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Nitrogen starvation-mediated reduction of Ypk1 is suggested
to suppress translational initiation, possibly in parallel with the
target of rapamycin complex 1 (TORC1) signaling.However, the
molecular mechanism that regulates Ypk1 in nitrogen-starved
cells is poorly understood. Here we report that Ypk1 is a novel
selective substrate for nitrogen starvation-triggered proteolysis
requiring autophagy system. Among various nutrient starvation
methods used to elicit autophagy, rapid Ypk1 degradation was
specific to nitrogen starvation. In screening genes required for
such nitrogen starvation-specific vacuolar proteolysis, we found
that autophagy-related degradation of Ypk1 depended on the
endosomal sorting complex required for transport (ESCRT)
machinery, which is conventionally thought to function in
endosomal trafficking. In microscopic analyses, the disruption
of ESCRT subunits resulted in the accumulation of both Ypk1
and autophagosomalAtg8 at a perivacuolar site thatwas distinct
from conventional endosomes. ESCRT machinery was not
involved in autophagic flux induced by the TORC1 inhibitor
rapamycin, thus suggesting that ESCRT represents an exclusive
mechanism of nitrogen starvation-specific proteolysis of Ypk1.
Overall, we propose a novel regulation of Ypk1 that is specific to
nitrogen limitation.

Cells control their proliferation and growth by modulating
anabolic and catabolic processes in response to extracellular
nutrient availability. Nutrient starvation stops cellular anabolic
processes by rapidly inhibiting ribosomebiogenesis andprotein
translation to conserve limited nutrients. Concomitantly, star-
vation induces a cellular catabolic process, autophagy, to supply
limited nutrients. The cellular response to starvation is regu-
lated, at least in part, by the evolutionally and structurally well

conserved target of rapamycin complex 1 (TORC1),3 which
plays pivotal roles in the regulation of cellular proliferation and
growth in nutrient-responsive signaling (1–4). Both nutrient
limitation and blocking of TORC1 by rapamycin induce auto-
phagy (5, 6); therefore, rapamycin-mediated autophagy is con-
sidered tomimic that of nutrient starvation, and a clear distinc-
tion between the two is not well documented.
YPK1 encodes a serine/threonine protein kinase belonging

to the cyclic AMP-dependent protein kinase/protein kinase
G/protein kinaseC (AGC) kinase family. Although a direct sub-
strate of this yeast protein kinase has not been identified, loss of
Ypk1 causes several cellular deficiencies in actin cytoskeletal
organization (7) and endocytosis (8) as well as resistance to
ISP-1/myriocin, a potent inhibitor of sphingolipid biosynthesis
(9). As a common feature of AGC kinases, Ypk1 kinase activity
is regulated by three phosphorylations at the T-loop, turn
motif, and hydrophobic motif. Phosphorylation of Ypk1 at the
T-loop is regulated by Pkh1/2 kinases, yeast homologs of
3-phosphoinositide-dependent kinase (PDK1) (10), and those
at the turn and hydrophobicmotifs aremediated by rapamycin-
insensitive TORC2 (11).
AlthoughYpk1 is considered a downstream target of TORC2

signaling (11), note that previous genetic studies imply a role for
Ypk1 in nutrient-responsive signaling in parallel with the
TORC1pathway. Loss of Ypk1 leads to hypersensitivity to rapa-
mycin, synthetic growth defects with TOR1 depletion (12, 13),
and synthetic lethality with loss of its downstream effectors,
14-3-3 proteins (12, 13). These defects might be explained by
the regulation of translational cap-dependent initiation ofmes-
senger RNA because the activity of both TORC1 (14) and Ypk1
(15) is required for stability of eIF4G. The regulatory mecha-
nism of TORC1 under nutrient-limited conditions has been
extensively studied (1, 3, 4). In contrast, study of Ypk1 in nutri-
ent-starved cells is limited to the pioneering genetic analysis of
Gelperin et al. (15) that showed that Ypk1 expression dimin-

* This work was supported by Grant-in-aid for Scientific Research 19590065
(to Y. K.) from the Japan Society for the Promotion of Science and CREST
and by Grant-in-aid for Creative Scientific Research 16GS0313 from the
Ministry of Education, Culture, Sports, Science and Technology, Japan.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental text, Figs. S1–S8, Movie 1, and Tables S1 and S2.

1 Present address: Dainippon Sumitomo Pharma Co., Ltd., Osaka 554-0022,
Japan.

2 To whom correspondence should be addressed: Laboratory of Membrane
Biochemistry and Biophysics, Graduate School of Biostudies, Kyoto Univer-
sity, Kyoto 606-8501, Japan. Tel.: 81-75-753-7684; Fax: 81-75-753-7686;
E-mail: yasu@pharm.kyoto-u.ac.jp.

3 The abbreviations used are: TORC1, target of rapamycin complex; AGC,
cyclic AMP-dependent protein kinase/protein kinase G/protein kinase C;
Ape1, aminopeptidase I; Cvt, cytoplasm-to-vacuolar targeting; ESCRT,
endosomal sorting complex required for transport; Vps, vacuolar protein
sorting; SD, synthetic defined; FM4-64, N-(3-triethylammoniumpropyl)-4-
(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide; Atg, auto-
phagy-related.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 47, pp. 36984 –36994, November 19, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

36984 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 47 • NOVEMBER 19, 2010

http://www.jbc.org/cgi/content/full/M110.119180/DC1


ishes rapidly in response to nitrogen starvation but not glucose
starvation or TORC1 inhibition by rapamycin.
Here we examined the regulatory mechanism of Ypk1

expression in nitrogen-starved yeast. Nitrogen starvation
caused rapid vacuolar proteolysis of Ypk1 in as early as 1 h. This
rapid Ypk1 degradation was selective to the limitation of nitro-
gen. Although rapamycin did not induce selective Ypk1 degra-
dation, autophagy system was required for this proteolytic
event. The autophagy-related selective proteolysis of Ypk1
utilized the endosomal sorting complex required for trans-
port (ESCRT) in Ypk1 sorting to vacuoles. Overall, we dem-
onstrated that nitrogen starvation triggers rapid and autoph-
agy-related selective proteolysis of the translational regulator
Ypk1 that precedes bulk degradation of cellular components by
autophagy.

