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Autophagy is required for G./G, quiescence
in response to nitrogen starvation
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In response to starvation, cells undergo increased levels of autophagy and cell cycle arrest but the role of autophagy
in starvation-induced cell cycle arrest is not fully understood. Here we show that autophagy genes regulate cell cycle
arrest in the budding yeast Saccharomyces cerevisiae during nitrogen starvation. While exponentially growing wild-type
yeasts preferentially arrest in G,/G, in response to starvation, yeasts carrying null mutations in autophagy genes show
a significantly higher percentage of cells in G,/M. In these autophagy-deficient yeast strains, starvation elicits physi-
ological properties associated with quiescence, such as Snf1 activation, glycogen and trehalose accumulation as well
as heat-shock resistance. However, while nutrient-starved wild-type yeasts finish the G,/M transition and arrest in G,/
G,, autophagy-deficient yeasts arrest in telophase. Our results suggest that autophagy is crucial for mitotic exit during

starvation and appropriate entry into a G /G, quiescent state.

Introduction

Eukaryotic cell growth and proliferation are regulated by
nutrients, and the budding yeast, Saccharomyces cerevisiae, pro-
vides an excellent model for studying such regulation. In response
to nutrient deprivation, cells stop proliferating, undergo cell cycle
arrest, and enter a reversible state of quiescence, usually in G,
of the cell cycle.! It is commonly accepted that the decision to
proliferate is made when cells are in G, which is called Start in
budding yeast. This decision is regulated by a variety of nutrient-
sensing kinases including Snf1, PKA, Torl and Tor2, Sch9, and
Pho85-Pho80.% Once yeast cells have passed Start, they usually
traverse all phases of the cell cycle until reaching Start again. If
a decision is made not to proliferate, haploid cells preferentially
arrest at Start and enter quiescence with a 1IN DNA content.

Yeasts can also enter quiescence—at least during carbon star-
vation—through other cell cycle phases besides G /G,, although
the ability to give rise to progeny is diminished.>” In cells that have
entered quiescence upon carbon source exhaustion, quiescence
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exit can be triggered by glucose addition. These observations
have given rise to the notion that quiescence entry and exit may
be governed primarily by cellular metabolic status and are not
invariably coupled to the cell cycle. Nonetheless, the cellular
pathways that govern the stage of the cell cycle at which yeast
enter quiescence during starvation remain poorly understood.

Autophagy is a highly conserved pathway in which cytoplas-
mic contents are degraded and recycled in response to stressors
including starvation. Autophagy is critical for maintaining cel-
lular energy homeostasis and regulating cell growth.® The core
yeast autophagy machinery can be divided into 4 major sub-
groups.” The Atgl-Atgl3-Atgl7 serine/threonine kinase complex
is crucial for the initiation step of autophagy. The Vps30/Atg6,
Vpsl5, Vps34, and Atgl4 lipid kinase complex is essential for the
formation of the phagophore. The vesicle elongation step of auto-
phagy includes 2 ubiquitin-like protein systems; the core mem-
bers are Atg3, Atg4, Atg5, Atg/, Atg8, Atgl0, Atgl2, and Atgl6.
In addition, the Atg9 cycling system including Atg2 and Atgl8
functions in autophagosome formation.
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Previous studies showed that some autophagy genes partici-
pate in cell cycle regulation. For example, mice lacking Becnl, the
mammalian ortholog of yeast VPS30/ATG6, have abnormal cell
proliferation in mammary epithelial ducts and splenic germinal
center lymphocytes;® mice lacking Ambral have increased cell
proliferation in fetal brain;” and g7~ mouse embryonic fibro-
blast cells have impaired TRP53/p53-mediated cell cycle arrest.”
In the budding yeast, Saccharomyces cerevisiae, autophagy and G,/
G, cell cycle arrest are both induced after switching the cells from
a nutrientrich environment to nutrient-limited conditions.''
However, it is not clear whether autophagy regulates G,/G, cell
cycle arrest.

