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Autophagy is essential for prolonging yeast survival during nutrient deprivation; however, this report shows that some
autophagy proteins may also be accelerating population death in those conditions. While leucine starvation caused
YCA1-mediated apoptosis characterized by increased annexin V staining, nitrogen deprivation triggered necrotic death
characterized by increased propidium iodide uptake. Although a Datg8 strain died faster than its parental strain during
nitrogen starvation, this mutant died slower than its parent during leucine starvation. Conversely, a Datg11 strain died
slower than its parent during nitrogen starvation, but faster during leucine starvation. Curiously, although GFP-Atg8
complemented the Datg8mutation, this protein made ATG8 cells more sensitive to nitrogen starvation, and less sensitive
to leucine starvation. These results were difficult to explain if autophagy only extended life but could be an indication
that a second form of autophagy could concurrently facilitate either apoptotic or necrotic cell death.

Introduction

Studies of yeast have distinguished two sequences of events
leading to growth arrest and to death. One sequence, typified by
the process induced when yeast have been deprived of polyamines,
culminates with the breakup of the plasma membrane so that
previously excluded dyes like propidium iodide (PI) are able to
enter the cell.1 Although some PI+ cells can repair this damage and
survive if stress is removed,2 most cells that begin to take up PI
continue to deteriorate until they succumb to necrosis. Other
treatments including exposure to low levels of H2O2, produce a
more complex series of changes involving chromatin condensa-
tion, DNA breakage,3 and membrane rearrangements that expose
phosphatidylserine to exogenously provided annexin V.4 These
events herald apoptotic death, but in most cases, cellular
degeneration continues as cells undergo secondary necrosis.5

In the literature there is also a third pathway called autophagic
cell death (ACD). Autophagy was initially defined as the cell’s
primary response to nutrient deprivation or to the pharmaco-
logical agent, rapamycin. When these treatments set autophagy in
motion, vesicles called autophagosomes harvested cytoplasmic

proteins and organelles and delivered them to vacuoles or
lysosomes to be disassembled into amino acids and lipids useful
for preserving life until external nutrients are restored. However,
in a handful of cases,6-8 these autophagosomes were the only
visible responses to stress prior to the demise of the cell.9 Some
have inferred that such cells, lacking any of the hallmarks of
apoptosis or necrosis, died from excessive, nonspecific harvesting
of organelles and proteins that compromised their ability to
maintain essential homeostatic processes. However, persuasive
arguments have been made that death might not have resulted
from increased autophagic activity, but because autophagic activity
failed to prevent it.10,11 For many, the resolution of this debate
hinges on whether or not cells with defective autophagy genes are
able to survive conditions that kill normal cells.12

A study using yeast recently presented evidence for just such a
case.13 Cells treated with 13 mM Zn2+ died necrotically unless any
one of seven autophagy genes was inactivated. At the same time,
inactivation of other autophagy genes accelerated cell death, while
the inactivation of the remaining genes had no effect on survival at
all. Based on the mutants’ phenotypes, it was suggested that the
autophagic proteins could be sorted into four classes representing
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four combinatorial modules. When acting on their own, two of
these modules performed necrotic cell death. When joined with
a third module, the machinery performed starvation-induced,
nonselective autophagy. Finally, when all of the modules were
functionally joined, autophagy harvested a few proteins selectively
including the vacuolar protein aminopeptidase 1 and delivered
them to the yeast vacuole. Yet, despite this evidence that auto-
phagic proteins played an active part in cell death, the dying cells
did not harvest typical reporters of autophagic activity like
ROSELLA14 or Rpl25-GFP15 that would have been expected if
indiscriminate autophagy caused ACD. It appeared instead that
a selective autophagic process that could not be tracked with any
of the tested autophagy reporters enabled cells to go necrotic.

