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The endocytosis gene ENDS3 is essential for the
glucose-induced rapid decline of small vesicles in

the extracellular fraction in Saccharomyces cerevisiae

Bennett J. Giardina, Kathryn Stein and Hui-Ling Chiang*

Department of Cellular and Molecular Physiology, Penn State University College of Medicine, Hershey,
PA, USA

Background: Protein secretion is a fundamental process in all living cells. Gluconeogenic enzymes are secreted
when Saccharomyces cerevisiae are grown in media containing low glucose. However, when cells are transferred
to media containing high glucose, they are internalized. We investigated whether or not gluconeogenic enzymes
were associated with extracellular vesicles in glucose-starved cells. We also examined the role that the endocytosis
gene END3 plays in the internalization of extracellular proteins/vesicles in response to glucose addition.
Methods: Transmission electron microscopy was performed to determine the presence of extracellular vesicles
in glucose-starved wild-type cells and the dynamics of vesicle transport in cells lacking the END3 gene.
Proteomics was used to identify extracellular proteins that associated with these vesicles.

Results: Total extracts prepared from glucose-starved cells consisted of about 95% small vesicles (30—50 nm)
and 5% large structures (100-300 nm). The addition of glucose caused a rapid decline in small extracellular
vesicles in wild-type cells. However, most of the extracellular vesicles were still observed in cells lacking
the END3 gene following glucose replenishment. Proteomics was used to identify 72 extracellular proteins that
may be associated with these vesicles. Gluconeogenic enzymes fructose-1,6-bisphosphatase, malate dehy-
drogenase, isocitrate lyase, and phosphoenolpyruvate carboxykinase, as well as non-gluconeogenic enzymes
glyceraldehyde-3-phosphate dehydrogenase and cyclophilin A, were distributed in the vesicle-enriched fraction
in total extracts prepared from cells grown in low glucose. Distribution of these proteins in the vesicle-enriched
fraction required the integrity of the membranes. When glucose was added to glucose-starved wild-type cells,
levels of extracellular fructose-1,6-bisphosphatase, malate dehydrogenase, isocitrate lyase, phosphoenolpyr-
uvate carboxykinase, glyceraldehyde-3-phosphate dehydrogenase, and cyclophilin A were reduced. In contrast,
in cells lacking the END3 gene, levels of these proteins in the extracellular fraction remained high.
Conclusions: The END3 gene is required for the rapid decline of extracellular proteins and vesicles in response
to glucose addition.
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COACTION

eukaryotic and prokaryotic cells. Recent large-

scale proteomic/secretomic studies from bacteria,
fungi, parasites, plants, murine, and human cells indicate
that a large number of proteins including transcriptional
regulators, mitochondrial proteins, metabolic enzymes,
and heat shock proteins are secreted via the non-classical
pathway (1-15). The secretion of glycolytic and gluco-
neogenic enzymes has also been described in several

Protein secretion is a fundamental process in both

large-scale proteomic/secretomic studies (5-8,10-13,16).
For instance, the key gluconeogenic enzyme phosphoe-
nolpyruvate carboxykinase (Pcklp) is detected in secre-
tomes from Clonorchis sinensis, Echinostoma caproni, and
Schistosoma mansoni (5,6,8). Another key gluconeogenic
enzyme fructose-1,6-bisphosphatase (FBPase) is also
identified in secretomes from Bacillus anthracis (16) and
Clonorchis sinensis (8), whereas malate dehydrogenase
(MDH?2) is in secretomes from Bacillus anthracis (16),
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Clonorchis sinensis (8), and Schistosoma mansoni (5).
Interestingly, Pck1p, FBPase, MDH2, and isocitrate lyase
(Icllp) are all detected in extracellular vesicles isolated
from the dimorphic fungus Histoplasm capsulatum (9).
Using immuno-TEM, we have shown that FBPase is
secreted from the yeast Saccharomyces cerevisiae (17).
Therefore, the secretion of gluconeogenic enzymes is
widely observed from bacteria, fungi, and parasites.

Saccharomyces cerevisiae is a model system used to
study global changes in transcription, translation, and
protein levels in response to changes in the environment,
such as the availability of glucose in the media. Glucose
affects transcription, translation, and mRNA turnovers
(18-25). Moreover, glucose also causes inactivation of
gluconeogenic enzymes, mitochondria proteins, and en-
zymes involved in the utilization of other carbon sources
(20-25). Gluconeogenic enzymes such as Pck1p, FBPase,
MDH2, and Icllp are inactivated when glucose is added
to glucose-starved cells (20-23,26-29). This process is
called catabolite inactivation (20-23,26-29). The site of
degradation of gluconeogenic enzymes is influenced by
the duration of starvation. These enzymes are degraded
in the proteasome when glucose is added to cells that
are starved of glucose for 1 day (30). In contrast, when
glucose is added to cells starved of glucose for 3 days,
they are degraded in the vacuole (30). The vacuole
pathway utilizes small vesicles (Vid vesicles) that are
30-50 nm in diameter (31). Vid vesicles are also known to
cluster together to form large aggregates in the cytoplasm
(32).

