Molecular Biology of the Cell
Vol. 14, 477-490, February 2003

Chemical Genetic Analysis of Apgl Reveals A Non-
kinase Role in the Induction of Autophagy

Hagai Abeliovich,* Chao Zhang,* William A. Dunn, Jr.* Kevan M. Shokat,*
and Daniel J. Klionsky*$

*University of Michigan, Department of Molecular, Cellular and Developmental Biology, the
Department of Biological Chemistry and Life Sciences Institute, Ann Arbor, Michigan 48109;
"Department of Cellular and Molecular Pharmacology, University of California, San Francisco, San
Francisco, California 94143; and *University of Florida College of Medicine, Department of Anatomy
and Cell Biology, Gainesville, Florida 32610

Submitted July 19, 2002; Revised September 25, 2002; Accepted October 25, 2002
Monitoring Editor: Randy W. Schekman

Macroautophagy is a catabolic membrane trafficking phenomenon that is observed in all eukary-
otic cells in response to various stimuli, such as nitrogen starvation and challenge with specific
hormones. In the yeast Saccharomyces cerevisiae, the induction of autophagy involves a direct signal
transduction mechanism that affects membrane dynamics. In this system, the induction process
modifies a constitutive trafficking pathway called the cytoplasm-to-vacuole targeting (Cvt) path-
way, which transports the vacuolar hydrolase aminopeptidase I, from the formation of small Cvt
vesicles to the formation of autophagosomes. Apgl is one of the proteins required for the direct
signal transduction cascade that modifies membrane dynamics. Although Apgl is required for
both the Cvt pathway and autophagy, we find that Apgl kinase activity is required only for Cvt
trafficking of aminopeptidase I but not for import via autophagy. In addition, the data support a
novel role for Apgl in nucleation of autophagosomes that is distinct from its catalytic kinase
activity and imply a qualitative difference in the mechanism of autophagosome and Cvt vesicle
formation.

INTRODUCTION

When eukaryotic cells are challenged by nitrogen starvation

characteristics, resulting in the degradation of the cytosoli-
cally derived material back into cellular building blocks

or specific hormonal stimuli, they respond with a set of
physiological changes that allow them to adapt to these new
conditions. An important aspect of these responses is auto-
phagy, a catabolic membrane trafficking event that is in-
duced by signal transduction mechanisms (reviewed in Abe-
liovich and Klionsky, 2001; Kim and Klionsky, 2000). During
autophagy, intracellular membranes, in some cases identi-
fied as originating from the endoplasmic reticulum (Dunn,
1990a, 1990b), engulf and sequester cytoplasmic material in
unique double bilayer vesicles called autophagosomes. The
autophagosomes then acquire endosomal and lysosomal
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(Dunn, 1990a, 1990b). This response is conserved in the yeast
Saccharomyces cerevisine, where autophagosomes (300-900
nm in diameter) can be seen to fuse with the yeast lysosome,
the vacuole, releasing the inner vesicle (called the autoph-
agic body) into the vacuolar lumen (Takeshige ef al., 1992). In
yeast, autophagy is essential for survival during nitrogen
starvation and for sporulation (Tsukada and Ohsumi, 1993).
A related pathway, the cytoplasm-to-vacuole targeting (Cvt)
pathway is active in yeast cells under normal growth con-
ditions. The Cvt pathway acts as a biosynthetic conduit
(Klionsky et al., 1992), carrying a yeast vacuolar protease,
aminopeptidase I (Apel), into the lumen of the vacuole. In
this pathway the cytosolic precursor of Apel, prApel (61
kDa), is synthesized on soluble ribosomes and specifically is
sequestered in double bilayer vesicles called Cvt vesicles
(140-160 nm diameter). The outer bilayer of the Cvt vesicle
then fuses with the limiting membrane of the yeast vacuole,
leading to the release of the inner vesicle (the Cvt body) into
the lumen of the vacuole. The Cvt body is then degraded,
allowing the maturation of prApel to the active 50-kDa form
(Kim and Klionsky, 2000; Abeliovich and Klionsky, 2001).
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Genetic studies on the Cvt pathway and autophagy over
the last several years have uncovered genes required for
these processes (Tsukada and Ohsumi, 1993; Thumm et al.,
1994; Harding et al., 1995). These studies found that the
molecular machinery of autophagy and the Cvt pathway
largely overlaps, reflecting the high degree of similarity
between the two processes (Harding et al., 1996; Baba et al.,
1997; Scott et al., 1997). Indeed, prApel is a specific cargo of
both Cvt vesicles and autophagosomes (Scott et al., 1996);
this specificity is mediated by the binding of the receptor/
adaptor protein Cvtl9 to prApel (Scott et al., 2001). Thus,
current thinking postulates that nonspecific cargo is ran-
domly trapped through the autophagic sequestration pro-
cess, whereas specific cargoes, exemplified by prApel, are
physically recruited by their interaction with proteins such
as Cvt19. Although most of the genes required for autoph-
agy and the Cvt pathway are shared, there is a group of Cvt
pathway-specific genes (Harding et al., 1996; Abeliovich et
al., 1998; Scott et al., 2000) as well as a small but growing list
of autophagy-specific genes (Kamada et al., 2000; Ishihara et
al., 2001).

The induction of autophagy involves a direct signal trans-
duction step that induces the formation of autophagosomes
as well as a secondary expansion step that depends on de
novo protein synthesis (Abeliovich ef al., 2000). This second
step is required for the formation of correctly sized, physi-
ologically competent autophagosomes (Abeliovich et al.,
2000). The direct signal transduction mechanism that ini-
tiates this process is not fully understood. In yeast, autoph-
agy can be induced by the small macrolide antibiotic rapa-
mycin, which mimics starvation by inhibiting Tor, a highly
conserved protein kinase (Noda and Ohsumi, 1998). Tor
kinases control a panoply of nutritional responses and cell
growth decisions in all eukaryotes (reviewed in Klionsky
and Emr, 2000). In yeast, inhibition of Tor by rapamycin as
well as nitrogen starvation results in a rapid dephosphory-
lation of Apg13, a protein normally hyperphosphorylated in
rich medium (Kamada et al., 2000; Scott et al., 2000). Like the
induction of autophagosomes, this event is also independent
of de novo protein synthesis (Abeliovich et al., 2000). Apgl3
associates with a protein kinase required for the Cvt path-
way and autophagy called Apgl, and it has been suggested
that the dephosphorylation of Apgl3 causes changes in
Apgl activity (Kamada et al., 2000), leading to a shift from
the Cvt pathway to autophagic trafficking.

Apgl is a large protein of 897 amino acids with an N-
terminal kinase domain that spans amino acids 24-325.
There are putative Apgl homologues in human, mouse,
worm, and other genomes, suggesting that its function is
conserved. The precise way in which Apgl participates in
the induction of autophagosomes and in the Cvt pathway
has been under some debate. It is known that in apglA
mutants prApel accumulates at a state before sequestration
by Cvt vesicles or autophagosomes, implying a role for
Apgl in early events of autophagosome/Cvt vesicle forma-
tion (Harding ef al., 1996). Matsuura et al. (1997) found that
Apgl undergoes autophosphorylation and that Apg1 kinase
activity, as measured by autophosphorylation, is inhibited
under autophagic conditions. In contrast, Kamada et al.
(2000) reported that, upon induction of autophagy, an in-
crease is observed in both association of Apgl with Apgl3 as
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well as in Apgl kinase activity, measured in vitro using
myelin basic protein as a substrate.

