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Abstract

Autophagy is a highly conserved biological process essential to protein, cellular and organismal 

homeostasis. As autophagy plays a critical role in cellular responses to various external and 

internal stimuli, it is important to understand the mechanism underlying autophagy regulation. 

Here, we monitor the stability of 17 key autophagy factors in the yeast S. cerevisiae and show that 

Atg9 and Atg14 are degraded under normal growth conditions. Whereas Atg14 is regulated by 

both the proteasome and autophagy, Atg9 turnover is normally mediated by the proteasome but 

impeded upon starvation or rapamycin treatment. Interestingly, distinct segments of Atg9 confer 

instability, suggesting that multiple pathways are involved in Atg9 degradation. Our results 

provide the foundation to further elucidate the physiological significance of Atg9 turnover and 

also the interplay between two major proteolytic systems (i.e., autophagy and the proteasome).
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Introduction:

The lysosome and 26S proteasome represent the major degradation machines in eukaryotic 

cells [1–4]. While the lysosome deals mainly with the removal of bulky contents (e.g., 

protein aggregates, organelles, intracellular pathogens), the 26S proteasome handles the 

majority of regulated protein turnover [3, 4]. Proper cell functioning requires delicate and 
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efficient coordination of these degradation apparatus. Dysregulation of the lysosome and 

proteasome can lead to diseases ranging from cancers to neurologic disorders [1, 2, 4].

Macroautophagy (hereafter termed autophagy), an important branch of lysosome-mediated 

degradation system, is essential for cellular homeostasis, growth, differentiation and 

development [1, 5]. Autophagy delivers unwanted cytoplasmic components to the lysosome 

for destruction through an elaborated process that engulfs cellular materials by a double-

membrane structure autophagosome, which is then transported and fused with the lysosome 

to degrade the sequestrated cargo. Autophagy requires more than 30 proteins to work in 

highly coordinated steps of autophagy initiation, phagophore elongation, autophagosome 

maturation, autophagosome-lysosome fusion, and cargo degradation [5, 6]. Most of the core 

autophagy factors were first identified in the yeast S. cerevisiae [1, 5], which provides 

powerful genetic and biochemical tools and found to be conserved in higher eukaryotes.

In a time of stress, autophagy plays a major role in helping cells face challenges and adapt to 

the environment as it can quickly remove harmful components and supply nutrients and 

energy [5, 7]. Whereas the mechanism underlying autophagy induction in response to stress 

is better understood, how autophagy is kept in check under normal conditions remains 

enigmatic [6, 8, 9]. We reasoned that some key autophagy factors may be limited due to 

normal constitutive degradation but become stabilized upon stress. As autophagy induction 

is highly regulated [6, 10], we therefore have systematically monitored the stability of 17 

yeast proteins involved in earlier steps of autophagy. Under normal growth conditions, Atg9 

and Atg14 are found to be degraded. Since Atg14 turnover has been previously dissected, we 

have mainly focused on Atg9 regulation and demonstrated that Atg9 degradation is 

proteasome-dependent and stress-responsive. Among the core autophagy regulators essential 

for autophagosome formation, Atg9 is the only integral membrane protein [11–14]. Our 

results suggest Atg9 may contain multiple degradation signals for various ubiquitin ligases. 

As uncontrolled autophagy activation can lead to dire consequences [1, 8], understanding 

Atg9 regulation would bring light to the control of autophagy activity and also the 

cooperation between the proteasome and autophagy.

Material and methods:

Yeast strains and plasmids.

Yeast S. cerevisiae strains lacking various ubiquitylation components or autophagy 

regulators in a BY4741 background were obtained from Dr. Mark Hochstrasser (Yale U.) 

and Open Systems (Huntsville, AL), respectively. The yeast strains bearing ATG9 wild-type 

or phosphorylation mutant allele appended with the tandem affinity purification (TAP) tag 

were provided by Dr. Claudine Kraft (University of Vienna). SM5925 strain bearing 

uba1-204 temperature sensitive mutation and isogenic wild-type strain were obtained from 

Dr. Susan Michaelis (Johns Hopkins University).