EXPERIMENTAL PROCEDURES

Yeast Strains, Culture Conditions, Reagents, and Plasmids—
The yeast strains used in this study are listed in Table 1. Con-
struction of the deletion strains was achieved through PCR-
based homologous recombination as described previously (16,
17). The conditions for cell culture and plating assays were as
reported previously (18). For nitrogen starvation, SD-N
medium (1.7 g of DifcoTM yeast nitrogen base without amino
acids and ammonium sulfate (BD Biosciences) and 20 g of glu-
cose/liter) was used. SD-P and SD-S media were prepared as
described in Ref. 19 except that 2% glucose was supplemented
instead of 0.5%. Phenylmethylsulfonyl fluoride (PMSF; Nacalai
Tesque, Kyoto, Japan) and rapamycin (Calbiochem) were dis-
solved in methanol. FM4-64 (Invitrogen) was dissolved in
dimethyl sulfoxide and used at a final concentration of 20 �M.
The polyclonal antibodies used against Ypk1 were the same as
in Ref. 9. Monoclonal antibodies against GFP and Pgk1 were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and
Invitrogen, respectively. The polyclonal antibodies against
Ape1 were a kind gift fromDr. Daniel J. Klionsky (University of

Michigan) (20). HRP-conjugated secondary antibodies were
purchased fromZymed Laboratories Inc. (South San Francisco,
CA). To construct the pRS415-GFP-YPK1, the GFP fragment
from pFA6a-GFP(S65T)-HIS3MX6 was introduced into the
MroI site between the promoter and the initiation codon of
YPK1 of pRS415-YPK1. The BamHI-SacI fragment of GFP-
YPK1, including promoter and polyadenylation signal of YPK1,
was transferred into pRS413 to generate pRS413-GFP-YPK1.
To construct the pRS415-TAT2-EGFP, the EGFP fragment was
introduced into the SalI and XbaI sites prior to the termination
codon ofTAT2 of pRS415-TAT2, including the region from the
promoter to the polyadenylation signal of TAT2. The pRS316-
GFP-ATG8 plasmid was kindly provided by Dr. Yoshinori
Ohsumi (Tokyo Institute of Technology) (21). The SacI-XhoI
fragment of GFP-ATG8 was introduced into pRS415, generat-
ing pRS415-GFP-ATG8. The pRS414-RFP-ATG8 plasmid was
kindly provided by Dr. Daniel J. Klionsky (22). The EcoRI-XhoI
fragment of RFP-ATG8 was transferred into pRS413 to gener-
ate pRS413-RFP-ATG8, and the BamHI-XhoI fragment was
transferred into BamHI-SalI sites of YEp351 to generate
YEp351-RFP-ATG8.
Western Blotting Analysis—Harvested yeast cells were resus-

pended in lysis buffer (50mMTris-HCl buffer (pH 8.0) contain-
ing 5 mM EDTA, 150 mM NaCl, 50 mM sodium fluoride, 30 mM

�-glycerophosphate, 1 mM PMSF, protease inhibitor mixture
for general use (Nacalai Tesque), and 0.5% Triton X-100). The
cell suspension was continuously vortexed for 30 min at 4 °C in
a microtube mixer (model MT-360, Tomy, Tokyo, Japan) with
a half-volume of glass beads to lyse the yeast cells. Unbroken
cells and debris were removed by centrifugation at 500 � g for
10 min, and the supernatant containing 30 �g of protein was
used for SDS-PAGE analysis. The signals were detected by a
LAS-3000 imager (Fujifilm, Tokyo, Japan) with Chemilumi-
One (Nacalai Tesque) as a chemiluminescent substrate.
FluorescenceMicroscopy—Cells expressingGFP-Ypk1, Tat2-

EGFP, or GFP-Atg8 were cultured to early log phase and
stained with FM4-64 for 1 h. After removal of FM4-64, the cells
were chased for 1 h in SDmedium supplemented with auxotro-
phic nutrients. For nitrogen starvation, cells were washed with
SD-N medium and resuspended in SD-N medium containing
1 mM PMSF. For colocalization analysis of GFP-Ypk1/Tat2-
EGFP with RFP-Atg8 and confocal microscopic analysis of
GFP-Ypk1 in FM4-64-stained pep4� cells, cell culture was ter-
minated by the addition of 10 mM NaF and 10 mM NaN3 and
10-min incubation on ice. Cells were washed twice with ice-
cold SD or SD-N medium and imaged immediately after these
treatments. The fluorescent signals were observed using an
inverted microscope (IX70, Olympus, Tokyo, Japan) equipped
with a charge-coupled device camera (Cool SNAP HQ/OL,
Photometrics, Tucson, AZ) or laser-scanning confocal micro-
scope (FV1000D IX81, Olympus) using 488 and 559 nm lasers.
For 3D imaging, fluorescent signals were collected along Z-sec-
tions at 0.2-�m intervals from the top to bottom of the GFP
signal. All images were analyzed using Metamorph (Olympus)
or ImageJ software. For quantification of the localization, fre-
quencies of colocalization (GFP-Ykp1 versus FM4-64 or RFP-
Atg8) or non-colocalization (Tat2-EGFP versus FM4-64 or

TABLE 1
Yeast strains used in this study

Strain Genotype Source/Ref.

BY4741 MATa his3-1 leu2-0 met15-0 ura3-0 16
pep4� BY4741 pep4::URA3 This study
ypk1� BY4741 ypk1::HIS3MX6 This study
ypk1�pep4� BY4741 ypk1::URA3 pep4::KanMX4 This study
pep4�atg1� BY4741 pep4::KanMX4 atg1::URA3 This study
atg1� BY4741 atg1::URA3 This study
atg5� BY4741 atg5::KanMX4 56
atg7� BY4741 atg7::KanMX4 56
atg11� BY4741 atg11::KanMX4 56
ssa1� BY4741 ssa1::KanMX4 56
ssa2� BY4741 ssa1::KanMX4 56
ALD6-GFP BY4741 ALD6-GFP::HIS3MX6 57
vps27� BY4741 vps27::KanMX4 56
vps23� BY4741 vps23::KanMX4 56
vps22� BY4741 vps22::KanMX4 56
vps36� BY4741 vps36::KanMX4 56
vps2� BY4741 vps2::KanMX4 56
ubp3� BY4741 ubp3::KanMX4 56
bre5� BY4741 bre5::KanMX4 56
end3� BY4741 end3::KanMX4 56
rvs161� BY4741 rvs161::KanMX4 56
rvs167� BY4741 rvs167::KanMX4 56
sla1� BY4741 sla1::KanMX4 56
pep4�vps27� BY4741 pep4::URA3 vps27::KanMX4 This study
pep4�vps23� BY4741 pep4::URA3 vps23::KanMX4 This study
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RFP-Atg8) between two channels in the collected images from
at least duplicated independent experiments were calculated.