This was by no means the first evidence indicating that
autophagy contributed to necrotic cell death. Samara et al. found
that the loss of the C. elegans gene homologous to ATG1 reduced
the number of cells dying necrotically.16 More recently, Shin et al.
found that inhibiting autophagy inhibited the necrotic death of
macrophages infected with a Mycoplasm tuberculosis mutant.17 In
at least one study, inhibiting the mouse equivalents of the yeast
genes ATG7 and ATG8 blocked autophagic harvesting of catalase,
and by doing so, prevented necrotic death resulting from a
catastrophic increase in reactive oxygen-caused damage.18 The
contribution of autophagy to zinc-induced necrotic cell death
(ziNCD) in yeast13 might therefore not be as unusual as it first
seems, but merely an extreme example of the cell’s response to a
number of lethal treatments.

Most of what we now understand about autophagy began
with studies of how the process manifested itself during nitro-
gen starvation.19,20 We therefore proceeded to test whether the
phenotypic differences between mutants during ziNCD corre-
lated with phenotypic differences during nitrogen starvation, and
with the less understood response to leucine starvation. Although
the two forms of starvation might be expected to cause similar
forms of damage, they, in fact, have been previously shown to
elicit very different responses. Thus, leucine-starved cells accumu-
late almost as many autophagosomes as cells starved for all
nitrogen and amino acid sources,19 yet based on the vacuole-
dependent processing of GFP-Atg8 and pApe1, and on the
upregulation of Atg4 and Atg8, amino acid-starved cells
autophagically process less protein than nitrogen-starved ones.21

Defective autophagy may account for the observation that
leucine-starved cells lose colony-forming ability faster22 than
nitrogen-starved ones.23

The present study found additional ways that the two forms
of starvation differed from each other. We show that, like zinc
treatments, nitrogen starvation caused the vast majority of cells
to become membrane-permeable to propidium iodine (PI), a trait
associated with primary necrosis. Leucine-starved populations,
on the other hand, consisted of a mixture of cells. Some only
accumulated PI, some only stained with annexin V (a phenotype
associated with early apoptosis), and some stained with both, like
apoptotic cells undergoing secondary necrosis,5 or nonapoptotic
cells undergoing severe necrosis.24 Leucine-starved populations
failed to harvest autophagic reporter proteins efficiently yet at least
some autophagic gene knockout mutations that extended the life

of zinc-treated cells, extended the life of leucine-starved ones.
Despite these contributions by autophagy proteins, we found no
evidence for a unique form of death attributable to ACD. Based
on these studies, it was concluded that autophagic processes aided
both apoptotic and necrotic death, but did not bias which death
pathway was used during each stress.

Results and Discussion

The loss of ATG8 and ATG11 had opposite effects on cell
survival during leucine and nitrogen starvations. Previous studies
showed that autophagic mutants displayed one of three different
phenotypes when grown on excess zinc.13 Some mutants like
Datg29 had no effect on zinc tolerance. Others like Datg8 were
more resistant to zinc than the parental strain, while a handful like
Datg11 were more sensitive. These studies and others led to the
suggestion that autophagic proteins participated in competing
processes, some responsible for extending life, and some able to
shorten it. The current set of experiments indicated that the
colony-forming ability (CFA) of Datg8 cells harboring the URA3
plasmid, YEp25 declined rapidly during nitrogen starvation while
Datg11 cells with the same vector maintained their viability longer
than the other lines for the first 3 d (Fig. 1A). During leucine
starvation, these phenotypes were reversed (Fig. 1D). In fact, the
initial responses of Datg8 and Datg11 toward leucine starvation
resembled the responses of these two mutants to zinc treatment,
with the notable difference being that all genotypes eventually
succumbed to amino acid deprivation whereas Datg8 cells
formed colonies in the presence of 13 mM Zn2+. One explanation
for such phenotypes was that these autophagy proteins partici-
pated in two diametrically opposed pathways of which one
reduced CFA.

