as
indirect immunofluorescence. For fractionation experi-
ments, �vam3 cells were used, because these mutants accu-
mulate Vid vesicles to a higher level than wild type strains
(41). Cell lysates were subjected to differential centrifuga-
tion followed by sucrose density gradient separation proce-
dures. Sec28p was distributed in both light density (fractions
2–4) and heavy density fractions (fractions 6–8 and 9–12)
(Fig. 2A). We have shown that fractions 2–4 are heterogene-
ous and contained multiple organelle markers, whereas frac-
tions 9–12 contained Vid vesicles (36). Fractions 6–8 have
not been characterized previously and they may represent

FIGURE 1. SEC28 is required for the vacuole-dependent FBPase degradation pathway. A, wild type and
�sec28 strains were grown in YPKG media for 1 or 3 days to induce FBPase. FBPase degradation was examined
after cells were shifted to glucose for 0, 2, and 3 h. B, wild type, �sec28, and �vam3 strains expressing FBPase-
GFP were grown in YPKG media for 3 days and then shifted to fresh glucose media for 2 h. Fluorescence
microscopy was used to determine the localization of FBPase-GFP. C, �vid24 and �sec28 strains were glucose
starved and then shifted to high glucose media for 30 min. Cells were homogenized and subjected to differ-
ential centrifugation as described previously (37). The resultant cytosol (C) and vesicles (V) were examined for
the distribution of FBPase and �-COP. D, �sec28 cells were grown in YPD or YPKG at 24 °C and shifted to glucose
at 37 °C for 0 –3 h. The levels of �-COP were examined.
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Vid vesicles with different densities. They may also contain
Vid vesicle precursor membranes or compartments derived
from Vid vesicles, because both Vid24p and FBPase were
found in these fractions. On the sucrose density gradient,
FBPase and Vid24p showed the same distribution profile as
Sec28p, offering further evidence that Sec28p associates
with multiple organelles including Vid vesicles.
Because Sec28p and Vid24p are distributed in similar frac-

tions, we examined whether there was an interaction between
these proteins. �vam3 mutant cells expressing Vid24p-HA
were starved for 3 days and then shifted to glucose for 30 min.
Sucrose gradients were performed and fractions 6–8 were
pooled, detergent solubilized, and immunoprecipitated with
anti-HA antibodies. The precipitated material was then immu-
noblotted with Sec28p antibodies. As shown in Fig. 2B, Sec28p
was in the bound fraction that was precipitated with Vid24p,
suggesting that there was an interaction between Sec28p with

Vid24p. Interactions were also observed using samples from
fractions 2–4 or 9–12 (not shown).
Interaction of Sec28p with Vid24p was also detected in wild

type cells, when these proteins were cross-linked with the
cross-linking agent DSP. (Fig. 2C). Vid vesicles were isolated
using differential centrifugation followed by sucrose gradients.
Samples were treated with DSP and immunoprecipitated with
HA antibodies under denaturing conditions followed by cap-
ture with protein G beads. Proteins were separated into
unbound and bound fractions and treated with or without the
reducing agent dithiothreitol. In the absence of DSP, most of
the Sec28p and Vid24p were detected in the bound fraction.
UponDSP treatment, however, both proteins were detected on
the top of the SDS gel in the bound fraction, indicating that they
form a large complex. When dithiothreitol was added to the
DSP-treated sample, Vid24p and Sec28pwere reduced and they
migrated at their corresponding positions on the SDS gel.