RESULTS

Nitrogen Starvation Stimulates Rapid Vacuolar Proteolysis of
Ypk1—We were interested in the regulatory mechanism of
Ypk1 in relation to nutrient signaling because ypk1� cells show
a “slow growth” phenotype, and expression of Ypk1 is regulated
in nitrogen-limited cells (15). Ypk1 and TORC1 may share an
intracellular signaling pathway required for proper protein
translation (14, 15, 23). In our semiquantitative reverse tran-
scription-polymerase chain reaction (RT-PCR) analysis, YPK1
mRNA expression did not change in nitrogen-starved cells
(supplemental Fig. S1). Therefore, we investigated whether
rapid reduction of Ypk1 expression in nitrogen-starved cells
was caused by proteolysis. In yeast cells, proteins can be
degraded in either proteasomes or vacuoles. PMSF is a selective
inhibitor of vacuolar serine proteases but does not affect pro-
teasome function (24). Thus, we investigated Ypk1 expression
in nitrogen-starved cells with this inhibitor. PMSF strongly
blocked the nitrogen starvation-induced reduction of Ypk1
(Fig. 1A). In these assays, Ypk1 was detected as a doublet in
which the slower migrating band represents the phosphoryl-
ated form of the protein (25). The nitrogen starvation-triggered
decrease in Ypk1 was also inhibited in pep4� cells, which are
deficient in mature vacuolar proteases (Fig. 1B). These obser-
vations indicate that vacuolar proteolysis is the main cause of
the rapid reduction of Ypk1 upon nitrogen starvation.
Ypk1 Is Sorted into Vacuoles and Localizes at Intravacuolar

Exaggerated Structure in Vacuolar Protease-deficient Cells
upon Nitrogen Starvation—To further analyze vacuolar degra-
dation of Ypk1, we investigated whether Ypk1 was sorted into
vacuoles in response to nitrogen starvation. For microscopic
analysis, we constructed N-terminal GFP fusion Ypk1 (GFP-
Ypk1) because C-terminal fusion Ypk1-EGFP is not functional
(25). Expression of N-terminal fusion GFP-Ypk1 from a single
copy vector complemented ypk1� phenotypes both in terms of
cellular proliferation and resistance to ISP-1/myriocin (Fig.
2A). Consistently, Western blotting against GFP showed a
simultaneous decrease in GFP-Ypk1 and increase in a smaller
fragment around 27 kDa in nitrogen-starved control cells
(ypk1� cells expressing GFP-Ypk1) but not in pep4� cells (Fig.
2B). Because GFP is relatively resistant to vacuolar proteolysis
in yeast (26, 27), this fragment could be a cleaved form of GFP

inferring in situ vacuolar proteolysis of GFP-Ypk1. These
results indicate that the N-terminal fusion GFP-Ypk1 behaves
as WT Ypk1. We treated pep4� cells with PMSF to visualize
vacuolar structure in differential interference contrast images
upon nitrogen starvation because pep4� cells exhibited less
defined vacuoles under such conditions without PMSF as
reported previously (28). In live cell imaging, FM4-64 lipophilic
dye staining was performed to visualize vacuolar membranes
prior to nitrogen starvation. Unlike our previous report in
which overexpressing Ypk1-EGFP from a multicopy vector
resulted in significant plasmamembrane association (25), GFP-
Ypk1 primarily localized in the cytoplasm of both WT and
pep4� cells under nutrient-supplied conditions (supplemental
Fig. S2 and Fig. 2C).When nitrogenwas removed for 3 h, prom-
inent accumulation of GFP-Ypk1 in the vacuolar space was
observed in PMSF-treated pep4� cells (Fig. 2, C and D). This
was consistent with the vacuolar protease-dependent nitrogen
starvation-mediated proteolysis of both Ypk1 and GFP-Ypk1
(Figs. 1 and 2B). To completely rule out a possible protrusion of
GFP-Ypk1 signal from the cytoplasmic space, we used a confo-
cal microscope and three-dimensional reconstruction. Accu-
mulated Ypk1 signal was surrounded by the FM4-64-positive
vacuolar membrane (supplemental Movie 1 and Fig. 2E).
Therefore, we hereafter refer to this Ypk1 accumulation as
“intravacuolar.” The intravacuolar GFP-Ypk1 colocalized with
exaggerated structures in differential interference contrast
images. These abnormal structures were composed of mem-
brane as indicated by the fact that FM4-64 was also incorpo-
rated (supplemental Movie 1 and Fig. 2C, arrows). These
structures resembled previously reported nitrogen starvation-
triggered autophagic bodies (28, 29).
Vacuolar Sorting andProteolysis of Ypk1Are underControl of

