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SUMMARY

Autophagy is essential for maintaining glucose ho-
meostasis, but the mechanism by which energy
deprivation activates autophagy is not fully under-
stood. We show that Mec1/ATR, a member of
the DNA damage response pathway, is essential
for glucose starvation-induced autophagy. Mec1,
Atg13, Atg1, and the energy-sensing kinase Snf1
are recruited to mitochondria shortly after glucose
starvation. Mec1 is recruited through the adaptor
protein Ggc1. Snf1 phosphorylates Mec1 on the
mitochondrial surface, leading to recruitment of
Atg1 to mitochondria. Furthermore, the Snf1-medi-
ated Mec1 phosphorylation and mitochondrial
recruitment of Atg1 are essential for maintaining
mitochondrial respiration during glucose starvation,
and active mitochondrial respiration is required for
energy deprivation-activated autophagy. Thus, for-
mation of a Snf1-Mec1-Atg1module onmitochondria
governs energy deprivation-induced autophagy by
regulating mitochondrial respiration.

INTRODUCTION

Autophagy is primarily a catabolic response to nutrient and

energy deprivation, and is conserved from yeast to mammals

(Klionsky, 2010). Recently, autophagy has emerged as a

key mechanism for maintaining glucose homeostasis in adult

animals (Karsli-Uzunbas et al., 2014). The signaling pathway

controlling nutrient deprivation-induced autophagy is well

characterized (Ohsumi, 2014; Stephan et al., 2010). In yeast,

for example, nitrogen starvation has been shown to trigger
De
autophagy through a mammalian target of rapamycin (mTOR)-

Atg13-Atg1 cascade (Kamada et al., 2010). However, the

pathway underlying energy deprivation-induced autophagy re-

mains relatively obscure. During energy starvation, intracellular

energy status is sensed by AMP-activated protein kinase

(AMPK) in mammals and Snf1 in yeast. AMPK then activates

autophagy through a variety of mechanisms, including direct

phosphorylation of ULK1 (homologous to Atg1) and Beclin1

(homologous to Atg6) (Kim et al., 2011, 2013) and inhibition of

mTOR, an autophagy repressor (Russell et al., 2014).

Mitochondria are cellular energy metabolism centers which

generate most of the cell’s supply of ATP by aerobic respira-

tion and also play important roles in other cellular processes

including signaling, cell death, cellular differentiation, and auto-

phagy (Ernster and Schatz, 1981; Wallace, 2012; Quintero

et al., 2006). In mammalian cells, autophagosomes are formed

at endoplasmic reticulum (ER)-mitochondrion contact sites and

mitochondria have been proposed as one of the sources for

autophagosome membranes (Hamasaki et al., 2013; Hailey

et al., 2010). In addition, mitochondrially produced reactive

oxygen species (ROS) and mitochondrial respiration play impor-

tant regulatory roles in autophagy (Graef and Nunnari, 2011; Li

et al., 2015).

Mec1 is a member of the phosphoinositide 3-kinase (PI3K)-

related protein kinase family, which plays a central role in the

DNA damage response (Kato and Ogawa, 1994; Weinert et al.,

1994). Mec1 and its mammalian homolog ATR are required

for cell-cycle arrest and transcriptional responses to damaged

DNA. Mec1 is also involved in regulating dNTP pools and telo-

mere length (Rodriguez and Tsukiyama, 2013; Gupta et al.,

2013). ATR can modulate nuclear envelope plasticity and chro-

matin association with the nuclear envelope when the cell faces

mechanical forces (Kumar et al., 2014). Recently, ATM, another

member of the PI3K-related protein kinase family, which is also

important for the response to DNA damage, was shown to play

an essential role in regulating pexophagy in response to ROS
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(Zhang et al., 2015). Here we describe a role of a Snf1-Mec1-

Atg1 module in the initiation of autophagy in response to energy

deprivation.

RESULTS

Mec1 Is Essential for Glucose Starvation-Induced
Autophagy
Our effort to purify Atg1 from yeast under nitrogen starvation

conditions revealed that both Atg1 and Atg1D211A, a mutant

that lacks kinase activity (Matsuura et al., 1997), stably bind to

a protein with a molecular weight of around 270 kDa (Figure 1A).

Mass spectrometry identified this protein as Mec1 (Figure 1B).

Interestingly, glucose starvation, but not other autophagy stimuli,

markedly enhances the interaction between Atg1 and Mec1

(Figure 1C). Similarly, glucose starvation also enhances the

interaction between Mec1 and Atg13 (Figure 1D).

Since Mec1 is essential for yeast growth, we tested the role

of Mec1 in autophagy by conditionally knocking down Mec1

expression using the auxin-inducible degron (AID) system (Nish-

imura et al., 2009). As shown in Figure 1E, treating cells with

IAA causes rapid degradation of Mec1. Knock down of Mec1

completely blocks glucose starvation-induced autophagy, but

only slightly impairs autophagy induced by nitrogen starvation

(Figures 1F–1I) (Noda et al., 1995; Kirisako et al., 1999). To test

whether the role of Mec1 in autophagy is evolutionarily

conserved, we stably knocked down ATR (homologous to

Mec1) in normal rat kidney cells, and found that glucose

starvation-induced autophagywasmarkedly decreased (Figures

1J–1M). This indicates that ATR is important for glucose starva-

tion-induced autophagy in mammals.

Using the same approach, we deleted or conditionally

depleted other members of the DNA repair pathway, including

Tel1, Lcd1, Ddc1, and Rad53 (Jackson, 1996; Majka et al.,
Figure 1. Mec1 Regulates Glucose Starvation-Induced Autophagy

(A) Atg1wild-type (WT) and Atg1 D211A (atg1-KD) proteinswere purified from FLA

1 hr. The purified proteins were separated by 4%–15% SDS-PAGE and subjecte

(B) Identification of Mec1 by LC-MS/MS analysis.

(C) Cells expressing HA-Mec1 and Atg1-FLAGwere cultured in nitrogen starvation

(0.2 mg/mL) for 1 hr. Cell lysates were immunoprecipitated with anti-FLAG antibod

control.

(D) Cells expressing FLAG-Mec1 and HA-Atg13 were treated as in (C). Cell lys

indicated antibodies. IC, mouse IgG1 isotype control.

(E) Cells expressing 3XHA-Aid-Mec1 with the endogenous promoter were treated

western blot.

(F) pho13D and pho8D60 Cells expressing 3XHA-Aid-Mec1 with the endogenous

SD-G, or rapamycin treatment in the presence or absence of IAA for 4 hr. Autoph

quantified. Data are presented as means ± SD. ***p < 0.001, *p < 0.05; NS, not s

(G) Cells expressing 3XHA-Aid-Mec1, GFP-Atg8, and Vph1-Cherry were treated

vacuoles. Scale bar, 2 mm.