Autophagy mutations accelerated both necrotic and apoptotic
modes of death. Previous studies reported that zinc-treated cells
predominantly died through necrosis, based on PI accumulation,
on their failure to bind annexin V, and on the fact that survival
was not affected by the loss of any one of four genes involved
in apoptosis.13 Even before the colony-forming ability of the
population of nitrogen-starved cells began to decline (Fig. 1A),
the percentage of PI-accumulating cells began to increase
(Fig. S1). By comparison, leucine-starved populations of PS cells
showed a complex spectrum of phenotypes after only 3 h
(Fig. S1). At that time, some cells took up PI, but more than
twice as many bound annexin V. By 12 h, an even larger number
stained with both treatments (Fig. 1E). In this study we could not
determine whether cells that stained with both dyes initiated a
mixed cell death response from the very beginning of the stress,24

or instead deteriorated through an apoptotic process known as
secondary necrosis26 that generated membrane holes large enough
to let annexin V (MW = 35.8 kDa) as well as PI (MW =
0.67 kDa) enter. Mutational studies did little to distinguish
between these alternatives. While the deletion of ATG8 had little
effect on the number of cells initially undergoing primary
necrosis, and instead reduced the number of cells staining with
annexin V, or PI and annexin V (Fig. 1E), the deletion of ATG11
had its greatest effect on the number of cells staining with PI or
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with both reagents. This observation, that autophagic mutations
had their greater impact on necrotic death in one case, and
apoptotic death in another, implied that these proteins were not
wedded to either cell death process, nor part of a unique death
pathway on their own. Instead, the operation of these proteins
impartially accelerated whichever mechanism killed cells during
each particular stress.

We then extended this comparison of zinc-induced and leucine
starvation-induced death to include other mutants. During
leucine-starvation, each strain was monitored at the time when
PS cells showed a 30% loss in CFA (Fig. 1). However, rather than
focusing on the change in CFA over time, we analyzed the
pathway by which the mutants died based on PI uptake and
annexin V binding at a single time point. For the most part, the
additionally tested autophagic mutants responded as they did on
zinc-supplemented media. Two knockout mutations that reduced
necrotic death during zinc treatment (Datg7 and Datg15), delayed
the loss of CFA and reduced annexin V staining during leucine
starvation. One that had no effect on zinc tolerance (Datg19), had
no effect on survival during leucine starvation. Yet there were
notable exceptions to this correlation. The loss of the yeast
metacaspase gene, YCA1, had no effect on zinc-induced necrotic
cell death, but increased CFA from the PS’s 69% ± 4 viable cells
to the Dyca1 CFA of 93% ± 3 during leucine-starvation induced
apoptotic death (Fig. 1F). In addition, Dtor1 and Datg29 mutants
behaved like the parental strain on zinc-rich medium, but like

Datg8 during leucine starvation suggesting, perhaps, that nutrient
recycling was only relevant to surviving the latter stress.

Different pro-life processes operated during leucine and
nitrogen starvation. The responses of mutants to nitrogen-
starvation were generally mirror-images of their responses to the
other stresses. Whereas leucine-starved cells died quickly over the
course of hours (Fig. 1D), cells that were concurrently deprived of
all other potential nitrogen donors including leucine, died slowly
over the course of days (Fig. 1A). While the Datg11 mutation
accelerated death during leucine starvation (Fig. 1A), this
mutation sustained population growth during the first few days
of nitrogen starvation (Fig. 1D). Further studies indicated Datg7,
Datg19 and Dyca1 mutations neither benefited nor harmed
nitrogen starved cells during the first 24 h (Fig. 1C). Considera-
tion of all these phenotypes suggested that the kind of autophagy
that sustained life during zinc treatment and leucine starvation
worked against the survival of PS cells during the onset of
nitrogen starvation. After day 3, this pro-death activity was either
suppressed or overshadowed by the contribution of Atg11 (as well
as Atg8, 15 and 29) to survival.

Nitrogen-starved cells were also assayed for PI accumulation
and annexin V staining. As was done to study leucine starvation,
we wanted to produce a snapshot of the initial responses to stress
and so assayed phenotypes after 24 h, when most members of
populations of mutants like Datg8 were still viable. At this time,
most cell death was accompanied by necrosis (Fig. 1B and C).