Autophagy System upon Nitrogen Starvation—Autophagy may
sort cytoplasmic Ypk1 into vacuoles. However, expression of
Ypk1 was not altered in cells with limited glucose or treated
with rapamycin (15), both of which induce autophagy (5, 28).
Nevertheless, because nitrogen starvation is known to trigger
autophagic proteolysis, we assessed the possible involvement of
autophagy inYpk1degradation. In general, autophagy accounts
for bulk proteolysis in nutrient-starved cells to supply amino
acids using a specific membrane-trafficking system composed
of Atg (autophagy-related) proteins (30). ATG1 encodes a ser-
ine/threonine protein kinase required for the induction of auto-
phagy (6, 31). The null mutant of this gene is defective in initi-
ating the formation of autophagosomes, a unique double
membrane structure that sequesters cytoplasmic proteins or
organelles from the cytosol (32). To investigate whether the
vacuolar sorting of Ypk1 and the intravacuolar structures
observed in PMSF-treated pep4� cells were regulated by auto-
phagy, we analyzed the localization of GFP-Ypk1 in PMSF-
treated pep4�atg1� cells. We did not detect the accumulation
of intravacuolar GFP-Ypk1 or the exaggerated structures,
although a portion of GFP-Ypk1 localized proximally to vacu-
olar membranes (Fig. 3A). In addition to the defective vacuolar
sorting, proteolysis of Ypk1 was also inhibited in atg1� cells
(Fig. 3B) and other autophagymutants such as atg5� and atg7�
cells (Fig. 3C), both of which show defective autophagosome
formation (Ref. 30 and references therein). Atg1, Atg5, and

FIGURE 1. Nitrogen starvation induces vacuolar proteolysis of Ypk1.
A, effects of a vacuolar protease inhibitor, PMSF, on nitrogen starvation-in-
duced Ypk1 reduction. Logarithmically growing WT cells in SD medium sup-
plemented with auxotrophic nutrients were starved of nitrogen (NS) in SD-N
medium containing drug vehicle or 1 mM PMSF. Total cell lysates prepared at
the indicated time points were resolved by SDS-PAGE and analyzed by West-
ern blotting against Ypk1 (two bands) and a loading control, Pgk1. B, Ypk1
expression in nitrogen-starved WT and pep4� cells. Western blotting against
Ypk1 and Pgk1 was performed as in A.
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FIGURE 2. GFP-Ypk1 is sorted into vacuoles upon nitrogen starvation. A, complementation assays on GFP-YPK1 in ypk1� background. WT or ypk1� cells
transformed with vector (pRS415) control or pRS415-GFP-YPK1-harboring ypk1� cells were plated on leucine-deficient SD plates containing methanol or 250
ng/ml ISP-1 to examine complementation of the proliferative defect or ISP-1 resistance, respectively. The plates were incubated at 30 °C for 2 days. B, effect of
N-terminal GFP fusion on nitrogen starvation-mediated vacuolar proteolysis of Ypk1. Expression of GFP-Ypk1 and cleaved GFP were analyzed by Western
blotting with an antibody against GFP in ypk1� or ypk1�pep4� cells transformed with pRS415-GFP-YPK1 upon nitrogen starvation (NS). C and D, fluorescence
microscopic analyses of GFP-Ypk1 in nitrogen-starved pep4� cells. Logarithmically growing pep4� cells harboring pRS415-GFP-YPK1 were pulsed with FM4-64
lipophilic dye for 1 h and chased for 1 h. The FM4-64-labeled cells were starved of nitrogen in the presence of PMSF. Localization of GFP-Ypk1 fluorescence was
examined 3 h after nitrogen starvation. Differential interference contrast (DIC) images were utilized to locate exaggerated structures inside vacuoles (arrows).
Percentages noted below the images represent frequencies of the indicated phenotypes. Fluorescence intensity collected along a line was normalized with the
maximum intensity in each channel. Relative fluorescence intensities of GFP-Ypk1 (green) and FM4-64 (red) were plotted (D). E, confocal microscopic analyses
of GFP-Ypk1 in nitrogen-starved pep4� cells. Logarithmically growing pep4� cells harboring pRS415-GFP-YPK1 were pulse-chased with FM4-64 and starved of
nitrogen as described in C. Cell culture was terminated by NaF and NaN3 treatment on ice as described under “Experimental Procedures,” and the fluorescence
was immediately imaged by confocal microscope after this treatment. See also supplemental Movie 1. Bars, 5 �m. a.u., arbitrary units.
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Atg7 are also involved in the cytoplasm-to-vacuolar targeting
(Cvt) pathway, a constitutive vacuolar sorting pathway (30, 33),
and cargo for this pathway resides in the cytoplasm; thus, we

investigated the involvement of the Cvt pathway in nitrogen
starvation-triggered Ypk1 proteolysis. Deletion of ATG11,
which is required for thematuration ofApe1 in theCvt pathway
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but not in autophagic transport (34), did not block the
degradation of Ypk1 (supplemental Fig. S3A). In addition,
nitrogen starvation-activated Hsp70-mediated vacuolar deliv-
ery, another system to sort cytoplasmic proteins to vacuoles
(35), was not involved in Ypk1 proteolysis because deletion of
SSA1, which also affects the maturation of Ape1 in the Cvt
pathway (36), did not affect Ypk1 instability in nitrogen-starved
cells (supplemental Fig. S3, B and C, and supplemental text).
These results indicate that autophagy system, but neither the
Cvt pathway nor Hsp70-mediated delivery, is involved in nitro-
gen starvation-triggered vacuolar sorting of Ypk1 for degrada-
tion and that the exaggerated intravacuolar structures observed
in vacuolar protease-deficient cells (Fig. 2C) could be related to
autophagic bodies.
Characterization of Autophagy-related Degradation of Ypk1—

AlthoughAtg proteins were required for Ypk1 degradation, the
proteolytic properties of Ypk1 did not fit well with conventional
autophagic protein degradation; autophagy-related proteolysis
of Ypk1 occurredwithin 2 h of nitrogen starvation (Fig. 3,B and
C), whereas bulk autophagy takes days to deplete long lived
proteins. Therefore, we further characterized Ypk1 degrada-
tion. As Ald6 is a preferred substrate for rapid and selective
autophagic degradation prior to bulk autophagy (37), we com-
pared the kinetics of Ypk1 degradation with those of Ald6 and
found that Ypk1 degradation was even faster than that of Ald6
(Fig. 3D). This indicates that Ypk1 can be a novel selective sub-
strate for nitrogen starvation-induced proteolysis requiring
autophagy system. Another conflict with conventional autoph-
agic proteolysis is that Ypk1 seemed to diminish only in
response to nitrogen starvation, not to glucose starvation or
rapamycin treatment (15) also shown in Fig. 3E, whereas bulk
autophagy is induced by various starvation conditions and the
TORC1 inhibitor rapamycin (5, 28). Therefore, we tested
whether these autophagy-inducible conditions could elicit
Ypk1 degradation. Autophagy progression was monitored by
GFP-Atg8 processing (27).When autophagy is induced, Atg8 is
conjugated to phosphatidylethanolamine and regulates forma-
tion of autophagosomes. As a result, GFP-Atg8 is transported
to vacuoles within autophagosomes and subsequently pro-
cessed. This event can be monitored by a proteolysis-resistant
cleaved, and thus size-shifted, GFP tag in vacuoles. Monitoring
this cleaved GFP fromGFP-Atg8 allows us to examine the total
flux of autophagy. Ypk1 was rather stable in rapamycin-treated
cells (Fig. 3E) compared with nitrogen-starved cells. In con-