(H) Cells from (G) were analyzed for translocation of GFP-Atg8 into vacuoles. n =

means ± SD. ***p < 0.001, *p < 0.05; NS, not significant; two-tailed Student’s t t

(I) Cells from (G) were analyzed by western blot for GFP-Atg8 cleavage.

(J) ATR expression levels in NC (non-specific control) and ATR stable knockdown

(K) NC or ATR knockdown cells were starved in glucose-free medium (GS) for 10

(L) Cells from (K) were quantified for the number of autophagosomes in a blind fas

Data are presented as means ± SD. ***p < 0.001; two-tailed Student’s t tests we

(M) NC or ATR knockdown cells were starved in glucose-free medium for 10 hr.

processing.

See also Figure S1.
2006), and found that absence or reduced levels of these pro-

teins does not affect glucose starvation-induced autophagy (Fig-

ure S1). Thus, Mec1, but not the whole DNA repair pathway, par-

ticipates in regulation of glucose starvation-induced autophagy.

Glucose Starvation Triggers Translocation of Snf1,
Mec1, Atg1, and Atg13 to Mitochondria
Under energy-rich conditions, Mec1 has a diffuse localization

pattern, while glucose starvation, but not other autophagic

stimuli, induces formation of Mec1 foci (Figure 2A). Mec1 foci

are transiently induced; the number of cells with Mec1 foci

and the number of Mec1 foci per cell peaked at 1 hr after

glucose starvation, and almost no Mec1 foci were visible 4 hr

after glucose starvation. Adding glucose back quickly reduced

the number of Mec1 foci (Figures 2C, 2D, S2A, and S2B). Co-

localization analysis shows that the majority of Mec1 foci co-

localize with the mitochondrial marker Om45 (Figures 2B and

2E), but not with the peroxisome marker Pex14 (Figure S2C

and 2D).

To verify the recruitment of Mec1 to mitochondria, we purified

mitochondria from cells growing in nutrient-rich conditions or un-

dergoing glucose starvation. The mitochondrial fractions were

tested for possible contamination with cytoplasm and organelles

including ER, endosome, nuclei, and vacuoles. We did not

detect marker proteins from these organelles in the purifiedmito-

chondrial fractions (Figure 2F). There is no detectable Mec1 on

mitochondria from yeast grown in nutrient-rich conditions; how-

ever, 1 hr of glucose starvation triggers translocation of Mec1 to

mitochondria (Figure 2F). Similarly, glucose starvation induces

translocation of Snf1 to mitochondria (Figure 2F). Treating puri-

fied mitochondria with protease K completely degrades Snf1,

Mec1, and the outer mitochondrial membrane marker Tom70,

but not the innermitochondrial membermarker Tim23 (Figure 2F)

(Hines et al., 1990; Emtage and Jensen, 1993). This indicates that
G-tagged Atg1WT- or Atg1 D211A-expressing cells after nitrogen starvation for

d to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

medium (SD-N), glucose starvation medium (SD-G), or treated with rapamycin

y and analyzed by western blot using anti-HA antibody. IC, mouse IgG1 isotype

ates were immunoprecipitated with anti-HA antibody and analyzed using the

with 0.5 mM IAA for the indicated times. The Mec1 levels were monitored by

promoter were treated with DMSO or IAA for 2 hr, and then subjected to SD-N,

agy activity was assessed by ALP assay. n = 3 independent experiments were

ignificant; two-tailed Student’s t tests were used.

as in (F). Autophagy activity was assessed by translocation of GFP-Atg8 into

300 cells pooled from three independent experiments. Data are presented as

ests were used.

NRK (normal rat kidney) cells were analyzed by western blot with ATR antibody.

hr and stained by LC3 antibody. Scale bar, 10 mm.

hion. Fifty cells were counted. n = 3 independent experiments were quantified.

re used.

The autophagy activity in cell samples was assessed by western blot for LC3
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Figure 2. Recruitment of Snf1, Mec1, Atg1, and Atg13 to Mitochondria under Glucose Starvation Conditions

(A) Cells expressing GFP-Mec1 were cultured in SD-N, SD-G, or amino acid starvation medium (SD-AA), or with rapamycin for 1 hr, then analyzed bymicroscopy.

Scale bar, 2 mm.

(B) Images of cells expressing GFP-Mec1 and Om45-Cherry which were cultured in SD-G for the indicated times. Scale bar, 2 mm.

(C and D) Cells from (B) in SD-G were quantified for the number of cells with Mec1 foci and the number of Mec1 foci per cell. n = 300 cells pooled from three

independent experiments. Data are presented as means ± SD. ***p < 0.001, **p < 0.01 by two-tailed Student’s t tests.

(legend continued on next page)
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Snf1 andMec1 are located on the outer surface of mitochondria.

These data indicate that glucose starvation causes recruitment

of Snf1 and Mec1 to mitochondria. It is worth noting that all the

results are consistent with mitochondrial localization, but we

cannot rule out a possibility that the proteins are instead

localizing to another structure close to or associated with the

mitochondria.

The fact that Mec1 binds to Atg1 and Atg13, and that Mec1

foci are largely recruited to mitochondria, prompted us to test

the localization of Atg1 and Atg13 after different autophagic

stimuli. Biochemical analysis of purified mitochondria confirmed

the recruitment of Atg1 and Atg13 to mitochondria after glucose

starvation (Figure 2G); in contrast, the pre-autophagosomal

structure (PAS) marker Ape1 or the isolation membrane markers

Atg5-12 and Atg8 are not translocated to mitochondria after

glucose starvation (Figure 2H) (Yen et al., 2007; Mizushima,

2009). Taken together, these data indicate that glucose starva-

tion causes recruitment of Snf1, Mec1, Atg1, and Atg13, but

not PAS/isolation membrane markers, to mitochondria.

Snf1-Mediated Mec1 Phosphorylation Is Essential for
Glucose Starvation-Induced Autophagy
In yeast, the intracellular energy status is sensed by Snf1, the

homolog of AMPK (Mitchelhill et al., 1994). Snf1 is essential for

glucose starvation-induced autophagy (Figure S3A and S3B),

and glucose starvation triggers the translocation of Snf1 to mito-

chondria (Figure 2F). We therefore studied the possible link

between Snf1 and Mec1. First, we checked whether Mec1 can

be phosphorylated by Snf1. The similarity between AMPK and

Snf1 prompted us to test whether the commercially available

phospho-(Ser/Thr) AMPK substrate (P-S/T2-102) antibody,

which recognizes the LXRXXpS/pT motif (Gwinn et al., 2008),

can also recognize Snf1-mediated phosphorylation. We found

that glucose starvation, but not nitrogen starvation or rapamycin

treatment, can induce phosphorylation of LXRXXpS/pT in

Mec1 (Figures 3A and S3C). Glucose starvation-induced Mec1

phosphorylation is abolished inSNF1null cells or cells expressing

a Snf1 mutant which lacks kinase activity (snf1T210A, hereafter

referred to as snf1kd; McCartney and Schmidt, 2001; Figure 3B).