The plasmids expressing the MORF-tagged genes ATG1, ATG3, ATG4, ATG5, ATG6, 
ATG7, ATG8, ATG9, ATG10, ATG11, ATG12, ATG13, ATG14, ATG17, ATG38, TRS85, 
VPS34 were obtained from Open Biosystems. The plasmid expressing GFP-tagged Atg8 

was provided by Dr. Klionsky (U. of Michigan). Using the plasmid bearing MORF-ATG9 as 
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the template, ATG9 deletion mutants were generated via Q5 site-directed mutagenesis kit 

(New England Biolab, MA).

Yeast cells were grown in rich YPD or synthetic medium containing 2% raffinose or 2% 

galactose. For nutrient starvation, actively growing yeast cells were grown in the medium 

without amino acids. Rapamycin and MG132 were purchased from Sigma-Aldrich (MO).

Antibodies.

Antibodies against Rpt5 and HA were obtained from Enzo Life Sciences (Farmingdale, NY) 

and BioLegend Inc. (San Diego, CA), respectively. Pgk1 antibody was obtained from 

Thermo Fisher Scientific (Waltham, MA). GFP antibody was purchased from Abeam 

(Cambridge, MA).

Expression shut-off assay.

Yeast cells bearing MORF-tagged autophagy regulators under the control of the galactose-

inducible GAL1-promoter were grown to log phase at 30°C in synthetic SR medium, and 

2% galactose was added to induce protein expression for 3 h. Protein synthesis was then shut 

off by the addition of cycloheximide. Samples were withdrawn at the indicated intervals. 

Proteins were extracted and processed for western blotting with anti-HA to detect MORF-

tagged autophagy regulators. The stable protein Rpt5 and Pgk1 were employed as a loading 

control.

Results:

Atg9 and Atg14 are degraded under normal growth conditions.

The regulation of autophagy activity likely occurs mainly at early steps [6, 10]. To evaluate 

whether core autophagy machinery is subject to degradation control, we monitored the 

protein stability of 17 conserved autophagy factors that are involved in autophagy initiation 

and autophagosome formation [5, 6, 10]. These proteins are linked to MORF or GFP tags 

for easy detection. To assess the alteration of protein levels, wild-type yeast cells were 

grown in nutrient-rich media and later treated with cycloheximide to turn off protein 

expression. Only Atg9 and Atg14 were found to be degraded under normal growth 

conditions (Fig. 1).

ATG14 encodes a subunit of phosphatidylinositol 3-kinase (PI3K) complex I, which 

synthesizes phosphatidylinositol-3-phosphate and is essential for autophagosome membrane 

biogenesis [5, 10]. Atg14 brings the PI3K complex to the phagophore initiation sites and 

promotes phagophore expansion. Besides its key role in the early step of the autophagy, 

Atg14 also facilitates autophagosome-lysosome fusion [15]. Atg14 has been demonstrated 

previously to be degraded by the ubiquitin-proteasome system as a means to modulate 

autophagy activity [16].

Atg9 is stabilized upon starvation or rapamycin treatment.

Atg9 is the only transmembrane protein among core autophagy effectors and has not been 

previously shown to be degraded [11, 12]. We evaluated whether Atg9 turnover is altered 
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under various stress conditions (Fig. 2). Upon nutrient depletion, which triggers autophagy 

induction, Atg9 was markedly stabilized (Fig. 2a). We also treated yeast cells with 

rapamycin, which triggers a starvation-like response and activates autophagy and found that 

Atg9 turnover was significantly impaired in the presence of rapamycin (Fig. 2b).