Figure 1. Autophagy mutants did not respond uniformly to nutrient deprivation. (A and D) BY4741 and its derivatives bearing deletions of the indicated
genes were transformed with a vector, YEp,25 and grown in SD medium to an OD600nm of approximately 0.4, harvested, washed, and then diluted to
0.04 OD600nm using either SD-leucine (SD-L) or SD-nitrogen sources (SD-N) as described in Materials and Methods. Samples were removed every 12 h
(SD-L) or 72 h (SD-N), plated onto YPD medium and incubated 2 d at 30°C to assay for survivors. This recovery was normalized to the number of survivors
at 0 h. Each point is the average and standard deviation of 3–4 experiments. (B–C and E–F) Cells were removed from each culture after 12 h (SD-L) and
24 h (SD-N) starvation, cell wall-permeabilized, treated simultaneously with PI and annexin V, and viewed microscopically at 520 nm (annexin-FITC) and
620 nm (PI).13 Each value is the average percentage (and standard deviation) of stained cells within a population of 100–200 cells based on 3–4
independent experiments. Results are grouped into two sets: the black bar shows cells staining with annexin V alone (interpreted as undergoing
apoptosis), and the white and gray bars show cells staining with PI or PI and annexin (interpreted as undergoing different forms of necrosis). *The CFA
(the percentage of cells surviving relative to the initial cell number) at the time of sampling is shown below each mutant. The classification noted at the
top of (C and F) indicates how the CFA of each strain was scored 13 when grown on 13 mM Zn2+.
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This PI+ phenotype continued to predominate at 6 d (Fig. S1),
when the CFA of PS cells had dropped to 86 ± 0.9% (Fig. 1A). At
6 d, this PI+ phenotype also dominated populations of starving
Datg11 cells (PI+ cells made up 15 ± 1.1%, PI+/ annexin V+ made
up 2.5 ± 0.7%, and annexin V+ ones made up 0.9 ± 0.2% of the
population; data not shown). The fact that PI+/ annexin V+ cells
remained scarce throughout this time course suggested that the
onset of apoptosis or severe necrosis was being delayed because
cells were mounting a more successful response to nitrogen-
starvation than they were able to mount against leucine starvation,
possibly because of the way that autophagy was being performed
during each stress.

Nitrogen starvation-induced autophagy (also known as macro-
autophagy) has been the model for uncovering most of what
we know about the contribution that this process makes to
cell survival.27 This pathway is negatively regulated by the
TOR complex.28 Neither the deletion of TOR1 (Fig. 1C), nor
simultaneous treatment with rapamycin (Table 1), a chemical
inhibitor of Tor1,28 affected cell death during nitrogen starvation
indicating that the kinase was already fully inhibited by nitrogen
starvation. On the other hand, both the deletion of TOR1 and
treatments with rapamycin halved the rate of death during leucine
starvation (Fig. 1F and Table 1). This confirmed what others
have noted:21 leucine-starved cells survive longer if nonselective
autophagy is induced, but are unable to induce this form of
autophagy effectively without pharmacological help.

Rapamycin treatments provided further evidence that auto-
phagy proteins operated differently during the two deprivation
conditions. As shown in Table 1, the life-extending process
induced during nitrogen starvation and rapamycin treatment
depended upon Atg8 and Atg29, and not on Atg11. This verified
that the pro-life process operating throughout this treatment was
almost certainly synonymous with canonical macroautophagy.27

In contrast, the life-extending process that was activated during
leucine starvation to prevent PI accumulation depended on Atg11

suggesting that this type of autophagy operated selectively,29 like
the one that protected cells from excess zinc.13 Also like zinc-
stressed cells, leucine-starved ones appeared to simultaneously
carry out a death-promoting process, although in this case, one
dependent not only on Atg8, but also on Atg29. Both proteins are
considered vital for macroautophagy.29

