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Autophagy is a highly conserved, degradative process in eukaryotic cells. The rapamycin-sensitive Tor kinase complex 1
(TORC1) has a major role in regulating induction of autophagy; however, the regulatory mechanisms are not fully
understood. Here, we find that the protein kinase A (PKA) and Sch9 signaling pathways regulate autophagy cooperatively
in yeast. Autophagy is induced in cells when PKA and Sch9 are simultaneously inactivated. Mutant alleles of these
kinases bearing a mutation that confers sensitivity to the ATP-analogue inhibitor C3-1'-naphthyl-methyl PP1 revealed
that autophagy was induced independently of effects on Tor kinase. The PKA-Sch9-mediated autophagy depends on the
autophagy-related 1 kinase complex, which is also essential for TORC1-regulated autophagy, the transcription factors
Msn2/4, and the Rim15 kinase. The present results suggest that autophagy is controlled by the signals from at least three

partly separate nutrient-sensing pathways that include PKA, Sch9, and TORC1.

INTRODUCTION

Eukaryotic cells respond, and physiologically adapt, to
changes in their intracellular and extracellular environment.
Autophagy is a major lysosomal/vacuolar degradative
pathway for bulk proteins and damaged and/or unneces-
sary organelles. When cells are starved for some nutrients, a
double-membrane vesicle, termed an autophagosome, is
formed to sequester cytoplasm. Once completed, the auto-
phagosome subsequently fuses with the lysosome/vacuole,
resulting in the breakdown of the contents. Finally, the
resulting macromolecules are released back into the cytosol
and reused for the synthesis of new proteins that are re-
quired for cells to survive during these conditions
(Yorimitsu and Klionsky, 2005; Mizushima and Klionsky,
2007). This process is widely conserved in eukaryotes from
yeast to mammals, and it is involved in a variety of cellular
physiological events such as development, proliferation, re-
modeling, death, and aging (Levine and Klionsky, 2004;
Meijer and Codogno, 2006; Shintani and Klionsky, 2004a).
Some yeasts also use a biosynthetic autophagy-related pro-
cess termed the cytoplasm-to-vacuole targeting (Cvt) path-
way that is used for the selective transport of the resident
hydrolases aminopeptidase I (Apel) and a-mannosidase
(Yorimitsu and Klionsky, 2005). These hydrolases can also
be transported into the vacuole as selective cargos by auto-
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Although the mechanism of autophagy regulation is not
fully understood, the target of rapamycin (Tor) signaling
pathway has a major role in controlling induction (Noda and
Ohsumi, 1998). Tor is a protein kinase that regulates cellular
growth in response to nutrient availability. Tor forms two
functionally distinct protein complexes, Tor complex 1 and 2
(TORC1 and TORC2; Loewith ef al., 2002). TORC1 is partic-
ularly sensitive to the immunosuppressive drug rapamycin.
It is also inactivated in nutrient-depleted conditions. Inacti-
vation of TORC1 causes various cellular responses, includ-
ing induction of autophagy (Schmelzle et al., 2004).

In yeast, ~30 proteins are identified as functioning spe-
cifically in autophagy-related pathways. Most of theses au-
tophagy-related (Atg) proteins localize at a perivacuolar site,
termed the phagophore assembly site (PAS), where they are
thought to function in the formation of the autophagosome.
Of the Atg proteins, Atgl, Atgl3, and Atgl7 are candidates
to receive the signal from TORC1 (Kamada ef al., 2000;
Kabeya et al., 2005). Rapamycin treatment or shifting to
nitrogen starvation, which inactivates TORC1, rapidly alters
the phosphorylation state of Atgl3 from a hyperphosphory-
lated to a hypophosphorylated form. This conversion appar-
ently facilitates the interaction of Atgl3 with Atgl and
Atgl7. Atgl is a protein kinase, and its activity is stimulated
by formation of a complex with Atgl3 and Atgl7 during
autophagy, although the role of Atgl kinase activity still
remains unclear (Nair and Klionsky, 2005).

In addition to TORCI1, the RAS/cAMP-dependent protein
kinase A (PKA) signaling pathway also regulates autophagy
from yeast to mammals (Budovskaya et al., 2004; Furuta et
al., 2004; Schmelzle et al., 2004; Mavrakis et al., 2006). The
RAS/PKA pathway plays an important role in regulation of
growth in response to extracellular nutrients. In rich nutrient
conditions in yeast, two redundant small GTPases, Rasl and
Ras2, are activated and they stimulate adenylate cyclase to
produce cAMP. PKA consists of three redundant catalytic
subunits, Tpkl, Tpk2, and Tpk3, and a regulatory subunit,
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Bceyl. Binding to cAMP allows the dissociation of Beyl from
the catalytic subunits and activation of PKA (Thevelein and
de Winde, 1999). The RAS/PKA pathway is also associated
with some TORCl1-regulated responses other than autoph-
agy (Schmelzle et al., 2004).

Constitutive activation of PKA is effective in preventing
induction of autophagy by rapamycin or nutrient-depletion,
indicating that PKA functions as another negative regulator
for autophagy (Budovskaya et al., 2004; Schmelzle et al.,
2004). This idea is supported by the observation that inacti-
vation of PKA with a dominant-negative Ras2¢??4 mutant
can induce autophagy in nutrient-rich conditions without
rapamycin (Budovskaya et al., 2004). However, the induction
of autophagy in this situation is less efficient and slower than
that seen with inactivation of TORCI. In Saccharomyces cer-
evisine, PKA phosphorylation sites are present in Atgl,
Atgl13, and Atgl8. It is still unclear how or whether the
phosphorylation of these Atg proteins by PKA is function-
ally linked to autophagy. Atgl is mislocalized in cells ex-
pressing a hyperactive Ras mutant, Ras2'°V, whereas an
Atgl mutant lacking PKA phosphorylation sites is properly
localized at the PAS in the presence of this mutant
(Budovskaya et al., 2005). However, this altered Atgl did not
display constitutive autophagy activity in the presence of
the Ras2©'V mutant. Therefore, mislocalization of Atgl
does not by itself account for the defect in autophagy that
results from the hyperactive Ras allele.