Upon starvation, Atg9 is known to be phosphorylated directly by Atg1, a Ser/Thr kinase 

essential for autophagy initiation, which in turn is required for autophagosome formation 

and expansion [17]. Wild-type or phosphorylation-defective mutant Atg9 was appended with 

tandem affinity purification (TAP) tag at its C-terminus and their expression was under the 

regulation of its endogenous promoter [17]. Interestingly, Atg9 mutant devoid of Atg1 

phosphorylation sites [17] appeared to have a faster turnover rate than wild-type Atg9 (Fig. 

2c). Moreover, unlike wild-type Atg9 during starvation, Atg9 phosphorylation mutant 

remained to be degraded rapidly upon nutritional stress (Fig. 2c), suggesting that Atg1-

mediated phosphorylation promotes Atg9 stabilization and in turn enhances autophagy 

activity. The results indicate that Atg9 degradation is responsive to stress conditions and 

likely modulated by phosphorylation.

The proteasome is required for Atg9 degradation.

Since two major intracellular degradation systems are the proteasome and autophagy [3], we 

then examined whether Atg9 turnover is carried out by the proteasome or autophagy. Atg9 

was significantly stabilized upon the treatment of proteasome inhibitor MG132 (Fig. 2d), 

suggesting that Atg9 is degraded by the proteasome. Consistent with the requirement of 

ubiquitin in proteasome-mediated proteolysis, Atg9 turnover was impaired in yeast cells 

bearing uba1-204 mutant (Fig. 2e) that contains a temperature sensitive mutation in the E1 

ubiquitin activating enzyme, which is essential for ubiquitin modification [18]. Atg9 

degradation was not compromised in cells lacking ATG1 or ATG5, two essential autophagy 

effectors, or PEP4, a lysosomal protease (Fig. 2f).

Atg9 degradation remains in various ubiquitylation mutants.

Proteasomal substrates are usually first recognized by a ubiquitin ligase (E3), which works 

with a ubiquitin-activating enzyme (E1) and a ubiquitin-conjugating enzyme (E2) to 

decorate the substrates with ubiquitin molecule [2, 18]. Ubiquitin modified substrates are 

then delivered to the proteasome for destruction. To understand the specific role of 

proteasome-mediated Atg9 turnover, it is pivotal to identify the specific pathway that selects 

Atg9 for degradation. There is one E1, ~12 E2s and over 60 E3s involved in ubiquitin-

mediated degradation in the yeast S. cerevisiae [18]. As the ubiquitin ligase E3 is the rate 

limiting and substrate-recognition component of the ubiquitin-proteasome system, we 

evaluated Atg9 degradation kinetics in more than 17 mutant yeast cells lacking one of the 

non-essential ubiquitin ligases (Fig. 3a). However, Atg9 turnover was not significantly 

impaired in these mutants (Fig. 3a).

Since the number of ubiquitin-conjugating enzyme E2s is much smaller than E3s [18], we 

also examined Atg9 turnover in 10 non-essential E2 mutants (Fig. 3b). We found that Atg9 

degradation was not significantly compromised in yeast cells lacking these E2 enzymes.
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Multiple sequence elements contribute to Atg9 instability.

The difficulty in uncovering a specific pathway (e.g., E2, E3) responsible for Atg9 

degradation could be due to multiple E2s and E3s are involved. We then turned to delineate 

cis-elements critical for Atg9 destruction through deletion analysis (Fig. 4). Atg9 contains 

cytoplasmic domains at its N- and C-termini, and the conserved multi-transmembrane region 

in the middle (Fig. 4a). We constructed five deletion mutants missing various sections of 

Atg9 and then assessed their degradation in vivo (Fig. 4). Interestingly, both cytosolic 

fragments at N- and C-termini are rapidly degraded (Fig. 4b), and the membrane segment 

with either N- or C-terminal portion is degraded as well, indicating that not a single region is 

essential for Atg9 degradation. Our results suggest that Atg9 contains separate domains that 

promote its degradation, which likely requires multiple degradation pathways (e.g., E2s and 

E3s).

