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Dokládal et al., 2021, Cell Reports 37, 110149
December 28, 2021 ª 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.110149
Authors
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SUMMARY
The eukaryotic TORC1 kinase assimilates diverse environmental cues, including growth factors and nutrients,
to control growth by tuning anabolic and catabolic processes. In yeast, TORC1 stimulates protein synthesis in
response to abundant nutrients primarily through its proximal effector kinase Sch9. Conversely, TORC1 inhi-
bition following nutrient limitation unlocks various distally controlled kinases (e.g., Atg1, Gcn2, Npr1, Rim15,
Slt2/Mpk1,andYak1),whichcooperate throughpoorlydefinedcircuits toorchestrate thequiescenceprogram.
To better define the signaling landscape of the latter kinases, we use in vivo quantitative phosphoproteomics.
Through pinpointing known and uncharted Npr1, Rim15, Slt2/Mpk1, and Yak1 effectors, our study examines
the architecture of the distally controlled TORC1 kinase network. Accordingly, this is built on a combination
of discrete, convergent, and multilayered feedback regulatory mechanisms, which likely ensure homeostatic
control of and/or robust responses by TORC1 and its effector kinases under fluctuating nutritional conditions.
INTRODUCTION

The target of the rapamycin complex 1 (TORC1) pathway pivotally

regulates eukaryotic cell growth and couples diverse environ-

mental signals, including growth factors, hormones, andnutrients,

to downstream effectors to control anabolic (e.g., protein transla-

tion) and catabolic (e.g., macroautophagy) processes in a recip-

rocal manner (González and Hall, 2017; Sarbassov et al., 2005).

Deregulation ofmammalian TORC1 (mTORC1) in humans is asso-

ciatedwith pathologies including cancer, obesity, type 2 diabetes,

and neurodegeneration (Cornu et al., 2013; Liu and Sabatini,

2020),whichemphasizes itscentral role ingrowthcontrol. Inyeast,

nutrient-rich media stimulate TORC1, which subsequently pro-

motes mRNA translation and ribosome biogenesis (Ribi) by

directly phosphorylating effectors, such as the protein kinase

Sch9 and the transcriptional regulator Sfp1 (Huber et al., 2009,

2011; Jorgensen et al., 2004; Lee et al., 2009; Lempiäinen et al.,

2009; Urban et al., 2007). Conversely, nutrient limitation or rapa-

mycin treatment attenuate signaling throughTORC1,which drives

cells into a quiescent state that is characterized by a distinct array

ofphysiological, biochemical, andmorphological traits (DeVirgilio,

2012; Zaragoza et al., 1998). The molecular pathways that link

TORC1 to these distal readouts involve several protein kinases,

including Atg1, Gcn2, Slt2/Mpk1, Npr1, Rim15, and Yak1, which

cooperatively orchestrate the quiescence program (Figure 1).

Reduced TORC1-mediated phosphorylation of Atg13, for

instance, allows it to form a complex with and thereby activate

Atg1, which then initiates macroautophagy to recycle macromo-
Ce
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lecular complexes and cellular components via autophago-

some-mediated vacuolar/lysosomal degradation (Kamada

et al., 2010; Mizushima et al., 2011). In parallel, inactivation of

TORC1 also reduces the phosphorylation state of Tap42, a regu-

lator of type 2A and type 2A-like (e.g., Sit4) protein phosphatases

(PP2A) (Di Como and Arndt, 1996; Jiang and Broach, 1999),

which triggers the dephosphorylation of residues in and acti-

vates Gcn2 and Npr1. The respective Sit4-dependent dephos-

phorylation of serine 577 (Ser577) in Gcn2 enhances its affinity

for uncharged tRNAs and thus stimulates its kinase activity to-

ward the a-subunit of eIF2 (eIF2a) to inhibit general translation

initiation (Cherkasova and Hinnebusch, 2003; Hinnebusch,

2005). Similarly, reduced TORC1 levels favor Sit4-mediated

dephosphorylation and activation of Npr1 (Gander et al., 2008;

Jacinto et al., 2001; Schmidt et al., 1998), which regulates the

sorting, stability, and/or activity of nutrient permeases at the

plasma membrane (Boeckstaens et al., 2014, 2015; De Craene

et al., 2001; MacGurn et al., 2011; Merhi and André, 2012).