The protein kinase Sch9 is a homologue of mammalian
protein kinase B (PKB)/Akt or p70S6 kinase, both of which
are also involved in regulation of growth in response to
nutrients. The relationship between the RAS/PKA and Sch9
signaling pathways is unclear, but they may function in
parallel in several physiological pathways. SCH9 was orig-
inally identified as a multicopy suppressor of RAS/PKA
signaling defects. Conversely, activation of PKA suppresses
the slow growth phenotype seen with deletion of SCH9
(Toda et al., 1988). In addition, several lines of evidence also
indicate that the three kinases PKA, Sch9, and TORC1 are
involved in at least some of the same cellular processes. For
example, these kinases may converge in the regulation of a
protein kinase, Rim15, which is required for entry into
stationary phase through activation of Gg-related traits
(Pedruzzi et al., 2003). In addition, loss of any of the signal-
ing pathways regulated by these kinases extends yeast lon-
gevity, which is dependent on Msn2/4 and Rim15 (Fabrizio
et al., 2001; Kaeberlein et al., 2005).

Here, we report that autophagy is stimulated in nutrient-
rich conditions without inactivation of TORC1, by inactiva-
tion of both PKA and Sch9 by using inhibitor-sensitive al-
leles of SCH9 and TPK1, TPK2, and TPK3. The Atgl kinase
complex is essential for PKA/Sch9-mediated autophagy.
Moreover, depletion of Msn2/4 and/or Rim15 blocks auto-
phagy that is induced by PKA and Sch9 inactivation. Our
results suggest that these three intracellular nutrient-sensory
kinases cooperatively regulate the induction of autophagy.

MATERIALS AND METHODS
Strains and Media

The S. cerevisiae strains used in this study are listed in Table 1. Gene deletions
were performed by a polymerase chain reaction (PCR)-based procedure.
Yeast strains were grown or incubated in YPD, synthetic medium (SMD) or
starvation medium (SD-N) as described previously (Cheong et al., 2005).
Rapamycin (Fermentek, Jerusalem, Israel) and C3-1'-naphthyl-methyl PP1
(INM-PP1; a kind gift from Dr. Kevan Shokat, University of California, San
Francisco) were used at a final concentration of 0.2 ug/ml and 0.1 uM,
respectively.

Vol. 18, October 2007

PKA and Sch9 Regulate Autophagy

Plasmids

Plasmids pCuGFP-AUT7(416), YEp351[APG13], pATG1(415), pATG1K54A (415),
and pJU675 (encoding Sch9) have been described previously (Kamada et al., 2000;
Abeliovich et al., 2003; Urban et al., 2007; Yen et al., 2007). Plasmid pJU841 encodes
a hyperactive Sch9 mutant containing five mutations of T723D, S726D, T737E,
S758E, and S765E (Urban et al.,, 2007). To construct plasmid pNOP1ATG17-
PA(314), PCR-amplified ATG17 was introduced into pNOP1-PA(314) by using
Ncol and Xhol sites (He et al., 2006). Site-specific mutagenesis to generate muta-
tions of C24R in pATG17-PA(314) and S508A, S515A in pATG1(415) was carried
out as described previously (Yen et al., 2007).

Immunoblotting

Yeast cells were grown in SMD medium at 30°C to early log phase, and either
INM-PP1 or rapamycin was added to each culture to induce autophagy. For
starvation conditions, cells were shifted to SD-N medium. At the indicated
times, cells were collected, and proteins were precipitated by addition of
trichloroacetic acid (TCA). Protein extracts were subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) followed by immunoblotting with appro-
priate antiserum or antibodies.

Assays for Autophagy

For monitoring bulk autophagy, the alkaline phosphatase activity of Pho8A60
and processing of green fluorescent protein (GFP)-Atg8 were carried out as
described previously (Noda et al., 1995; Shintani and Klionsky, 2004b).

RESULTS

Autophagy Is Induced by Inactivation of PKA and Sch9

Multiple regulatory pathways control cell growth and re-
lated processes. For example, PKA and Sch9 have a parallel
role in maintaining cell growth (Toda et al., 1988). Although
PKA regulates autophagy, a role for Sch9 in autophagy
regulation has not been demonstrated in yeast. Thus, to
begin to understand the complex regulatory network that
controls this essential process, we decided to examine the
function of yeast Sch9 and to compare its role with that of
PKA. We used strains carrying a mutation in the ATP-
binding pocket of Tpkl (M164G), Tpk2 (M147G), and Tpk3
(M165G), and/or Sch9 (T492G) that confer sensitivity to the
cell-permeable ATP-analogue inhibitor INM-PP1. In the
presence of inhibitor at the concentration used here, only
kinases with the appropriate mutation are specifically inhib-
ited (Jorgensen et al., 2004). Hereafter, the strain expressing
the triple tpkl, tpk2, and tpk3 mutations is referred to as pka,
and the strain expressing the mutant form of Sch9 as sch9;
the inhibitor-sensitive quadruple mutant is referred to as pka
sch9.

First, we examined the upregulation of Atg8. The expres-
sion of ATGS is up-regulated shortly after induction of au-
tophagy (Huang et al., 2000). Atg8 is an ubiquitin-like pro-
tein that is conjugated to phosphatidylethanolamine,
generating Atg8-PE. Therefore, we analyzed the synthesis
and conjugation of Atg8 as a way to monitor autophagy.
Rapamyecin treatment resulted in a significant increase in
formation of Atg8-PE in wild-type cells as well as in pka,
sch9, and pka sch9 cells as expected (Figure 1A). With INM-
PP1 treatment, Atg8—PE formation was stimulated in pka,
sch9 and pka sch9 cells, but not in the wild-type strain. These
data suggest that inactivation of PKA and Sch9 induces
autophagy.