FIGURE 2. Sec28p co-localizes with Vid24p. A, the �vam3 strain expressing Vid24p-HA was shifted to glucose for 30 min and harvested. Cell lysates were
subjected to differential centrifugation followed by sucrose density gradient analysis. Fractions were collected from the top and concentrated by trichloro-
acetic acid precipitation. Samples were then immunoblotted with antibodies directed against Sec28p, Vid24p-HA, FBPase, and coatomer proteins. B, fractions
6 – 8 were pooled and solubilized with Triton X-100. Vid24p was precipitated with anti-HA antibodies. The resultant unbound and bound fractions were
immunoblotted with HA, Sec28p, and FBPase antibodies. U, Unbound fractions; B, bound fractions. C, wild type cells were shifted to glucose for 30 min. Lysates
were subjected to differential centrifugation followed by sucrose density gradient. The Vid vesicle-enriched fractions were treated with or without DSP.
Samples were immunoprecipitated with HA antibodies under denaturing conditions followed by capture with protein G beads. Samples were treated with or
without dithiothreitol (DTT). The bound and unbound fractions were blotted with anti-Sec28p and anti-HA antibodies. D, the �vam3 mutant expressing
Vid24p-HA was glucose shifted for 30 min and immunofluorescence was performed. Vid24p-HA was detected using monoclonal anti-HA antibodies and
rhodamine-conjugated goat anti-mouse secondary antibodies. Sec28p was detected using purified rabbit anti-Sec28p antibodies and fluorescein isothiocya-
nate-conjugated goat anti-rabbit antibodies.
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Vid24pmay also interact with other proteins, because this pro-
tein appeared as a smear on the top of the gel upon DSP treat-
ment. In addition, a significant fraction ofVid24p failed to enter
the gel.
Finally, we characterized Sec28p-Vid24p localization using

microscopic studies. Initially, we attempted to produce
Vid24p-RFP and co-express it with cells containing Sec28p-
GFP. However, the Vid24p-RFP signal was below detection.
Therefore, as an alternative approach, we performed indirect
immunofluorescence using �vam3 cells expressing Vid24p-
HA. A portion of Sec28p was observed in structures that were
likewise stained with the Vid vesicle marker protein Vid24p
(Fig. 2D). Thus, taken together, the immunofluorescence and
density gradient experiments further strengthened our conclu-
sion that Sec28p is a component of Vid vesicles.
FBPase Degradation Is Defective in Coatomer Mutants—

Sec28p is a subunit of the coatomer protein complex found on
COPI vesicles. Therefore, it is possible that other coatomer
components play a role in FBPase degradation. Coatomer pro-
teins in yeast include �, �, ��, �, �, �, and � subunits, and these
proteins are encoded by the RET1, SEC26, SEC27, SEC21,
RET2, SEC28, and RET3 genes, respectively (13, 21, 42, 43).
Because each of these genes is essential, except SEC28, we
examined their roles in FBPase degradation using temperature-

sensitive mutants. Note that the ret1 strains grew poorly under
prolonged starvation conditions and they were not used for
these studies. When coatomer mutants were starved for 1 day
and shifted to glucose at 37 °C, FBPase was degraded normally
(Fig. 3A), suggesting that coatomers are not involved in FBPase
degradation in the proteasome pathway. By contrast, when
these mutants were starved for 3–4 days and then shifted to
glucose at 37 °C, FBPase degradation was defective, although
the degree of defects varied from strain to strain (Fig. 3A). Thus,
most coatomer proteins appear to be required for FBPase deg-
radation in the vacuole. It should be noted that FBPase degra-
dation is sensitive to temperature for 3-day starved cells. Wild
type cells that were starved for 3 days showed retarded degra-
dation at 24 °C.Therefore, 3-day starved coatomermutants and
wild type cells were shifted to glucose at 37 °C for subsequent
experiments.
To determine whether coatomer genes played a similar role

as SEC28, we examined FBPase distribution in these mutants.
The majority of this protein was in cytosolic fractions (Fig. 3B),
suggesting that mutations of these genes blocked the same step
of the FBPase degradation pathway as�sec28. As a loading con-
trol, we also examined the distribution of Sec28p. As expected,
a high percentage of this protein was detected in the Vid vesi-
cle-enriched fractions in these strains.

FIGURE 3. FBPase degradation is defective in coatomer mutants. A, wild type and coatomer mutants (sec21-1, ret3-1, sec27-1, and ret2-1) were starved in
YPKG media for either 1 or 3 days at 24 °C to induce FBPase. Wild type cells were shifted to glucose at either 24 or 37 °C, whereas coatomer mutants were shifted
to glucose at 37 °C for 0 –3 h. Cells were harvested and FBPase degradation was examined. B, coatomer mutants and �vam3 cells were shifted to glucose at
37 °C and then fractionated. The distribution of FBPase and Sec28p was examined in Vid vesicle and cytosolic fractions. C, mutant strains (�ubc1, ret2-1, sec21-1,
�ise1, �sec28, and �arf1) were shifted to glucose for 30 min and lysates were subjected to differential centrifugation followed by sucrose density gradient
analysis. FBPase distribution was examined by immunoblotting.