This confirms that Mec1 phosphorylation recognized by the

phospho-(Ser/Thr) AMPK substrate (P-S/T2-102) antibody is

indeed mediated by Snf1. Mec1 contains three LXRXXpS/pT

motifs, ending at positions S552, T797, and T1074 (Figure 3C).

To determinewhich of these sites is phosphorylated, wemutated

them individually or in various combinations, and then tested

the phosphorylation level of the mutant proteins upon glucose

starvation. We found that glucose starvation-induced phosphor-

ylation of Mec1 is abolished in themec1S552A-T797A-T1074Amutant

strain (hereafter referred to as mec13A, Figure 3D), and the

Mec13A mutant protein cannot be phosphorylated by Snf1
(E) Cells from (B) were quantified for mitochondrial GFP-Mec1 foci at all time-poin

independent experiments. Data are presented as means ± SD. NS, not significa

(F) Cells expressing FLAG-Mec1, HA-Snf1, Tom70-Myc, and Tim23-HA were cu

treated with protease K (PK) or not. Samples were analyzed by western blot usin

(G) Cells expressing FLAG-Atg1 andHA-Atg13were starved in SD-N or SD-G, or c

were analyzed by western blots with the indicated antibodies.

(H) Cells expressing FLAG-Mec1, HA-Atg13, FLAG-Atg1, and Atg5-HA-Atg12 we

were analyzed by western blots with the indicated antibodies. See also Figure S
in vitro (Figure 3E). Thus, we conclude that Snf1 phosphorylates

Mec1 at S552, T797, and T1074.

Next, to test whether phosphorylation of Mec1 by Snf1 is

required for autophagy, we culturedwild-type andmutant strains

in growth medium and then divided each batch of yeast into

nitrogen starvation medium (SD-N) and glucose starvation me-

dium (SD-G) (Figure 3F). We found that glucose starvation failed

to induce autophagy in the mec13A and mec1T797A mutant

strains (Figures 3G, 3H, and S3D). Further analysis showed

that mitochondrial recruitment of Mec1 is markedly increased

in mec1-3A cells (Figure 3I). In contrast, the recruitment of

Atg1 to mitochondria is impaired in mec1-3A, SNF1 null, and

IAA-treated Mec1-AID cells, indicating that the recruitment of

Atg1 to mitochondria is dependent on Snf1-mediated Mec1

phosphorylation (Figures 3J–3L). Moreover, we found that

Mec13A can still bind Atg13 upon glucose starvation (Figure 3M),

while the interaction between Atg1 and Mec13A is impaired

(Figure 3N). This implies that Atg1 is recruited to mitochondria

by phosphorylated Mec1.

Ggc1 Is Required for the Recruitment of Mec1 to
Mitochondria and for Glucose Starvation-Induced
Autophagy
We hypothesized that recruitment of Mec1 to mitochondria

is required for glucose starvation-induced autophagy. We there-

fore decided to identify the adaptor protein which is required for

mitochondrial localization of Mec1. We took advantage of the

fact that Mec1 accumulates on mitochondria in snf1kd cells (Fig-

ure S3E). First, we purifiedmitochondria from starved snf1kd cells

or FLAG-Mec1-expressing snf1kd cells. Mitochondrion-associ-

ated proteins were extracted using a lysis buffer containing 1%

SDS. The SDS concentration in the lysis buffer was then diluted

to 0.1%andMec1, and its associated proteins were immunopre-

cipitated with an anti-FLAG antibody and analyzed by mass

spectrometry (Figure S3F) (Wang et al., 2012).

By this approach, we identified Ggc1, a mitochondrial protein

containing six transmembrane domains (Vozza et al., 2004), as

a potential Mec1-binding protein (Figures 4A and 4B). We found

that Ggc1 localized on both the outer and inner mitochondrial

membranes (Figure 4C). The interaction between Mec1 and

Ggc1 was verified by immunoprecipitation (Figure 4D). Next,

we generated GGC1 null cells (ggc1D) and found that glucose

starvation-induced recruitment of Mec1 to mitochondria is

impaired in these cells (Figure 4E). Thus, Mec1 is recruited to

mitochondria via Ggc1. In ggc1D cells, glucose starvation-

induced autophagy is completely blocked (Figures 4F–4H), indi-

cating that mitochondrial recruitment of Mec1 is required for

glucose starvation-induced autophagy. Furthermore, we found

that the kinase activity of Snf1 was not decreased in ggc1D

cells (Figure 4I), while Snf1-mediated Mec1 phosphorylation is
ts. n, the number of Mec1 foci that were analyzed in 300 cells pooled from three

nt by two-tailed Student’s t tests. Scale bar, 2 mm.

ltured in SD or SD-G for 1 hr and harvested. Mitochondria were purified and

g the indicated antibodies.

ultured in full medium (SD). Mitochondria were extracted and different fractions

re cultured in SD-G for 1 hr. Mitochondria were purified and different fractions

2.
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not induced (Figure 4J). These results indicate that Mec1 phos-

phorylation occurs on mitochondria, and recruitment of Mec1

to mitochondria via Ggc1 is required for phosphorylation

of Mec1.

Mitochondrial Respiration Is Essential for Glucose
Starvation-Induced Autophagy
Next, we studied the role of mitochondria in glucose starva-

tion-induced autophagy. We serendipitously discovered that

glucose starvation-induced autophagy, but not autophagy

induced by nitrogen starvation or rapamycin treatment, was

markedly impaired when cells are grown in sealed tubes (Fig-

ures 5A and 5B). This observation prompted us to test whether

aerobic respiration is also required for glucose starvation-

induced autophagy. We generated mutants in which genes en-

coding components of the electron transport chain or pyruvate

dehydrogenase complex were deleted. We also tested the

PET100 null mutant, which is well established as a respiration-

defective strain (Church et al., 1996). In all mutants except

nde1D, the oxygen consumption is dramatically reduced under

glucose starvation conditions (Figure 5C), indicating that

aerobic respiration is defective in these mutants. Interestingly,

we found that all mutants with defective aerobic respiration

also have defective glucose starvation-induced autophagy; in

contrast, nitrogen starvation-induced autophagy is not affected

in these mutants (Figures 5D and 5E). We also analyzed the

recruitment of Mec1 to mitochondria in respiration-deficient

cells and autophagy-deficient cells. We found that mitochondri-

ally localized Mec1 foci accumulated in both types of cell (Fig-

ure S4), indicating that respiration is not required for mitochon-

drial recruitment of Mec1. Since Ggc1 has been shown to be

essential for mitochondrial genome maintenance and for respi-

ration (Vozza et al., 2004), these data imply that the role of Ggc1

in recruitment of Mec1 is independent from its role in regulation

of mitochondrial respiration.
Figure 3. Snf1-Mediated Mec1 Phosphorylation Is Essential for Glucos

(A) FLAG-Mec1-expressing cells underwent glucose starvation for the indicate

immunoblotting with phospho-(Ser/Thr) AMPK substrate antibody.