To verify this result, we monitored processing of GFP-
Atg8. When autophagy is induced, GFP-Atg8 is transported
into the vacuole inside the autophagic body. Atg8 is de-
graded after lysis of the autophagic body, whereas the GFP
moiety is relatively resistant to proteolysis. Accordingly,
monitoring free GFP processed from GFP-Atg8 reflects the
level of autophagy (Shintani and Klionsky, 2004b). In con-
trast to monitoring Atg8-PE levels that reflect induction, the
GFP-Atg8 processing assay measures autophagic flux; that
is, this assay measures complete autophagy including vac-
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Table 1. Yeast strains used in this study

Strain Genotype Reference
TYY164 W303-1B atglA::kan This study
TYY166 Y2864 sch9192C atg1A:kan This study
TYY167 W303-1B tpkIMIAC fpf2MI47G 1k 3M165G gopgTA92G pio] Az:kan This study
TYY172 W303-1B phol3A::kan pho8A60::HIS3 This study
TYY173 W303-1B tpkIMIAG fpf2MI47G 1pk3M165G phol3A:kan pho8A60::HIS3 This study
TYY174 W303-1B tpkIMIAG fpj2MIA7GC 1pk3MI65G 5 9T492G phol3Azkan pho8A60::HIS3 This study
TYY175 W303-1B vac8A::kan This study
TYY176 W303-1B tpkIMIAG fpj2MIA7C 1pi3MI65G 1ac8A::kan This study
TYY177 Y2864 sch9™92C vac8A::URA3 This study
TYY178 W303-1B tpkIMIAC fpjQMIA7C 1pi3MI65G 5y 9T492G 18 A::kan This study
TYY179 W303-1B atg1A::kan vac8A::HIS3 This study
TYY180 W303-1B tpkIMIAC fpj2MIA7C 1pi3MI65G 5 9T492G gto] Arkan vac8A::URA3 This study
TYY181 W303-1B phol3A::kan pho8A60::HIS3 atg1A::URA3 This study
TYY182 W303-1B tpkIMIAG fpf2MIA7GC 1pk3MI65C 5 9T492G phol3Azkan pho8A60::HIS3 atglA::URA3 This study
TYY183 W303-1B atg13A::HIS3 This study
TYY185 W303-1B tpkIMIAC fpj2MIA7GC 1pi3MI65G 5o gT492G 1o 3A::HIS3 This study
TYY187 Y2864 sch9™92C phol3A::kan pho8A60::URA3 This study
TYY190 W303-1B atg17A::HIS3 This study
TYY191 W303-1B tpkIMIAC fpfQMI47GC 1pk3MI65G g0 gT492G gta7A::HIS3 This study
TYY193 W303-1B tpkIMIAG fpjQMIA7C 1pi3MI65G 5o 9T492G 152 A:LEU2 msn4A::HIS3 This study
TYY197 W303-1B tpkIMIAG fpf2MI47GC tpk3M165G g0 9T492G sp A:LEU2 msn4A:HIS3 rim15A:TRP1 This study
TYY199 W303-1B tpkIMIAC fpjQMIA7C tpi3MI65G 5 9T492G 1im]15A::HIS3 This study
TYY201 W303-1B GLN3-myc::HIS3 This study
TYY202 W303-1B tpkIMIAG fpjQMIA7GC 1pk3MI65G 5o gT492G GLN3-myc::HIS3 This study
TYY220 W303-1B beylA:=LEU2 This study
W303-1B MATa leu2-3,112 ura3-1 his3-11,15 trp1-1 ade2-1 can1-100 Thomas and
Rothstein (1989)
Y2864 W303-1B gal1::HIS3 Wang et al. (2004)
Y3507 Y2864 sch9T92G This study
Y3527 W303-1B tpkIMI64G ¢pkaMIA7G fy[3M165G This study
Y3528 W303-1B tpkIMI64G tpk2MI47G fpk3M165G g0y gT492G This study

uolar delivery and turnover of the cargo. GFP-Atg8 is also
delivered to the vacuole inside of the Cvt vesicles that form
under vegetative growth conditions, and by autophago-
somes during basal autophagy; however, the level of free
GEFP resulting from either of these mechanisms is quite low
and often undetectable (Figure 1B, no addition). In contrast,
when treated with rapamycin, GFP-Atg8 was processed in
wild-type, pka, sch9, and pka sch9 cells, but not in atg1A and
atg1A pka sch9 cells that are defective in autophagy. This
result indicates that all three mutants were able to induce
autophagy in response to rapamycin treatment, that is, when
Tor was inactivated. In contrast, INM-PP1 treatment re-
vealed the presence of free GFP from GFP-Atg8 only in pka
sch9 cells. In addition, the level of free GFP was significantly
less than that seen after rapamycin treatment. Processing of
GFP-Atg8 in the presence of INM-PP1 was not detected in
atg1A pka sch9 cells, indicating that GFP-Atg8 was processed
in an autophagy-dependent manner. To extend our analysis,
we observed GFP-Atg8 processing over time after drug
treatment (Figure 1C). When treated with rapamycin, wild-
type and pka sch9 cells both processed GFP-Atg8 with sim-
ilar kinetics, and free GFP was first detected within 1 h of
drug addition. As expected from the steady-state analysis,
INM-PP1 treatment did not allow GFP-Atg8 processing in
wild-type cells, whereas it induced processing during the
time course of drug treatment in the pka sch9 mutant; how-
ever, the response was slower than seen with rapamycin,
with no detection of free GFP during the first hour, and the
level of free GFP was considerably lower at comparable time
points.