In this study, we used the budding yeast Saccharomyces cerevi-
stae as a model system to study the role of autophagy in cell cycle
regulation. Similar to mammalian cells, which arrest in G,/G,
after serum starvation,” the majority of wild-type yeasts arrest in
G,/G, after nitrogen starvation." In contrast, we found that the
majority of autophagy-deficient yeasts arrest in telophase after
nitrogen starvation and, interestingly, still exhibit quiescence-
specific phenotypes. Based on these results, we conclude that
autophagy genes are required for yeast to traverse the cell cycle
and properly arrest in G,/G, in response to starvation.

Results

Autophagy-deficient yeasts fail to enter G,/G, in response
to starvation

To investigate the role of autophagy in cell cycle regula-
tion during starvation, we examined whether yeasts with null
mutations in different essential autophagy genes (A7G1, ATGS5,
VPS30/ATG6, ATG7, and ATG8) arrest in G,/G, after nitro-
gen starvation. During growth in YPD medium, about 30%
of both wild-type and azgIA, atg5A, vps30A/atg6A, atg7A, and
atg8A yeast cells were in G,/G_, as quantified by the percent-
age of cells without buds. After shifting exponentially growing
yeasts to nitrogen starvation medium (SD-N) for 4 h, greater
than 80% of wild-type yeasts entered G,/G, (Fig. 1A). In con-
trast, the percentage of azglA, arg5A, vps30A/atg6A, arg7A, and
atg8A yeasts in G /G only minimally increased in response to
nitrogen starvation. The magnitude of this increase was mark-
edly less than in wild-type yeasts indicating that autophagy-
deficient yeasts have a defect in G,/G, arrest in response to
nitrogen starvation. This defect in G /G arrest in autophagy-
deficient yeast strains persisted at 24 h after nitrogen starvation
(Fig. S1).

To gain further insight into the mechanism by which auto-
phagy functions in permitting yeast cells to arrest in G,/G, in
response to nitrogen starvation, we examined the phenotypes
of yeast strains containing null mutations in genes encod-
ing vacuolar permeases (#2¢22A and atg22A avt3A avt4A),"
in selective autophagy genes (atg/IA and a£g32A)">'° and in a
vacuolar protease gene (pep4A)."” atg22A, atg22A avt3A avt4A,
atglIA, and arg32A mutant yeasts did not significantly differ
from wild-type yeasts with respect to the percentage of cells in
G,/G, after nitrogen starvation (Fig. 1A; Fig. S1). In contrast,
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pep4A yeasts, which are deficient in the maturation of vacuolar
enzymes, showed a similar percentage of cells without buds in
response to nitrogen starvation as atgIA, atg5A, vps30A/atg6A,
atg7A, and atg8A yeasts (Fig. 1A; Fig. S1). Taken together, these
observations suggest that the failure of atgIA, atg5A, vps30A/
atg6A, arg7A, and atg8A yeasts to arrest in G,/G, in response
to nitrogen starvation is not likely due to a deficiency in general
nutrient recycling or selective autophagy, but rather, may be due
to defects in autophagic cargo degradation in the yeast vacuole;
the pep4A mutant is deficient in the activity of multiple vacu-
olar hydrolases and accumulates autophagic bodies within the
vacuole lumen.

To further confirm that autophagy-deficient yeasts fail to
enter G,/G, after nitrogen starvation, we measured DNA con-
tent using flow cytometry. Consistent with the budding assay
data (Fig. 1A), the majority of wild-type, a2¢22A, atg22A avt3A
avt4A, atglIA, and atg32A cells had a IN DNA content 4 h
after nitrogen starvation. In contrast, the majority of azglA,
atg5A, vps30A/atg6A, atg7A, atg8A, and pep4A yeasts had a 2N
DNA content after starvation, indicating they were not in G /
G, (Fig. 1B; Fig. S2). Thus, both the budding assay and DNA
content measurements indicated that yeast defective in general
starvation-induced autophagy or vacuolar protease activity (but
not in selective autophagy or vacuolar permease-dependent nutri-
ent recycling of large, neutral amino acids via the Atg22, Avt3
and Avt4 permeases) fail to properly arrest in G /G, following
nitrogen starvation.