(B) pRS316, HA-Snf1 WT, or HA-Snf1-KD were expressed in FLAG-Mec1-expr

immunoprecipitated FLAG-Mec1 was tested as in (A).

(C) The Snf1 consensus phosphorylation motifs in the Mec1 protein.

(D) Cell lysateswere prepared from 3XFLAG-Mec1- and 3XFLAG-Mec1S552A�T797

of immunoprecipitated FLAG-tagged Mec1 was tested as in (A).

(E) In vitro phosphorylation of Mec1 by Snf1. WT or mutant Mec1 protein was pur

mutant Snf1 protein was purified from glucose-starved snf1D cells expressing 3X

Snf1 kinase activity was monitored by immunoblotting with anti-phospho-AMPK

(F) Diagram showing the experimental procedure for (G). Batches of cells were c

glucose or nitrogen starvation.

(G) Cells expressingGFP-Atg8 and Vph1-Cherry inWT,mec1S552A-T797A-T1074A (3A

analyzed for translocation of GFP-Atg8 into vacuoles. n = 300 cells pooled from th

NS, not significant; two-tailed Student’s t tests were used.

(H) Cells expressing GFP-Atg8 in WT, mec1S552A-T797A-T1074A (3A), or mec1T797A

assessed by western blot analysis of GFP-Atg8 cleavage.

(I) Cells expressing FLAG-Mec1 and HA-Snf1 were cultured in SD-G for 1 hr. Mito

with the indicated antibodies.

(J–L) 3XFLAG-Atg1 and HA-Atg13 were co-expressed in WT, Mec1-3A, snf1D, an

for 1 hr. Mitochondria were purified and different fractions were analyzed by wes

(M and N) Association of Mec1 with Atg13 or Atg1 in WT or mec13A (3A) cells. C

starved in SD-G for 0 and 1 hr, and cell lysates were immunoprecipitatedwith HA a

IgG1 isotype control. See also Figure S3.
A Snf1-Mec1-Atg1 Module Is Essential for Maintaining
Mitochondrial Respiration during Glucose Starvation
The fact that mitochondrial respiration is essential for glucose

starvation-induced autophagy prompted us to probe the poten-

tial link between the mitochondrially localized Snf1-Mec1-Atg1

module and mitochondrial respiration. We found that, under

glucose starvation conditions, mitochondrial respiration is

almost completely lost in SNF1 null, Snf1-KD, IAA-treated

Mec1-AID, Mec1-3A, ATG1 null, and Atg1-KD cells, while in

nutrient-rich and nitrogen starvation conditions, mitochondrial

respiration is comparable between wild-type and mutant cells.

These data indicate that the Snf1-Mec1-Atg1 cascade is essen-

tial for maintaining mitochondrial respiration during glucose star-

vation (Figures 6A–6D).

The participation of Atg1 in regulation ofmitochondrial respira-

tion prompted us to test whether other ATG genes, especially

Atg13, are required for maintaining mitochondrial respiration

during autophagy. For this purpose, we tested the mitochondrial

respiration in Atg1, Atg3, Atg4, Atg5, Atg9, Atg10, Atg13, Atg14,

and Atg17 null cells. As shown in Figure 6E, we found that Atg1 is

the only ATG gene that affects mitochondrial respiration. Thus,

Atg1, rather than autophagy as a cellular process, is required

for maintaining mitochondrial respiration under glucose starva-

tion conditions.

Next, we studied how mitochondrial respiration affects auto-

phagy. We found that, in respiration-defective cells, the activa-

tion of Snf1 is not impaired and Mec1 accumulates (Figure S5A

and S5B). However, Snf1-mediated Mec1 phosphorylation is

not induced in mitochondrial mutants (Figure S5C and S5D).

Moreover, the interaction between Atg1 and Atg13 is impaired

in NDI1 and COX6 null cells (Figure S6A). Similarity, the interac-

tion between Atg1 and Atg13 is impaired in IAA-treated Mec1-

AID, Mec1-3A, and ggc1D cells under glucose starvation condi-

tions, indicating that the Atg1/Atg13 interaction is dependent

on mitochondrial respiration (Figures S6B–6D). Surprisingly, we
e Starvation-Induced Autophagy

d time. Phosphorylation of immunoprecipitated FLAG-Mec1 was tested by

essing snf1D cells, which underwent SD-G for 0 or 1 hr. Phosphorylation of

A�T1074A (Mec13A)-expressing cells grown in SD-G for 0 or 1 hr. Phosphorylation

ified from snf1D cells expressing 3XFLAG-Mec1 and 3XFLAG-Mec1-3A. WT or

FLAG-Snf1 or 3XFLAG-Snf1-KD. Phosphorylation of Mec1 was tested as in (A).

a (Thr172) antibody.

ultured in normal growth medium, and cells were then split and subjected to

) ormec1T797A (T797A) strains were starved in SD-N or SD-G for 4 hr. Cells were

ree independent experiments. Data are presented asmeans ± SD. ***p < 0.001;

(T797A) strains were starved in SD-N or SD-G for 4 hr. Autophagy activity was

chondria were purified and different fractions were analyzed by western blots

d Mec1-auxin degron strains, and the cells were subject to glucose starvation

tern blot using the indicated antibodies.

ells expressing FLAG-Mec1 and HA-Atg13, FLAG-Mec1, and HA-Atg1 were

ntibody and analyzed bywestern blot using the indicated antibodies. IC,mouse
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Figure 4. Ggc1 Is Required for the Recruitment of Mec1 to Mitochondria and Is Essential for Glucose Starvation-Induced Autophagy

(A) Identification of Ggc1 by LC-MS/MS. Mitochondria were purified from snf1kd cells expressing FLAG-Mec1, and Mec1-interacting proteins were immuno-

precipitated with an anti-FLAG antibody, separated by SDS-PAGE, and analyzed by LC-MS/MS. The number of unique peptides identified, the score, and the

coverage of Ggc1 are listed.

(B) WT cells expressing HA-Mec1 and Ggc1-FLAG were cultured in SD-G for 1 hr, then fractionated. Mitochondrial and cytosolic fractions were analyzed by

western blot with the indicated antibodies to detect the association of Mec1 with Ggc1.

(legend continued on next page)
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found that, although Atg13 is required for glucose starvation-

induced autophagy, the glucose starvation-induced elevation

of Atg1 kinase activity is not dependent on Atg13, nor is it depen-

dent onMec1 or Ggc1 (Figure S7). From these data, we conclude

that mitochondrial respiration is required for glucose starvation-

induced Mec1 phosphorylation and Atg1/Atg13 interaction.