The autophagy reporter protein GFP-Atg8 perturbed cell
death during starvation. Unexpectedly, independent evidence for
the existence of competing autophagic pathways came from
studies employing a common reporter protein, GFP-Atg8, under
the control of the native ATG8 promoter.30 This reporter is
incorporated into autophagosomes, and processed in the vacuole
to release free GFP and functional Atg8.30 Before using this
construct to monitor autophagy, we performed a routine analysis
to verify that the additional Atg8 would not affect the cell death
processes of the transformants. Surprisingly, it did. During
nitrogen starvation, a parental strain with the reporter developed
2.5-fold more PI+, and fewer surviving, cells than a strain with
an unaugmented vector (Fig. 2). Conversely, leucine-starved PS
cells expressing GFP::Atg8 showed 25% less PI staining, and 25%
more CPA, than cells carrying the vector alone. We then assayed
Datg8 cells with the same construct. Here, the reporter merely
returned both cell necrosis and cell survival to PS levels indicating
that the chimeric protein compensated for the loss of native
Atg8. If Atg8 was involved in a single process, it would be difficult
to accommodate the similar effects that adding GFP-Atg8 and
deleting the endogenous gene had on cell survival. An alternative
interpretation for what was found was that excess Atg8 protein,
coming from both the original and the introduced genes, reduced
competition for a rate-limiting molecule needed by two or more
opposing forms of autophagy. Leveling this playing field, in turn,
benefited a life-promoting pathway in leucine-starved cells, and a
death-promoting process in nitrogen-starved ones.

Despite genetic and biochemical analyses indicating that at least
two forms of autophagy operated in GFP-Atg8 expressing cells,
we could not detect changes in the localization of the reporter in
the Datg8 strain (Fig. 3). While nitrogen-starved cells acquired
green-fluorescing vacuoles (Fig. 3A) and showed enhanced GFP-
Atg8 processing (Fig. 3B), the vacuoles of leucine-starved ones
were nearly as dark as those in cells during normal growth
(Fig. 3A). The appearance of these vacuoles differed from those in
a previous report.21 However, those studies were performed in an
ATG8 strain. In PS cells with that genotype, we also found
fluorescence accumulated in vacuoles during leucine-starvation
(Fig. S2). In fact, had we only analyzed the PS strain, we might
have concluded that leucine-starvation had induced macrophagy.
After considering the phenotypes of Datg8 cells, a more nuanced
explanation might be that the combined Atg8 and GFP-Atg8 level
artificially augmented the pro-life pathway, allowing it either to
eliminate mistranslated or misfolded proteins, or to recycle the
limiting amino acid more quickly.

Leucine-starved cells were less sensitive to rapamycin. After
failing to see evidence for GFP-Atg8 processing in Datg8 cells, we
attempted to visualize autophagic events with an alternative
reporter, HttQ25-GFP, an approximately 34 kD reporter built
from the first 17 amino acids of the human protein, huntingtin,