Processing of GFP-Atg8 monitors the delivery of membrane,
specifically the autophagosome inner membrane or autophagic
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body, to the vacuole and subsequent lysis of the corresponding
vesicle within the vacuole lumen. We next decided to examine
the uptake of bulk cytoplasm, the cargo of the autophagosome.
Pho8A60, a truncated variant of the vacuolar alkaline phospha-
tase Pho8, lacks the N-terminal transmembrane region that
normally allows entry into the endoplasmic reticulum (ER),
resulting in accumulation of the mutant protein in the cytosol
(Noda et al., 1995). Cytosolic Pho8A60 is sequestered as a non-
specific cargo within autophagosomes upon induction of au-
tophagy and delivered into the vacuole, where it is processed
into an enzymatically active form due to removal of a C-
terminal propeptide. Therefore, the alkaline phosphatase activ-
ity of Pho8A60 reflects the magnitude of autophagic cargo
delivery.

When autophagy was induced by rapamycin treatment,
wild-type, pka, sch9, and pka sch9 cells showed a significant
increase in Pho8A60 activity, whereas atg1A and atg1A pka
sch9 cells defective in autophagy showed only the basal level
of activity (Figure 2A). When treated with INM-PP1, only
the pka sch9 cells showed any increase in the activity of
Pho8A60, compared with the activity of the cells without
treatment. The level of activity was quite low relative to that
seen after rapamycin treatment, but this increase was repro-
ducible. In addition, deletion of ATGI prevented the induc-
tion of Pho8A60 activity due to INM-PP1 treatment in pka
sch9 cells, indicating that the induced activity was due to an
autophagic process. These results were consistent with the
result of GFP-Atg8 processing; that is, only the pka sch9
double mutant displayed an increase in autophagy after
inhibition with INM-PP1.

We undertook one additional assay to confirm the previ-
ous results. In this case, we took advantage of the precursor
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Figure 1. Inactivation of PKA and Sch9 induces auto-
phagy. (A) PKA-Sch9 inactivation stimulates Atg8 ex-
pression and lipidation. Wild-type (W303-1B), pka
(Y3527), sch9 (Y3507), and pka sch9 (a-9; Y3528) cells were
grown for 6 h in SMD with or without rapamycin or
INM-PP1. Proteins were precipitated with TCA and
resolved by SDS-PAGE followed by immunoblotting
with anti-Apel and anti-Pgkl antiserum (as a loading
control). Atg8 and Atg8 conjugated with phosphati-
dylethanolamine (Atg8-PE) were separated by 12%
SDS-PAGE in the presence of 6 M urea followed by
immunoblotting with anti-Atg8 or anti-Pgk1l antiserum.
(B) GFP-Atg8 processing is enhanced by inactivation of
PKA and Sch9. Protein extracts from wild-type, pka,
sch9, pka sch9 (a-9), atg1A, and atg1A pka sch9 (TYY167)
cells expressing GFP-Atg8 were analyzed as described
in A by using anti-GFP antibodies. (C) Kinetics of GFP-
Atg8 processing. Wild-type and pka sch9 cells expressing
GFP-Atg8 grown to early log-phase were incubated in
SMD containing rapamycin or INM-PP1. At the indi-
cated times, TCA-precipitated proteins were subjected
to immunoblotting, as described in B.

Apel (prApel) accumulation phenotype seen in the vacSA
mutant. Vac8 is needed for the Cvt pathway, but it is not
essential for autophagy; prApel that accumulates in the
vac8A mutant in vegetative conditions is rapidly processed
to the mature form when autophagy is induced by starva-
tion (Cheong et al., 2005). Thus, maturation of prApel in the
vac8A background is another assay to monitor autophagic
induction. We found that vac8A cells accumulated only
prApel in vegetative conditions regardless of the PKA or
Sch9 phenotype (Figure 2B). Rapamycin treatment allowed
the essentially complete maturation of prApel in all strains,
except when ATG1 was additionally deleted, indicating that
prApel processing occurred by the normal Atg protein-
dependent mechanism. Treatment with INM-PP1 had no
effect on the wild-type strain, but it caused maturation of
prApel in the pka strain, and to a greater extent in the pka
sch9 double mutant background; there was no processing of
prApel in the sch9 vac8A strain, or in the triple mutant strain
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that was also deleted for ATGI1. Together, we concluded that
simultaneous inactivation of PKA and Sch9 can trigger au-
tophagy, and as a corollary, that autophagy is negatively
regulated cooperatively by the PKA and Sch9 signaling
pathways.

PKA-Sch9 Regulation of Autophagy Depends on the Atgl
Kinase Complex

As noted above, autophagy was not induced in atgIA cells
by inactivation of PKA and Sch9. Atgl kinase activity is
proposed to be involved in the induction of autophagy.
Formation of a ternary complex among Atgl, Atgl3, and
Atgl7 allows Atgl kinase to be fully activated (Kamada et
al., 2000; Kabeya et al., 2005). Thus, we examined whether
the Atgl-Atgl3-Atgl7 kinase complex is involved in PKA-
Sch9 regulation of autophagy. With rapamycin treatment,
GFP-Atg8 processing was completely blocked in atg13A
cells, similar to the result seen with atg1A cells, and partially
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Figure 2. Nonspecific and specific autophagy are induced with
inactivation of PKA and Sch9. (A) Wild-type (TYY172), pka
(TYY173), sch9 (TYY187), pka sch9 (TYY174) atg1A (TYY181), and
atglA pka sch9 (TYY182) cells expressing Pho8A60, a marker for
nonspecific autophagy, were grown for 6 h in SMD with or without
rapamycin or INM-PP1. The Pho8A60 activity was measured as
described in Materials and Methods, and it was normalized to the
activity of the wild-type cells with rapamycin treatment, which was
set to 100%. Error bars indicate the SD of at least three independent
experiments. (B) Protein extracts from vac8A (TYY175), vac8A pka
(TYY176), vac8A sch9 (TYY177), vac8A pka sch9 (a-9; TYY178) vac8A
atg1A (TYY179), and vac8A atg1A pka sch9 (TYY180) cells were ana-
lyzed by immunoblotting, as described in Figure 1, by using anti-
serum to Apel.