DISCUSSION

In summary, we found that mitochondrion-localized Mec1 regu-

lates energy deprivation-induced autophagy. Furthermore, we

identified that Snf1-mediated phosphorylation of Mec1 on the

mitochondrial surface leads to recruitment of Atg1 to mitochon-

dria, and the formation of this Snf1-Mec1-Atg1 cascade on the

mitochondrial surface is essential to maintain mitochondrial

respiration during glucose starvation (Figure 7). This process

involves the DNA damage-sensing kinase Mec1, the energy

sensor Snf1, and the autophagy protein Atg1 to regulate the

activity of the cell’s energy metabolism centers (mitochondria).

In this study, we demonstrated that formation of a Snf1-Mec1-

Atg1 module on mitochondria is required for maintaining mito-

chondrial respiration during glucose starvation. At this point,

we still do not know exactly how the Snf1-Mec1-Atg1 module

regulates mitochondrial respiration. However, given the fact

that Atg1 is localized on mitochondria and Atg1 kinase activity

is required for maintaining respiration, it is reasonable to specu-

late that Atg1 may maintain mitochondrial respiration by directly

or indirectly phosphorylating key mitochondrial proteins which

are essential for respiration.

How does mitochondrial respiration regulate autophagy?

Although we do not have definitive evidence, we speculate that

respiration regulates autophagy by controlling the interaction be-

tween Atg1 and Atg13. In autophagy induced by other stimuli

such as rapamycin treatment or nitrogen starvation, the Atg1/

Atg13 interaction is essential for autophagy induction (Yama-

moto et al., 2016). Atg13 carries out its function through two

mechanisms: (1) binding of Atg13 can enhance the kinase activ-

ity of Atg1; (2) Atg13 is required for multimeric assembly of a su-

pramolecular Atg1 complex, which is composed of Atg1, Atg13,

and Atg17-Atg29-Atg31, by interacting with two distinct Atg17

molecules. In glucose starvation-induced autophagy, although
(C) Cells expressing HA-Mec1, Ggc1-FLAG, Tim23-HA, and Tom70-Myc were c

chondria were purified by sucrose gradient centrifugation then treated with protei

blot using the indicated antibodies.

(D) Association of Mec1 with Ggc1 in WT cells. Cells expressing HA-Mec1 and

cipitated with FLAG antibody and analyzed by western blot using the indicated a

(E) Ggc1 is required for recruitment of Mec1 to mitochondria. WT or ggc1D strai

chondria were purified and different fractions were analyzed by western blot usi

(F) WT and ggc1D cells with pho13D and pho8D60 were grown to OD600 = 0.8–1.

activity was assessed by ALP assay. n = 3 independent experiments were quanti

tailed Student’s t tests were used.

(G) Cells expressing GFP-Atg8 and Vph1-Cherry inWT or ggc1D strains were star

assessed by translocation of GFP-Atg8 into vacuoles. n = 300 cells pooled from th

NS, not significant; two-tailed Student’s t tests were used.

(H) Cells from (G) were analyzed for autophagy activity by western blot analysis

(I) WT and ggc1D cells expressing HA-Snf1 were grown in SD-G for 0 or 1 hr. C

phospho-AMPK Thr172 antibody.

(J) Cell lysates were prepared from FLAG-Mec1-expressing WT and ggc1D cells

FLAG-tagged Mec1 was tested by immunoblotting with phosphor-(Ser/Thr) AMP
Atg13 is not required for regulating Atg1 kinase activity, the inter-

action between Atg1 and Atg13 may be required for formation of

the supramolecular Atg1 complex, and thus for autophagy.

On the one hand, Snf1-mediated Mec1 phosphorylation is

required to maintain mitochondrial respiration; on the other

hand, mitochondrial respiration is required for Snf1-mediated

Mec1 phosphorylation. The reciprocal nature ofMec1 phosphor-

ylation and mitochondrial respiration highlights the importance

of this regulatory module, as impairment of either Mec1 phos-

phorylation or impairment of respiration can be amplified through

this reciprocal loop, causing failure of autophagy induction. This

module thus provides a built-in quality control mechanism for

autophagy initiation which will limit autophagy induction in cells

in which both mitochondrial respiration and the energy-sensing

capacity are intact.

Mitochondrial respiration has been shown to be required for

amino acid starvation-induced autophagy (Graef and Nunnari,

2011). In their study, Graef and Nunnari established an elegant

protocol to investigate the role of mitochondria in autophagy.

First, cells were grown in galactose as opposed to glucose as

the carbon source. Subsequently, autophagy was induced by

amino acid starvation. Various carbon sources were used during

the amino acid starvation to determine its effect on autophagy.

They found that when cells are starved of both carbon and amino

acids, autophagy is almost completely blocked in respiration-

defective Rho0 cells. However, when various carbon sources

are added during amino acid starvation, autophagy is only

partially inhibited in Rho0 cells. These results imply that carbon

starvation is at least partially responsible for the dependence

of amino acid/carbon starvation-induced autophagy on mito-

chondrial respiration.

In this study, we identified ten genes required for energy

deprivation-induced autophagy but not for autophagy induced

by canonical stimuli; we demonstrated that the assembly of

a Snf1-Mec1-Atg1 module on the mitochondrial surface is

required for energy deprivation-induced autophagy; and we

also showed that the energy deprivation-induced autophagy is

dependent on mitochondrial respiration. Given the large number

of genes involved in maintaining mitochondrial respiration, it is

likely that additional genes are also required for energy depriva-

tion-induced autophagy. These observations imply that energy
ultured in full medium or SD-G for 1 hr, then harvested, and fractioned. Mito-

n kinase (PK) and/or Triton X-100 (TX-100). Samples were analyzed by western

Ggc1-FLAG were treated as in (B). Mitochondria were lysed and immunopre-

ntibodies. IC, mouse IgG1 isotype control.

ns expressing FLAG-Mec1 and HA-Snf1 were cultured in SD-G for 1 hr. Mito-

ng the indicated antibodies.

0 and then subjected SD-N, SD-G, or rapamycin treatment for 4 hr. Autophagy

fied. Data are presented as means ± SD. ***p < 0.001; NS, not significant; two-

ved in SD-N or SD-G, or treated with rapamycin for 4 hr. Autophagy activity was

ree independent experiments. Data are presented asmeans ± SD. ***p < 0.001;

of GFP-Atg8 cleavage.

ell lysates were prepared and samples were tested by immunoblotting with

that were grown in SD-G for 0 or 1 hr. Phosphorylation of immunoprecipitated

K substrate antibody. See also Figure S4.
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Figure 5. Mitochondrial Respiration Is Required for Glucose Starvation-Induced Autophagy
(A) WT (BY4741) cells expressing GFP-Atg8 and Vph1-Cherry were cultured in normal growth medium, then split, and subjected to glucose starvation, nitrogen

starvation, or rapamycin treatment in regular tubes or sealed tubes (ST) for 4 hr. Autophagy activity was assessed by translocation of GFP-Atg8 into vacuoles, as

judged by confocal microscopy. n = 300 cells pooled from three independent experiments. Data are presented as means ± SD. ***p < 0.001; NS, not significant;

two-tailed Student’s t tests were used.