The Vid Degradation Pathway Merges with the Endocytic Pathway

SEPTEMBER 19, 2008 • VOLUME 283 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 26121



To confirm the above results, we studied the FBPase distri-
bution profile in coatomer mutants using sucrose density gra-
dients. FBPase was distributed primarily in the light fractions in
these mutants, whereas levels were significantly decreased in
heavy fractions (Fig. 3C) as comparedwith�vam3 cells (see Fig.
2A). Note that FBPase distribution in coatomer mutants was
similar to cells lacking UBC1 (uniquitin-conjugating enzyme)
and in cells lacking ISE1 (also called ERG6, a gene encoding the
� sterol C-methyltransferase involved in the ergosterol biosyn-
thetic pathway). Because these strains are defective in the for-
mation of Vid vesicles (34), this suggests that coatomer genes
play a role in Vid vesicle biogenesis. Interestingly, a different
pattern was observed for the�arf1mutant. Although theARF1
(ADP-ribosylation factor) gene plays a major role in regulating
the formation of COPI vesicles (46, 47), FBPase was degraded
normally in the �arf1 mutant (not shown). Furthermore, fol-
lowing sucrose density gradient fractionation, FBPase distribu-
tion was extended into heavy fractions, suggesting that ARF1
does not play a major role in FBPase degradation or Vid vesicle
formation.
Vid24p Interacts with Coatomer Proteins—Because Sec28p

resides on Vid vesicles, other coatomer proteins may also
exhibit similar localization. Indeed, coatomer proteins showed
an identical sucrose gradient distribution pattern as Sec28p,
Vid24p, and FBPase (see Fig. 2A). In wild type cells, coatomer
proteins were present at low levels in lysates isolated prior to a
glucose shift (t� 0min), but these levels increased significantly

following a shift to glucose for 30 or
60 min (Fig. 4A). When total lysates
were further fractionated into
cytosol-enriched and Vid vesicle-
enriched fractions, the levels of
coatomer proteins in Vid vesicle
fractions increased following a glu-
cose shift (Fig. 4B).
As shown above (Fig. 2), Sec28p

interacts with Vid24p. Therefore,
we next tested whether coatomer
proteins form a similar complex
with Vid24p. Wild type expressing
Vid24p-HA were starved for 3 days
and then shifted to glucose for 0, 30,
and 60 min. The Vid vesicle-en-
riched fractions were isolated,
detergent solubilized, and immuno-
precipitated with anti-HA antibod-
ies. The bound and unbound mate-
rials were then immunoblotted
with antibodies produced against
coatomers. As shown in Fig. 4C, lit-
tle interactionwas observed at t� 0.
However, at t� 30min, a fraction of
coatomer proteins were precipi-
tated with Vid24p in the bound
fraction, indicating that coatomer
proteins and Vid24p interact. Inter-
estingly, the interaction between
coatomer and Vid24p was reduced

at t � 60 min. Because a portion of Vid vesicles may have
already fused with downstream compartments at this time
point, less interaction may be due to lower levels of Vid24p
and/or a lower number of Vid vesicles present at this time.
Our interaction and fractionation data suggest that Vid24p,

Sec28p, and coatomer proteins are part of a large protein com-
plex on Vid vesicles. As such, the absence of one of these pro-
teins may affect the ability of the other proteins to localize to
Vid vesicles. Along these lines, the �sec28 strain had reduced
levels of Vid24p in theVid vesicle fraction as comparedwith the
wild type strain (Fig. 4D). The sec21-1 and ret2-1mutants also
showed decreased amounts of Vid24p in the Vid vesicle frac-
tion. These results suggest that coatomer proteins play a role
in Vid24p association with Vid vesicles. By contrast, Vid24p
does not appear to be required for coatomer association with
Vid vesicles. Sec28p levels remained high in Vid vesicle frac-
tions, isolated from cells lacking Vid24p and Vam3p as well
as in the sec21-1 cells (Fig. 4E). Under the same conditions,
most of the �-COPwas also found in the Vid vesicle fractions
(Fig. 4, D and E).
Sec28p Traffics to Endocytic Compartments in Wild Type