trast, rapamycin induced GFP-Atg8 processing as much as
nitrogenstarvation.Althoughasubtledecrease inthephosphor-
ylated form of Ypk1 was detected, overexposure of the blot
clearly showed this phosphorylated species of Ypk1, indicating
that Ypk1 phosphorylation is not an event downstream of
TORC1 (Fig. 3E, overexposed blot for Ypk1). Only gradual
reduction of Ypk1was observed in cells starved of natural nutri-
ents (phosphate and sulfate) or auxotrophic amino acids
(leucine, methionine, and histidine; Fig. 3F and Table 2),
although starvation of these nutrients caused accumulation of
cleaved GFP comparable with that of nitrogen starvation.
These results indicate that rapid degradation of Ypk1 is exclu-
sively induced by extracellular nitrogen limitation. To the best
of our knowledge, Ypk1 is the first reported cargo protein
exhibiting such nitrogen starvation selectivity for autophagy-
related degradation. In addition, inhibition of TORC1 by rapa-
mycin did not mimic nitrogen starvation as far as Ypk1 degra-
dation is concerned.
ESCRT Machinery Facilitates Autophagy-related Proteolysis

of Ypk1 upon Nitrogen Starvation—Because Ypk1 degradation
exhibited distinct characteristics as a conventional autophagy
cargo protein, the mechanistic basis for such a distinction
should be present in the pathway in which Ypk1 is degraded in
vacuoles upon nitrogen starvation but not after other autoph-
agic stimuli (Table 2). Therefore, we target-screened for genes
enabling this pathway. We examined changes in Ypk1 expres-
sion uponnitrogen starvation byWestern blotting to determine
the responsible vacuolar sorting mechanism(s). We surveyed
cells from the Saccharomyces Genome Deletion Project (In-
vitrogen) related to vacuolar sorting events such as the vacuolar
protein sorting (Vps) pathway, ribophagy, and endocytosis.
Screening results are summarized in supplemental Table S2.
We found that nitrogen starvation-specific Ypk1 degradation
was inhibited in cells lacking Vps27 and Vps23 (Fig. 4A). To
analyze whether this inhibition of Ypk1 proteolysis in these
mutant cells is due to a defect in the vacuolar sorting of Ypk1,
localization of GFP-Ypk1 was examined. In a vps27� back-
ground, nitrogen starvation-triggered vacuolar sorting of Ypk1
was inhibited, and the intravacuolar exaggerated structures
were not observed (Fig. 4,B andC). Instead, in nitrogen-starved
pep4�vps27� cells, GFP-Ypk1 accumulated at an enlarged
perivacuolar structure where FM4-64 was strongly incorpo-
rated (Fig. 4, B, arrows, and C). A similar distribution of GFP-
Ypk1 and FM4-64was observed in PMSF-treated pep4�vps23�

FIGURE 3. Ypk1 is a novel and selective substrate for nitrogen starvation-specific proteolysis requiring autophagy system. A, fluorescence microscopic
analyses of GFP-Ypk1 in PMSF-treated pep4�atg1� cells. Logarithmically growing pep4�atg1� cells harboring pRS415-GFP-YPK1 were pulse-chased with
FM4-64, starved of nitrogen, and examined by fluorescence microscopy for GFP-Ypk1 and FM4-64 as described in Fig. 2C. Percentages noted below the images
represent frequencies of the indicated phenotypes. Bar, 5 �m. B and C, time course analysis of Ypk1 expression in nitrogen-starved WT, atg1� (B), atg5� (C), and
atg7� (C) cells. Logarithmically growing cells were starved of nitrogen (NS) for the times indicated. Western blot analysis was performed as described in Fig. 1A.
D, comparison of the degradation kinetics between Ypk1 and Ald6-GFP. Total cell lysates were prepared from ALD6-GFP cells starved of nitrogen for the
indicated times and analyzed by Western blotting. The expression of Ald6-GFP was detected using anti-GFP antibody. Relative expressions of Ald6-GFP and
Ypk1 were normalized by Pgk1 signal intensities and plotted on a line graph as means of three independent experiments. Error bars indicate S.E. Asterisks show
statistical significance at p � 0.05, determined using Student’s t test. E, comparison of degradation kinetics Ypk1 between nitrogen-starved or rapamycin-
treated WT cells harboring pRS316-GFP-ATG8. Logarithmically growing cells in SD medium supplemented with auxotrophic nutrients were shifted to SD-N
medium or treated with 200 ng/ml rapamycin. Cells were harvested at the indicated times, and Western blots against Ypk1 and Pgk1 were performed as
described in Fig. 1A. Autophagic progression was monitored by GFP-Atg8 processing by Western blotting using an antibody against GFP. Asterisks indicate
nonspecific signals. F, effect of various types of starvation on Ypk1 expression. Logarithmically growing cells harboring pRS316-GFP-ATG8 in SD medium
supplemented with auxotrophic nutrients were shifted to SD-N medium, SD-P/SD-S medium with auxotrophic nutrients, or SD medium lacking auxotrophic
nutrients. Cells were harvested at the indicated time point, and total cell lysates were analyzed by Western blotting as described in E. DIC, differential
interference contrast.
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cells (supplemental Fig. S4). These
results suggest that Vps27 and
Vps23 are involved in the vacuolar
sorting process of Ypk1 in nitrogen-
starved cells. In addition, we also
found that some endocytosis
mutants (end3�, rvs161�, and
rvs167�) inhibited Ypk1 proteoly-
sis to varying degrees (supplemental
Table S2). However, GFP-Ypk1 was
transported to vacuoles in PMSF-
treated pep4�end3� cells (supple-
mental Fig. S5, arrows), indicating
that endocytosis functions in Ypk1
proteolysis via an undetermined
mechanism that may be unrelated
to the autophagy-related vacuolar
sorting observed in Fig. 3, A–C.
Therefore, hereafter, we focused on
the intracellular localization of
Ypk1 in vps27� and vps23� cells to
identify the specific vacuolar sorting
mechanisms of Ypk1 that seemed to
account for the selectivity of Ypk1
degradation.
Distinctive Functions of ESCRT