(B) Autophagy activity was assessed in cells from (A) by western blot analysis of GFP-Atg8 cleavage.

(C) WT (BY4741), nde1D, ndi1D, sdh1D, cor1D, cox6D, atp5D, pda1D, pdb1D, and pet100D strains were cultured in SD-G or SD-N for 30 min. Cells were har-

vested and oxygen consumption was measured using a Clark-type oxygen electrode from a single experiment, n = 3 independent experiments were quantified.

Data are presented as means ± SD.

(D) GFP-Atg8 was expressed in the strains from (C). Cells were grown to log-growth phase, then split, and subjected to glucose starvation or nitrogen starvation

for 4 hr. Autophagy activity was assessed by translocation of GFP-Atg8 into vacuoles, as judged by confocal microscopy. n = 300 cells pooled from three in-

dependent experiments. Data are presented as means ± SD. ***p < 0.001; NS, not significant; two-tailed Student’s t tests were used.

(E) Autophagy activity was assessed in cells from (D) by western blot analysis of GFP-Atg8 cleavage. See also Figure S5.
deprivation-induced autophagy may be regulated by a pathway

that is distinct from the canonical pathway.
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Figure 6. A Snf1-Mec1-Atg1 Module Regulates Mitochondrial Respiration during Glucose Starvation

(A–E) Indicated strains were cultured in SD-G or SD-N for 30 min. Cells were harvested and oxygen consumption was measured using a Clark-type oxygen

electrode from a single experiment, n = 3 independent experiments were quantified. Data are presented as means ± SD. ***p < 0.001, **p < 0.001; NS, not

significant; two-tailed Student’s t tests were used. (A) WT, snf16+empty vector, snf16+ Snf1-WT, snf16+ Snf1-KD, and cox6D. (B) Mec1-auxin degron strain.

(C) WT, Mec1-3A, and ggc16. (D) WT, atg16+empty vector, atg16+ Atg1-WT, atg16+ Atg1-KD, and cox6D. (E) WT, atg16, atg36, atg46, atg56, atg86,

atg96, atg106, atg136, atg146, atg176, and cox6D. See also Figures S6–S8.
B Construction of Stable ATR Knockdown Cell Lines and
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B Auxin Treatment
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Figure 7. Model Illustrating How the Snf1-Mec1-Atg1 Module Regu-

lates Energy Deprivation-Induced Autophagy
In response to glucose starvation, Snf1 phosphorylates Mec1 on the mito-

chondrial surface which leads to assembly of the Snf1-Mec1-Atg1 module on

mitochondria. The Snf1-Mec1-Atg1 module maintains mitochondrial respira-

tion and promotes the association of Atg1 with Atg13, thereby initiating

autophagy. * indicates phosphorylation of Mec1 by Snf1.
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STAR+METHODS
KEY RESOURCE TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-MYC Roche 11667149001

Mouse anti-GFP Roche 11814460001

Mouse anti-HA Abmart M20003L

Mouse anti-FLAG Sigma-Aldrich F1804

Rabbit anti-phospho-AMPKa (Thr172) Cell Signaling Technology 2535S

Rabbit anti-Phospho-(Ser/Thr) AMPK Substrate Cell Signaling Technology 5759S

Rabbit anti-PGK1 Nordic Immunology NE130/7S

Mouse anti-Dpm1 Thermo Fisher Scientific A6429

Mouse anti-ALP Thermo Fisher Scientific A6458

Mouse anti-Pep12 Thermo Fisher Scientific A21273

Mouse anti-Porin Thermo Fisher Scientific A6449

Rabbit anti-Histone H4 Abcam Ab10158

Rabbit anti-LC3 MBL PM036

Rabbit anti-ATR Santa Cruz SC-1887

Rabbit anti-Actin Abmart P30002

Goat anti-Rabbit IgG-HRP SouthernBiotech 4010-05

Goat anti-Mouse IgG1-HRP SouthernBiotech 1070-05

Chemicals, Peptides, and Recombinant Proteins

Anti-FLAG M2 Affinity Gel Sigma-Aldrich A2220

Poly FLAG Peptide lyophilized powder Biotool B23111

Rapamycin Selleck S1039

Indole-3-acetic acid(IAA) Sigma-Aldrich I2886

Protein G Magnetic Beads Thermo Fisher Scientific 88848

Proteinase K Sigma-Aldrich P8811

ssDNA Sigma-Aldrich D9156

Zymolyase 20T mp 08320921

Sorbitol Sigma-Aldrich S1876

PNPP mp 0210087801

MBP Sigma-Aldrich M2943

Critical Commercial Assays

Novex NuPAGE 4-12% Bis-Tris Protein Gels and

MOPS SDS Running Buffer

Thermo Fisher Scientific Cat#NP0342BOX, Cat#NP0323BOX,

Cat#NP0001

BCA Protein Assay Kit Pierce 23227

ClonExpress II One Step Cloning Kit Vazyme C112-01

Experimental Models: Cell Lines

Normal Rat Kidney (NRK) cells ATCC CRL-6509

Experimental Models: Organisms/Strains

S. cerevisiae: Strain background: BY4741 ATCC 201388

S. cerevisiae: BY4741-drived strains; see Table S1 This study N/A

Recombinant DNA

GFP-Atg8 in pRS316 Dr. Yoshinori Ohsumi N/A

GFP-Atg8 in pRS315 This study N/A

HA-Atg13 in Ycplac111 This study N/A

HA-Atg13 in Yep352 Dr. Yoshinori Ohsumi N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tim23-HA in pRS315 This study N/A

3XFLAG-Atg1 in pRS316 Dr. Hitoshi Nakatogawa N/A

3XFLAG-Atg1 KD in pRS316 Dr. Hitoshi Nakatogawa N/A

HA-Atg1 in pRS316 This study N/A

HA-Atg1 KD in pRS316 This study N/A

HA-Snf1 in pRS316 This study N/A

Sequence-Based Reagents

Primers for Mec1 Site directed mutagenesis; see Table S2 This study N/A

Primers for clone Tim23 to pRS316; see Table S2 This study N/A

Primers for clone Snf1 to pRS316; see Table S2 This study N/A

Primers for clone Atg13 to Ycplac111; see Table S2 This study N/A

Primers for clone Atg1 to pRS316; see Table S2 This study N/A

Software and Algorithms

ImageJ2 ImageJ https://imagej.net/Welcome
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Li Yu

(liyulab@mail.tsinghua.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Cell Culture Conditions
Normal Rat Kidney (NRK) cells from ATCCwere cultured in DMEM (Invitrogen) medium supplemented with 10%FBS (Invitrogen) and

50 ug/ml penicillin/ streptomycin. Cells were starved in no-glucose DMEM medium (Invitrogen) supplemented with 10% dialyzed

FBS (Invitrogen) and 50 ug/ml penicillin/streptomycin. Transfection of NRK cells was performed through Amaxa nucleofection using

solution T and programX-001.