blocked in atg17A cells as observed previously (Kamada et
al., 2000; Cheong et al., 2005; Kabeya et al., 2005), in both the
wild-type and pka sch9 background (Figure 3A). Similarly,
atg1A, atg13A, and atg17A cells with pka sch9 mutations did
not process GFP-Atg8 after INM-PP1 treatment. These re-
sults indicated that induction of autophagy by inactivation
of PKA and Sch9 requires the Atgl-Atgl3-Atgl7 complex.

The requirement for Atgl7 was confirmed using the
Atgl7<**R mutant, in which cysteine at position 24 is substi-
tuted with arginine. Atg17<?*R is not associated with the Atgl-
Atgl3 complex because of its inability to interact with Atg13,
and cells expressing this mutant show only partial autophagy
activity (Kabeya et al., 2005). We found that in the pka sch9
background after rapamycin treatment, GFP-Atg8 was pro-
cessed less efficiently in atg17A cells expressing the Atgl7<24R
mutant, similar to cells with empty vector and at much lower
levels than with cells expressing wild-type Atgl7 (Figure 3B).
Unlike wild-type Atgl7, the Atgl7<**R mutant also blocked
GFP-Atg8 processing in pka sch9 atgl7A cells treated with
INM-PP1. This result suggested that the proper interaction
between Atg13 and Atgl7 is also required to induce autophagy
resulting from inactivation of PKA and Scho.

Furthermore, we continued the analysis by examining
whether Atgl kinase activity is required for autophagy to be
induced by inactivation of PKA and Sch9 by using the kinase-
defective Atgl mutant Atgl®>*A. The Atgl®>*4 mutant is
largely defective for autophagy (Kamada et al., 2000). We found
that GFP-Atg8 processing was essentially blocked in atg1A pka
sch9 cells expressing the Atgl1®>*4 mutant when treated with
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either rapamycin or INM-PP1 (Figure 3C), indicating that Atgl
kinase activity is also important for induction of PKA-Sch9-
mediated autophagy. Together, these results indicated that
PKA-Sch9 regulation of autophagy requires the kinase activity
of the Atgl-Atgl3-Atgl7 complex, similar to starvation- or
rapamycin-induced autophagy.

Finally, we investigated the role of PKA-dependent phos-
phorylation of Atgl in the regulation of autophagy induction.
Atgl has two sites, Ser508 and Ser515, which are phosphory-
lated by PKA. When both of these serine residues are substi-
tuted by alanine, the resulting Atg155985154 mutant loses phos-
phorylation by PKA, but it still retained kinase activity at the
same level as the wild-type protein (Budovskaya et al., 2005;
our unpublished data). In addition, the Atg15508515A4 mutant
efficiently localizes at the PAS in the presence of hyperactive
Ras2C19V, whereas wild-type Atgl is mislocalized when this
mutant form of Ras2 is expressed. However, the phosphoryla-
tion-defective Atgl mutant does not gain the ability to induce
autophagy that is inhibited by the hyperactive Ras21°V allele
(Budovskaya et al., 2005). One possible explanation for this
result could be the presence of active Sch9, because we found
that autophagy was efficiently induced only after the inactiva-
tion of both PKA and Scho.

To test this possibility, we examined processing of GFP-Atg8
in sch9-inactivated cells expressing the Atgl5°08515A mutant
(Figure 3D). With rapamycin treatment, both wild-type and
Atg15508515A mutant cells showed a similar level of processed
free GFP in both sch9 and pka sch9 cells. INM-PP1 treatment
allowed pka sch9 cells to process GFP-Atg8 with either the
wild-type or mutant Atgl, similar to our previous results (Fig-
ure 1B). In contrast, when sch9 cells were treated with 1INM-
PP1, neither the wild-type nor the mutant Atg15°985154 cells
showed GFP-Atg8 processing. These results indicated that loss
of PKA-mediated phosphorylation of Atgl did not induce
autophagy even with inactivation of Sch9.

Tor Kinase Is Active during Autophagy When PKA and
Sch9 Are Inactivated

The rapamycin-sensitive TORC1 has a major role in regulat-
ing autophagy. In nutrient-rich conditions, active TORC1
kinase maintains several proteins in a phosphorylated state.
The direct or indirect substrates of TORC1 include the tran-
scription factor GIn3 and Atg13. Once TORCI is inactivated
under nutrient starvation conditions or with rapamycin
treatment, these proteins are dephosphorylated. Therefore,
the activity of TORC1 can be examined by monitoring the
phosphorylation status of these proteins. To test the possi-
bility that inactivation of PKA and Sch9 can induce autoph-
agy by modulating the TORCI activity, we examined the
phosphorylation of GIn3 and Atgl3.

When TORCI1 is inactivated, GIn3 is dephosphorylated,
which allows it to enter the nucleus and function as an active
transcription factor (Beck and Hall, 1999). The phosphory-
lated and dephosphorylated forms of GIn3 have a different
mobility on SDS-PAGE gels, allowing them to be detected
separately by immunoblotting. Rapamycin treatment gener-
ated a form of GIn3 with faster mobility, corresponding to
dephosphorylation, in both wild-type and pka sch9 cells (Fig-
ure 4A). In contrast, with INM-PP1 treatment, GIn3 still
showed the slower mobility characteristic of the phosphor-
ylated form in both wild-type and pka sch9 cells. This result
suggested that inactivation of PKA and Sch9 does not affect
phosphorylation of GIn3.