The mechanisms that release Rim15 from TORC1 inhibition

have also been elucidated in considerable detail. Accordingly,

Sch9 inactivation and likely activation of PP2A and/or Sit4 com-

bined result in dephosphorylation of 14-3-3 protein binding sites

within Rim15, which allows it to dissociate from the cytoplasmic

anchor proteins Bmh1/2 and enter the nucleus (Pedruzzi et al.,

2003; Wanke et al., 2005, 2008). Activation of Rim15 kinase

activity, however, additionally requires inactivation of protein

kinase A (PKA) (Reinders et al., 1998), which is triggered by

TORC1 inactivation via a circuit that involves the stimulation of
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er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:joern.dengjel@unifr.ch
mailto:claudio.devirgilio@unifr.ch
https://doi.org/10.1016/j.celrep.2021.110149
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.110149&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Figure 1. The TORC1 signaling network in budding yeast

The heterodimeric Rag GTPases Gtr1-Gtr2 control TORC1 as part of the vacuolar membrane-associated pentameric EGO (exit from rapamycin-induced growth

arrest) complex (EGOC). Their TORC1-stimulating state (i.e., Gtr1GTP-Gtr2GDP) is controlled by the heterotrimeric SEA-subcomplex that inhibits TORC1 (SEACIT;

containing Npr2, Npr3, and Iml1) and the heterodimeric Lst4-Lst7 GAP (GTPase-activating) complex, which respond to amino acids through poorly understood

mechanisms. The SEA (Seh1-associated) subcomplex that activates TORC1 (SEACAT) contains Seh1, Sea2–4, and Sec13 and antagonizes the GAP function of

SEACIT (Powis and De Virgilio, 2016). TORC1 favors growth-stimulating, anabolic processes such as mRNA translation and Ribi and inhibits catabolic processes

(e.g., macroautophagy) and stress responses through direct control of proximal targets that include the protein kinases Sch9 and Ypk3, the transcriptional regulator

Sfp1, Atg29 and the regulatory subunit of the Atg1 signaling complex Atg13, Vps27, a subunit of the heterodimeric endosomal sorting complex required for transport

(ESCRT-0), and the phosphatidylinositol-3-phosphate 5-kinaseFab1 (Chen et al., 2021; González et al., 2015; Hatakeyamaet al., 2019; Hu et al., 2019; Klionsky et al.,

2021; Lempiäinen et al., 2009; Loewith and Hall, 2011; Urban et al., 2007; Yerlikaya et al., 2016). The Tap42-PP2A/Sit4 protein phosphatase complexes also

constitute a key effector branch of TORC1, although it remains mechanistically unclear whether TORC1 controls these modules via phosphorylation of Tap42 or the

Tap42-interactor Tip41 (Jacinto et al., 2001; Jiang and Broach, 1999). TORC1 also directly phosphorylates Lst4 as part of a negative feedback control mechanism

(Péli-Gulli et al., 2017). The distally controlled protein kinases that orchestrate the quiescence program upon TORC1 downregulation include Atg1, Gcn2, Npr1, Slt2,

Rim15, and Yak1. Red circles containing a number denote experimentally studied residues in proteins that are directly phosphorylated by one of these six protein

kinases, except for the ones in Gis1 and Rph1, which are phosphorylated by an unknown protein kinase but dephosphorylated via the Rim15-Igo1/2-PP2ACdc55 Gwl

pathway (see Tables S1 and S2). Arrows and bars denote positive and negative interactions, respectively. Solid arrows and bars refer to direct interactions; dashed

bars refer to indirect and/or potential interactions. Blue arrows (downstream of Atg1, Gcn2, Npr1, Slt2, Rim15, and Yak1) indicate activating or inhibitory phos-

phorylation events. Red circles without numbers denote amino acid residues that are directly phosphorylated by TORC1. For further details, see text.
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themitogen-activated protein kinase (MAPK) Slt2 (downstreamof