Cells—Although FBPase degradation utilizes a highly selective
pathway, we have data suggesting that the endocytosis pathway
is also involved in this process. For example, several endocytosis
mutants are defective in FBPase degradation. Furthermore, a
role for Sec28p and coatomer proteins in endocytosis in mam-
malian cells has been demonstrated (16–20). In yeast, a sub-

FIGURE 4. Vid24p interacts with coatomer. A, wild type cells expressing Vid24p-HA were glucose starved and
then shifted to glucose for 0, 30, and 60 min. Levels of coatomer proteins in total lysates were determined by
immunoblotting. B, lysates were further separated into vesicle (V) and cytosol (C) fractions. The amounts of
coatomer proteins in each fraction were determined by Western blotting. C, Vid vesicle fractions were solubi-
lized with Triton X-100 and immunoprecipitated with HA antibodies. The unbound and bound fractions were
immunoblotted with anti-HA and anti-coatomer antibodies. D, wild type, �sec28, sec21-1, and ret2-1 strains
were grown in YPKG at 24 °C and cells were shifted to glucose at 37 °C for 30 min. The distributions of Vid24p
and �-COP in the cytosol and Vid vesicle-enriched fractions were examined in these mutants. E, Sec28p and
�-COP distributions in the cytosol and Vid vesicle-enriched fractions of �vam3, �vid24, and sec21-1 cells were
determined.
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complex of coatomer proteins, including Sec28p, was recently
shown to be involved in protein sorting in the multivesicular
body (21).
To clarify the role that endocytosis may play in our degrada-

tion pathway, we performed experiments following the kinetics
of uptake of the lipophilic dye FM 4-64 (48). FM 4-64 is inter-
nalized, moving from the plasma membrane to endosomes,
before finally reaching the vacuole. To track the Vid vesicle
trafficking pathway, we also followed the distribution of Sec28p
in various mutant strains. Note that other coatomer proteins
are likely to exhibit the same distribution as Sec28p, because
they form a protein complex with Sec28p, and they were all
detected in the Vid vesicle fractions. Sec28p-GFP was inte-
grated into the SEC28 locus by homologous recombination.
This integration did not interfere with Sec28p function,
because FBPase was degraded normally in wild type cells
expressing Sec28p-GFP (Fig. 5A). We observed that a signifi-
cant fraction of Sec28p localizedwith FMat early time points in
wild type cells (Fig. 5B), suggesting that Sec28p traffics to FM
containing endosomes.
Because FM uptake has not been examined under our exper-

imental conditions, we determined FM uptake kinetics in wild
type cells, as well as in various mutants that block the FBPase
degradation pathway (Fig. 6). In wild type cells, FM was
observed in dots representing endosomes at early time points
following a glucose shift, and then in large circles representing
vacuoles at 1–2 h. During the first 60 min, we frequently
observed 1–3 large circles in wild type cells (Fig. 6A). In con-
trast, we found two different phenotypes of FM uptake in
mutants that affect the FBPase degradation pathway (Fig. 6B).
Cells lacking Ypt7p (a small GTPase) or Vam3p (vacuole
t-SNARE) displayed numerous smaller FM containing circles/
dots. Other mutants, such as cells lacking Sec28p, Vid24p,
Ubc1p, or Vph1p (100 kDa subunit of vacuolar ATPase), dis-
played multiple large circles. The small circles/dots resembled
vacuoles that accumulate in class C vpsmutants, whereas large
circles resembled vacuoles that accumulate in class B vps
mutants (49, 50). Based on these results, mutants from each of

these groups were transformed to express Sec28p-GFP and uti-
lized for further studies. Note that during prolonged glucose
starvation, the vacuole occupies �90% of cell volume. Hence,
results obtained from prolonged starved cells were difficult to
interpret. To overcome this problem, cells with smaller vacu-
oles or with vacuoles on one side of the cell were chosen for
analysis.
Sec28p Does Not Converge with the Endocytic Pathway in