We have recently shown that the key gluconeogenic
enzyme FBPase is secreted into the periplasm during
glucose starvation and is internalized following glucose
re-feeding (17,33). Gluconeogenic enzymes Pck1p, MDH2,
and Icllp were also secreted in glucose-starved cells. How-
ever, whether or not these secreted enzymes associated
with extracellular vesicles had not been examined. In this
study, we report the identification of 2 morphologically
distinct structures present in the extracellular fraction that
responded differently to glucose addition. When glucose
was added to glucose-starved cells, 4.5% of 30-50 nm
small vesicles remained, whereas 76.3% of 100-300 nm
large structures were still observed. The END3 gene is
involved in the internalization of extracellular molecules
into cells (34-36). In cells lacking the END3 gene, small
vesicles were still observed following glucose addition.
Furthermore, levels of extracellular FBPase, MDH2,
Icllp, Pcklp, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and cyclophilin A (Cprlp) did not decrease
following glucose addition to glucose-starved lacking the
END3 gene. We conclude that the END3 gene plays an
important role in the glucose-induced decline of proteins
and vesicles in the extracellular fraction in Saccharomyces
cerevisiae.

Experimental procedures

Cell culture, media and antibodies

Yeast strains used in this study included wild-type strain
(BY4742, MATo his3A1 leu2 A0 lys2 A0 ura3 A0), wild-type
strain expressing Icllp-HA (BY4742, MATx his3A1
leu2 A0 lys240 ura340 ICLI-HA-HIS3), wild-type strain
expressing Pcklp-HA (BY4742, MATwo his3A1 leu2A0
lys2A40 ura3A0 PCKI-HA-HIS3), wild-type strain expres-
sing Icllp-HA and Pcklp-Myc (BY4742, MATo his3A41
leu2A0 lys2A40 ura340 ICLI-HA-HIS3, PCKIp-Myc-
KanMX6), the Aend3 mutant strain (MATo his3A1
leu2 A0 lys2 A0 ura3 A0 end3:: Kan M X6), the Aend3 mutant
strain expressing Icllp-HA (BY4742, MATx his3A1
leu2 A0 lys2A0 ura3A0 ICLI-HA-HIS3 end3.: KanM X6),
and the Adend3 mutant expressing Pcklp-HA (BY4742,
MATo his3A1 leu2A0 lys240 ura340 PCKI-HA-HIS3
end3::KanMX6). Cells were grown in yeast extract-
peptone-potassium acetate-glucose (YPKG) media con-
taining 1% yeast extract, 2% peptone, 1% potassium
acetate and 0.5% glucose for 3 days. Cells were harvested
by centrifugation at 3,000 x g for 5 min and resuspended
in yeast extract-peptone-glucose (YPD) media contain-
ing 1% yeast extract, 2% peptone and 2% glucose for the
indicated time points. In some experiments, wild-type cells
were grown in YPKG for 1d, 2d, and 3d and harvested.
Cell viability was determined using trypan blue exclusion
experiments. Cells were grown in 2 ml YPKG, harvested
by a low speed centrifugation at 3,000 x g for 5 min, and
resuspended in 100 pl phosphate buffered saline (PBS)
followed by incubation with 20 pl of 0.4% trypan blue in
PBS for 30 min. Cells were visualized by a Zeiss micro-
scope. Under our experimental conditions, <0.01% of the
cells were stained with trypan blue.

Extraction and western immunoblotting

Cells (ODggg = 10/ml) were incubated in 100 ul of extrac-
tion buffer containing 0.1M Tris pH 9.4 and 10 mM
B-mercaptoethanol (B-ME) at 37°C in a shaker (215 rpm)
for 15 min. After this extraction procedure, cells were
pelleted. The extracellular proteins that were released
into the supernatant (100 pl) were precipitated in 15%
trichloroacetic acid (TCA), washed, and solubilized in
100 pl SDS-PAGE sample buffer. The remaining cell-
associated (intracellular) fraction was resuspended in
100 ul PBS buffer and the same volume of glass beads.
Total lysates were obtained by glass beading and proteins
were solubilized in 100 ul SDS sample buffer. Intracel-
lular and extracellular proteins (15 pl) were loaded onto
SDS-PAGE gels and transferred to nitrocellulose mem-
branes. The distribution of proteins in the intracellular
and extracellular fractions was examined by immuno-
blotting using polyclonal antibodies directed against
FBPase, MDH2, GAPDH, and Cprlp followed by
peroxidase-conjugated donkey anti-rabbit IgG diluted
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1:10,000 (GE Healthcare). Icllp-HA, Pcklp-HA, and
Pcklp-Myc were detected using anti-HA (Roche) and
anti-Myc (Santa Cruz Biotechnology) antibodies fol-
lowed by peroxidase-conjugated donkey anti-mouse IgG
(GE Healthcare). Protein bands were developed using
Western Lighting Plus ECL (Perkin Elmer).