Sch9 and likely Sit4) and Slt2-mediated phosphorylation and acti-

vation of the inhibitory PKA subunit Bcy1 (Krause andGray, 2002;

Kuranda et al., 2006; Soulard et al., 2010; Torres et al., 2002) (Fig-

ure 1). Of note, Slt2 is also the most distal effector of a serially

wired protein kinase cascade (i.e., Pkc1, Bck1, Mkk1/2, and

Slt2), coined the cell wall integrity (CWI) pathway, that remodels

the cell wall in response to a variety of stresses including nutrient

limitation (Jiménez-Gutiérrez et al., 2020; Levin, 2005), which also

explains its importance for the survival of quiescent cells (Ai et al.,

2002; Krause and Gray, 2002). Interestingly, like the orthologous

greatwall kinase (Gwl) in higher eukaryotes, active Rim15 phos-

phorylates a conserved residue within endosulfines (i.e., the pa-
2 Cell Reports 37, 110149, December 28, 2021
ralogous Igo1/2 proteins in yeast), thereby converting them to in-

hibitors of the Cdc55-protein phosphatase 2A (PP2ACdc55 or

PP2A-B55d in higher eukaryotes) (Bontron et al., 2013; Gharbi-

Ayachi et al., 2010; Mochida et al., 2010). This inhibition of

PP2ACdc55 contributes to the induction of the gene expression

program in quiescent cells by preventing both the dephosphory-

lation and consequently inactivation of the transcriptional acti-

vator Gis1 and the activation of the paralogous transcriptional

repressor Rph1 (Bernard et al., 2015; Bontron et al., 2013;

Pedruzzi et al., 2000). In addition, PP2ACdc55 inhibition also pro-

motes G1 cell cycle arrest as this enables the B-type cyclin

(Clb) cyclin-dependent protein kinase (CDK) inhibitor Sic1 to pre-

serve its Slt2-mediated phosphorylation (at Ser173) and thereby
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escape degradation by the proteasome (Moreno-Torres et al.,

2015, 2017) (Figure 1).

In parallel to controlling Rim15 activity, PKA also inhibits the

nuclear localization and activation of the dual-specificity tyro-

sine-regulated protein kinase (DYRK) Yak1 through direct phos-

phorylation, which tethers inactive Yak1 to the cytoplasmic 14-3-

3 anchor proteins Bmh1/2 (Garrett et al., 1991; Lee et al., 2011;

Malcher et al., 2011; Schmelzle et al., 2004). Inactivation of

TORC1 therefore also results, via the Sch9 –| Slt2 / Bcy1 –|

PKA branch, in nuclear translocation and activation of Yak1,

which (directly or indirectly) targets several transcription factors

to control stress response and ribosomal protein gene expres-

sion and thereby contributes to the stress resistance and chro-

nological lifespan of quiescent cells (Cao et al., 2016; Lee

et al., 2008; Malcher et al., 2011; Martin et al., 2004).

While our current knowledge indicates that TORC1 controls

the establishment of a quiescent state largely via its distal effec-

tors Atg1, Gcn2, Slt2, Npr1, Rim15, and Yak1, as outlined above,

we still know comparably little on whether each of these protein

kinases executes primarily a separate set of individual tasks,

whether they act to some extent redundantly or share common

functions, andwhether they are embedded inmore complex net-

works involving cross-communications and regulatory feedback

loops to ensure robust and homeostatic cellular responses. To

begin to address these outstanding questions, we set out to

establish the Slt2-, Rim15-, Npr1-, and Yak1-dependent in vivo

phosphoproteomes in rapamycin-treated cells and combined

these data with our recently published Atg1- and Gcn2-depen-

dent phosphoproteome data that were carried out under the

same conditions (Dokládal et al., 2021; Hu et al., 2019). Accord-

ingly, we present here a compendium of in vivo phosphorylation

events that are partitioned between these six TORC1-controlled

protein kinases. Our data confirm the expectation that Gcn2 and

Atg1 show target profiles that are primarily dedicated to the con-

trol of protein synthesis and macroautophagy, respectively.