Cells Lacking the VAM3 Gene—In the wild type cell, a portion
of Sec28p co-localizes with FM containing endosomes after a
glucose shift (see Fig. 5B), suggesting that Sec28p traffics to the
endocytic compartments. To identify the gene(s) that control
the trafficking of Sec28p to the endocytic pathway, we screened
FBPase degradation deficientmutants and examined the distri-
bution of Sec28p and FM in these strains. As mentioned above,
the absence of the VAM3 gene results in the accumulation of
numerous small FM containing circles (Fig. 6B). When we
examined Sec28p distribution in �vam3 (Fig. 7A), we did not
observe obvious co-localization of Sec28p with the FM dye,
suggesting that themovement of Sec28p to endocytic compart-
ments is blocked in this strain. This raises an interesting possi-
bility. Namely, convergence of the Vid and endocytic pathways
may be controlled by the VAM3 gene.
Sec28p Is on the Vacuole Membrane in Cells Lacking the

UBC1 Gene—The UBC1 gene plays an important role in Vid
vesicle formation (34). As such, in the absence ofUBC1, FBPase
remains in the cytosol, and the levels of Vid vesicles are reduced
(34). Given that coatomer proteins are involved in the budding
ofCOPI vesicles, theymay play a similar role in the formation of
Vid vesicles. If this is the case, Sec28pmay selectively localize to
one of the Vid vesicle precursor membrane(s) in the absence of
UBC1. At early times following glucose shift, Sec28p was seen
in dots that co-localized with the FM dye in cells lacking this
gene (Fig. 7B). At later time points, however, this protein was
found primarily on vacuole membranes that also labeled with
FM dye. These results suggest that Sec28p anterograde trans-
port to the vacuole is not affected in the absence of UBC1.
However, Sec28p remained on the vacuolemembrane for a pro-

FIGURE 5. Sec28p merges with the endocytic pathway. A, wild type cells
expressing Sec28p-GFP were glucose starved and then shifted to glucose for
0, 2, and 3 h. FBPase degradation was examined. B, wild type cells expressing
Sec28p-GFP were shifted to glucose in the presence of FM 4-64. At the indi-
cated time points, cells were harvested and Sec28p and FM staining was
visualized by fluorescence microscopy. Cells were visualized using Nomarski
optics.

FIGURE 6. Distribution of FM 4-64 in wild type and mutant strains grown
under glucose starvation conditions. A, wild type cells were shifted to glu-
cose media containing FM 4-64 for the indicated periods of time. B, various
mutants were shifted to glucose media plus FM 4-64 for 1 h. Localization of
FM was observed using fluorescence microscopy.
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longed period of time following the arrival of Sec28p on the
vacuole membrane.
Sec28p and Vacuole Membrane Dynamics—Because Sec28p

is part of the coatomer protein complex, mutations of other
coatomer genes may affect the distribution of Sec28p, perhaps
resulting in its retention at the site of vesicle budding in one of
the precursor membrane(s). In the ret2-1 mutant, Sec28p co-
localized with FM at earlier time points (not shown). However,
at t� 180min, FMdyewas on the vacuolarmembrane, whereas
Sec28p was in dots adjacent to or on the vacuole membrane
(Fig. 8A). The localization of Sec28p and FM in dots near or on
the vacuole membrane could represent vesicles that are in the
process of fusing with the vacuolar membrane. Alternatively,
they may be vesicles that are budding from the vacuolar mem-
brane. To address this, we pre-labeled the vacuolar membrane
with FM dye. The FMwas removed, and cells were then chased
in the absence of FM for 18 h. Cells were then shifted to glucose
containingmedia for the indicated periods of time. Co-localiza-
tion of Sec28p in dots on the vacuole membrane was observed
after 60–120 min of glucose shift (Fig. 8B). Thus, these data
suggest that Sec28p containing vesicles can form from the vac-
uolar membrane.
FBPase and the Endocytic Pathway—The above data indicate

that the Vid and endocytic pathways overlap. In particular,
Sec28p was associated with endocytic structures in wild type
and �ubc1 mutants following glucose shift. However, Sec28p
does not associate with FM 4-64-labeled structures in �vam3
cells. Based on these data, we suggest that the VAM3 gene con-
trols the merger of the Vid pathway with the endocytic path-