Autophagy-deficient yeasts fail to progress through G,/M in
response to starvation

Next we examined whether autophagy-deficient yeasts con-
tinued to actively divide after nitrogen starvation. We measured
the growth curve of wild-type and vps30A/atg6A yeast strains in
both nutrient-rich YPD medium and in SD-N starvation medium
(Fig. 2A and B). In YPD medium, wild-type and vps30A/atg6A
yeasts grew at a similar rate (Fig. 2A). In nitrogen-starvation
conditions, the growth of wild-type yeasts did not cease until
after 4 h whereas, in contrast, autophagy-deficient yeasts stopped
dividing almost immediately (Fig. 2B). To exclude the possibil-
ity that the decreased numbers of vps30A/atg6A yeasts reflected
increased cell death, we measured colony formation in wild-type
and yps30A/atg6A yeasts after 4 h nitrogen starvation and found
no difference in cell survival (Fig. 2C).

The accumulation of autophagy-deficient yeasts in G,/M
(rather than G /G ) coupled with their failure to divide after
nitrogen starvation raised the possibility that they have a defect
in cell cycle progression through G,/M. To examine this, we per-
formed live cell imaging of wild-type and autophagy-deficient
yeasts. Following nitrogen starvation, we found that the buds
of wild-type yeast grew larger and eventually finished cytokine-
sis before the yeast cells became dormant. In contrast, the buds
of autophagy-deficient vps30A/atg6A and atg7A yeasts stayed
attached to the mother cells and failed to grow larger (Fig. 3).
Thus, autophagy may be necessary for proper transit through
G,/M after nitrogen starvation.

To further clarify the stage of G,/M arrest in autophagy-defi-
cient yeasts in response to nitrogen starvation, we stained DNA
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Figure 1. Cell-cycle analysis of wild-type and autophagy-deficient yeasts during nitrogen starvation. (A) Quantification of the percentage of wild-type
and indicated atg mutant yeast strains without buds at time 0 (YPD) or after 4 h in SD-N (SD-N). Bars represent mean + SEM of triplicate samples (at least
100 cells per sample were counted). Similar results were observed in more than 3 independent experiments. ***P < 0.001, NS, not significant; 2-way
ANOVA with Bonferroni correction for comparison of magnitude of change between YPD and SD-N in the indicated atg mutant yeast strain compared
with the magnitude of change between YPD and SD-N in wild-type (WT) yeasts. (B) FACS analysis of cell cycle of the indicated yeast strains at time 0
(YPD) or after 4 h in SD-N (SD-N). 10,000 cells were analyzed per strain. Similar results were observed in more than 3 independent experiments.
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Figure 2. Cell growth and cell survival of wild-type and autophagy-defi-
cient yeast during nitrogen starvation. (A and B) The number of yeast
cells grown in YPD (A) or SD-N (B) was quantified at serial time points.
Values represent mean = SEM of triplicate samples. Similar results were
observed in 2 independent experiments. In (A) cell growth curves were
fitted to an exponential growth model to determine their doubling time.
The difference between growth curves in wild-type (WT) vs. vps30A/
atg6/\ yeast strains was analyzed using an ANOVA model; statistical
results are indicated in each graph. NS, not significant. (C) Wild-type
(WT) and vps30A/atg6A strains were grown in YPD or SD-N for 4 h and
tested for survival by plating 100 cells on YPD plates and counting colo-
nies after 48 h at 30 °C. Cell survival was calculated as the percentage
of colonies over the total number of plated cells. Bars represent mean
+ SEM of triplicate samples. Similar results were observed in 2 indepen-
dent experiments. NS, not significant; one-way ANOVA for indicated
comparison.

with DAPI and examined the morphology of the yeast spindle
microtubules by immunofluorescence staining with an antibody
recognizing the yeast tubulin, Tubl. We examined cells at 4 h
after nitrogen starvation—a time point when the majority of
wild-type yeasts lacked buds and were in G,/G and the majority
of atg6A, atg7A, and pep4A yeasts were in G,/M (Fig. 1). For
the mutant cells, we quantified the percentage of cells among
those arrested with buds in different stages of G,/M; this was
not possible for the wild-type yeasts as the vast majority did not
have buds. In atg6A, atg7A, and pep4A yeasts, nearly 100% of
the cells arrested with buds had complete spindle disassembly
and separation of the mother and daughter chromosomes, sig-
nifying an arrest in telophase with a failure to undergo cytoki-
nesis (Fig. 4A and B). Thus, genes essential for autophagy and
for vacuolar protease activity are required for mitotic exit during
nitrogen starvation.