2D-LC separation and mass spectrometry
Proteomic analysis was performed using the Proteomic
Core Facility at Penn State College of Medicine. Wild-type
yeast cells were grown in YPKG for 3 days and sub-
jected to the extraction procedure. Extracellular proteins
(100 pg) were precipitated in 15% TCA and reduced with
TCEP (tris (2-carboxyethyl) phosphine), followed by
alkylation with iodoacetamide. Proteins were digested
with trypsin (Promega sequencing grade) at 48°C for 16
hours. Tryptic peptides were subjected to 2D-LC separa-
tion and mass spectrometry. Peptides were dried and
separated on a passivated Waters 600E HPLC system,
using a 4.6 x 250 mm PolySULFOETHYL Aspartamide™
column (PolyLC, Columbia MD) at a flow rate of 1 ml/min.
Each SCX fraction was injected onto a Chromolith
CapRod column (150 x0.1 mm, Merck) using a 5 pl
injector loop on a Tempo LC MALDI Spotting system
(ABI-MDS/Sciex). Each MALDI target plate was ana-
lyzed using ABI 5800 MALDI TOF-TOF.

Protein identification was accomplished using the
Paragon Algorithm (37) in ProteinPilot™ 4.0 software
(ABSciex). Search parameters were set as cysteine alkyla-
tion: iodoacetamide, ID focus: biological modifications,
search effort: thorough. Combined spectra were searched
against the species-specific (S. cerevisiae) NCBInr data-
base concatenated with a reversed “decoy” version of the
same database plus 156 common lab contaminants. To
reduce the potential number of false positive protein
identifications, the Paragon Algorithm search results
were further filtered through the use of a very stringent
Local False Discovery Rate (FDR) estimation calculated
from the Proteomics System Performance Evaluation
Pipeline (PSPEP) (38). We accepted 92 protein IDs with
a local FDR estimate of <5%. We next removed con-
taminants and any protein ID based on a single peptide,
leaving 72 proteins by these stringent criteria. We used the
Gene Ontology Slim Mapper program in the Saccharo-
myces Genome Database (Stanford University) to search
for the function of each protein.

Centrifugation and transmission electron
microscopy

Wild-type cells and the dend3 cells were grown in YPKG
(40 ml) for 3 days and subjected to the extraction pro-
cedure. Total extracts (2 ml) were first centrifuged
at 3,000 x g for 5 min at 4°C and the resulting supernatants
(2 ml) were centrifuged at 200,000 x g for 2 hours at 4°C.
Pellets from the 200,000 x g centrifugation were re-
suspended in 200 pl PBS buffer and aliquoted. Samples

END3 and extracellular vesicles

(100 pl) were incubated in the absence or presence of
2% SDS (final concentration) for 30 min followed by re-
centrifugation at 200,000 x g for 2 hours. The 200,000 x g
pellet from the second centrifugation was resuspended in
100 pl PBS and solubilized in 100 pul SDS sample buffer.
The 200,000 x g supernatant (100 ul) was solubilized in
100 pl SDS sample buffer. Proteins from the supernatant
fraction (15 pl) and the pellet fraction (15 pl) were loaded
onto SDS-PAGE gels, transferred to nitrocellulose mem-
branes and examined by Western blotting. For transmis-
sion electron microscopy (TEM) studies, wild-type cells
and the Aend3 cells (100 ml) were grown in YPKG for
3 days and transferred to 100 ml of YPD media for 30 min.
Cells were subjected to the extraction procedure and
pelleted. Total extracts (5 ml) were first centrifuged at
3,000 x g for 5 min and subsequently at 200,000 x g for 2
hours. The 200,000 x g pellets were resuspended in 30 pl of
PBS buffer and fixed. After washing, grids were stained
with 2% uranyl acetate for 1 min and viewed on a JEOL
JEM-1400 electron microscope with an Orius SC1000
CCD camera. TEM experiments were performed 3 times
and 3 micrographs were used to obtain means and SD.