To further analyze TORC1 activity, we examined the
phosphorylation status of Atgl3, which is hyperphosphory-
lated in a manner that is dependent on TORC1 activity
(Kamada et al., 2000). The dephosphorylated forms of Atgl3
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wild-type Atgl or the AtglS®%8515A mutant
(AA) were grown and TCA-precipitated pro-
teins were subjected to immunoblotting, as de-
scribed in A.

resulting from rapamycin treatment showed faster mobility
by SDS-PAGE than the hyperphosphorylated forms without
treatment (Figure 4B), in agreement with previous results.
As observed with GIn3, INM-PP1 treatment did not affect
the mobility of Atgl3 in pka sch9 cells or in the wild-type
strain, comparable to the result without any treatment, sug-
gesting that inactivation of PKA and Sch9 did not affect the
phosphorylation state of this protein. These results sug-
gested that TORC1 is active during autophagy that is in-
duced by inactivation of PKA and Sch9.

Next, we shifted cells treated with INM-PP1 into SD-N
medium, and we incubated them for 30 min to test whether
the unknown phosphatase that dephosphorylates Atg13 was
inactivated when PKA and Sch9 were inhibited (Figure 4C).
When shifted to medium lacking nitrogen, Atgl3 was no
longer detected as the high-molecular-weight species in the
wild-type cells with or without INM-PP1 treatment, indi-
cating that it was dephosphorylated. Without INM-PP1, pka
sch9 cells showed the same mobility shift of dephosphory-
lated Atgl3 as the wild-type strain. However, in the pres-
ence of INM-PP1 the mobility of Atgl3 was altered to an
intermediate position, suggesting that Atgl3 was not fully
dephosphorylated. Finally, we examined the ability of Atgl3
to be rephosphorylated. After 30-min incubation in SD-N,
we added amino acids and yeast nitrogen base to the cul-
tures and incubated them for an additional 30 min. Atgl3
was highly phosphorylated in both wild-type and pka sch9
cells with or without INM-PP1 treatment. This result indi-
cated that phosphatase activity affecting Atgl3 is at most
partially affected by PKA-Sch9 inactivation and that there is
essentially no defect in rephosphorylation of this protein
after a return to vegetative conditions.
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PKA-Sch9 Regulate Autophagy in Parallel to the TORC1
Signaling Pathway

Constitutive activation of the RAS/PKA signaling pathway
can suppress autophagy induced by rapamycin or starva-
tion. It is possible that the RAS/PKA signaling pathway
regulates autophagy downstream of TORC1 or in a parallel
pathway. To differentiate between these possibilities, we
treated pka sch9 cells with either or both rapamycin and
INM-PP1 and compared the level of autophagy that was
induced. If TORC1 and PKA-Sch9 are involved in autoph-
agy in parallel pathways, we would predict that induction
with both rapamycin and INM-PP1 would occur at a greater
level than that seen with either treatment alone. In contrast,
if TORC1 is upstream of PKA-Sch9, or vice versa, we would
not expect to see an additive effect.

Wild-type cells did not display any change in Pho8A60
activity when treated with INM-PP1, whereas the pka sch9
strain showed a small increase (Figure 4D), similar to the
result shown in Figure 2A. There was no significant differ-
ence in Pho8A60-dependent alkaline phosphatase activity
when wild-type cells were treated with rapamycin com-
pared with treatment with both rapamycin and 1INM-PP1
(Figure 4D). In contrast, double treatment with rapamycin
and INM-PP1 resulted in ~1.5-fold higher activity of
Pho8A60 in pka sch9 cells than rapamycin treatment alone.
This result suggested that rapamycin and 1INM-PP1 have an
additive effect on autophagy. To further test this possibility,
we observed GFP-Atg8 processing in pka sch9 cells treated
with rapamycin and INM-PP1 (Figure 4E). Similar to the
result seen with the Pho8A60 assay, rapamycin treatment
resulted in a greater level of free GFP from GFP-Atg8 than
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g 80F (a-9; Y3528) cells harboring a plasmid containing ATG13
S 60} (YEp351[APG13]) were grown for 2 h in SMD with or
g:: a0k T without rapamycin or INM-PP1. TCA-precipitated pro-
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(- e > DD w S e - FP-ALS as indicated. The Pho8A60 activity was measured as
sch9 described in Materials and Methods, and it was normal-
ized to the activity of the cells treated with rapamycin,
p— o |- GFP which was set at 100%. Error bars indicate the SD of at
least three independent experiments. (E) pka sch9
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- . —— GFP described in Figure 1.

seen with INM-PP1, and the combination of rapamycin and
INM-PP1 resulted in a further increase in processing; the
latter was particularly evident by the earlier appearance of
free GFP seen in cells treated with both drugs. Together,
these data suggest that PKA-Sch9 and TORC1 regulate au-
tophagy, at least in part, in parallel pathways.

Msn2/Msn4 and Rim15 Are Involved in PKA-Sch9
Regulation of Autophagy

PKA and TORC1 suppress translocation of the redundant
transcription factors Msn2 and Msn4 into the nucleus, where
they actively transcribe several stress-response genes (Beck
and Hall, 1999; Schmelzle et al., 2004). In addition, the acti-
vation and the nuclear localization of the protein kinase
Rim15, which regulates the transcription of genes under
stress conditions, is also regulated by PKA, Sch9, and
TORC1; Rim15 is itself activated in the nucleus (Pedruzzi et
al., 2003). We investigated whether these factors are required
for PKA-Sch9 inhibition-mediated autophagy by the GFP-
Atg8 processing assay (Figure 5A). When either or both
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Msn2/4 and Rim15 were deleted in pka sch9 cells, rapamycin
treatment allowed GFP-Atg8 processing comparable with
that seen in the pka sch9 background strain. In contrast, with
INM-PP1 treatment, GFP-Atg8 processing was essentially
blocked in pka sch9 cells with either single or double deletion
of Msn2/4 and Rim15, being only slightly higher than in the
control cells with no drug addition. These results indicated
that Msn2/4 and Rim15 are required for the induction of
autophagy that occurs upon inhibition of PKA-Sch9, but
they are dispensable for TORC1-dependent rapamycin-in-
duced autophagy.