Autophagy-deficient yeasts have quiescence-specific pheno-
types after nitrogen starvation

Previous studies have shown that cell cycle mutants arrested
in G,/M can acquire characteristics of quiescence.” We inves-
tigated whether autophagy-deficient yeasts, although they fail
to properly enter G,/G, in response to nitrogen starvation,
also display features of quiescence. First, we asked whether the
yeast ortholog of mammalian AMP-activated protein kinase
(AMPK), Snfl, a crucial regulator of quiescence entry' is
activated normally during nitrogen starvation in autophagy-
deficient yeast strains. We found that Snfl was phosphorylated
within 30 min after nitrogen starvation in wild-type, vps30A/
atg6A, and atg7A yeasts (Fig. 5A and B). Thus, Snfl activation
can occur in the absence of G,/G, entry, and defects in Snfl
activation are unlikely to explain the failure of autophagy-defi-
cient yeast to properly arrest in G /G in response to nitrogen
starvation.

Some of the phenotypic properties that characterize quies-
cence in yeast are metabolic changes, such as increased trehalose
and glycogen accumulation and resistance to heat shock.?! In
response to nitrogen starvation, wild-type, vps30A/atg6A, and
atg7A yeasts accumulated trehalose and glycogen (Fig. 5C and
D). In addition, all 3 strains showed starvation-induced heat resis-
tance (Fig. 5E). During exponential growth in YPD medium,
the viability of wild-type, vps30A/atg6A, and atg7A strains was
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reduced after exposure to 50 °C for 20 min. Consistent with the
known prosurvival function of autophagy in response to envi-
ronmental stress, vps30A/atg6A and atg7A yeasts were more sen-
sitive than wild-type yeasts to heat shock when grown in YPD.
However, after 4 h of nitrogen starvation, vps30A/atg6A and
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Figure 3. Autophagy-deficient yeasts fail to complete cell division after nitrogen starvation. Yeasts were grown on an SD-N agarose pad and images
were taken at serial time points using a Zeiss Axioplan 2 microscope. The time above each image indicates the time in nitrogen starvation (SD-N). Black
arrows denote buds that separate to become daughter cells during the imaging period. White arrows denote buds that fail to separate to become
daughter cells during the imaging period. Scale bar: 5 um. At least 15 cells were examined per time-lapse photography experiment and similar results
were observed in 5 different experiments.

atg7A yeasts were as heat-resistant as wild-type yeasts (Fig. 5E). Discussion
The same results were also observed for other autophagy-defi-
cient yeast strains, including azglA, atg5A, and azg8A (Fig. S3). Our results indicate that, during nitrogen starvation in S. cere-

Together, these results suggest that autophagy-deficient yeasts  wvisiae, autophagy gene products are essential for cell cycle progres-
arrest in telophase and enter quiescence in response to nitrogen sion and G,/G, arrest. However, these proteins are dispensable
starvation. for acquisition of a quiescent phenotype, including acquisition
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Figure 4. Autophagy-deficient yeasts and pep4A yeasts arrest in telophase after nitrogen starvation. (A) Anti-Tub1 staining and DNA staining with DAPI
of indicated yeast strains starved in SD-N for 4 h. MC, mother cell. (B) Quantification of percentage of cells with buds that are in telophase. Values repre-
sent mean + SEM of triplicate samples (> 50 cells analyzed per sample). Similar results were observed in 3 independent experiments.