Results

END3 is essential for the decline of small vesicles
in the extracellular fraction in response to glucose
addition

Gluconeogenic enzymes are secreted into the extracellu-
lar fraction when cells are grown in low glucose. However,
whether or not these secreted enzymes associated with
extracellular vesicles during glucose starvation had not
been determined. We have shown previously that Vid
vesicles are enriched in the 200,000 x g pellet fraction
(31,32,39). Therefore, if Vid-like vesicles are present in
the extracellular fraction, they may be enriched in the
200,000 x g pellet. Wild-type cells were grown in media
containing low glucose for 3 days and aliquoted. Cells
were harvested at t =0 min or transferred to media con-
taining fresh glucose for 30 min. Extracellular proteins
were extracted from whole cells and total extracts were
centrifuged at 3,000 x g for 5 min and then at 200,000 x g
for 2 hours. Following centrifugation, the 200,000 x g
pellet fraction was resuspended in PBS buffer and fixed.
Samples were stained with uranyl acetate followed by
observation using transmission electron microscopy
(Fig. 1A, left panels). When total extracts were prepared
from wild-type cells grown in low glucose (t =0 min),
numerous small vesicles that were 30—50 nm in diameter
were observed. In addition, large structures that were
100300 nm were also detected. Quantification of these
structures indicated that total extracts isolated from t =0
wild-type cells consisted of 94.6% small vesicles and 5.4%
large structures. Following the addition of glucose for
30 min, very few small vesicles remained. In contrast,

Citation: Journal of Extracellular Vesicles 2014, 3: 23497 - http://dx.doi.org/10.3402/jev.v3.23497

(page number not for citation purpose)


http://journalofextracellularvesicles.net/index.php/jev/article/view/23497
http://dx.doi.org/10.3402/jev.v3.23497

Bennett J. Giardina et al.

A
t=0 min
t=30 min
B WT c Aend3
3001 300+
3 8
S <
2 2004 3 200
> >
E £
o o
£ 100+ £ 1001
8 o
# ?
0= 0+
Time 10 t30 t0 30

@)

#100—300 nm structures

&1 100-300 nm structures

+—— 30-50 nm vesicles

WT E 25 Aend3
20+
3
5204
15 g
? 15+
€
104 <
S 104
bt
54 ‘8_ 5
3+
0- 0~
t0 t30 t0 t30

Fig. 1. The END3 gene is essential for the glucose-induced decline of small vesicles in the extracellular fraction. A, wild-type and Aend3
cells were glucose starved and re-fed with glucose for 30 min. Total extracts were obtained and centrifuged at 3,000 x g for 5 min and
then at 200,000 x g for 2 hours. The 200,000 x g pellet fraction was resuspended in PBS buffer, fixed, stained with uranyl acetate and
visualized by TEM. Bars: 200 nm. B and C, quantification of the number of 30—50 nm small vesicles per pm? before and after glucose
addition in wild-type (B) and 4end3 (C) cells. D and E, quantification of the number of 100~300 nm large structures per pm? before and
after glucose addition in wild-type (D) and dend3 (E) cells. TEM experiments were performed 3 times and images from 3 micrographs

were used to obtain means and SD.

large structures were still observed. The number of small
vesicles was 234.3+4.7 per um? in t =0 wild-type cells
and 10.7+2.5 per pm? in t =30 wild-type cells (Fig. 1B).
Therefore, the addition of glucose for 30 min produced a
95.5% reduction in small vesicles. The number of 100-300
nm large structures was 13.5+ 1.1 per pm?® without glucose
addition and 10.3+1.2 per um? after glucose addition
(Fig. 1D). Hence, 76.3% of the large structures remained

in total extracts following glucose replenishment for 30 min.
Thus, 2 morphologically distinct structures are present in
the extracellular fraction in wild-type cells and demon-
strate different responses to glucose addition.

A rapid decline of small vesicles in the extracellular
fraction following glucose replenishment may result from
their internalization into the cytoplasm or release into the
media. The later scenario is consistent with the findings
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that extracellular vesicles are present in culture media in
Saccharomyces cerevisiae (9,40,41). To determine whether
or not the decline of extracellular vesicles in response to
glucose addition resulted from release into culture media,
wild-type cells were grown in low glucose media and then
transferred to high glucose media for 30 min. Culture
media were collected from t =0 and t =30 min cells and
centrifuged at 3,000 x g for 5 min and subsequently at
200,000 x g for 2 hours. Following centrifugation, the
pellet fraction was resuspended in PBS buffer, fixed and
stained by uranyl acetate followed by TEM. We did not
observe significant amounts of extracellular vesicles in
the culture media from either t =0 or t =30 wild-type
cells.