Machinery in Autophagy-related
Vacuolar Sorting of Ypk1 from
Endocytosis—Vps27 and Vps23,
which are class E Vps proteins, are
the subunits of ESCRT-0 and
ESCRT-I machinery, respectively,
which function in the formation of
multivesicular bodies on endosomal
membranes (38–40). This process
is required for endosome matura-
tion, which is followed by fusion
with vacuoles and subsequent deg-
radation of endocytosed or sorted
cargos from the trans-Golgi net-
work. The deletion of class E VPS
genes, including VPS27 and VPS23,
leads to the formation of morpho-
logically abnormal FM4-64-labeled
foci, class E compartments, which
are considered to be enlarged late
endosomes (41, 42). However, the
FM4-64-incorporated perivacuolar
structures observed in nitrogen-
starved pep4�vps27� cells seemed
morphologically distinct from the
reported class E compartment. To
confirm this, we compared this
structure with endocytosed cargo.
Because the class E compartment
and the Ypk1-incorporated peri-
vacuolar structure were indistin-
guishable by FM4-64 staining, we
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monitored the cellular distribution of Tat2, a high affinity tryp-
tophan permease. Tat2 is also degraded in vacuoles upon nitro-
gen starvation, and this vacuolar degradation of Tat2 is inde-
pendent of autophagy but dependent on endosomal transport,
including endocytosis or sorting from the trans-Golgi network
(43). The strains used here were derived from BY4741, which is
prototrophic to tryptophan; therefore, Tat2-EGFP was mainly
found at the plasmamembrane in SDmedium (44). Uponnitro-
gen starvation, Tat2-EGFP was internalized to foci that were
morphologically identical to the class E compartment but not
sorted into vacuoles in PMSF-treated pep4�vps27� cells (Fig.
4D). This Tat2-EGFP-localized class E compartment was inter-
mediate to endocytic vacuolar sorting because neither internal-
ization nor accumulation of Tat2-EGFP at the foci was detected
in PMSF-treated pep4�end3� cells (supplemental Fig. S6A). In
addition, the distribution of Tat2-EGFP was seldom or only
partially colocalized with the FM4-64-stained perivacuolar
structures in PMSF-treated pep4�vps27� cells (Fig. 4,D andE),
which is in sharp contrast to the case of Ypk1 (Fig. 4, B and C).
Similar results were observed in pep4�vps23� cells expressing
Tat2-EGFP (supplemental Fig. S6, B and C). These results indi-
cate thatGFP-Ypk1 localizes inmembrane structures that are dis-
tinct from the class E compartment in nitrogen-starved ESCRT
mutant cells. Furthermore, localization of Tat2-EGFP was mutu-
ally exclusive with FM4-64-enriched exaggerated intravacuolar
structures in which GFP-Ypk1 accumulated in nitrogen-starved
PMSF-treated pep4� cells (supplemental Fig. S7, A and B). These
results demonstrate that autophagy-related vacuolar sorting of
Ypk1 and endocytic vacuolar transport of Tat2 do not share the
same compartment during vacuolar sorting, although both traf-
ficking events require ESCRTmachinery.
GFP-Ypk1CloselyAssociateswithRFP-Atg8-containingAuto-

phagic Bodies—The intravacuolar exaggerated structures in
vacuolar protease-deficient cells (Fig. 2C) appeared to be
reported autophagic bodies (28). Moreover, GFP-Ypk1-local-
ized perivacuolar structures in nitrogen-starved ESCRT
mutant cells (Fig. 4B and supplemental Fig. S4) would be
expected to be intermediates of autophagy-related vacuolar
sorting of Ypk1 in response to nitrogen starvation. If this were
the case, the autophagic marker Atg8 would also be expected

to associate with these structures. To investigate this, we
examined the distribution of GFP-Atg8 with FM4-64 dye.
GFP-Atg8 fluorescence accumulated in FM4-64-incorporated
intravacuolar structures of PMSF-treated pep4� cells (Fig. 5A,
arrowheads) and perivacuolar structures in PMSF-treated
pep4�vps27� cells (Fig. 5A, arrows). Because GFP-Ypk1 was
also enriched in FM4-64-incorporated membrane structures
(Figs. 2C and 4B and supplemental Fig. S4), these structures
seemed to be related to autophagosomes. Intravacuolar GFP-
Ypk1 was closely associated with RFP-Atg8 at the exaggerated
structure(s) in PMSF-treated pep4� cells (Fig. 5, B andC). Sim-
ilar close association of GFP-Ypk1 and RFP-Atg8 was also
observed by confocal microscope analysis to exclude the possi-
bility of fluorescent superimposition (supplemental Fig. S8). In
PMSF-treated pep4�vps27� cells, GFP-Ypk1 was exclusively
localized with RFP-Atg8 in nitrogen-containing medium,
whereas these proteins closely associated at the perivacuolar
structures upon nitrogen starvation (Fig. 5, D and E). These
results indicate that GFP-Ypk1 is transported by the autopha-
gosome-related membrane structures. In contrast, the endo-
cytic cargo marker Tat2-EGFP neither colocalized nor closely
associated with RFP-Atg8 both inside the vacuoles of pep4�
cells (Fig. 6A) and at the perivacuolar sites of pep4�vps27� cells
(Fig. 6B). These results further demonstrate that vacuolar
transport of Ypk1 is clearly distinct from endocytic cargo traf-
ficking even though both events require ESCRT machinery.
ESCRTMachinery Plays Roles in Autophagic Flux Induced by