of thermo-resistance and accumulation of storage carbohydrates.
This requirement for autophagy genes is consistent with a previ-
ous report demonstrating that azg/A and azg2A yeasts are defi-
cient in G,/M progression during starvation.” Our observation
of a similar phenotype in yeast with null mutations in multiple
other autophagy genes, including ATG5, VPS30/ATG6, ATG7,
and ATGS, provides additional support for the finding that the
autophagy pathway is essential in cell cycle progression follow-
ing nitrogen starvation. Moreover, our results also demonstrate
a somewhat unexpected finding—namely, that core autophagy
genes are NOT essential for key aspects of starvation-induced
cellular quiescence, at least in the budding yeast, S. cerevisiae.
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In addition, our results confirm and extend the importance of
autophagy genes and vacuolar degradation in mitotic exit during
nitrogen starvation; based on analysis of spindle morphology, we
found that vps30A/atg6A, atg7A, and pep4A yeasts arrest in telo-
phase. Consistent with our findings, Matsui et al. also reported a
role for Atg2 in completion of cytokinesis.®

The mechanism(s) by which autophagy genes are required for
mitotic exit during nitrogen starvation are not yet fully under-
stood. In the study by Matsui et al., it was postulated that starved
cells rely on autophagy to generate catabolites necessary for syn-
thesizing proteins essential for cell cycle progression; indeed, the
defect in G,/M progression in atg2A yeasts with auxotrophy for
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Figure 5. Analysis of quiescence-specific phenotypes in wild-type and autophagy-deficient yeasts after nitrogen starvation. (A) Western blot detection
of p-Snf1 during growth in YPD at time 0 (YPD) or 30 min after transfer to SD-N (SD-N) in indicated yeast strains transformed with a plasmid express-
ing HA-Snf1. (B) Densitometry quantification of the ratio of p-Snf1/total Snf1 in indicated yeast strains transformed with a plasmid expressing HA-Snf1
and cultured as described in (A). Bars represent mean = SEM values from 3 independent experiments, including the representative gels shown in (A).
(Cand D) Measurement of trehalose (C) and glycogen (D) levels in yeasts grown in YPD or SD-N for 4 h. Bars represent mean + SEM of triplicate samples.
Similar results were observed in 3 independent experiments. (E) Assessment of heat-shock resistance in indicated yeast strains during growth in YPD or
SD-N for 4 h. Bars represent mean + SEM of triplicate samples. Similar results were observed in 3 independent experiments. NS, not significant; one-way

ANOVA with Tukey test for multiple comparisons.

tryptophan is rescued when tryptophan is added to the nitrogen-
depleted medium.'® However, in our study, it seems unlikely that
the lack of cytoplasmic availability of amino acids, nucleic acids,
and/or other catabolites is responsible for the defect in starvation-
induced G,/G, arrest as yeasts lacking the vacuolar permeases
Atg22, Avt3, and Avi4 were similar to wild-type yeasts with
respect to G /G arrest in response to nitrogen starvation. It is
possible that the role of nutrient recycling in G,/M progression is
different in a synchronous population following a-factor release
(as studied by Matsui et al.) compared with the asynchronous
population of yeasts examined in the present study. We also can-
not definitively rule out the possibility that recycling of certain
amino acids or another nutrient factor is important in mediat-
ing mitotic exit in nitrogen starvation conditions, but just not
through the vacuolar permeases Atg22, Avt3, and Avt4; these
permeases export large, neutral amino acids and are not the only
amino acid permeases in the vacuole membrane.

In contrast to vacuolar permeases, we found that Pep4, a
vacuolar protease required for function of multiple hydrolases
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and, hence, autophagic cargo degradation,” was required for
proper starvation-induced G /G, arrest. Since the formation of
autophagosomes is normal in pep4 mutant yeasts (and presum-
ably the sequestration of cell cycle regulators within the vacuole
should be unimpaired), the mitotic arrest phenotype observed in
our study is unlikely due to a specific requirement for autoph-
agy-dependent proteolysis of a cell regulator(s) during nitrogen
starvation conditions. Rather, our findings are more consistent
with a role for vacuolar nutrient sensing, which depends on both
autophagosome formation (hence the phenotype of azglA, atg5A,
vps30/atg6A, atg7A, and atg8A mutant yeasts) and the genera-
tion of free amino acids generated by vacuolar proteases within
the vacuole (hence the phenotype of pep4A mutant yeasts), in
mediating mitotic exit. In mammalian cells, there is increasing
evidence that amino acids inside the lysosome are sensed by the
v-ATPase-Ragulator complex, which signals to the mechanistic
target of rapamycin complex 1 (MTORC]I), a critical regulator of
the cell cycle including telophase and cytokinesis.”** Although
Matsui et al. conclude that yeast TORC1 may be dispensable for
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cell cycle progression during nitrogen starvation (based