We observed up-regulation of expression and lipidation
of Atg8 in pka sch9 cells in the presence of 1INM-PP1 similar
to the result seen with rapamycin (Figure 1A). Accordingly,
we examined Atg8 in Msn2/4- and/or Rim15-depleted pka
sch9 cells. When treated with rapamycin or 1INM-PP1, all
mutant cells showed significant up-regulation of Atg8/
Atg8-PE comparable to that of the pka sch9 background
strain (Figure 5B), indicating that the defect in autophagy
induction seen by inactivation of PKA-Sch9 without Msn2/4
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and Rim15 is not due to an inability to up-regulate the
expression of Atg8/Atg8-PE.

Activation of PKA and Sch9 Represses Autophagy

We determined that the simultaneous inactivation of PKA
and Sch9 induces autophagy, and we next decided to exam-
ine whether activation of these kinases resulted in repres-
sion. We examined autophagy in bcyIA cells by monitoring
GFP-Atg8 processing (Figure 6A). Bcyl is a regulatory sub-
unit of PKA and its depletion allows PKA to be constitu-
tively active (Toda et al., 1987). No GFP-Atg8 was processed
in either autophagy-inducing condition, rapamycin treat-
ment or nitrogen starvation, in bcyIA cells, suggesting that
PKA suppresses autophagy and can override inactivation of
TORCI1. This finding is consistent with the observation that
the hyperactive Ras2V1°S mutant is dominant negative and
represses autophagy under otherwise inducing conditions
(Budovskaya et al., 2004; Schmelzle et al., 2004).

In addition, we checked whether enforced activation of
Sch9 affects autophagy by using a Sch9DDEEE mutant, in
which five residues at the phosphorylation sites are substi-
tuted with acidic residues (T723D, S263D, T737E, S758E, and
S765E), resulting in a hyperactive Sch9 kinase (Urban et al.,
2007). First, we tested GFP-Atg8 processing in cells with a
plasmid carrying a wild-type or hyperactive mutant Sch9
(Figure 6B). Unlike the situation seen in bcy1A cells express-
ing hyperactive PKA, when treated with rapamycin, hyper-
active Sch9 cells showed only a partial defect in GFP-Atg8
processing. When quantified, the processing with the hyper-
active mutant was ~60% that of the wild-type strain after
6-h treatment with rapamycin (Figure 6C). Furthermore,
there was no significant difference in the processing between
the wild-type and hyperactive mutant under starvation con-
ditions (Figure 6, B and C). To extend this analysis, we
performed the Pho8A60 assay with cells expressing a wild-
type or hyperactive mutant Sch9 (Figure 6D). Rapamycin
treatment of the hyperactive mutant showed ~40% of the
Pho8A60 activity compared with that of the wild-type strain,
although under starvation conditions, the activity with the
mutant was comparable with that of wild type, which was
consistent with the results of GFP-Atg8 processing.
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These results suggested that Sch9 is also a negative regu-
latory factor for autophagy. However, in contrast to PKA,
hyperactive Sch9 was not able to completely suppress auto-
phagy induction in rapamycin or SD-N conditions. To gain
further insight, we examined the effect of hyperactive Sch9
on the phosphorylation status of Atgl3 (Figure 6E). In nu-
trient-rich conditions without rapamycin, Atgl3 was phos-
phorylated in the presence of hyperactive Sch9 at similar
levels as seen with wild-type Sch9. Similarly, either nitrogen
starvation or rapamycin treatment allowed Atgl3 to be de-
phosphorylated to a similar extent with both wild-type and
hyperactive Sch9. These results indicated that activation of
Sch9 does not affect phosphorylation and dephosphoryla-
tion of Atgl3, which is consistent with the result that acti-
vation of the Ras/PKA pathway does not affect phosphory-
lation and dephosphorylation of Atgl3 (Budovskaya ef al.,
2004).

DISCUSSION

Autophagy is a degradative process induced primarily in
response to nutrient starvation. There are several nutrient
sensory kinases in yeast, including PKA, Sch9, and Tor.
TORCI1 plays a major role in regulation of autophagy, and
our present data demonstrate that PKA and Sch9 signaling
pathways cooperatively regulate induction of autophagy.
Loss of all three TPK1, TPK2, and TPK3 genes causes lethal-
ity (Smith ef al., 1998), and deletion of SCH9 is synthetically
lethal with reduced activity of the RAS/PKA pathway
(Lorenz et al., 2000). To avoid these issues, we used strains
carrying a mutation in the ATP-binding pocket of three Tpk
proteins and/or Sch9 and controlled the activity of these
kinases with the ATP-competitive inhibitor INM-PP1. Inac-
tivation of PKA and Sch9 shows phenomena observed upon
induction of autophagy, such as induction of Atg8 synthesis
and increase in Atg8-PE formation (Figure 1A). Accord-
ingly, we examined whether the complete autophagic pro-
cess is driven using three different sets of assays; processing
of GFP-Atg8 (Figure 1, B and C), Pho8A60 activity (Figure
2A), and maturation of prApel in a vac8A background (Fig-
ure 2B). All three assays provide evidence for a significant
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immunoblotting, as described in Figure 1. (B)
A hyperactive Sch9 mutant delays processing
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(TYY181) cells with the empty vector were
grown for 4 h in SMD containing rapamycin,
or in SD-N. The Pho8A60 activity was mea-
sured as described in Materials and Methods
and normalized to the activity of the wild-type
cells, which was set at 100%. Error bars indi-
cate the SD of at least three independent ex-

periments. (E) Hyperactive Sch9 does not affect dephosphorylation of Atgl3 in response to rapamycin or nitrogen starvation. Wild-type
(W303-1B) cells harboring the Atgl3 plasmid along with a plasmid carrying WT or DE Sch9 were grown for 30 min in SMD with or without
rapamycin, or in SD-N. TCA-precipitated proteins were subjected to immunoblotting, as described in Figure 4.