Nitrogen Starvation but Not by Rapamycin—We showed that
nitrogen starvation-triggered vacuolar sorting of Ypk1 utilizes
ESCRT machinery (Fig. 4, B and C, and supplemental Fig. S4),
which conventionally functions in endosomal trafficking.
Although cytoplasmic autophagosome accumulation occurs in
ESCRT subunit knockdown mammalian cells (45–47), the
direct roles of ESCRT machinery in autophagy have not been
well characterized. Moreover, deficiency of autophagy in an
ESCRT mutant has not been reported in yeast cells despite
intensive autophagy mutant screening in this organism. Thus,
we investigated whether the loss of ESCRT machinery would
reduce the nitrogen starvation-induced autophagic flux as a
cause of reduced Ypk1 proteolysis. We analyzed autophagic
flux by monitoring GFP-Atg8 processing, which requires the
E1-like enzyme Atg7 (30). Ypk1 proteolysis utilized autophagy
requiring the Atg8 conjugation system because deletion of the
ATG7 gene inhibited nitrogen starvation-induced proteolysis
of Ypk1 (Fig. 3C). Cleaved GFP was induced upon nitrogen
starvation in WT cells but significantly reduced in nitrogen-
starved vps27� cells (Fig. 7A). These data indicate that the dys-
functional ESCRTmachinery reduced nitrogen starvation-trig-
gered autophagic flux. Therefore, we further investigated

FIGURE 4. Involvement of ESCRT machinery in autophagy-related vacuolar sorting of Ypk1 that is distinct from conventional endosomal sorting.
A, Ypk1 expression in nitrogen-starved WT, vps27�, and vps23� cells. Logarithmically growing cells were starved of nitrogen (NS) for the times indicated.
Expressions of Ypk1 and Pgk1 were analyzed by Western blotting as described in Fig. 1A. B and C, fluorescence microscopic analyses of GFP-Ypk1 localization
in pep4�vps27� cells. FM4-64 labeling and nitrogen starvation were performed as described in Fig. 2C. Arrows indicate accumulated GFP-Ypk1 at the peri-
vacuolar structures where FM4-64 was strongly incorporated. Relative fluorescence intensities of GFP-Ypk1 (green) and FM4-64 (red) were plotted (C) as in Fig.
2D. Percentages noted below the images represent frequencies of the indicated phenotypes. D and E, fluorescence microscopic analyses of Tat2-EGFP local-
ization in pep4�vps27� cells. Logarithmically growing cells harboring pRS415-TAT2-EGFP were labeled with FM4-64 and starved of nitrogen as described in Fig.
2C. The arrows indicate focus localization of Tat2-EGFP, and the arrowheads point to FM4-64-incorporated structures. Relative fluorescence intensities of
Tat2-EGFP (green) and FM4-64 (red) in D were plotted (E) as in C. Bar, 5 �m. a.u., arbitrary units; DIC, differential interference contrast.

TABLE 2
Comparison of autophagy and Ypk1 proteolysis under various
culture conditions

Bulk autophagy Rapid Ypk1 proteolysis

Nitrogen starvation � (28) � (15)
Glucose starvation � (28) � (15)
Phosphate starvation � (28) � (this study)
Sulfate starvation � (28) � (this study)
Auxotrophic starvation � (28) � (this study)
Rapamycin � (5) � (15)
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whether ESCRTmachinery is involved in autophagy induced by
other stimuli. Rapamycin equally induced GFP-Atg8 process-
ing both in WT and vps27� cells (Fig. 7B), indicating that
ESCRT machinery is not involved in rapamycin-induced auto-
phagic flux. Taken together, these data suggest that ESCRT
machinery is required in nitrogen starvation- but not rapamy-
cin-induced autophagic flux.

DISCUSSION

Nitrogen Starvation-specific Ypk1 Proteolysis—Protein trans-
lation, the most energy-consuming process for cells, is regu-
lated atmultiple levels bymodulation of translational initiation,
ribosome biogenesis, mRNA turnover, and uptake of amino
acids. TORC1 positively regulates these cellular processes by
sensing extracellular nutrients (2). Lines of genetic evidence
suggest that Ypk1 also plays an important role in protein trans-
lation bymodulating translational initiation, possibly in parallel
to TORC1 signaling, because both pathways are required for
eIF4G stability (14, 15). However, the molecular mechanism of
Ypk1 regulation in response to nutrients has not been charac-
terized. In the present study, we showed that Ypk1 undergoes
rapid autophagy-related degradation in response to nitrogen
starvation. This finding was unexpected because Ypk1 repres-

sion was not induced by rapamycin treatment, which is known
to induce autophagy-related protein degradation (5). To the
best of our knowledge, Ypk1 is the first reported selective auto-
phagic cargo specifically induced upon nitrogen starvation. It
was reported that TORC1 activity toward Sch9, a proposed
yeast counterpart of S6K, was inhibited by depletion of a num-
ber of nutrients, including glucose, phosphate, and nitrogen
(48). Our result indicates that TORC1 and Ypk1 are differen-
tially controlled by extracellular nutrient(s), although a down-
stream effecter for both of these signaling molecules involves
eIF4G (14, 15). Currently, the biological role of rapid nitrogen
starvation-specific Ypk1 clearance is not clear. Nitrogen is
stored as proteins within cells; thus, limited amounts of this
nutrient should trigger simultaneous cellular responses to sup-
ply nitrogen (autophagic protein breakdown) and to save nitro-
gen (translational arrest). This cellular storage of nitrogen is in
sharp contrast to the storage of carbohydrate, which is stored as
glycogen, and is thus readily usable upon activation of glycogen
conversion (49). Rapid Ypk1 degradation using an autophagy
system may ensure that yeast cells manage translational arrest
and possibly autophagic protein breakdown in cellular nitrogen
utilization. In addition to protein translation, Ypk1 is also
involved in various cellular signaling pathways such as actin