In this study we have undertaken to further elucidate the
way in which changes in Apgl affect the shift into autoph-
agic trafficking. To this end, we have utilized the analog-
sensitive mutation approach (Bishop et al., 2000). In this
technique, the active site of a protein kinase is mutated so
that it is able to accommodate a cell-permeable analog of a
nonspecific kinase inhibitor. Although the nonspecific inhib-
itor PP1 (4-amino-1-tert-butyl-3-phenylpyrazolo[3,4-d]pyri-
midine) is able to bind a wide spectrum of ATP-binding sites
in protein kinase active sites, the bulky analog 1-NA-PP1
cannot displace ATP from the active site of wild-type pro-
tein kinases. Replacement of the wild-type gene with the
analog-specific allele creates a situation where the designed
ATP competitive inhibitor is a highly specific reagent that
only affects cellular events that depend on the particular
kinase activity under examination (reviewed in Bishop et al.,
2001). We find that inhibition of Apgl kinase activity abro-
gates the Cvt pathway but not autophagy. Our findings
suggest a nonkinase related role for Apgl in the induction of
autophagosomes. In addition, we find that Apgl undergoes
conformational changes in response to inhibition of Tor and
that these changes depend on amino acid residues at the C
terminus of the protein.

MATERIALS AND METHODS

Strains, Plasmids, and Growth Conditions

Yeast were grown in YPD medium (1% yeast extract, 2% peptone,
2% glucose) or synthetic minimal medium (SD; 0.67% yeast nitrogen
base, 2% glucose, and auxotrophic amino acids and vitamins as
required). Starvation medium was SD-N (0.17% yeast nitrogen base
without ammonium sulfate or amino acids containing 2% glucose).
Strain HAY395 was previously described (Abeliovich et al., 2000).
Strain HAY75 (MATa, leu2-3,112 ura3-52 his3-A200 trp1-A901 lys2-
801 suc2-A9) was a MAT« segregant from strain HAY70 (Abeliovich
et al. 1999). Strain HAY437 (MATa, pep4A::LEU2 leu2-3,112 ura3-52
his3-A200 trp1-A901 lys2-801 suc2-A9 APGI1-protein A::HIS5 S.p.) was
constructed by integrating the protein A (prA) cassette (see below)
into the APG1 reading frame in strain TVY1 (Gerhardt et al., 1998) to
create a full-length APGI-prA fusion reading frame. Strains
HAY512 (MATa, leu2-3,112 ura3-52 his3-A200 trp1-A901 APGI-
protein A::HIS5 S.p. pep4A:LEU2) and HAY524 (MATa, leu2-3,112
ura3-52 his3-A200 trp1-A901 pep4A::LEU2) were MATa progeny
from a cross between HAY437 and SEY6210.1. Strains HAY453,
HAY454, HAY455, HAY518, and HAY 370 were constructed by
integrating the prA cassette into HAY75 so as to fuse the prA tag to
codons 800, 850, 880, 886, and 897 (full-length), respectively. Strain
HAYA478 was constructed by integrating the prA cassette into strain
TVY1 so as to fuse the prA tag to codon 880 of the APGI reading
frame. Correct integration of the tags was verified by PCR and
Western blotting with anti-prA antibodies. Strain HAY571
(apg1A::URA3) was constructed by disruption of the APGI gene in
TDY27 (MATa, leu2-3,112 ura3-52 his3-A200 trp1-A901 lys2-801
suc2-A9 wvam3') cells (Abeliovich et al.,, 1999). Strain HAY572
(apg1A::URA3) was constructed by disrupting the APGI gene in
strain TN124 (MATa leu2-3,112 trpl wura3-52 pho8:;pho8A60
phol13A:LEU2) (Noda et al., 1995). Strain HAY595 (MATa, leu2-3,112
ura3-52 his3-A200 trp1-A901 apglA::URA3 S.p. pep4A:LEU2) was
haploid progeny from a cross between HAY395 and HAY524. Strain
HAY603 (MATa, apgA::URA3 apg13A::KanR leu2-3,112 ura3-52 his3-
A200 trp1-A901 lys2-801 suc2-A9) was a haploid progeny from a
cross between strains HAY595 and BY4742 apg13A:KanR (ResGen
Corp., Carlsbad, CA) that was backcrossed to the HAY75 back-
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ground. Strain HAY487 was constructed by integrating the prA
cassette after codon 880 of APGI in the BY4742 apg13A::KanR mu-
tant to generate a truncated APG1 gene fusion. Strain HAY591 was
progeny from a cross between strains HAY512 and BY4742
cot9A:KanR (ResGen) that was backcrossed to the HAY75 back-
ground .

The GFP-AUT7(414) plasmid was made by ligation of the EcoRI/
Xhol fragment from pAUT7(416) (Huang et al., 2000) into the EcoRI/
Xhol sites of pRS414 to generate pAUT7(414). The BgIII restriction
site was then introduced just after the initiation codon of the AUT7
gene on pAUT7(414) using a QuikChange Site-directed Mutagenesis
kit (Stratagene, LaJolla, CA), to generate pAUT7Bglll(414). The
DNA fragment encoding GFP (S65T) with BamHI sites on both sides
was then ligated to the Bg/II site of pAUT7BglII(414) to generate
pGFP-AUT7(414). The APG1 gene was cloned into the Spel and Sall
sites of pRS415 (Sikorsky and Hieter, 1989) by amplification of the
open reading frame plus 500 bases upstream of the initiation codon
and 300 bases downstream of the termination codon using primers
containing Spel and Sall sites.

Reagents

Kinase inhibitors PP1 and 1-NA-PP1 were synthesized as described
previously (Bishop et al., 1999). Antiserum to Apel has been de-
scribed (Klionsky et al., 1992). Complete™ EDTA-free protease
inhibitor tablets were from Roche Molecular Biochemicals (India-
napolis, IN). Other reagents were from Sigma-Aldrich (St. Louis,
MO) unless specified.

Anti-Apgl Antibody

Codons 1-250 of the Apgl reading frame were cloned in frame into
the Ndel and BamHI sites of plasmid pET-14b (Novagen, Madison,
WI). The recombinant 6xHis-tagged protein was purified on Ni-
NTA agarose according to the Novagen manual and polyclonal
rabbit antiserum was generated by Covance Research Products, Inc.
(Denver, PA).

In Vitro Mutagenesis

Introduction of the M102A mutation in the APGI reading frame was
done by site-directed PCR mutagenesis (gene SOEing; Pogulis et al.,
1996), and the mutation was verified by DNA sequencing of the
reading frame. The K54A, L886G, and N884A mutations were in-
troduced using the Stratagene QuickChange kit (Stratagene Inc.).

Integrated Tagging of Apgl with 2X IgG Binding
Domain from Protein A

Plasmid pHAB102 was constructed by excising a Pacl-Ascl fragment
of pFA6a-GFP(S65T)-His3MX6 (Longtine et al., 1998) and replacing
it with a Pacl-Ascl PCR fragment carrying a 2X repeat of the Staph-
ylococcus aureus prA IgG binding domain (gift of Dr. Peter Rehling).
To generate an integration module, DNA primers were designed to
amplify the prA/His5 region with 5" and 3’ 40-base overhangs that
correspond to the targeted integration site.

Immunoprecipitation and Protein Kinase Assays

A logarithmically growing cell culture (40 A4y, units) was harvested
and resuspended in 300 ul of lysis buffer (50 mM HEPES, pH7.5, 1
M NaCl, 1 mM EGTA, 1 mM MgCl,, 30% glycerol, 30 mM sodium
pyrophosphate, 0.2 mM Na;VO,, 50 mM NaF, 2.5 mM EDTA, 1 ug
each of leupeptin and pepstatin, and 1 mM PMSF, supplemented
with Complete EDTA-free protease inhibitor tablets). Acid-washed
glass beads, 500 ul, were added, and the cells were vortexed at 4°C
for 5 min. The cell extract was diluted with 1.5 ml of IP buffer (50
mM HEPES, pH 7.5, 100 mM NaCl, 2.5 mM EDTA, 0.5% Tween-20,
10% glycerol, 0.2 mM NazVO,, 1 ug each of leupeptin and pepstatin,
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and 1 mM PMSF) and clarified twice by centrifugation for 10 min at
13,000 X g. The extract (8 mg of total protein in 0.7 ml) was further
diluted twofold in IP buffer and incubated with gentle agitation for
2 h at 4°C with 10 pl of anti-Apg1 antibody. Three hundred micro-
liters of a 10% suspension of prA sepharose was added and incu-
bated a further 1.5 h. Immune complexes were washed once in IP
buffer, three times in wash buffer (50 mM HEPES, pH 7.5, 0.5 M
NaCl, 2.5 mM EDTA, 10% glycerol, and 0.5% Tween 20), and three
times in kinase buffer (50 mM HEPES, pH 7.5, 1 mM EGTA, 2 mM
MgCl,, 0.1% Tween-20, and 10% glycerol). The immunoprecipitate
was divided equally into four tubes and resuspended in 100 ul of
kinase buffer containing 0 or 20 uM 1-NA-PP1 for 5 min. Precipi-
tates were collected by centrifugation and resuspended in 30 ul
kinase buffer containing the appropriate inhibitor concentration
plus 5 uM ATP and 20 pCi of y-*?P-ATP (4500 Ci/mmol, ICN
Biochemicals, Costa Mesa, CA). Reactions were incubated for 30
min at 30°C and stopped by the addition of 30 ul 2X SDS sample
buffer. Thirty microliters of each reaction was separated on 8%
SDS-PAGE, and radiolabeled Apgl was visualized using a Bio-Rad
(Richmond, CA) personal molecular imager FX phosphorimager
with Quantity One software.