Yeast Strains and Constructs
The wild type BY4741 and deletion derivatives were purchased from Invitrogen. The related strains were generated as described

previously (Janke et al., 2004) and verified by PCR analysis of chromosomal DNA and western blot analysis with the corresponding

antibody. Expression of all plasmids in yeast was demonstrated by western blotting and sequencing.

METHOD DETAILS

Antibodies
Antibodies were purchased as follows and used at the indicated dilutions: anti-GFP (Roche, 11814460001, 1:2500), anti-MYC

(Roche, 11667149001, 1:2500), anti-HA (Abmart, M20003L, 1:2500), anti-FLAG (Sigma, F1804, 1:2500), anti-phospho-AMPKa

(Thr172) (Cell Signaling Technology, 2535S, 1:1000), anti-Phospho-(Ser/Thr) AMPK Substrate (Cell Signaling Technology, 5759S,

1: 1000), anti-PGK1 (Nordic Immunology, NE130/7S, 1:10000), anti-Dpm1 (Invitrogen, A6429, 1:2000), anti-ALP (Invitrogen,

A6458, 1:2000), anti-Pep12 (Invitrogen, A21273, 1:2000), anti-Porin (Invitrogen, A6449, 1:20000), anti-Histone H4 (Abcam,

Ab10158, 1:2500), anti-LC3 (MBL, PM036, 1:1000), anti-ATR (Santa Cruz, SC-1887, 1:250), anti-Actin (Abmart, P30002, 1:5000).

Goat Anti-Mouse IgG1, Human ads-HRP (SouthernBiotech, 1070-05, 1:10000) and Goat Anti-Rabbit IgG, Human ads-HRP

(SouthernBiotech, 4010-05, 1:10000).

Construction of Stable ATR Knockdown Cell Lines and Immunofluorescence Staining
The pGPU6/hygromycin vector was used for expression of shRNA in NRK cells. The construction of stable ATR knockdown cell lines

was performed according to the manufacturer’s protocol (Shanghai GenePharma). The efficiency of ATR knockdown was tested by

western blotting using anti-ATR antibody. Immunofluorescence staining was performed as described previously (Yi et al., 2012).

Auxin Treatment
Yeast strains were treated with 0.5 mM IAA (indole-3-acetic acid, Sigma, I2886) to induce the degradation of targeted proteins, and

the same volume of DMSO was added to control strains (Nishimura et al., 2009; Tanaka et al., 2014).
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Microscopy, Western Blots and Immunoprecipitation
Yeast cells with fluorescent tags were cultured to OD600=0.8�1.0 in selective medium and shifted to SD-G, rapamycin or SD-N

medium for different times. The cells were observed using a confocal microscope (FV-1000; Olympus). Extraction of yeast proteins,

western blotting and immunoprecipitation were performed as described previously (Yi et al., 2012).

Purification of FLAG-Tagged Fusion Proteins from Yeast
Samples were purified using anti-FLAG M2 resin as follows. For FLAG-tagged Atg1 protein, cells expressing plasmids containing

FLAG-tagged Atg1 or Atg1D211A under control of the Cup1 promoter were grown in 4 liters of SD-Ura medium from OD600�0.2 to

OD600�0.8 at 30oC. CuSO4 was then added to a final concentration of 100 mM to induce expression of Atg1 protein at 30oC for

2 h, after which cells were starved in SD-N medium containing 100 mM CuSO4 at 30
oC for 1 h. Whole-cell extracts were obtained

by disrupting cells in extraction buffer (350 mM NaCl, 40 mM HEPES [pH 7.5], 10% v/v glycerol, 0.1% Tween-20, 2 mg/ml leupeptin,

2 mg/ml pepstatin A, 5 mg/ml aprotinin, 1 mMphenylmethylsulfonyl fluoride (PMSF), phosphatase inhibitor (Sigma)). For FLAG-tagged

Mec1 protein, whole-cell extracts were obtained by collecting snf1D yeast cells expressing 3XFLAG-Mec1 (Mec1 WT or Mec13A).

Cells were grown to mid-exponential phase (OD600� 1.0) in 4 liters of YPD medium or SD-G medium at 30oC. For FLAG-tagged

Snf1 protein, snf1D cells expressing plasmids containing FLAG-tagged Snf1 or Snf1kd under control of the endogenous promoter

were grown in 4 liters of SD-Ura medium from OD600�0.2 to OD600�1.0 at 30oC. Cells were then starved in SD-G medium at

30oC for 1 h and whole-cell extracts were obtained by disrupting cells in extraction buffer. Samples were centrifuged at 10,000g

for 15 min, and the supernatant was transferred to a new tube and further clarified by ultracentrifugation at 40,000g for 1 h. The

clarified supernatant was collected and incubated with anti–FLAG M2 resin for 2 h at 4�C. The column was washed 5 times with

20 ml of extraction buffer, and then incubated with 5 bead volumes of extraction buffer including 0.1 mg/ml 3XFLAG peptide (Sigma,

F4799) for 1 h at 4�C. Finally, the eluted protein was concentrated to 0.2�0.5 mg/ml by ultrafiltration with AmiconUltra centrifugal filters

(Millipore) and 25 ml aliquots were stored at -80�C.

Snf1 In Vitro Kinase Assay
3XFLAG-tagged Snf1 WT or Snf1kd protein was purified from the snf1D yeast strain grown in SD-G medium as above. In vitro kinase

assayswere performed for 30min at 30�C in a 40 ml reactionmixture containing�200 ng 3X FLAG-Snf1WTor Snf1kd as kinase,�2 mg

3XFLAG Mec1 WT or 3A as substrate, 1 mM ATP in kinase buffer (25 mM HEPES pH7.5, 10 mM MgCl2, 50 mM KCl, 2 mM DTT,

0.1 mM EDTA, 0.1 mM EGTA). The reactions were stopped by boiling in 10 ml 5X SDS sample buffer for 5 min and then resolved

by 12% SDS–PAGE and analyzed by immunoblotting using anti-Phospho-(Ser/Thr) AMPK Substrate antibody.