Table 1. Yeast strains used in this study

on the lack of an observed effect of rapamycin in wild- Strain Genotype Refs.
type yeasts),'® it is notable that rapamycin does not sup- AHY001 SEY6210 atg11AzHIS5 15
press mammalian MTORCI serine 2481 phosphorylation [ jcy3000 SEY6210 atg6A:HIS3 57
which enriches MTORCI near the contractile ring dur-
. . s . . . MGY101 SEY6210 atg5A::LEU2 28
ing telophase and cytokinesis.”® Thus, our findings high-
light the need for further studies to investigate the role of SEY6210 | MATa leu2-3, 112 ura3-52 hisA200 trp1-A901 lys2-801 suc2-A9 | 29
TORCI-dependent and/or other potential yeast vacuolar | TKYM139 SEY6210 atg32A:LEU2 16
ngtrient sensing.pathways in mediating mitotic exit during VY1 SEY6210 pepdA=LEU2 17
nitrogen starvation.
. . . . VDY101 SEY6210 atg7A:LEU2 30
The entry of autophagy-deficient yeasts into quies-
cence with 2N DNA content may have important impli- [ WHY00T SEY6210 atg1A:HISS 31
cations for understanding broader aspects of yeast biology. | WPHYD7 SEY6210 atg8A:LEU2 32
F.irst, sin'ce autophagy—de'ficient yeasts l}ave impair.ed sur- ZEY6 SEY6210 atg22A-TRP1 14
vival during prolonged nitrogen starvation,* our findings
. 9 ZFY22 SEY6210 avt3A::HIS3 avt4A:URA3 atg22/:TRP1 14
suggest that the quiescence program of autophagy-defi-

cient yeasts is qualitatively different than the G /G, qui-
escence program in terms of permitting cells to adapt to nutrient
deprivation. Second, it has been previously shown that yeasts that
arrest in G,/M have diminished ability to give rise to progeny,””
but the mechanistic basis for this has been unclear. Matsui et al.
found that 27g2A yeasts with a defect in G,/M progression during
nitrogen starvation have increased aneuploidy following replen-
ishment with a nitrogen source and cell division.'® Therefore, our
findings, taken together with these previous observations, sug-
gest a model in which entry into quiescence in G,/M (such as
that which occurs in autophagy-deficient yeasts) may increase
genome instability, and thereby diminish production of prog-
eny. Clearly, despite having similar markers of quiescence that
signify similar adaptation to environmental stress (such as the
acquisition of thermotolerance), there are fundamental as-of-yet
undefined differences between G /G and quiescence entry dur-
ing other stages of the cell cycle that may explain the benefi-
cial effects of G,/G, quiescence on eukaryotic cell survival and
reproduction.

Materials and Methods

Strains and culture conditions

S. cerevisiae strains used in this study are listed in Table 1.
Unless noted otherwise, yeasts were grown in YPD (20 g/L pep-
tone, 10 g/L yeast extract and 20 g/L glucose). For nitrogen star-
vation, yeasts were grown in SD-N (1.7 g/L yeast nitrogen base
without amino acids and ammonium sulfate and 20 g/L glucose).
Solid medium contained 20 g/L agar.

Budding assay

Five x 10° cells/ml were grown in 5 ml fresh YPD for 4 h
to early midlog phase (OD_, 0.2-0.3). Samples were washed 3
times with SD-N and 1/3 of the culture (labeled “YPD”) was
fixed in 70% ethanol for 2 h and washed with 50 mM sodium
citrate, pH 7.4. After brief sonication, cells with or without buds
were quantified using differential interference contrast micros-
copy. The remainder of the culture was starved in SD-N for 4 h

or 24 h. Samples were then processed and analyzed as described
for the YPD samples.
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Quantification of yeast cell numbers

Yeast cells were washed 3 times in autoclaved H,O prior to
resuspension in either YPD or SD-N. Cell numbers were deter-
mined by using a hemocytometer (Hausser Scientific, 3100)
according to the manufacturer’s instructions.