We next examined the possibility that these vesicles
were internalized into the cytoplasm following glucose
addition. The END3 gene is involved in endocytosis in
yeast (34-36). If the decline of vesicles in the extracellular
fraction is dependent on the END3 gene, extracellular
vesicles should still be observed when total extracts were
prepared from Aend3 cells that were transferred from low
to high glucose media for 30 min. By contrast, if this gene
is not required for the decline of small vesicles from
extracellular fraction in response to glucose, the number
of these vesicles in the extracellular fraction should be
low following glucose re-feeding of cells lacking END3.
To test this, the dend3 strain was grown in low glucose
media and aliquoted. Cells were harvested at t =0 min or
transferred to media containing glucose for 30 min. Total
extracts were prepared and centrifuged at 3,000 x g for
5 min. The resulting supernatant was further centrifuged
at 200,000 x g for 2 hours. The 200,000 x g pellet fraction
was re-suspended in buffer, fixed, stained with uranyl
acetate and visualized by TEM (Fig. 1A, right panels).
When extracts were prepared from the dend3 cells at t =0
min, small vesicles with diameters of 30—50 nm and large
structures with diameters of 100—300 nm were observed.
When total extracts were prepared from Aend3 cells that
were transferred to media containing high glucose for
30 min, most of the small vesicles and large structures
remained. Quantification of these structures indicated
that total extracts isolated from Aend3 cells contained
239.2+9.7 small vesicles per pm? at t=0 min and
231.1+6.6 vesicles per pm? at the t =30 min time point
(Fig. 1C). The number of 100-300 nm large structures in
total extracts isolated from Aend3 cells was 19.7 +2.5 per
pum? at t =0 min and was 18.6 + 1.6 per pm? at the t =30
min time point (Fig. 1E). Therefore, 96.6% of the small
vesicles and 94.4% of the large structures were still
observed when the Adend3 strain was re-fed with glucose
for 30 min. Given that most of the small vesicles re-
mained in the extracellular fraction at the t =30 min time
point in the Aend3 strain, we suggest that this gene is
required for the decline of small vesicles in the extra-
cellular fraction in response to glucose replenishment.

END3 and extracellular vesicles

Proteomic approach to identify proteins in the
extracellular fraction

We next used a proteomic approach to identify proteins
that were present in the extracellular fraction. This should
include proteins that associate with the small vesicles as
well as proteins that associate with the large structures.
Furthermore, this should also contain proteins that show a
rapid END3-dependent decrease in response to glucose
addition. Wild-type cells were grown in media containing
low glucose and extracellular proteins were extracted from
these cells. Next, extracellular proteins were precipitated
with TCA and digested with trypsin. The resulting tryptic
peptides were then subjected to mass spectrometry for
protein identification. A total of 92 extracellular proteins
were identified with an estimated local FDR of < 5% and
72 of these extracellular proteins were identified with more
than 2 peptides with 95% confidence (Supplemental Table
1). These proteins were further classified into different
functional groups as defined by the Saccharomyces
genome database. About 18% of proteins were involved
in carbohydrate metabolism and 14% of proteins in amino
acid metabolism. We have also identified proteins involved
in the metabolism of alcohol, purines, pyrimidines, fatty
acids, glycerol, and acetate. Furthermore, heat shock
proteins, protein disulfide isomerase, cyclophilins, anti-
oxidant proteins ribosomal proteins, initiation factors,
elongation factors, actin, and proteins with unknown
functions were identified in the current study. Gluconeo-
genic enzymes MDH2, Icllp, and Pcklp were identified.
However, FBPase was not identified. GAPDH and Cprlp
are known to be secreted (40,42,43) and were identified
in this study. Heat shock proteins Ssalp and Ssa2p are cell-
surface proteins (44) that were also identified in the current
study.

Distribution of FBPase, MDH?2, Icl1p, Pck1p, GAPDH,
and Cprip in the vesicle-enriched fraction requires
membrane integrity

We next determined whether or not these identified pro-
teins associated with extracellular vesicles, and whether
this was dependent on membrane integrity. If these pro-
teins are associated with extracellular vesicles, the pro-
teins should be detectable in the 200,000 x g pellet
fraction in total extracts isolated from glucose-starved
cells. However, if these proteins do not associate with
extracellular vesicles, they should not be detected in the
200,000 x g pellet fraction in total extracts. We first
examined the distribution of gluconeogenic enzymes.
Because antibodies against Icllp and Pcklp were not
available, we produced a wild-type strain containing HA
tagged to Icllp and Myc tagged to Pcklp. We then used
HA and Myc antibodies to detect the presence of these
proteins. Wild-type cells expressing Icllp-HA and Pcklp-
Myc were grown in low glucose and harvested. Total
extracts were centrifuged at 3,000 x g for 5 min and then
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200,000 x g for 2 hours. After centrifugation, the
200,000 x g pellet fraction was resuspended in buffer
and aliquoted. Samples were incubated in the absence
and presence of detergent (2% SDS). Following incuba-
tion, samples were re-centrifuged at 200,000 x g for 2
hours and the distribution of these proteins in the
200,000 x g supernatant (S) and 200,000 x g pellet (P)
fractions was determined (Fig. 2). In the absence of
detergent, most of the FBPase, MDH2, Icllp, and Pcklp
were in the 200,000 x g pellet fraction (Fig. 2, left panels).
When the 200,000 x g pellet fraction was disrupted with