Affinity Purification on IgG Sepharose

Yeast cells containing the desired prA-tagged gene were grown to
midlog phase in YPD, and 40 A, equivalents were spheroplasted
with 100 pg/ml oxalyticase (Zymogenetics, Corvallis, OR) for 20
min in spheroplasting medium (YPD, 20 mM HEPES, pH 7.0, and 1
M sorbitol) at 30°C with shaking. The cells were then treated with or
without 0.2 ng/ml rapamycin and incubated a further 15 min. Cells
were then lysed in ice-cold lysis buffer (20 mM HEPES, pH 7.0, 0.5%
Triton X-100, 5 mM EDTA, 1 mM MgCl,, 100 mM KCI, 5 mM
potassium phosphate) supplemented with Complete EDTA-free
protease inhibitor tablets and 1 ug/ml each of leupeptin and pep-
statin A. Extracts were clarified by centrifugation at 100,000 X g for
15 min at 4°C in a Beckman Optima MAX-E ultracentrifuge (Berke-
ley, CA) and then incubated for 1.5 h at 4°C with 40 ul of a 50%
slurry (vol/vol) of IgG sepharose beads (Amersham Biosciences,
Piscataway, NJ). The beads were then washed once with lysis buffer,
three times with wash buffer (20 mM HEPES, pH 7.0, 0.5% Triton
X-100, 5 mM EDTA, 1 mM MgCl,, 200 mM KCl, 5 mM potassium
phosphate) and once with preelution buffer (20 mM HEPES, pH 7.0,
5 mM EDTA, 1 mM MgCl,, 5 mM potassium phosphate) and eluted
with 200 mM ammonium acetate (pH 3.5). Eluates were dried under
vacuum and solubilized in SDS sample buffer.

Velocity Gradient Sedimentation

Yeast cells were grown as above and lysed in 20 mM HEPES, pH 7.0,
100 mM KCl, 5 mM potassium phosphate, 1 mM MgCl,, 5 mM
EDTA, 0.2% Triton X-100, supplemented with Complete EDTA-free
protease inhibitor tablets and 1 pug/ml each of leupeptin and pep-
statin A. Extracts were clarified by a 15-min centrifugation at
100,000 X g in a Beckman Optima MAX-E ultracentrifuge and 100 ul
(8 Ay equivalents) were loaded on a 5-20% sucrose gradient. The
gradients were centrifuged at 259,000 X ¢ in a TLS55 rotor in a
Beckman Optima MAX-E ultracentrifuge for 7 h. Thirteen 100-ul
fractions were collected, and samples were precipitated with 10%
TCA, washed twice with cold acetone, and resuspended in SDS-
PAGE sample buffer. Fractionation profiles were obtained by quan-
titative Western blotting using chemiluminescent detection with a
Bio-Rad Fluor-S Max imager and software. Sedimentation constants
for peak fractions were derived from published tables (McEwen,
1967). Molecular mass markers (Pharmacia, Piscataway, NJ) were
run in parallel gradients under identical conditions: Aldolase (158
kDa), ferritin (440 kDa), and thyroglobulin (669 kDa).
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In Vivo Phosphate Labeling and
Immunoprecipitation

Yeast cells were grown to midlog in SD, washed, and resuspended
in SD-phosphate. The cells were incubated a further 6 h in SD-
phosphate, and 5 Ay, equivalents were labeled with 150 uCi 2P
(carrier free, ICN) for 1 h. Rapamycin or drug vehicle was added,
and incubation was continued a further 20 min before the cells were
harvested, treated with 10% TCA, and washed three times with
acetone. The cell pellet was dried, and extracts were prepared by
grinding in a TOMY mixer with 200 ul glass beads and 100 ul
phosphate cracking buffer (100 mM potassium phosphate, pH 7.4, 6
M urea, 1% SDS, 5 mM EDTA) for 5 min. The extracts were diluted
in phosphate-IP buffer (50 mM potassium phosphate, pH 7.4, 150
mM KCl, 5 mM EDTA, 0.5% Tween-20) and equivalent amounts of
TCA-precipitable counts were immunoprecipitated with anti-Apgl
antibody and protein A sepharose. Immunoprecipitates were
washed three times with urea wash buffer (50 mM Tris, pH 7.5,2 M
urea, 200 mM NaCl, 0.5% Tween-20) twice with TB (50 mM Tris, pH
7.5, 1% B-mercaptoethanol) and once with 50 mM Tris, pH 7.5.
Beads were eluted with SDS loading buffer, and the eluate was
electrophoresed on gels, dried, and exposed to phosphorimager
plates.

Preparation of Whole Cell Extracts for Western Blot
Analysis

Cells (10 Aggo units) were grown to an Agy, of 0.5-0.8 in SMD or
YPD, treated with 10% TCA, and washed twice with acetone. The
dry cell pellet was then resuspended in 100 ml cracking buffer (50
mM Tris, pH 6.8, 3.6 M urea, 1 mM EDTA, 1% SDS) and vortexed in
a TOMY MT-360 mixer (Palo Alto, CA) at maximum speed, with an
equal volume of acid-washed glass beads, for 15 min. Unlysed cells
were removed by centrifugation, an equal volume of 2X SDS load-
ing buffer was added, and the samples were incubated at 70°C for 10
min.

Alkaline Phosphatase Assay

Approximately four Ay, equivalents of yeast cells were harvested,
washed in ice-cold distilled water containing 2 mM PMSF, and
resuspended in 100 ul lysis buffer (20 mM PIPES, pH 7.0, 0.5%
Triton X-100, 50 mM KCl, 100 mM potassium acetate, 10 mM
MgSO,, 10 uM ZnSO,, and 1 mM PMSF). An equal volume of
acid-washed glass beads was added, the cells were lysed by vor-
texing for 4 min, and the lysate was diluted by adding 200 ul of lysis
buffer. To start the assay, 20 ul of extract was added to 480 ul
reaction buffer (250 mM Tris-HCl, pH 8.5, 0.4% Triton X-100, 10 mM
MgSO,, 1.25 mM nitrophenyl phosphate), and samples were incu-
bated 15 min at 37°C before terminating the reaction by adding 500
wl of stop buffer (2 M glycine, pH 11). Evolution of nitrophenol was
monitored by measuring absorbance at 405 nM using a Beckman
DU-640B spectrophotometer, and the time 0 blank was subtracted
from each sample. Nitrophenol concentration was calculated using
Beer’s law with €05 = 18,000 M~ ! cm ™. Protein concentration in the
extracts was measure with the Pierce BCA assay (Pierce Chemical
Co., Rockford, IL), and one activity unit was defined as nmol
nitrophenol/min/mg protein.