Atg1 In Vitro Kinase Assay
The immunoprecipitated Atg1 proteins were incubated for 60 min at 30�C with kinase buffer (25 mM Hepes, pH7.5, 10 mM MgCl2,

1 mMEGTA, 0.2 mMEDTA, 5mMNaF, 0.05mMDTT) and 10 mmcold ATP, 2.5 mCi [gamma- 32P]ATP in a 40 ml reaction with 10 mg of

myelin basic protein (MBP) (Sigma, M2941). The reactions were stopped by adding 10 ml 4X protein loading buffer. The samples were

separated on SDS-PAGE gels, then analyzed by phosphorimaging with a Typhoon Trio (GE Healthcare).

Determination of Oxygen Consumption
Yeast cells were grown toOD600 = 1.0-1.2, and then 30OD yeast sampleswere centrifuged, washed and resuspended in SD-G, SD-N

or SD medium and incubated for 30 min before measurement. Oxygen consumption was measured using a Clark-type oxygen elec-

trode in a 30 oC constant temperature chamber (Oxygen electrode probe oxel-1, World Precision instruments, Inc. USA) with a total

volume of 1 ml of the corresponding medium as the respiration buffer (Paital and Samanta, 2013). The original data were recorded

and analyzed using the software ‘‘Chart5 for Windows’’. The relative rates of oxygen consumption obtained from different samples

are reported as the mean ± SEM.

Mass Spectrometry
For identification of proteins, samples were separated on 4%-12% SDS-PAGE gels. The bands were excised from the gel, reduced

with 10 mM DTT, and alkylated with 55 mM iodoacetamide. In-gel digestion was then carried out with sequence-grade modified

trypsin (Promega, Fitchburg, WI) in 50 mM ammonium bicarbonate at 37 �C for 2 h. The peptides were extracted twice with 1% tri-

fluoroacetic acid in 50% acetonitrile aqueous solution for 30 min. The extracts were then centrifuged in a SpeedVac to reduce the

volume. For LC-MS/MS analysis, the digestion product was separated by a 120 min gradient elution at a flow rate of 0.300 ml/min

with an UltiMate 3000 integrated nano-HPLC system, which was directly interfaced with a Thermo Q-Exactive mass spectrometer.

The analytical column was a homemade fused silica capillary column (75 mm inner diameter, 150 mm length; Upchurch, Oak Harbor,

WA) packed with C-18 resin (300A, 5 mm, Varian, Lexington, MA). Mobile phase A consisted of 0.1% formic acid, andmobile phase B

consisted of 100% acetonitrile and 0.1% formic acid. The Q-Exactive mass spectrometer was operated in the data-dependent

acquisition mode using Xcalibur 2.2 software and there was a single full-scan mass spectrum in the Orbitrap (400–1800 m/z,

30,000 resolution) followed by 10 data-dependent MS/MS scans in the ion trap at 35% normalized collision energy. The MS/MS

spectra from each LC-MS/MS run were searched against the selected database using an in-house Mascot or Proteome Discovery

searching algorithm.
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Purification of Yeast Mitochondria
Mitochondria were purified according to a previously published method (Meisinger et al., 2000). Yeast were grown to OD600=2�2.5.

The cells were collected or treated with different stressors, washed with Buffer 1 (100 mM Tris-HCl, pH=7.4), and then incubated in

Buffer 1 containing 10 mM DTT at 30oC by shaking at 140 rpm for 10 min. Cells were washed with zymolyase buffer (1.2 M sorbitol,

20 mM KPi, pH 7.4), and then incubated at 30oC for 45 min with Zymolyase-20T (5 mg per gram of cells) in zymolyase buffer (7 ml

buffer per gram of cells) to obtain protoplasts. The protoplasts were collected by centrifugation at 3,000g for 2 min and washed

with Zymolyase buffer. The protoplasts were centrifuged again at 3,000g and 4 oC for 5 min, then resuspended in 6.5 ml ice-cold

homogenization buffer (600 mM sorbitol, 10 mM Tris-HCl at pH=7.4, 1 mM EDTA) per microgram of protoplasts and homogenized

12 times using a Dounce homogenizer (50 ml volume). The homogenate was diluted with 1 vol homogenization buffer containing

1 mM PSMF, then centrifuged at 1,500g and 4 oC for 5 min. The supernatant was decanted and centrifuged at 3,000g and 4 oC

for 5 min. Mitochondria were pelleted by centrifugation at 12,000g and 4 oC for 15 min. The supernatant was decanted and the pellet

was resuspended in SEM (250 mM sucrose, 10 mM MOPS, 1 mM EDTA), and then centrifuged at 12,000g and 4 oC for 15 min. The

mitochondria were finally purified by sucrose gradient centrifugation.

Identification of the Adaptor Protein Ggc1
Mitochondria were purified from snf1D+FLAG-Mec1 and snf1D (negative control) yeast strains as described above. Themitochondria

were disrupted by adding 1% SDS lysis buffer at RT for 1 h, then the lysates were diluted to 0.1% SDS with lysis buffer and FLAG-

tagged Mec1 was purified using anti-FLAG M2 resin as described above. The eluted and ultrafiltrated protein was boiled in 5X SDS

sample buffer for 5 min and separated on 4%-12% SDS-PAGE gels. After silver staining, the gels were compared and the bands

specific to snf1D FLAG-Mec1 were excised and identified by mass spectrometry (Wang et al., 2012).

Detection of Snf1 Kinase Activity
Yeast were grown to OD600=0.8�1.2. The cells were collected in full medium or glucose-free medium. Proteins were extracted and

samples were separated by SDS-PAGE, The kinase activity of Snf1 was detected by anti-phospho-AMPKa (Thr172) antibody (Orlova

et al., 2008)

ALP Assay
Yeast were grown to OD600=0.8�1.2. The cells were treated with different stimuli. 4 OD600 of yeast cells were harvested and washed

in 1 ml ice-cold 0.85% NaCl, and resuspended in 200 ml lysis buffer (20 mM PIPES pH 6.8, 50 mM KCl, 100 mM potassium acetate

(KOAc), 10 mMMgSO4, 10 mM ZnSO4, 0.5% Triton X-100, 1 mM PMSF). 100 ml acid-washed glass beads were added. The samples

were vortexed in the cold room for 5 min, then allowed to rest for 30s. This cycle was repeated 3 times. The samples were added

to reaction buffer (250 mM Tris-HCl pH 8.5, 10 mM MgSO4, 10 mM ZnSO4, 0.4 % Triton X-100), then incubated for 30 min at

30�C. Reactions were terminated by adding stop buffer (1 M glycine, pH 11). Samples were monitored by measuring absorbance

at 405 nM. Protein concentration was measured using the Pierce BCA assay (Noda and Klionsky, 2008).

QUANTIFICATION AND STATISTICAL ANALYSIS

For all quantitative analyses, mean values are presented together with the standard deviation (s.d., shown as error bars). The number

of independent experiments carried out and the related statistics are indicated in each figure legend. Student’s two-tailed t-test was

used for P-value calculations because all comparisons were between control and experimental conditions. For all other experiments,

at least three independent experiments were carried out and a representative result is shown in the respective figures.
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