Discussion:

Autophagy is a fundamental biological process critical for cellular homeostasis as it can 

quickly carry out mass destruction of various cellular components to meet the demand for 

cell growth and survival [1, 5]. Autophagy normally occurs at basal levels to maintain 

diverse cellular needs, and is activated by various stresses and catabolizes harmful contents 

to provide nutrients. Too much or too little autophagy can be detrimental to cell growth and 

development [8, 9]. We have systematically probed the degradation of 17 autophagy proteins 

and identified specific proteasomal targets (i.e., Atg9 and Atg14), uncovering new links 

between the proteasome and autophagy.

How autophagy activity is modulated in response to various cellular and environmental 

challenges remains poorly understood. Core autophagy genes have been shown to be 

regulated by various transcription activators (e.g., TFEB, TFE3, FOXO, p53, Gln3 and 

Dal80) or repressors (e.g., BRD4, Pho23, Ume6) [6, 9, 19, 20]. Post-translational 

modifications (e.g., phosphorylation, acetylation, methylation, ubiquitylation and 

sumoylation) play pivotal roles in controlling autophagy activity [1, 8, 19, 21–23]. For 

example, whereas AMP-activated protein kinase (AMPK) promotes autophagy through the 

phosphorylation of the transcription factor TFEB and several key autophagy regulators (e.g., 

Atg1 kinase, Atg6 and Vps34), TORC1 and AKT1 kinases restrain autophagy through their 

phosphorylation of Atg13 and FOXO proteins, respectively [1, 8, 19, 23]. Furthermore, 

p300-mediated acetylation on substrates including Atg5-8 and Atg12 inhibits autophagy, 

which can be reversed by SIRT1 deacetylase [1, 8, 19, 22].

Our understanding of Atg9 regulation remains rudimentary. As the only transmembrane 

protein among the core autophagy proteins, Atg9 is essential for autophagosome biogenesis 

and postulated to be a key player in supplying membranes to autophagosomes [11, 12, 14]. 

As Atg9 level was shown to be a critical determinant for the amount of autophagosomes 

[24], Atg9 expression and activity must be tightly regulated [6, 9]. Atg9 can be activated by 

Atg1 kinase, which in turn is required for pre-autophagosomal structure assembly and also 

efficient recruitment of additional autophagy proteins (e.g., Atg18, Atg2, Atg8) and 

subsequent phagophore elongation [11, 13, 17, 25]. Our data suggest that Atg9 is degraded 

by the proteasome under normal conditions, but stabilized upon starvation. Moreover, Atg1-
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mediated phosphorylation may affect Atg9 stability. The Atg9 phosphorylation mutant 

exhibits autophagy defects [17], some of which may be attributed to its instability. Given its 

unique membrane-spanning property among core autophagy proteins and its demonstrated 

effect on autophagosome biogenesis, Atg9 degradation may be a key factor in autophagy 

regulation. As multiple sequence elements and degradation pathways (e.g., ubiquitin ligase 

E3s) likely govern Atg9 instability (Fig. 4), we plan to delineate the proteolytic pathways 

associated with the individual cis-elements and further dissect their physiological 

significance in autophagy.

The systematic approach we employed in surveying substrate degradation can be easily 

extended to define the mechanism underlying the regulation of these autophagy factors 

under various conditions. Key autophagy proteins are subjected to diverse modification 

events [1, 22]. For example, Beclin1, an essential subunit of the class III 

phosphatidylinositol 3-kinase (PI3KC) complex, is regulated by multiple modules that 

control its stability, activity and interaction with relevant partners [19, 26, 27]. Beclin1 is 

regulated by more than 6 kinases, four of which (i.e., AMPK, DAPK, MAPKAP2, Atg1/

ULK1) promote its activity and two of which (i.e., AKT and EGFR) play negative roles [22, 

27]. Moreover, there are at least five ubiquitin ligases (e.g., Parkin, Traf6, NEDD4, the 

KLHL20-CUL3 complex and the Ambra1-Cul4-Rbx1 E3 complex) that can covalently 

decorate Beclin1 with distinct ubiquitin chains to influence its activity under various 

conditions [26, 28]. As similar strategies may be widely used in autophagy regulation, it’d 

be important to systematically probe various modifications of these key autophagy proteins 

before, during and after nutrient starvation. Ultimately we hope to gain a comprehensive 

understanding of the cellular cross talks involved in autophagy activation and recovery.