Yeast Two-Hybrid Assays

Two-hybrid assays were done as described by James et al. (1996).
Briefly, PCR products of full-length APGI and the kinase domain
truncated variant (amino acids 326-897), carrying 5" BamHI and 3’
Sall sites in their respective primers, were cloned into pGAD-C2 and
pGBDU-C2. Plasmids were transformed into strain PJ69-4A, and
interactions were assayed by streaking colonies on SD plates lacking
either histidine or adenine and testing for growth.
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Microscopy

Cells were grown to midlog phase in SD medium lacking the
appropriate selective nutrients and stained with 0.8 uM FM 4-64
(Molecular Probes, Eugene, OR) for 20 min. Cells were then washed
in SD and resuspended in SD for a further 1 h before viewing or
transfer into nitrogen starvation medium for 3 h. The cells were
viewed using a Nikon E-800 microscope (Garden City, NY) fitted
with DIC optics and a Hamamatsu Orca 2 digital camera (Bridge-
water, NJ) with Openlab 3 software. Electron microscopy was as
previously described (Abeliovich et al., 2000).

RESULTS

Inhibition of Apgl Protein Kinase Activity
Abrogates Precursor Apel Trafficking in Rich
Medium but Not in Response to Nitrogen Starvation

To address the requirement for Apgl protein kinase activity
in the induction of autophagy and in the Cvt pathway, we
decided to generate a conditional inhibitor-sensitive allele of
APGI1. Accordingly, we introduced a mutation at position
102 of the Apgl open reading frame, replacing a methionine
residue with an alanine (Apgl™!924). This point mutation
was designed based on previous work with Src and Cdc28,
which showed that a mutation at this conserved position in
the ATP binding pocket allowed binding of bulky analogs of
the general Src-family kinase inhibitor, PP1 (structure
shown in Figure 1A), that were not able to bind to the
wild-type kinase (Liu et al., 1998; Bishop et al., 2000). Cells
expressing Apg1M1924 instead of the wild-type protein were
able to mature prApel at close to normal levels (Figure 1B).
In contrast, maturation of prApel in these cells was com-
pletely blocked by 20 uM 1-NA-PP1, an inhibitor that is
unable to displace ATP in the active site of wild-type kinases
(Figure 1B); this concentration of 1-NA-PP1 had no effect on
prApel maturation in wild-type cells. As expected, protein
kinase assays revealed that 1-NA-PP1 directly inhibited
Apgl autophosphorylation activity in immunoprecipitates
prepared from cells expressing the apgI™!'92A mutant gene
(Figure 1C).

With this system, we were able to determine the effect of
selectively inhibiting Apgl kinase activity in vivo. An inhi-
bition dose-response curve showed that half-maximal inhi-
bition of prApel maturation occurred at ~5 uM, in cells that
were growing in standard synthetic medium (SD; Figure
2A). However, if cells were challenged with 1-NA-PP1 for
1 h and then transferred to nitrogen starvation medium in
the presence of the same concentration of 1-NA-PP1, no
inhibition was observed up to 100 uM (Figure 2, A and B).

To rule out the possibility that a nitrogen starvation—
induced change in the ATP binding cleft rendered 1-NA-PP1
unable to inhibit the enzymatic activity, we tested the ability
of a previously characterized kinase dead mutant (Kamada
et al., 2000), a lysine-to-alanine substitution at position 54
(K54A), to mature prApel under nitrogen starvation condi-
tions. Although cells expressing Apg1¥>*4 were blocked for
prApel maturation in rich medium, a 3-h incubation in
nitrogen-starvation medium resulted in mostly mature Apel
(Figure 2C). Thus, using two independent approaches, we
have demonstrated that inhibition of Apgl kinase activity
does not significantly affect prApel maturation under con-
ditions where autophagy is induced.

Molecular Biology of the Cell
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Figure 1. Precursor Apel maturation in the apgI™'?4 mutant is
selectively inhibited by 1-NA-PP1. (A) Structure of 1-NA-PP1. (B)
apg1A (HAY395) yeast cells carrying a wild-type APGI or a mutant
apgIM102A gene on pRS415 were grown to an Ay, of 0.5 and treated
with or without 20 uM 1-NA-PP1. The cells were incubated an
additional 3 h and then harvested and processed for Western blot-
ting as described in MATERIALS AND METHODS. (C) Kinase
activity of Apgl™M1924 is inhibited by 20 uM 1-NA-PP1. Cell extract
(2 mg per reaction) was immunoprecipitated with anti-Apgl anti-
serum and assayed for autophosphorylation activity in the presence
or absence of 20 uM 1-NA-PP1 as described in MATERIALS AND
METHODS.
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Inhibition of Apgl Kinase Activity Allows Normal
Levels of Autophagy

The maturation of prApel during nitrogen starvation or in
the presence of rapamycin is a good assay for the induction
of autophagic trafficking in mutants that are specifically
blocked in the Cvt pathway. However, maturation of
prApel through an autophagic mode does not automatically
imply that normal autophagosomes are being formed. For
example, we have previously demonstrated that abnormal
autophagosomes form when autophagy is induced in aut7A
cells (Abeliovich et al., 2000). Although these cells are able to
partially mature prApel in SD-N, they are not normal for
autophagy. In other words, prApel maturation under star-
vation conditions is not a reliable indicator for fully func-
tional autophagy because small abnormal autophagosomes
and possibly reduced numbers of normal autophagosomes
may be able to import prApel but cannot sustain a sufficient
volume of autophagy for physiological function. This is
possible because prApel is a specific cargo of both autopha-
gosomes and Cvt vesicles, and there is a redundant capacity
for prApel trafficking such that maturation can occur de-
spite a partially defective autophagic response.

To analyze these possibilities more directly we first uti-
lized an in vivo microscopy assay for autophagy. Aut7 is a
component of Cvt vesicles and autophagosomes and is car-
ried by these trafficking intermediates into the lumen of the
vacuole (Kirisako et al., 1999; Huang et al., 2000). Cells that
express GFP-tagged Aut7 accumulate the majority of the
protein in the cytosol in nitrogen-rich medium. When these
cells are undergoing autophagy, the bulk of this GFP fluo-
rescence is transported into the vacuolar lumen (Kirisako et
al., 1999; Huang et al., 2000). This allowed us to assay the
ability of apgI™M192A cells to accumulate vacuolar GFP in
response to nitrogen starvation, in the presence and absence
of 1-NA-PP1. When wild-type cells expressing GFP-Aut7
were grown in SD medium, GFP fluorescence was largely
cytosolic, whereas a 4-h shift into nitrogen starvation me-
dium resulted in primarily vacuolar staining (Figure 3A).
This transport into the vacuolar lumen was dependent on
Apgl, because it did not occur in apglA cells. When cells
expressing the Apg1™M102A mutant were starved for nitrogen,
GFP-Aut7 was transported into the vacuole regardless of
whether they were treated with 30 uM 1-NA-PP1 (Figure
3A). Identical conclusions were reached by assaying the
appearance of autophagic bodies in a protease-deficient
strain (unpublished data; Takeshige ef al., 1992). To assay the
morphology of autophagosomes induced in the presence of
1-NA-PP1, we used a previously established morphological
assay that relies on the accumulation of cytosolic autopha-
gosomes in vam3' cells when challenged with rapamycin at
the nonpermissive temperature (Abeliovich ef al., 1999,
2000). We found that vam3® apglA cells carrying the
apgIM192A mutant gene on a centromeric plasmid induced
autophagosomes in response to rapamycin, at the nonper-
missive temperature, and the morphology of these autopha-
gosomes was not altered when 30 uM 1-NA-PP1 was
present (Figure 3B). Hence, inhibition of kinase activity does
not affect autophagosome morphology.