Table 1. Rapamycin reduces the symptoms of death during leucine
starvation

SD-N SD-L

Rapamycin − + − +

PS::YEp 0.7 ± 0.5 1.0 ± 0.4 8.9 ± 1.4 3.0 ± 1.0

4.0 ± 1.2 5.0 ± 1.0 17.7 ± 2 8.0 ± 1.5

Datg8::YEp 0.5 ± 0.3 0.8 ± 0.7 4.0 ± 1.1 2.0 ± 0.5

12.6 ± 3 14.2 ± 1 9.3 ± 1.9 5.0 ± 1.0

Datg11::YEp 1.1 ± 0.6 0.8 ± 0.3 10 ± 2.5 8.0 ± 2.3

4.0 ± 1.3 4.0 ± 0.8 35.6 ± 4 18.4 ± 2

Datg29::YEp 0.8 ± 0.3 0.5 ± 0.4 3.9 ± 0.7 4.1 ± 1.0

13.5 ± 3 12.1 ± 2 8.7 ± 2.1 7.6 ± 2.5

The table shows the percent of cells (± standard deviation) staining with
annexin V (upper rows) or with PI and both annexin V and PI (lower rows)
for PS and mutant cultures starved for nitrogen for 24 h, or leucine for 12 h
with (+) and without (−) 0.22 mM rapamycin as indicated. Each experiment
was repeated 3 times. Note that Datg29::YEp did not respond to rapamycin
during this treatment and that rapamycin did not reduce apoptotic death in
Dat11::YEp cells.
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with 25 glutamine residues fused to a FLAG-tagged GFP, that
was expressed in yeast from a GAL1 promoter.31 The poly-
glutamine sequence on this reporter enables it to form unstable
aggregates in vitro.32 Preliminary experiments in galactose
medium showed this protein was not toxic to yeast (data not
shown), nor did it alter the percentages of cells that stained with
PI during nitrogen or leucine starvation (compare strains with this
reporter shown in Fig. S3 with the percentages of PI+ cells in
Fig. 1B and E). Although this reporter was harvested during
nitrogen starvation (Fig. S4A), it too failed to accumulate in
vacuoles, or to show evidence of increased proteolytic degradation,
during leucine starvation (Fig. S4B).

We then turned to Ape1-RFP,33 a substrate for nonspecific
autophagy, as well as for one very selective process called
cytoplasm-to-vacuole targeting.34 As shown in Figure 4A, this
protein was harvested constitutively during nutrient-replete con-
ditions, but vacuolar accumulation increased 20–30-fold more
during either rapamycin treatment or nitrogen starvation (Fig. 4B).
The amount of processed Ape1 protein also increased during these
conditions, although this increase was not dramatic (Fig. 4C).

Despite this sensitivity to increases in autophagic activity, the
Ape1-RFP reporter failed to reveal increased protein harvesting
during leucine starvation (Fig. 4A–C). In fact, leucine starvation
partially de-sensitized cells to rapamycin treatment so that there
were nearly 3-fold fewer-than-expected cells with intensely
fluorescent vacuoles, and nearly half as much processed Ape1
protein produced. Interestingly, leucine-starved melanoma cells
behave much like leucine-starved yeast: both fail to induce
autophagy significantly, both die from caspase-dependent apop-
tosis, and neither is induced to full autophagy capacity by
rapamycin.35

Overall, these experiments demonstrated that mutational
studies were able to reveal what our current set of reporter
proteins could not. Without the autophagy mutants, we would
have no reason to suppose autophagy operated during either zinc
treatment or leucine starvation since none of the standard
reporters showed extensive accumulation in the vacuoles of the
treated cells. The genetic studies, by contrast, revealed that cells
performed two different processes in each of these conditions.
One process protected cells from damage, and one process acted
to accelerate cell death. The balance between these pathways
could be shifted toward extending life by treating cells with
rapamycin, or in either direction by expressing GFP-Atg8.
However, at this time, we still cannot say which proteins operate
in each pathway. Based on the small survey reported here, Atg29
played a much more important role protecting cells from the
effects of leucine starvation than it did protecting cells from the
effects of zinc.13 Moreover, while Atg11 operated in processes that
protected cells during zinc treatment and leucine starvation, it
appeared to interfere or compete with life-extending processes
during nitrogen starvation. More subtly, the loss of Atg15, a
vacuolar lipase that extends the life span of cells during caloric
restriction,36 switched the primary pathway of death during
nitrogen starvation from necrosis to apoptosis. It is possible that
cells that are unable to breakdown their autophagosomes in the
vacuole, and thus unable to recycle the autophagosome contents,
are dying like cells starved for leucine.

The second outcome of these studies is to add to the growing
evidence that autophagy operates differently, if at all, during
leucine starvation.21,35 This deviation from the pathway operating
during nitrogen starvation might have hastened the process that
caused so many cells to show signs of late apoptosis/secondary
necrosis. A complete understanding of the basis for this defect,
and of how pro-life and pro-death autophagic pathways differ,
must await the identification of new reporters, ones capable
of tracking what appear to be highly selective operations. Until
such time, our current interpretation of the results presented
here is that cells are able to use different combinations of
autophagy proteins to harvest different cell constituents, and by
so doing, affect the factors that specifically trigger either necrotic
or apoptotic death.