Our study brings novel insights into the mechanism underlying autophagy regulation and the 

functional interplay between two major cellular degradation machineries [1, 3]. Many 

diseases have been intimately tied to the dysregulation of autophagy or the proteasome [1, 

4]. A better understanding of the regulatory pathways controlling autophagy would allow us 

to manipulate autophagy for clinic intervention, which could be invaluable in our battle 

against various autophagy related disorders and promote overall health.
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Highlights

• Autophagy regulator Atg9 is degraded by the proteasome system

• Atg9 turnover is affected by nutrient depletion and likely phosphorylation

• Atg9 degradation is promoted by multiple proteolytic pathways
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Fig. 1. 
Two autophagy regulators are degraded under normal growth conditions. The protein 

stability of 17 autophagy regulators was examined in wild-type yeast cells by a protein 

expression shut-off assay. Yeast cells bearing GFP-Atg8 or MORF tagged autophagy 

proteins were grown to log phase, and samples were collected at indicated time points after 

cycloheximide (CHX) turned off protein synthesis. Extracts were analyzed by western 

blotting with anti-GFP for Atg8 or an HA antibody to detect MORF-tagged proteins. Equal 

loading was ascertained by immunoblotting with Rpt5 antibody (lower panels). For Atg14, 

we used Pgk1 as a loading control as the sizes of Atg14 and Rpt5 are similar. The identities 

of autophagy regulators are shown at the top.

Hu et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Atg9 turnover is hindered under cellular stress conditions that activate autophagy and 

regulated by the proteasome. (a,b) Immunoblot analysis of MORF-tagged Atg9 degradation 

in the absence or presence of rapamycin or nutrient depletion. (c) The degradation of Atg9 

mutant defective for Atg1-phosphorylation is insensitive to starvation. The Atg9 mutant 

lacking Atg1 phosphorylation sites was previously dissected and the chromosomal copy of 

ATG9 is appended with a TAP tag at its C-terminus. The degradation of TAP-tagged wild-

type and mutant Atg9 under the regulation of its endogenous promoter was analyzed with or 

without nutrient starvation. (d) Atg9 stability was evaluated in the presence and absence of 

the proteasome inhibitor MG132. (e) Atg9 degradation was assessed in wild-type and 

mutant cells bearing a temperature sensitive UBA1 mutation. The experiments were done as 

described above, except that cells were shifted to 37°C for I hr before the addition of 

cycloheximide. (f) Atg9 degradation was assessed in yeast cells lacking key autophagy 

regulators (i.e., ATG1, ATG5) or Pep4 protease.

Hu et al. Page 11

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Atg9 turnover is not compromised in yeast cells lacking various ubiquitylation components. 

Atg9 degradation was evaluated in wild-type and E3-deficient (a) or E2-deficient cells (b). A 

plasmid bearing MORF-tagged Atg9 was transformed into indicated cells, and Atg9 

degradation was determined as described above.
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Fig. 4. 
Cis-elements crucial for Atg9 degradation. (a) Domain structure of Atg9 and various 

mutants constructed. Atg9 contains two cytosolic regions on N- and C-end, and is 

membrane-anchored through six membrane-spanning domains (TM). (b) Degradation 

kinetics of various Atg9 deletion mutants. To ensure equal loading, we employed Pgk1 as a 

loading control. PGK1 encodes 3-phosphoglycerate kinase that is abundantly present in the 

cytosol.
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