A more quantitative assay for autophagy measures non-
specific uptake of a cytosolic protein, Pho8A60, into the
lumen of the vacuole (Noda et al., 1995). Pho8A60 is a trun-
cated version of yeast vacuolar alkaline phosphatase (encod-
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Figure 2. Inhibition of Apgl kinase by 1-NA-PP1 blocks the Cvt
pathway but allows autophagic maturation of prApel. (A) Dose
response for 1-NA-PP1 under standard growth conditions and un-
der starvation. apg1A (HAY395) yeast cells expressing Apgl™M1024
from a plasmid were grown to midlog (A4, of 0.5), collected and
resuspended in SD medium with the indicated concentrations of
1-NA-PP1. After 1 h incubation, one half of the cell culture was
collected, washed with distilled water, and resuspended in nitrogen
starvation medium (SD-N) in the presence of the same concentra-
tion of 1-NA-PP1. After a further incubation of 3 h, the cells were
harvested and cells extracts were prepared. 0.5 Ay, equivalents of
each extract were resolved by SDS-PAGE and Apel was identified
by Western blotting. The relative amount of prApel and mApel
was quantified using a Bio-Rad Fluor-S MAX as described in MA-
TERIALS AND METHODS. (B) Western blot of a subset of the
samples described in A. (C) The kinase inactive apgl*>** mutant is
blocked for prApel maturation in rich medium but not under
starvation conditions. apg1A (HAY395) cells or these cells harboring
a plasmid borne wild-type APGI gene or apgl*>** allele were
grown to midlog and either harvested immediately or transferred to
nitrogen starvation medium for 3 h before extract preparation. Apel
was detected by SDS-PAGE and Western blotting.
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ed by the PHOS gene) lacking the N-terminal transmem-
brane domain that functions as an internal uncleaved signal
sequence. As a result, Pho8A60 cannot enter the ER and is
only delivered to the vacuole through autophagy. On vacu-
olar delivery, the C-terminal propeptide is proteolytically
removed. The resulting activation of the zymogen can be
measured by a simple colorimetric assay. Because this pro-
tein is not specifically taken up by autophagosomes or Cvt
vesicles and because only a small proportion of Pho8A60 is
delivered to the vacuole, the amount matured is propor-
tional to the “autophagic volume” that is delivered into the
vacuolar lumen, giving a quantitative output. This allows us
to distinguish whether kinase activity is altogether redun-
dant for induction of autophagy or plays some facilitative
role either in the enlargement of the autophagosome or in
determining the number of autophagosomes. We con-
structed a Pho8A60 strain that expresses Apg1™!024 instead
of the wild-type protein and measured induction of alkaline
phosphatase activity in response to starvation in the pres-
ence and absence of 1-NA-PP1. As seen in Figure 3C, induc-
tion of alkaline phosphatase activity in cell extracts of
apgI™M1924 cells was not reduced by 1-NA-PP1 at a concen-
tration of 30 uM. Rather, it was slightly increased in two
independent experiments. Thus, by three different criteria,
Apgl kinase activity does not seem to be required for in-
duction of autophagosomes.

The C Terminus of Apgl Is Subject to Reversible
Sequestration

Apgl is proposed to be a component of a multiprotein
complex (Kamada et al., 2000; Scott et al., 2000; Kim et al.,
2001), although the precise nature of this putative complex
has not been determined. To better understand the physical
interactions of Apgl under various physiological conditions,
we chromosomally tagged the C terminus of Apgl with a
tandem repeat of the IgG binding domain from S. aureus
prA. This tag did not interfere with normal function of Apgl
because prApel was normally matured and the cells were
not sensitive to nitrogen starvation (Figure 4). We reasoned
that a chromosomal tag expressed from its endogenous pro-
moter would allow a more faithful analysis of protein com-
plexes and their dynamics under different physiological con-
ditions. Analyses of Apgl protein—protein interactions were
previously conducted with overexpressed pairs of proteins
(Kamada et al., 2000; Scott et al., 2000; Kim et al., 2001).
Although this approach allows sensitive detection of pair-
wise interactions, it may not yield information on higher
order complexes (because of competitive effects) or regula-
tory mechanisms (because of saturation). Unlike the studies
with pairwise overexpression of proteins, we were unable to
identify specific stoichiometrically associating proteins that
copurified with Apgl, either when examining silver-stained
gels or when immunoblotting for specific proteins that in-
teract with Apgl when overexpressed or in yeast two-hy-
brid systems. This result is similar to that seen in a genome
wide survey of protein—protein interactions in S. cerevisiae,
which included Apgl; that is, no interacting partners for
prA-tagged Apgl were identified (Ho et al., 2002).
Surprisingly, we found that the efficiency of purification
of Apgl-prA on IgG sepharose depended on the physiolog-
ical condition of the cells before lysis. If spheroplasted cells
were treated with rapamycin for 15 min before detergent
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Figure 3. Inhibition of Apgl kinase activity in the apgI™192A mutant does not block autophagy. (A) Wild-type (HAY75, WT), apglA
(HAY395) and apgIA cells harboring apgI™!924 on pRS415 were transformed with a centromeric plasmid (pRS414) expressing Aut7-GFP
under the control of the AUT7 promoter. Cells were grown to midlog and stained with FM 4-64 (0.8 uM) for 20 min, washed and incubated
with or without 30 uM 1-NA-PP1 for 1 h in SD medium. Cells were then either viewed directly or washed with distilled water and transferred
to nitrogen starvation medium for 4 h before viewing by light and fluorescence microscopy. Top panels: GFP fluorescence. Middle panels:
FM 4-64 fluorescence. Bottom panels: DIC, differential interference contrast. (B) The vam3' apglA strain (HAY571) harboring apgI™!'?4 on
PRS415 was grown to midlog at 26°C, transferred for 1 h into medium containing 30 uM 1-NA-PP1 or mock-treated, and then transferred
for 20 min to 37.5°C. Rapamycin was added to a final concentration of 0.2 ug/ml and the cells were incubated for a further 90 min before
permanganate fixation and electron microscopy as described in MATERIALS AND METHODS. AP, autophagosome; M, mitochondrion; N,
nucleus; V, vacuole. (C) The phol3A pho8A60 apgl1A strain (HAY572) or HAY572 cells harboring apgI™!%?4 on a plasmid were subjected to the
same treatments as in (A) and alkaline phosphatase activity was measured in extracts as described in MATERIALS AND METHODS. Results
represent duplicate measurements from two independent experiments.
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Figure 4. The C terminus of Apgl is engaged in a Cvt pathway-specific interaction. (A) The pep4A Apgl-prA strain (HAY437) expressing
a full-length Apgl-prA fusion, or the pep4A apg1A880-prA strain (HAY478) expressing an Apg1A880 truncation fused to prA were grown to
midlog in YPD medium and converted to spheroplasts. The spheroplasts were treated with or without 0.2 pug/ml rapamyecin for 15 min before
cell lysis, and the Apgl-prA fusions were purified from the extracts using IgG sepharose as described in MATERIALS AND METHODS.
Apgl-prA was identified and quantified in the extracts by SDS-PAGE and immunodetection with anti-prA antibodies. (B) Truncation of the
last 18 amino acids of Apg1 results in a Cvt pathway-specific phenotype. The apg1A850-prA (HAY454), apg1A880-prA (HAY455), apg1A886-
prA (HAY518) and full-length (FL) Apgl-prA (HAY370) strains were grown to midlog. One-half of each culture was transferred to nitrogen
starvation medium for 3 h before extract preparation and the other half was harvested directly. Precursor Apel maturation and the levels
of the fusion proteins were assessed by Western blotting (0.5 A4, equivalents per lane). Survival of yeast in nitrogen starvation conditions
was determined by patching cells on phloxine B plates (Tsukada and Ohsumi, 1993); nd, not determined. (C) A leucine to glycine mutation
at position 886 results in a Cvt pathway-specific phenotype. WT (HAY75), apgINs84A and apg1856C yeast cells were grown to midlog in SD
and either harvested directly or first transferred to nitrogen starvation medium for 3 h before extract preparation. Precursor Apel maturation
was assayed by Western blotting. (D) apg1-8°C cells do not lose viability in nitrogen starvation. The apg1-85°¢ (HAY602) and apg1A (HAY395)
cells were grown to midlog and transferred to nitrogen starvation medium. At indicated time points, viable cell counts were performed by
removing an aliquot and plating an appropriate dilution on YPD.