way. If this is true, FBPase should remain in Vid vesicles in cells
lacking this gene. To test this idea, we followed FBPase distri-
bution in the �vam3 mutant. We found that the majority of
FBPase was in punctate structures that did not show obvious
co-localization with FM (Fig. 9A). This further supports our
conclusion that theVAM3 gene controls the convergence of the
Vid pathway with the endocytic pathway.
If our model is correct, whereby Vid vesicle trafficking

merges with the endocytic system, then we would expect to see
some co-localization or co-fractionation of the FBPase cargo
with endocytic compartments. To further investigate this con-
nection, we used the �vph1 strain, because this strain displays
small FM dots at earlier time points and accumulates large FM-
labeled circles at later time points (Fig. 9B, FM images). In this
strain, FBPase-GFP was diffuse in the cytoplasm prior to glu-
cose shift. At t � 25 min, however, a fraction of FBPase was
observed in punctate structures that were stained with the FM
dye. Localization of FBPase in FM containing structures was
observed following a shift to glucose for a longer period of time
(Fig. 9B).
To support the idea that the FBPase pathway is linked to the

endocytic pathway, we used a �pep4 strain that is deficient in
vacuole proteolysis. Cells were shifted to glucose for 30min and
cell lysates were subjected to differential centrifugation. High-
speed pellets were then fractionated on an S-1000 size column.
These fractions were then blotted with FBPase antibodies (Fig.
9C). Multiple FBPase containing peaks were found; peak A
(fractions 11–14), peak B (15–18), peak C (19–22), and peak D
(23–30). Peak D had the highest amounts of FBPase and these
fractions were previously characterized as containing Vid vesi-
cles (36). Although the amounts of FBPase in peaks B and C
were lower than the other peaks, these fractions also contained
the late endosome marker Pep12p, suggesting that at least a
portion of FBPase co-localizes with endocytic compartments.
Note that Pep12p was below the level of detection in the Vid

FIGURE 7. Sec28p does not co-localize with FM in �vam3 cells, but it local-
izes to the vacuolar membrane in �ubc1 cells. A, �vam3 mutants express-
ing Sec28p-GFP were glucose starved and then shifted to glucose media with
FM for the indicated times. Sec28p, FM, and cells were examined. B, Sec28p
and FM distributions were examined in �ubc1 cells that were shifted to glu-
cose for the indicated times.

FIGURE 8. Sec28p localizes to vesicles on the vacuolar membrane in the
ret2-1 mutant. A, ret2-1 cells were shifted to glucose media containing FM for
180 min and examined for Sec28p and FM distributions. B, vacuoles were pre-
labeled with FM in ret2-1 cells. Glucose was then added for the indicated times,
after which Sec28p and FM distributions were examined.
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vesicle containing fractions in peak D. Taken together, these
results offer further support that FBPase utilizes the endocytic
pathway for its delivery to the vacuole.

DISCUSSION

In our study, we showed that SEC28 and COPI coatomer
genes play an important role in the FBPase degradation path-
way. Initially, the SEC28 gene was identified in our genetic
screen for mutants defective in the degradation of FBPase. In
conjunction with these studies, various coatomer proteins,
including Sec28p, were identified from purified Vid vesicles
following MALDI analysis of proteins. Each of the coatomer
genes was necessary for the association of FBPase with the Vid
vesicle fraction. In addition, coatomer proteins are components
of Vid vesicles and they form a protein complex with Vid24p.
When coatomer genes were mutated, Vid24p association with
Vid vesicles was reduced, suggesting that coatomer proteins
play a role in recruiting Vid24p to Vid vesicles.
Previously, Sec28p was shown to localize to endocytic com-

partments in both mammalian cells and yeast (16–21). Our
studies extended these earlier reports, showing that Sec28p
localizes to multiple locations along the endocytic pathway.
Sec28p co-localized with the FM dye in small circles/dots in