- SDS +SDS
S P S P
—— —_— -FBPase
-— — -MDH2

' P -lclip

. -Pckip
-
~ — -GAPDH
—_— - -Cprip

Fig. 2. FBPase, MDH2, Icllp, Pcklp, GAPDH, and Cprlp are
distributed in the vesicle-enriched fraction. Wild-type cells were
starved of glucose for 3 days and harvested. Total extracts were
obtained and centrifuged at 3,000 x g for 5 min. The resulting
supernatant was further centrifuged at 200,000 x g for 2 hours.
The 200,000 x g pellet fraction was resuspended, aliquoted,
and incubated in the absence or presence of 2% SDS for
30 min. Following incubation, samples were re-centrifuged at
200,000 x g for 2 hours. The distribution of FBPase, MDH2,
Icllp, Pcklp, GAPDH, and Cprlp in the 200,000 x g super-
natant (S) and pellet (P) fractions were examined by Western
blotting. Representative data from 3 experiments are shown.

2% SDS and re-centrifuged, the majority of these pro-
teins were in the supernatant fraction (Fig. 2, right
panels). Therefore, the distribution of these proteins in
the vesicle-enriched fraction is dependent on membrane
integrity. We also determined the distribution of non-
gluconeogenic enzymes such as GAPDH and Cprlp in
the vesicle-enriched fraction. In the absence of detergent,
most of the GAPDH and Cprlp were in the 200,000 x g
pellet fraction (Fig. 2, left panels). However, when mem-
branes were disrupted by 2% SDS, these proteins were
found mostly in the 200,000 x g supernatant fraction
(Fig. 2, right panels). Thus, the distribution of FBPase,
MDH?2, Icllp, Pcklp, GAPDH, and Cprlp in the
vesicle-enriched fraction is dependent on the integrity of
membranes.

END3-dependent decrease in extracellular FBPase,
MDH2, Pckip, Icl1p, GAPDH, and Cprip in
response to glucose addition

Gluconeogenic enzymes are degraded in the vacuole when
glucose is added to cells starved of glucose for 3 days
(32,39,45-50). Therefore, levels of extracellular gluconeo-
genic enzymes should decrease following a transfer of cells
from low to high glucose media. As shown in Fig. 1A,
about 76.3% of the large structures remained in total
extracts in wild-type cells at the t =30 min time point,
whereas only 4.5% of the small vesicles were observed at
this time point. Therefore, if these proteins associate with
the 30-50 nm small vesicles, levels of these proteins in
extracellular fraction should be low at the t =30 min time
point following glucose addition. In contrast, if these
proteins associate with the 100-300 nm large struc-
tures, substantial amounts of these proteins may still be
observed in the extracellular fraction at the t =30 min
time point. Wild-type cells were grown in low-glucose
media for 3 days, transferred to medium containing fresh
glucose for 0, 15, and 30 min. Extracellular proteins were
extracted and levels of these proteins in the intracellular
(I) and extracellular (E) fractions were then determi-
ned (Fig. 3A). In wild-type cells, FBPase, MDH2, Icllp,
Pcklp, GAPDH, and Cprlp were in the extracellular
fraction at the t =0 time point. Levels of these proteins in
the extracellular fraction decreased quickly following a
transfer of cells to medium containing 2% glucose for
15 and 30 min (Fig. 3A). A rapid decline of these proteins
following glucose addition suggests that these proteins
associate with small vesicles.

Because the vesicles were still observed in the Aend3
strain following glucose addition (see Fig. 1A), the
decrease of FBPase, MDH2, Icllp, Pcklp, GAPDH,
and Cprlp in the extracellular fraction following glucose
replenishment may be retarded in cells lacking the END3
gene. To test this, the dend3 strain was starved of glucose
for 3 days, transferred to medium containing high glucose
for 15 and 30 min and examined for the presence of these
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Fig. 3. The decline of extracellular FBPase, MDH?2, Icllp,
Pcklp, GAPDH, and Cprlp in response to glucose re-feeding
is dependent on END3. A, wild-type cells were starved of glucose
for 3 days and transferred to media containing 2% glucose for
0, 15, and 30 min. The distribution of FBPase, MDH2, Icllp,
Pcklp, GAPDH, and Cprlp in the intracellular (I) and extra-
cellular (E) fractions was examined by Western blotting. B, The
Aend3 cells were starved of glucose for 3 days and transferred to
media containing glucose for 0, 15, and 30 min. The distribution
of FBPase, MDH2, Icllp, Pcklp, GAPDH, and Cprlp in the
intracellular (I) and extracellular (E) fractions was determined.
Representative results from 3 experiments are shown.