Materials and Methods

Yeast strains, plasmids and media. Saccharomyces cerevisiae strains
and plasmids used in this study are listed in Table S1. Each mutant

Figure 2. Expressing GFP-Atg8 in PS cells changed the percentages of
cells dying during starvation. PS and Datg8 cells were transformed with
YEp or a plasmid expressing GFP-Atg8, starved and stained with PI, and
scored. Because of the presence of GFP, it was not possible to score for
annexin V-staining cells in these experiments. Each average (and
standard deviation) was derived from 3–4 independent experiments,
each counting 100–200 cells. The table shows the CFA of each strain at
the time of sampling.
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obtained from an Open BiosystemsTM collection of yeast deletion
mutants was derived from BY4741 (MATa his2 leu2 met15 ura3)
and has a kanMx cassette in place of the indicated open reading
frame. All cells were grown in minimum medium (either SD or SG;
0.67% yeast nitrogen base without amino acids, 2% glucose (SD) or
2% galactose (SG) and strain-specific amino acids and nucleotides),
or rich medium (YPD; 1% yeast extract, 2% peptone, 2% dextrose),
or SD or SG medium without leucine (SD-L or SG-L), or in
nitrogen-depleted minimum media [SD-N or SG-N; 0.17% yeast
nitrogen base without amino acids and ammonium sulfate, 2%
glucose (SD-N) or 2% galactose (SG-N)] at 30°C. When necessary,
medium was supplemented with 1.5% agar and/or 0.22 mM
rapamycin (Alexis Biochemicals, R-5000). The plasmid carrying the
GFP-ATG8 chimera was a generous gift from Dr. Y. Ohsumi,37

Ape1-RFP was generously provided by Dr. M. Thumm,33 and
HTTQ25-GFP was kindly provided by Dr. M. Sherman.31 Each was
transformed into appropriate yeast strains using standard protocols.38

Viability assay, annexin and propidium iodide staining.
In order to ensure all cultures were in comparable stages of
growth in each experiment, each strain was grown to mid-
log phase (approximately 0.4 OD600nm) in SD medium
supplemented with appropriate amino acids and nucleotides.
At that time, samples were taken, washed twice with TE
buffer pH 8.0 (10 mM TRIS-HCl, 1 mM EDTA) and
diluted to 0.04 OD600nm using fresh SD-L or SD-N for
leucine or total nitrogen starvation experiments, respectively.
Every 12 h (SD-L) or 72 h (SD-N), 100 mL of each culture
were taken and diluted three and 4-fold in TE buffer and
100 mL were spread onto YPD plates. The inverted plates
were incubated at 30°C for two days before colonies were
counted in order to calculate the CFA which was defined
here as the ratio of viable cells mL21 at tn relative to the
number of viable cells mL21 at t0 expressed as a percentage.
To estimate the mode of death, samples from appropriate
strains were taken after 12 h (SD-L) and 24 h (SD-N)
incubation. Cell wall-permeabilized cells were then stained
with 2 ml annexin-FITC (BioLegend, 640905) and 2 ml
(500 mg/ml) PI (195458, MP Biomedicals, LLC) follow-
ing our previously described protocol.13 In these studies,
approximately 90% of the annexin V-binding cells also
accumulated PI indicating that they were either in second-
ary26 or severe necrosis. Cell walls were not permeabilized
when only propidium iodide uptake was tested. Each aver-
age (and its standard deviation) represents the percentage of
stained cells within a population of 100–200 cells based on
3–4 independent experiments.