wild type and �ubc1 cells at earlier
time points. These small circles/
dots may represent endosomes
because they were observed at ear-
lier time points. At later time points,
Sec28p was seen on the vacuole
membrane in the �ubc1 mutant.
This protein was also detected in
multiple discrete foci on the vacuole
membrane in the ret2-1 mutant.
Taken together, these data offer
strong evidence suggesting that the
Sec28p traffics to the endocytic
pathway.
Although the Vid vesicle pathway

appears tomergewith the endocytic
pathway, our data indicate that this
merger may be controlled by the
VAM3 gene. In the �vam3 mutant,
there was no clear co-localization of
Sec28p with FM, suggesting that
Sec28p does not enter the endocytic
pathway in the absence of this
gene. The vesicle-like structures
seen in the �vam3 mutants are
unlikely to be individual Vid vesi-
cles, because these vesicles are too
small to be seen using fluores-
cence microscopy. However, Vid
vesicles can cluster and form
larger structures that can be easily
identified with this technique.
Whether these clusters are Vid
vesicles that adhere to each other
loosely or whether they are sur-

rounded by membrane(s) is currently unknown.
Based on our studies, we propose the followingmodel for the

Sec28p trafficking pathway (Fig. 10). For anterograde traffick-
ing, Sec28p resides onVid vesicles, and these vesicles ultimately
converge with the endocytic pathway. The VAM3 gene regu-
lates this convergence, and in its absence, Sec28p remains asso-
ciated with Vid vesicles. Following the fusion of endosomes
with the vacuole, Sec28p is distributed on the vacuolar mem-
brane. Finally, Sec28p concentrates in buds that pinch off from
the vacuole membrane. TheUBC1 gene likely controls the for-
mation of Sec28p vesicles on the vacuolemembrane.As such, in
the absence of this gene, Sec28p is distributed evenly on the
vacuolar membrane. The RET2 gene most likely is involved in
the pinching off of vesicles. For example, Sec28p was observed
in vesicles that appeared to be associated with the vacuole
membrane in the ret2-1 mutant when the vacuole was pre-
labeled in this strain. These Sec28p containing retrograde ves-
icles may become Vid vesicles later, or alternatively, they may
travel to the plasmamembrane and becomeVid vesicles follow-
ing internalization of the plasma membrane.
Finally, our data are consistent with amodel in which FBPase

is transported to the vacuole via the endocytic pathway. In the
�vph1mutant, FBPase was initially in the cytosol and appeared in

FIGURE 9. FBPase does not co-localize with FM in the �vam3 mutants, but it co-localizes with endocytic
compartments in �vph1 cells. A, �vam3 mutants expressing FBPase-GFP were shifted to glucose in the
presence of FM for the indicated times. The distribution of FBPase, and FM were visualized and merged.
B, �vph1 cells expressing FBPase-GFP were shifted to glucose in the presence of FM for the indicated times. The
distribution of FBPase and FM was examined and merged. C, �pep4 cells were shifted to glucose for 30 min and
lysates were subjected to differentiation centrifugation. High-speed pellets were fractionated on an S-1000
column. Fractions were precipitated with trichloroacetic acid and proteins were resolved using SDS-PAGE. The
distribution of FBPase and Pep12p was examined via Western blotting.
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punctate structures after a glucose shift. Thismutant localizedFM
tosmall vesicles first and then largecircular structures. FBPasewas
found in the lumen of these large structures after a longer shift to
glucose.Thus, this suggests thatFBPase enters the endocyticpath-
way as a luminal protein.This convergence is also likely controlled
by the VAM3 gene, because FBPase remained in Vid vesicles and
did not co-localize with endocytic compartments, in cells lacking
VAM3. These results further support our Sec28p results linking
the Vid pathway with the endocytic pathway. Future experiments
will be needed to address questions as to whether: 1) Vid vesicles
are derived directly from the vacuole, 2) Vid vesicles are derived
from the vacuole, traffic to the plasmamembrane, and then pinch
off from there, or 3) Vid vesicles are derived directly from the
plasmamembrane.
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FIGURE 10. A model for the Sec28p trafficking pathway. Sec28p localizes
on Vid vesicles and these vesicles converge with the endocytic pathway fol-
lowing a shift of cells to glucose. This process is regulated by the VAM3 gene,
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