END3 and extracellular vesicles

proteins in the intracellular (I) and extracellular (E) frac-
tions (Fig. 3B). At t =0 min, these proteins were in the
extracellular fraction in the Adend3 strain. However, their
levels in the extracellular fraction remained high follow-
ing a transfer of the dend3 strain to glucose for 30 min
(Fig. 3B). Thus, the END3 gene is required for the
glucose-induced decline of these proteins in the extra-
cellular fraction.

Levels of extracellular FBPase, MDH2, GAPDH,

and Cprip change depending on the duration

of starvation

Because extracellular proteins were identified from cells
that were grown in low glucose for 3 days, we next deter-
mined whether or not these proteins were present in
the extracellular fraction in cells that were starved for
a shorter period of time. Wild-type cells were grown in
media containing low glucose for 1d, 2d, and 3d. The
distribution of FBPase, MDH?2, Icllp, Pcklp, GAPDH,
and Cprlp in the intracellular (I) and extracellular (E)
fractions was then determined (Fig. 4). In 1d-starved
cells, FBPase was expressed, but its levels in the extra-
cellular fraction were low. Amounts of FBPase in the
extracellular fraction increased in 2d- and 3d-starved
cells. In a similar manner, levels of MDH2 in the extra-
cellular fraction were low in ld-starved cells and in-
creased in 2d- and 3d-starved cells (Fig. 4). However,
levels of Icllp and Pcklp in the extracellular fraction did
not change significantly in 1d-, 2d-, and 3d-starved cells.
Levels of GAPDH in the extracellular fraction were
lower in 1d-starved cells and increased when cells were
starved longer. In contrast, amounts of Cprlp in the
extracellular fraction were high in ld-starved cells but
decreased in 2d- and 3d-starved cells. Thus, levels of 4 out
of the 6 extracellular proteins examined in this study vary
depending on the duration of starvation.

In summary, our results demonstrated that small vesi-
cles were present in the extracellular fraction during
glucose starvation. These small vesicles undergo a rapid
decline following glucose addition in a process dependent
on the END3 gene. When total extracts were prepared
from cells grown in low glucose, gluconeogenic enzymes
FBPase, MDH2, Icllp, and Pcklp were present in the
vesicle-enriched fraction. Non-gluconeogenic enzymes
such as GAPDH and Cprlp were also detectable in the
vesicle-enriched fraction. Furthermore, their distribution
in the vesicle-enriched fraction is dependent on mem-
brane integrity. During glucose starvation, these proteins
were in the extracellular fraction and their levels in
the extracellular fraction decreased following glucose
addition. Moreover, they all utilize an END3-dependent
mechanism to reduce their levels in the extracellular frac-
tion in response to glucose. We conclude that END3 plays
an important role in the glucose-induced rapid decline
of vesicles and proteins in the extracellular fraction.
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Fig. 4. Levels of extracellular FBPase, MDH2, GAPDH, and
Cprlp vary depending on the duration of starvation. Wild-type
cells were grown in media containing low glucose for 1d, 2d, and
3d. The distribution of FBPase, MDH2, Icllp, Pcklp, GAPDH,
and Cprlp in the intracellular (I) and extracellular (E) fractions
was determined. Representative data from 3 experiments are
shown.

Discussion

In this study, we described the identification of 2 types
of morphologically distinct structures in the extracellular
fraction from Saccharomyces cerevisiae grown in low
glucose. Approximately 95% of these extracellular struc-
tures were small vesicles with a 30—50 nm diameter. The
presence of small vesicles in the extracellular fraction is
consistent with reports showing that small vesicles are
secreted from a variety of cells (51-53). Purified exosomes
from mammalian cells are 40-100 nm in diameter and
have densities of 1.1-1.2 g/ml (51-53). Interestingly,
FBPase and MDH2 have been identified in exosomes
secreted from insulinoma NIT-1 cells (54). FBPase,
MDH?2, Icllp, and Pcklp have also been identified in
extracellular vesicles from culture media from Histoplasm
capsulatum (9). Small vesicles (Vid vesicles) are used to
carry gluconeogenic enzymes to the vacuole for degrada-
tion when glucose is added to Saccharomyces cerevisiae
grown in low glucose. Vid vesicles are 30-50 nm in dia-
meter and have densities of 1.2 g/ml (31). These vesicles
exist as free and clustered forms in the cytoplasm (32).
In our study, about 5% of these extracellular structures
were large structures that were 150-300 nm in diameter
when total extracts were prepared from glucose-starved
yeast cells. These large structures appeared to be hetero-

geneous in size and shape. Many of them contained
higher electron densities in the centre that were 50—100
nm in diameter. Extracellular vesicles that are 50-250
nm have also been identified in culture media from
Saccharomyces cerevisiae (9,40,41).