level of autophagic activity when PKA and Sch9 are inacti-
vated simultaneously.

The dominant-negative Ras2<??4 mutant is not very ef-
fective for induction of autophagy; it takes more than 60 h
after induction of the Ras2%??4 mutant phenotype to reach
autophagic activity comparable to that seen with wild-type
cells under starvation conditions (Budovskaya et al., 2004).
One explanation for this result can be seen with our obser-
vation that Sch9 remains active as a negative regulator. We
also observed that treatment of pka vac8A cells with INM-
PP1 showed a slight maturation of prApel compared to pka
sch9 vac8A cells (Figure 2B). The results from this sensitive
assay also raise the possibility that the contribution of PKA
and Sch9 for regulation of autophagy is not equivalent. This
is supported by our observation that activation of PKA by
BCY1 deletion completely inhibits autophagy induced in
rapamycin and starvation, whereas hyperactive Sch9 par-
tially blocks rapamycin-induced autophagy but it has no
effect on starvation-induced autophagy (Figure 6). Although
PKA and Sch9 regulate autophagy redundantly, PKA might
have a predominant effect.

To understand how PKA and Sch9 function for induction
of autophagy, we checked the activity of TORC1 kinase by
examining the phosphorylation state of two TORC1 sub-
strate proteins, GIn3 and Atgl3 (Beck and Hall, 1999;
Kamada et al., 2000). Both proteins in pka sch9 cells with
INM-PP1 treatment were as highly phosphorylated as those
without treatment (Figure 4, A and B), indicating that
TORC1 remains active during inactivation of PKA and Sch9.
Therefore, we conclude that induction of autophagy can
result from inactivation of PKA and Sch9 and that it does not
require simultaneous inactivation of TORC1.
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Activity of the Atgl kinase complex is indispensable for
starvation-induced autophagy (Cheong et al., 2005; Kabeya
et al., 2005). We found that PKA-Sch9 inhibition-induced
autophagy also depends on these components (Figure 3,
A-C). A high level of Atgl kinase activity requires efficient
association of Atgl with Atgl7 and dephosphorylated Atg13.
Although the role of Atgl kinase activity is still inconclusive, it
may be required for regulation of the magnitude of autophagy
but not for its initiation (Nair and Klionsky, 2005). Consistent
with this hypothesis, our results showed that the autophagy
activity induced by inactivation of PKA and Sch9, which did
not cause dephosphorylation of Atgl3, was lower than that
induced by inactivation of TORC1 with rapamycin.

We observed additive stimulation of autophagy by simul-
taneous inactivation of PKA-Sch9 and TORC1 (Figure 4, D
and E). This result agrees with the idea that all three kinases
regulate autophagy at least partly independently of each
other. Furthermore, this observation fits with the view that
PKA and Sch9 function redundantly and that PKA, Sch9,
and TORCI1 also function together in the same pathways
(Fabrizio et al., 2001; Pedruzzi et al., 2003; Kaeberlein et al.,
2005; Zurita-Martinez and Cardenas, 2005; Chen and
Powers, 2006). In contrast, it has been shown recently that Sch9
acts as one of the direct targets of TORC1 to regulate TORC1-
dependent cellular processes (Urban et al., 2007). It is also
suggested that TORC1 signals through the PKA pathway to
control its targets (Schmelzle et al., 2004). It is not known
whether PKA acts as a direct effector and substrate of TORC1
similar to Sch9. Thus, the possibility remains that autophagy is
regulated by PKA and Sch9 acting solely downstream of
TORCI.

Molecular Biology of the Cell



We found that Msn2/4 and Rim15 were required for induc-
tion of autophagy by inactivation of PKA and Sch9. In contrast,
none of these factors is required for autophagy induced by
inactivation of TORC1 (Figure 5A). These results suggest that
inactivation of PKA and Sch9 specifically changes the expres-
sion pattern of genes involved in autophagy through Msn2/4
and Rim15. However, up-regulation of Atg8 was independent
of Msn2/4 and Rim15 (Figure 5B). We further analyzed expres-
sion of genes in pka sch9 cells by RNA microarry (our unpub-
lished data). We found that several ATG genes were up-regu-
lated in the presence of INM-PP1. However, most of these
genes, including ATGS, were up-regulated independent of
Msn2/4 and Rim15. It is possible that deletion of MSN2/4 and
RIM15 affects expression of genes yet unidentified that are
required for autophagy. Further study will be needed to iden-
tify the factor(s) needed for induction of autophagy through
Msn2/4 and Rim15.

In summary, we demonstrate that inactivation of PKA and
Sch9 is sufficient to trigger autophagy, suggesting that these
kinases are cooperatively involved in negative regulation of
autophagy similar to TORC1. Our results also propose in part
a parallel, functional connection of PKA, Sch9, and TORC1 to
regulate autophagy. Further study to identify the downstream
regulator(s) of PKA and Sch9, which involves Msn2/4 and
Rim15, will provide greater insight into the mechanism used
for the regulation of autophagy.
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