Fluorescent microscopy and immunoblot analysis.
Tested strains were grown in SD medium to an OD600nm

= 0.4, incubated for 30 min at 30°C in YPD containing
20 mg/ml FM 4-64 (Invitrogen, T-13320) (for vacuole
membrane visualization), washed twice with TE buffer and
diluted to OD600nm = 0.04 in fresh appropriate medium.
Unless otherwise stated, all cultures were then grown for
12 h (SD-L) or 24 h (SD-N) before 4 mL of each culture
were spotted onto microscope slides previously coated with
poly L-lysine (Sigma-Aldrich, P-4707). Cells expressing

HTTQ25-GFP were starved in the presence of 1.0 mM
phenylmethylsulfonyl fluoride (PMSF) when being prepared for
microscopic analyses. Images were taken using a Nikon i80
Eclipse fluorescent microscope equipped with an Lambda LS
unit and an Photometrix Cool SNAP ES digital camera with
appropriate filters. The excitation time for GFP-Atg8 was
300 ms (Fig. 3A) and 2 sec and 500 ms for PS and Datg8,
respectively (Fig. S1); for Ape1-RFP (Fig. 3), the exposure was
1 sec; for HttQ25-GFP (Fig. S3), 400 ms.

Proteins were extracted from 5 OD units of cells following the
method previously described.13 Obtained samples and a Color
Plus Protein Ladder (BioLabs, P-7711S) were separated using an
8.5% SDS-PAGE gel and transferred to a Protran1 nitrocellulose
membrane (Whatman, 10402452). The membrane was blocked
with blocking buffer (1.3% gelatin from cold water fish skin
(Sigma, G7041) in PBS pH 7.0) overnight at 4°C and developed
with primary rabbit polyclonal anti-GFP antiserum (Clonetech,

Figure 3. GFP-Atg8 was not harvested or processed by Datg8 cells during
leucine starvation. (A) The photos show representative cells that were
pre-grown in SD and then stained for 30 min with FM4–64. Stained cells were
then washed and starved for 12 h (SD-L) or 24 h (SD-N) and examined.
(B) Proteins were extracted from cultures harvested at the same times as in (A),
separated by PAGE, transferred to duplicate membranes, and treated with
antibodies to visualize GFP or actin. The amounts of GFP-Atg8 and GFP relative
to actin are shown in the lower table.
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632377) for proteins extracted from Datg8 GFP::ATG8 and
PS HTTQ25-GFP, goat polyclonal anti-Ape1 (Santa Cruz
Biotechnology, SC-26740) antibody for PS, and primary
rabbit polyclonal anti-actin antibody (Sigma-Aldrich,
A2066) for all three strains. Secondary antibodies for
GFP-tagged proteins were IR700-labeled goat anti-rabbit
(Rockland, 611-130-122). Secondary antibodies for Ape1
were alkaline phosphatase-conjugated donkey anti-goat
(Santa Cruz Biotechnology, SC-2037). Actin was detected
with primary rabbit polyclonal anti-actin antibody (Sigma-
Aldrich, A2066) followed by IR700-labeled goat anti-rabbit
(Rockland, 611-130-122) secondary antibody. Membranes
were scanned using a Li-Cor Odyssey Infrared Imaging
System (Li-Cor Bioscience) and analyzed using ImageJ
(http://rsb.info.nih.gov/ij/index.html). The intensity of the
band representing the protein of interest was normalized to
that of actin. Each western has been replicated at least twice
with similar results.
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Figure 4. Leucine-starved cells harvested basal levels of Ape1.
(A) Representative cells in cultures expressing Ape1-RFP after 12 h
(SD-L) and 24 h (SD-N) starvation in the presence or absence of
0.22 mM rapamycin. (B) Average percentage of the population
(± standard deviations) showing the indicated phenotypes. Each
value was derived from looking at 100–200 cells in 3 independent
experiments. (C) Proteins were extracted from PS cultures
harvested at the times indicated above, separated by PAGE,
transferred to duplicate membranes, and treated with antibodies
to visualize Ape1 or actin. The amounts of Ape1 relative to actin
are shown in the lower table.
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