FIGURE 5. Ypk1 closely associates with autophagy-related structures in both pep4� and ESCRT mutant cells. A, fluorescence microscopic analyses of GFP-Atg8
localization in the nitrogen-starved pep4� and pep4�vps27� cells. Images were obtained for cells harboring pRS415-GFP-ATG8 as described in Fig. 2C. Arrowheads
point to intravacuolar localization in pep4� cells, whereas arrows indicate perivacuolar sites in pep4�vps27� cells where GFP-Atg8 localized within FM4-64-incorpo-
rated structures. B–E, fluorescence microscopic analyses of GFP-Ypk1 and RFP-Atg8 localization in pep4� (B and C) and pep4�vps27� (D and E) cells. Logarithmically
growing cells harboring pRS415-GFP-YPK1 and pRS413-RFP-ATG8 were starved of nitrogen (NS) for 3 h in the presence of PMSF. Cell culture was terminated by NaF and
NaN3 treatment on ice as described under “Experimental Procedures,” and localization of GFP-Ypk1 and RFP-Atg8 fluorescence was immediately imaged after this
treatment. Relative fluorescence intensities of GFP-Ypk1 (green) and RFP-Atg8 (red) in a and b were plotted (C and E, respectively) as in Fig. 2D. Percentages noted below
the images represent frequencies of the indicated phenotypes. Bar, 5 �m. a.u., arbitrary units; DIC, differential interference contrast.
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regulation and endocytosis (7, 8). Cellular nitrogen utilization
may control these cellular events. Thus, additional studies are
clearly required to elucidate the significance and relation of
these cellular events as a whole to nitrogen starvation.
Distinction of Autophagy-related Proteolysis between Nitro-

gen Starvation and Rapamycin Treatment—TORC1 inhibition
by rapamycin down-regulates anabolic processes and up-regu-
lates catabolic processes similarly to nitrogen and carbon star-
vation (2). Therefore, rapamycin treatment has been utilized to
mimic starved conditions (5, 14, 50). However, our results show

that autophagy-related proteolysis of Ypk1 is specific to nitro-
gen starvation and not responsive to rapamycin treatment. It
was previously reported that nitrogen starvation-induced auto-
phagy in osmotically stressed cells was inhibited by deleting the
HOG1 gene (51), which encodes a yeast ortholog of p38MAPK
required for osmotic stress responses (52).However, this osmo-
sensitivity of autophagy in hog1� cells was not observed in
rapamycin-induced autophagy (51). These results support the
idea that rapamycin treatment is not identical to nitrogen-
starved conditions in the induction of autophagy. Moreover,
autophagic degradation induced by rapamycin was additively
enhanced by inhibition of cyclic AMP-dependent protein
kinase A (53, 54). Therefore, it is possible that several different
intracellular signaling pathways may induce autophagy, and
some may not be mimicked by rapamycin.
Involvement of ESCRTMachinery in Nitrogen Starvation-in-

duced Ypk1 Proteolysis—In candidate-based screening of the
genes required for nitrogen starvation-triggered autophagy-re-
lated proteolysis of Ypk1, we found that ESCRT-0 and ESCRT-I
are required for Ypk1 proteolysis upon nitrogen starvation.
Because rapamycin-induced autophagic flow was not affected
by disruption of VPS27, involvement of ESCRT machinery is
specific to nitrogen starvation-triggered autophagy. Recent
reports have shown that knockdown of ESCRT subunits in
mammalian cells causes a striking increase in the number of
autophagosomes (45–47), suggesting three possibilities: (i)
deficiency in fusion of autophagosomeswith lysosomes, (ii) fail-
ure of autophagosome closure, and/or (iii) cellular stress caused
by ESCRT dysfunction. In the case of our nitrogen-starved
ESCRT mutants, dysfunction of ESCRT in (iii) is least likely to
explain the role of ESCRT in autophagy because we found that
ESCRT deficiency itself was insufficient to induce autophagic
vacuolar sorting of Ypk1 and Atg8, and did not accumulate
these proteins at the perivacuolar structure (Fig. 4B, supple-
mental Fig. S4, and Fig. 5D). Deficiency of autophagosome-
vacuole fusion in (i) could lead to accumulation of cargo at
perivacuolar spaces, although it is unknown whether ESCRT
machinery mediates membrane fusion. Alternatively, because
Ypk1 undergoes autophagy-related proteolysis, it is likely asso-
ciated with the isolation membrane prior to autophagosome
maturation. Therefore, a defect in the autophagosome closure
step in (ii) could explain the accumulation of Ypk1 at the peri-
vacuolar structure in nitrogen-starved ESCRTmutants (Fig. 4B
and supplemental Fig. S4). In any case, we believe that this
report is the first to showESCRT-dependent autophagy in yeast
cells. It is currently unknown whether ESCRTmachinery func-
tions in substrate selectivity in autophagy-related Ypk1 prote-
olysis. This may be the case because autophagic vacuolar trans-
port of immature cytoplasmic Ape1 was not affected in
nitrogen-starved ESCRT mutants (55).
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FIGURE 6. Endocytic cargo protein Tat2-EGFP did not colocalize with
autophagy-related structures in both pep4� and ESCRT mutant cells.
A and B, fluorescence microscopic analyses of Tat2-EGFP and RFP-Atg8 local-
ization in pep4� (A) and pep4�vps27� (B) cells. Localization of Tat2-EGFP and
RFP-Atg8 fluorescence was examined as in Fig. 5, B and D. Percentages noted
below the images represent frequencies of the indicated phenotypes. Bar, 5
�m. DIC, differential interference contrast; NS, nitrogen starvation.

FIGURE 7. ESCRT machinery is required for nitrogen starvation-triggered
but not rapamycin-mediated autophagy. A, effect of ESCRT deficiency on
nitrogen starvation-triggered GFP-Atg8 processing. Logarithmically growing
WT and vps27� cells harboring pRS316-GFP-ATG8 were starved of nitrogen
(NS). Total cell lysates were prepared at the indicated times and analyzed by
Western blotting as in Fig. 3E. Asterisks indicate nonspecific signals. B, no
effect due to ESCRT deficiency in rapamycin-triggered GFP-Atg8 processing.
Logarithmically growing WT and vps27� cells harboring pRS316-GFP-ATG8
were treated with 20 ng/ml rapamycin. Expressions of GFP-Atg8 and cleaved
GFP were analyzed by Western blotting as described in Fig. 3E.
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S., Lucau-Danila, A., Anderson, K., André, B., Arkin, A. P., Astromoff, A.,
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