lysis, we observed a much higher yield of the purified fusion  specific defective phenotype. Indeed, a truncated fusion pro-
protein, both by immunoblotting (Figure 4A) as well as by tein, Apgl1A880-prA that lacks the C-terminal 18 amino ac-
silver staining (unpublished data). This increase did not ids, was completely blocked for prApel maturation in
reflect an increase in the amount of Apgl-prA in the extract ~ standard medium but displayed ~50% maturation of
because the total amount of the protein in the extract was  prApel under starvation conditions (Figure 4B). In contrast,
constant, consistent with previous data (Matsuura et al., a truncation of 12 amino acids, Apg1A886-prA, showed little
1997). Thus, the protein-A tag was excluded from interacting  effect on Cvt trafficking of prApel, whereas further truncat-
with IgG sepharose in the absence of rapamycin, suggesting ing the protein to amino acid 850 reduced the degree of
that a protein modification was occurring, which allowed bypass in nitrogen starvation and also abrogated survival on
the interaction between Apgl-prA and IgG sepharose after ~ SD-N plates (Figure 4B). Thus, residues between amino ac-
rapamycin treatment. The “Coils” program (Lupas et al., ids 880 and 886 may have a specific role in the Cvt pathway
1991), which predicts the propensity of an amino acid se- function of Apgl. Consistent with this, we find that a leucine
quence to form coiled-coils, gives a reasonable probability = to glycine mutation at amino acid 886 (L886G) resulted in a
that the last 20 amino acids of Apgl engage in a coiled-coils Cvt pathway-specific block (Figure 4C). Furthermore, the
interaction (unpublished data). apg1™88°C mutant was not defective in survival under nitro-

The desequestration of the Apgl-prA fusion protein in  gen starvation conditions, confirming that autophagy is
response to rapamycin treatment could be explained if a Cvt functional in this mutant (Figure 4D). Although the trunca-
pathway-specific interaction was localized to the C terminus tion mutation at position 880 appeared to have some effect
of the protein. If this is the case, one would expect that  on the autophagic bypass, the L886G mutant showed essen-
truncation of the C-terminal amino acids that encompass the tially complete bypass and maturation of prApel upon star-
ultimate coiled-coil domain would result in a Cvt pathway- vation. In contrast with glycine substitutions, alanine sub-

484 Molecular Biology of the Cell



A
apg1A880
apgl3A apglA880 apglABS0 apgl3A
Nitrogen starvation: = -+ -+ o ude
Apgl3 over-expression: = - - + + - -
Pr— = — i S — —— - — — -
Ape] 11— —— -— — —— -
B apgIM102A
apg]MIOZA apgl3A
Nitrogen starvation: = = + + +
I-NA-PP1: = 4+ + o
pr— " c— e
Apel [N - e—

Figure 5. Apgl3 has an autophagy-specific function. (A) Logarith-
mically growing apg1A880 (HAY455), apg13A (ResGen) or apg13A
apg1A880 (HAY487) cells either containing or not containing the
APG13 gene on a multicopy plasmid were either directly harvested
or first transferred to nitrogen starvation medium and then har-
vested. Protein extracts were prepared and Apel was detected by
Western blotting. (B) Starvation-dependent maturation of prApel in
the presence of 20 uM 1-NA-PP1 requires Apgl3. apg1A (HAY395)
or apglA apg13A (HAY603) cells carrying the apgI™M!9?A gene on
PRS415 were grown to midlog and treated with or without 20 uM
1-NA-PP1 for 1 h, and either starved for nitrogen in the presence of
1-NA-PP1 or allowed to remain in SD medium, for a further 3 h
before preparation of protein extracts and SDS-PAGE. Apel was
detected by Western blotting.

stitutions in the 880—886 region of Apgl had little effect on
prApel maturation (Figure 4C, unpublished data). This is
consistent with a requirement for an alpha-helical conforma-
tion in this region and fits with the Coils program prediction
that the extreme C terminus of Apgl forms a coiled-coil
structure.

Apg13 Has an Autophagy-specific Function and Is
Required for the Autophagic Bypass of 1-NA-PP1-
mediated Inhibition of Apg1M102A

Because the apg1A880 mutant is blocked in the Cvt pathway
and this block is largely bypassed by starvation, we used
this phenotype to test genetic interactions with Apgl3, a
protein that preferentially associates with Apgl under auto-
phagic conditions (Funakoshi et al., 1997, Kamada ef al.,
2000) and is thought to be required for Apgl function.
Overexpression of Apg13 in the apgIA880 truncation mutant
strain had no effect on prApel maturation in SD medium but
drastically increased the efficiency of bypass under nitrogen
starvation conditions (Figure 5A). This strongly suggests
that the effect of Apgl3 on Apgl function is exerted under
autophagic conditions and not in nitrogen-rich medium and
supports previous findings that demonstrate an increased
interaction between the two proteins upon induction of au-
tophagy (Kamada et al., 2000). Corroborating this, an apg1A
880 apg13A double mutant was unable to mature Apel un-
der all circumstances. The apg13A single mutant was only
marginally impaired in prApel maturation in SD medium,
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indicating that the inability of the apg1A880 apg13A double
mutant to bypass the prApel block is due to a defect in
autophagy and not the Cvt pathway.

To further test whether Apgl3 functions by altering Apgl
kinase activity, we constructed a double apgI™M1024 apgI13A
mutant strain. In the absence of 1-NA-PP1, the apgI™1024
apg13A strain behaves similar to the apgI™!924 strain in that
it was able to mature prApel under starvation conditions. In
the double mutant strain, however, this maturation was
completely blocked by treatment with 1-NA-PP1 (Figure
5B). Because our previous experiments show that induction
of the Cvt pathway, but not autophagy, depends on Apgl
kinase activity, this result implies that maturation of prApel
in the apg13A background under starvation conditions is
carried out by the (Apgl3-independent) Cvt pathway. In
other words, Apgl3 appears to be required for autophagy
but is not essential for the Cvt pathway, similar to Apgl7
(Kamada et al., 2000). Furthermore, the inability of apg1™M1924
apg13A cells to overcome the prApel defect when treated
with 1-NA-PP1 under starvation conditions confirms that
the starvation-induced bypass seen with apgI™!024 cells
(Figure 2) was Apgl3-dependent and was due to autophagy.
Finally, because the Apgl3-dependent bypass in apgI™!024A
cells occurs in the presence of 1-NA-PP1, the effect of Apgl3
on Apgl function during induction of autophagy is largely
independent of kinase activity. Hence, the kinase-indepen-
dent function of Apgl in autophagy requires intact Apgl3.

Apgl Sediments as a 33S Complex and Undergoes a
Shift to 25S On Treatment with Rapamycin

Apgl is required for the induction of autophagy (Matsuura
et al., 1997; Kamada et al., 2000). However, our data imply
that Apgl has a noncatalytic (or nonkinase) role in this
process. One possible explanation is that the switch from
Cvt to autophagic trafficking involves a structural change in
Apgl that does not require kinase activity. To determine if
such a structural change occurs, we analyzed the hydrody-
namic properties of the Apgl-prA fusion, in extracts that
were pretreated with rapamycin or mock-treated. Yeast cells
expressing a full-length chromosomally tagged Apgl-prA
fusion protein were converted to spheroplasts and chal-
lenged with or without rapamycin for 15 min before deter-
gent lysis. The lysates were precleared at 100,000 X g for 15
min to avoid aggregates and then separated by centrifuga-
tion through a 5-20% sucrose gradient (see MATERIALS
AND METHODS). Apgl-prA from untreated cells sedi-
ments as a 33S particle. In contrast, in extracts from rapam-
ycin-treated cells the protein was reproducibly shifted to a
sedimentation profile with a peak at 255, implying that a
structural change had occurred (Figure 6).

Consistent with the desequestration data shown in Figure
4, the truncated fusion protein Apg1A880-prA sedimented at
~25S in untreated extracts and did not show a shift in
sedimentation profile upon rapamyecin treatment (Figure 6),
confirming that the C-terminal 18 amino acids are important
for a Cvt pathway-specific interaction that is abrogated upon
induction of autophagy. We also tested the hydrodynamic
properties of Apgl-prA in cvt9A cells (Figure 6). Cvt9 is a
protein required specifically in the Cvt pathway and has
been shown to coprecipitate with Apgl, when both proteins
are overexpressed (Kim et al., 2001). We found that the
sedimentation profile of Apgl-prA was shifted to more
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slowly sedimenting fractions in cvt9A cells. Thus, Cvt9
seems to be involved in the structural changes that contrib-
ute to Apgl function, and this protein appears to function
upstream of Apgl. Because Cvt9 does not seem to be present
as a stoichiometric member of the Apgl complex, it is likely
that it exerts this effect either catalytically or through a
transient association.