Interestingly, 30-50 nm small vesicles and 100-300 nm
large structures displayed different responses to glucose
addition. When glucose was added to glucose-starved
cells, only 4.5% of the small vesicles remained after 30
min, whereas 76.3% of large structures remained. Rapid
decline of small vesicles in the extracellular fraction in
response to glucose addition is likely to result from
internalization into the cytoplasm. This idea is consistent
with the findings that most of these vesicles were still
observed at the t =30 min in cells lacking the END3 gene
that blocks endocytosis. It is also possible that END3 is
involved in a process that promotes the disruption of
these vesicles. However, the vacuole is the final destina-
tion for gluconeogenic enzymes following glucose addi-
tion. These enzymes that are present in the extracellular
fraction prior to glucose addition should be internalized.
Degradation of gluconeogenic enzymes in the vacuole
during glucose re-feeding prevents energy futile cycles
that may be detrimental to cells. Internalization is also
consistent with previous findings that clusters of small
vesicles were observed in the cytoplasm when wild-type
cells were transferred to glucose for 30 min (17,32).
Furthermore, Vid/endosomes containing aggregates of
small vesicles have been purified to near homogeneity
from the cytoplasm from wild-type cells that were re-fed
with glucose (32). Inside these Vid/endosomes, FBPase
was associated with numerous small vesicles (32). There-
fore, these small extracellular vesicles are most likely to
be internalized into the cytoplasm in response to glucose
addition.

Using a proteomic approach, we have identified 72
extracellular proteins that were present in total extracts
of glucose-starved cells. In a previous proteomic study by
Oliveira et al., larger vesicles of 50-250 nm were isolated
from culture media (40). When we compared the proteins
identified by Oliveira et al. with the 72 proteins identified
with more than 2 peptides having 95% confidence in this
study, 31 proteins overlapped (Fig. 5A). Common pro-
teins included Sselp, Cprlp, Gpmlp, Ssblp, Tdhlp,
Adhlp, Tdh3p, Hspl104p, Eft2p, Tsalp, Ssalp, Hsc82p,
Ssadp, Ssb2p, Pgklp, Rnrdp, Pgilp, Eno2p, Sod2p,
Bmhlp, Enol, Ssa2p, Bmh2p, Tpilp, Adh2p, Ahplp,
Pdclp, Cdcl9p, Fbalp, Aro8p, and Met6p. When we
compared their proteins with the 92 proteins that were
identified with one peptide or more having 95% con-
fidence in our study, 37 proteins overlapped (Fig. 5B).
One possible explanation for the low number of over-
lapping proteins is that Oliveira et al. identified more
proteins associated with larger vesicles, whereas we iden-
tified more proteins associated with small vesicles.
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Fig. 5. Comparison of proteins identified by Oliveira et al. and Giardina et al. The BioVenn analysis was used to compare the
distribution of proteins identified by Oliveira et al. (40) with the 72 proteins that were identified with more than 2 peptides having
95% confidence by Giardina et al. in this study (A) and the 92 proteins identified with more than 1 peptide having 95% confidence in this

study (B).

The extracellular proteins identified in this study in-
cluded proteins that associated with small vesicles and
proteins that showed a rapid END3-dependent decrease
in response to glucose addition. Indeed, FBPase, MDH2,
Icllp, Pcklp, GAPDH, and Cprlp were all detectable in
the vesicle-enriched fraction. Furthermore, membrane
integrity is required for the distribution of these proteins
in the vesicle-enriched fraction. When glucose was added
to glucose-starved wild-type cells, levels of extracellular
FBPase, MDH2, Icllp, Pcklp, GAPDH, and Cprlp
decreased rapidly, while levels remained high in cells lack-
ing the END3 gene. This suggests that these proteins
utilize an END3-dependent mechanism to reduce their
levels in response to glucose. Taken together, our data indi-
cate that the END3 gene is required for the rapid decline
of vesicles and proteins in the extracellular fraction
in response to changes in glucose concentrations in the
media.

At the present time, the molecular mechanisms for
vesicle internalization are largely unknown. We propose
that this is a special type of endocytosis. First, it is utili-
zed to transport 30-50 nm vesicles across the plasma
membrane. Furthermore, it is a regulated process, as
it happens when cells are transferred to high glucose.
Moreover, it occurs rapidly, as the decline of proteins/
vesicles in the extracellular fraction is almost complete
within the first 30 min of glucose addition. Rapid inter-

nalization may enable cells to adjust quickly to the chang-
ing environment. In the future, it will be desirable to
purify the 100-300 nm structures for further charac-
terization. Additionally, it will be important to identify
molecules required for the biogenesis and secretion of
small vesicles. It is also critical to identify additional
genes involved in the internalization of small vesicles.
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