Yeast transformation

Yeasts were transformed with a plasmid encoding HA-Snf1%
using the Frozen-EZ Yeast Transformation II Kit (Zymo
Research, T2001) according to the manufacturer’s instructions.

Flow cytometry

Five x 10° cells/ml were grown in 5 ml fresh YPD for 4 h
to early midlog phase (OD, , 0.2-0.3). Samples were washed
3 times with SD-N and 1 ml of the culture was removed and
fixed with 70% ethanol at 4 °C overnight. The remainder of the
culture was starved in SD-N for 4 h before fixation with 70%
ethanol. After overnight fixation, cells were washed twice with
50 mM sodium citrate, pH 7.4, incubated for 2 h at 37 °C
with 0.25 mg/ml RNase A (Sigma, R4875), washed twice with
50 mM sodium citrate, pH 7.4, and stained with 5 pg/ml prop-
idium iodide (Roche, 11348639001) for 30 min in the dark. Cell
cycle analysis was performed on a FACSCalibur (BD Biosciences)
in the UT Southwestern Flow Cytometry Core Facility and the
data were analyzed using Flow]Jo 8.8.6.

Protein extraction, immunoprecipitation, and western blot
analysis

Protein was extracted from yeast cells grown in YPD or SD-N.
Two x 108 cells were harvested from each sample. Yeasts were lysed
in 500 ! RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1%
SDS, 1% NP40 substitute IGEPAL CA-630 (Sigma, 18896), 0.5%
sodium deoxycholate (Sigma, D6750) containing the complete pro-
tease inhibitor cocktail (Roche, 11836170001) and the halt phos-
phatase inhibitor cocktail (Thermo Scientific, 78427). HA-Snfl
was immunoprecipitated using anti-HA agarose conjugate (Santa
Cruz, SC7392AC). Proteins were resolved using 4-15% TGX
gels (Bio-Rad, 456-1086) and transferred to PVDF membranes.
HA-Snfl was detected with an HA-specific HRP-conjugated
mouse monoclonal antibody (Santa Cruz, SC7392HRP). Phospo-
Snfl was detected with a phospho-AMPK «a (Thrl72) rabbit
monoclonal antibody (Cell Signaling Technology, 2535).
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Glycogen and trehalose assays

Glycogen and trehalose were hydrolyzed to glucose as pre-
viously described.** 2 x 10® cells were harvested. Glucose levels
were determined using the Glucose (GO) Assay Kit (Sigma,
GAGO20). OD,, was measured using a POLARstar Omega
multi-mode microplate reader (BMG Labtech).

Immunofluorescence

Yeast cells were grown to early midlog phase (OD_ 0.2
0.3), washed 3 times with SD-N and starved in SD-N for 4 h.
Cells were then fixed with 4% paraformaldehyde for 45 min
at 30 °C, washed once with 100 mM potassium phosphate,
pH 6.5, and washed twice with P solution (100 mM potassium
phosphate, pH 6.5, 1.2 M sorbitol). Fifteen microliters zymolase
(100T; Zymo Research, E1005) and 2.5 wL B-mercaptoethanol
were added to 500 L cells in P solution. After 1 h incubation at
30 °C, cells were washed twice with P solution and placed on
poly-D-lysine-coated chamber slides (Electron Microscopy
Sciences, 63410-01) for 10 min. Cells were washed with phos-
phate-buffered saline (Sigma, D8537) containing 5 mg/ml
BSA (Sigma, A9647) (PBS-BSA). Anti-Tubl antibody (Novus
Biologicals, NB100-690) was added at a dilution of 1:100 in
PBS-BSA, and slides were incubated overnight at 4 °C. The
slides were washed 3 times with PBS-BSA and secondary

antibody (Alexa 594; Invitrogen, A21203) was added at a dilu-
tion of 1:2,000 in PBS-BSA and incubated in the dark for 2 h.
Cells were washed 3 times with PBS-BSA, mounted with DAPI-
mounting medium (Vector Laboratories, H-1200) and sealed
with nail polish. Images were captured using a Zeiss Axioplan 2
fluorescence microscope.
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