Although pairwise interactions of Apgl with Cvt9 (Kim et
al., 2001) and of Apgl with Apgl3 (Kamada et al., 2000) have
been reported when the proteins were overexpressed from
multicopy plasmids, both we and others have been unable to
identify stoichiometrically associating proteins that will pu-
rify with Apgl in the absence of overexpression (Ho et al.,
2002; unpublished data). Accordingly, we tested whether
Apgl self interacts. We found that the C-terminal, noncata-
lytic domain of Apgl self-interacts in two-hybrid assays
(unpublished data). However, because the full-length Apgl
construct auto-activates transcription, we were not able to
further deduce the structure-function relationship of this
self-interaction using the full-length protein. Because no
other protein apart from Apgl itself appears to be included
stoichiometrically in the complex, we surmise that the
changes in sedimentation behavior are either a result of
conformational changes in the Apgl molecule itself, a
change in the number of molecules per complex, or both of
these effects.

The Apg1A880 Protein Is Hypophosphorylated

Apgl has been shown to be a phosphoprotein in vivo and
autophosphorylates in vitro. The phosphorylation level of
Apgl drops upon induction of autophagy, and this is re-
flected by a drop in autophosphorylation (Matsuura ef al.,
1997). One explanation for our data would be that autophos-
phorylation controls a structural change in Apgl that is
dependent on the C terminus. Thus, mutants lacking the
C-terminal coiled-coil domain would be stuck in the “auto-
phagic mode” and would be unable to mature prApel in the
absence of starvation or rapamycin treatment. We therefore
tested the phosphorylation state of ApglA880 in the pres-
ence and absence of rapamycin. Although full-length Apgl-
prA is phosphorylated and undergoes dephosphorylation in
response to rapamycin (by ~50%), as previously reported
(Matsuura et al., 1997), the ApglA880 mutant is strongly
hypophosphorylated under all conditions (Figure 7). Be-
cause this mutant is also sedimenting as a 25S species in
sucrose gradients (Figure 6), this is again consistent with

Figure 6. Structural changes occur in Apgl upon induction of
autophagy and depend on Cvt9 and the C terminus of Apgl. The
Apgl-protein A pep4A (HAY437), ApglA880-protein A pep4A
(HAYA478), and Apgl-protein A cvt9A pep4A (HAY591) strains were
grown to midlog in YPD and converted to spheroplasts. Sphero-
plasts were treated with or without rapamycin (0.2 ug/ml) for 15
min before lysis. Lysates were precleared by differential centrifuga-
tion at 100,000 X g for 15 min and loaded onto a 5-20% sucrose
gradient. The gradients were centrifuged at 259,000 X g for 7 h,
fractions were precipitated with 10% TCA and Apgl-prA was iden-
tified by Western blotting with anti-prA antiserum and quantified
using a Bio-Rad Fluor-S MAX. The migration of the two peaks
observed in wild-type cells is denoted by the vertical dashed lines
(calculated to be 25S and 33S for the slow and fast moving compo-
nents, respectively).
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Figure 7. The ApglA880 mutant is hypophosphorylated. Cells
expressing full-length prA-tagged Apgl (HAY370) or the A880 trun-
cation fused to prA (HAY455) were grown to midlog, and labeled
with 150 uCi 3?P for 1 h before treatment with 0.2 ng/ml rapamycin
or mock solution. After 20 min exposure to rapamycin, protein
extracts were prepared and Apgl was immunoprecipitated as in
MATERIALS AND METHODS. One half of the immunoprecipitate
(IP) was separated by SDS-PAGE and exposed for phosphorimag-
ing while the other half was separated, transferred to nitrocellulose,
and immunoblotted for Apgl.

autophosphorylation being important for the Cvt pathway-
competent mode of Apgl and not the autophagic mode.
Although the region between amino acids 880 and 886 con-
tains a serine residue, mutation to alanine did not affect
prApel maturation (unpublished data), implying that the
phenotypes of the apg1A880 mutant were not directly due to
the lack of phosphorylation on this amino acid.

DISCUSSION

Apgl Has a Catalytic Role in the Cvt Pathway and
a Nonkinase Role in Autophagy

Autophagy is a catabolic membrane trafficking phenomenon
that depends on signal transduction events. The Apgl pro-
tein kinase is a central player in the induction of autophagy
and is also essential for cytoplasm to vacuole targeting (Cvt),
a related constitutive trafficking pathway. According to cur-
rent models, induction of autophagy subverts the machinery
of the Cvt pathway into the formation of autophagosomes.
In this article we describe experimental evidence for molec-
ular changes in Apgl that occur upon induction of autoph-
agy, confirming these hypotheses. We find that although the
kinase activity of Apgl is essential in the Cvt pathway, it is
not necessary or significantly less so, in the induction of
autophagosomes. On the other hand, sedimentation velocity
studies show that induction of autophagosomes is accom-
panied by structural changes in Apgl that correlate with
dephosphorylation.

Protein kinases can be thought of as having different types
of cellular functions. Classically, as exemplified by the glu-
cagon receptor/cAMP-dependent phosphorylation cascade,
kinases pass on a “signal” by changing their activity in
response to an upstream stimulus and by phosphorylating
different substrate proteins, in response to this signal. It is
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the substrates, then, that perform the regulated process,
whereas the kinase serves as an intermediary that is capable
of amplifying the signal. More recently, however, examples
have arisen that paint a different picture. When the analog-
sensitive approach was applied to the Cdc28 protein kinase
in yeast, a cyclin-dependent kinase, it was found that kinase
activity was required for the G,/M transition, in contrast to
studies with temperature-sensitive alleles, which showed a
block in G, (Bishop et al., 2000). Similarly, analog-sensitive
alleles of Cla4 did not show aberrations in actin polarization
in response to kinase inhibition, whereas mutants depleted
for Cla4 did show such aberrations (Weiss et al., 2000). It has
been suggested that these discrepancies arise from kinase-
independent functions of these proteins, most likely as struc-
tural scaffolds (Bishop et al., 2001).

Apgl is a protein kinase that is essential for two related
membrane trafficking phenomena, autophagy, and the Cvt
pathway (Harding et al., 1996; Matsuura et al., 1997). To gain
a better understanding of the role of this protein kinase, we
created an analog-sensitive allele of APG1 that was specifi-
cally sensitive to 1-NA-PP1. Strikingly, 1-NA-PP1 inhibited
Cvt pathway-dependent maturation of prApel but did not
inhibit autophagy or autophagic trafficking of prApel, at
concentrations in excess of 20-fold of the apparent ICs, for
Cvt pathway inhibition. At these concentrations we would
predict a saturation of the ATP binding site of the kinase.
Accordingly, we should observe inhibition of autophagic
trafficking if kinase activity is essential during the autoph-
agic response. To further test this point we constructed a
kinase dead mutant form of Apgl, with the idea that it
would mimic a “titration end point” for kinase inhibition.
Although the kinase dead mutation possibly has other ef-
fects on the function of Apgl, it largely recapitulates the
findings with the analog-sensitive inhibition when assayed
for prApel maturation. This leads us to suggest that Apgl
has kinase-independent and -dependent functions. Apgl
kinase activity is required in the Cvt pathway but is not
absolutely essential in the induction of autophagy.

The kinase dead Apg1¥>*4 mutant was previously shown
to have a reduced autophagic response as measured by
induction of Pho8A60 alkaline phosphatase activity (Ka-
mada et al., 2000), even though it was completely inactive in
phosphorylation assays. We can rationalize the apparent
discrepancy with our inhibition studies (which show no
such effect; Figure 3) because the Apg1¥544 kinase mutant is
constitutively inactive, allowing for secondary indirect ef-
fects to have an impact on its ability to sustain autophagy.
Thus, in our assay that depends on maturation of prApel
(Figure 2C), we do not see this decrease in Apg1*544 activity
because prApel trafficking is less sensitive to quantitative
changes in the amplitude of the autophagic response, due to
the redundant capacity of autophagosomes to transport
prApel (Abeliovich et al., 2000). In addition, the analogous
mutation in protein kinase A was shown to increase the K,
by at least fivefold and would therefore have an effect on the
amount of nucleotide bound by the protein. If the amount of
bound ATP/ADP in itself affects Apgl function (as opposed
to kinase activity), then we can also explain the slight in-
crease in autophagic trafficking that is observed in the in-
hibitor-sensitive mutant upon addition of saturating
amounts of 1-NA-PP1 (which is a nucleotide analog).
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Previous studies of Apgl and its function did not reach a
consensus regarding the role of the kinase activity. Matsuura
et al. (1997) reported that Apgl is autophosphorylated and
that autophosphorylation is strongly inhibited by induction
of autophagy. This contrasted with the report by Kamada et
al. (2000), which showed that induction of autophagy en-
tailed an increased affinity of Apgl3 with Apgl and is cor-
related with an increase in kinase activity measured in vitro
toward an exogenous substrate, myelin basic protein. Thus,
one report implied a decrease in kinase activity (toward an
endogenous substrate, Apg1), whereas the other reported an
increase in kinase activity (toward myelin basic protein)
under autophagic conditions. Our data are more consistent
with the earlier report, in that inhibition of kinase activity
had no effect on autophagy but completely blocked the Cvt
pathway. Because our results also demonstrated a change in
the tertiary /quaternary structure of Apgl, it is possible that
the access of the exogenous substrate (myelin basic protein)
is limited in extracts from cells in rich medium and that
access is increased in extracts from starved cells, much like
the C-terminal prA tag on Apgl was not fully accessible in
extracts from vegetative cells. Interestingly, the starvation-
dependent prApel maturation that bypasses the 1-NA-PP1
block of the Cvt pathway was dependent on Apgl3. This
implies that the bypass-dependent maturation reflects auto-
phagic trafficking because it requires a factor specific for
autophagy. In addition, it also indicates that at least part of
the function of Apgl3 in autophagy does not involve the
kinase activity of Apgl.

Conformational Changes in Apgl Are Mediated
Through the C Terminus

A second set of data that we present here suggests that Apgl
undergoes conformational changes in response to starvation
stimuli and that the C terminus of the protein is important in
mediating these changes. Thus, it is likely that these struc-
tural changes are important in the induction of autophagy.
To further characterize these changes, we tried to see if we
could copurify Apgl-associated factors by IgG sepharose
chromatography, but these efforts were unsuccessful, and a
recent study of whole genome purification of prA-tagged
proteins from yeast also reached a similar conclusion for
Apgl (Ho et al., 2002). It is possible then, that Apg1 interacts
primarily with itself, as suggested by the autophosphoryla-
tion data and that the interactions with other proteins that
have been observed with yeast two-hybrid systems and
overexpressed proteins reflect transient or nonstoichiomet-
ric interactions. Indeed, two-hybrid analysis showed that the
noncatalytic region of Apgl self-interacts (unpublished
data). However, the full-length protein autoactivates tran-
scription when fused to a DNA binding domain, and this
precludes simple structure—function correlations regarding
the role of specific subregions in the C terminus.

The region of amino acids 880-886 in Apgl is essential for
the Cvt pathway and appears to be part of a potential
coiled-coil domain that is required for self-association. The
fact that the ApglA880 truncation mutant sediments at 255
suggests that the shift between the Cvt pathway mode and
the autophagic function of Apgl involves a change in the
degree of Apgl self-assembly. The conversion to autophagy
is accompanied by reduced autophosphorylation, which
would account for the decrease in Apgl phosphorylation
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Figure 8. Model for mechanistic coupling between kinase activity
and nucleation of autophagosomes. Under normal growing condi-
tions Tor kinase activity induces Apg1 kinase autophosphorylation,
either through modulation of Apgl3 phosphorylation or through a
direct effect on Apgl. Inhibition of Tor results in a partial dephos-
phorylation of Apg13, and a decrease of Apg1 kinase autophosphor-
ylation, leading to dephosphorylation and a structural change in
Apgl. This structural change is correlated with an increased inter-
action with Apg13, and involves Cvt9. The dephosphorylated form
of Apgl directs autophagosome formation when associated with
Apg13, whereas the phosphorylated form directs nucleation of Cvt
vesicles.

upon induction of autophagy, as shown in Figure 7. The fact
that the Apg1A880 mutant is hypophosphorylated strongly
suggests that it is the self-assembly that determines the
autophosphorylation activity, which in turn contributes to
determining the functional state of the protein.

Our data, taken together with previous findings, are con-
sistent with the following model: In response to starvation
or stimulation with rapamycin, a signal transduction mech-
anism is induced that results in structural changes in Apgl
mediated through changes in the state of upstream factors
such as Apgl3. These changes then allow nucleation of
autophagosomes, instead of nucleation of Cvt vesicles (Fig-
ure 8). How could these structural changes be linked to
phosphorylation? We propose that the autophosphorylation
activity may be required to “freeze” Apgl in a Cvt pathway-
competent state. In response to autophagic stimulation, the
kinase activity is inhibited (or a phosphatase activity is
stimulated) and Apgl is dephosphorylated. This results in
conversion to a second structural state that is compatible
with autophagic trafficking, but not with Cvt trafficking.

Molecular Biology of the Cell



Cvt9 is a protein that is required specifically in the Cvt
pathway, but not for autophagy, and we find that in cells
lacking Cvt9, Apgl does not undergo this structural conver-
sion. These results, taken together, imply a role for Cvt9
upstream of Apgl function, although Cvt9 does not seem to
be required for the phosphorylation of Apgl (unpublished
data).

Apgl3 is absolutely required for autophagy, as defined by
the Pho8A60 assay and by measuring the accumulation of
autophagic bodies in the absence of vacuolar protease activ-
ity (Funakoshi et al., 1997, and our unpublished observa-
tions). In this study we show that Apgl3 is not absolutely
required for prApel trafficking through the Cvt pathway but
is required for switching Apgl from the kinase-dependent
mode to the kinase-independent autophagic mode (Figure
5). One explanation for these results is that Apg13 is part of
the toggle mechanism that switches the system between a
(kinase-dependent) Cvt mode and a (kinase-independent)
autophagic mode. In the absence of Apgl3, the system can-
not be shunted to the autophagic mode and therefore re-
mains sensitive to the Apgl kinase inhibitor.

A basic question regarding yeast autophagy relates to its
relationship to the Cvt pathway. Several possibilities have
been raised. One hypothesis suggests that the difference
between the two pathways is only in the size of Cvt vesicles
vs. the size of autophagosomes. This view is inconsistent
with the existence of Cvt pathway-specific genes, which are
not required for autophagy, and cot mutants in which auto-
phagosomes but not Cvt vesicles are formed. In addition,
there are genes such as APG17 and SEC12 that are required
for autophagy, but not for the Cvt pathway, and APG13,
which in our hands is only marginally required for prApel
maturation in SD medium. Thus, there are basic genetic
differences between the pathways, and these differences re-
late to early events that precede the sequestration of prApel
into Cvt vesicles and autophagosomes. Along these lines,
some elements of the SNARE machinery are required only
in the Cvt pathway, and not in autophagy (Abeliovich et al.,
1999), implying some basic differences in the membrane
trafficking requirements of the two pathways. Are these
pathways active simultaneously? Our results show that a
single protein involved in both pathways, Apgl, undergoes
a structural change upon induction of autophagy. These
data imply a qualitative difference between nucleation of
autophagosomes and Cvt vesicles and supports a toggle
mechanism, whereby machinery common to both pathways
is mobilized by Apg-specific factors such as Apgl3 and
shunted to the formation of autophagosomes.
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