Intriguingly, however, they also reveal that Yak1 and the

Rim15-Igo1/2-PP2ACdc55 Gwl pathway converge on a large set

of common residues within various proteins, indicating that the

Yak1-PP2ACdc55 kinase-phosphatase pair coevolved to coordi-

nately control the phosphorylation state of shared residues, as

we also illustrate with a functional study of such residues in

Gis1. Finally, our combined results also indicate that Slt2 likely

acts upstream of Npr1 to control specific effectors, that Npr1

plays a role in the regulation of macroautophagy, and that

Atg1, Gcn2, Slt2, Npr1, Rim15, and Yak1 are wired to each other

throughmultilayered feedback regulatory loops that likely ensure

homeostatic control of and/or robust responses by TORC1 un-

der fluctuating nutritional conditions.

RESULTS AND DISCUSSION

The rapamycin-sensitive phosphoproteome: Distal
effector kinases orchestrate the quiescence program
To cover comprehensively phosphorylation-based signaling

events of the distally controlled TORC1 target kinases Atg1,

Gcn2, Npr1, Rim15, Slt2, and Yak1, we followed a two-tiered

strategy: we used our recently published Atg1- andGcn2-depen-

dent phosphoproteomes (Dokládal et al., 2021; Hu et al., 2019)
and performed a set of 18 stable isotope labeling by amino acids

in cell culture (SILAC)-based quantitative phosphoproteomic ex-

periments comparing wild-type with npr1D, rim15D, slt2D, and

yak1D cells (Figure 2A). Cells were left untreated or treated with

the allosteric TORC1 inhibitor rapamycin for 30 min to ensure

that the kinases of interest (KoI; i.e., Slt2, Npr1, Rim15, and

Yak1) were robustly activated in wild-type cells. Differentially

labeled cells were mixed and processed for liquid chromatog-

raphy-tandem mass spectrometry (LC-MS)/mass spectrometry

(MS)-based phosphoproteomic analyses as outlined in Figure 2A

(see STAR Methods for details). For each protein kinase mutant,

we recorded three biological replicates comparing (1) wild-type

and KoID cells both treated with rapamycin and (2) rapamycin-

treated and untreated KoID cells as negative control. In total, we

identified more than 48,000 phosphosites on 4,846 proteins (Fig-

ure 2B). In combination with our published data (Dokládal et al.,

2021; Hu et al., 2019), we analyzed 37 phosphoproteomic exper-

iments, which is, to our knowledge, currently the largest dataset

addressing rapamycin-sensitive phosphosites in yeast. Based

on these data, we estimate that our experimental setup allows

the identification of up tomaximally 50,000phosphorylation sites,

which indicates that our data cover more than 96% of the exper-

imentally detectable yeast phosphoproteome under the condi-

tions tested (Figure 2C). In general terms, we further deduced

from these results that yeast proteins carry on average five phos-

phorylated residues spaced, again on average, by 64 amino acids

(Figures 2D and 2E), whichmatches reasonably well with the esti-

mated mean length of 415 amino acids for yeast proteins (Drum-

mond et al., 2005). Interestingly, highly phosphorylated proteins

(containing more than 45 phosphosites) appear to be primarily

associatedwithnuclearpores,budnecks, andmatingprojections

(Figure 2F). Conversely, non-phosphorylated proteins localized

mainly to the endoplasmic reticulum (ER) and mitochondria (Fig-

ure 2G), which may be explained by the low number of protein

kinases associated with these organelles, while the underrepre-

sentation of non-phosphorylated proteins associated with chro-

matinmay be linked to the electrostatic interference of phosphor-

ylated residues with chromatin (Li et al., 2021).

Of the 48,058 identified sites, we were able to quantify 43,686

(Figure 2B).We then removed those sites that could not be clearly

localized to a specificaminoacid residue (probability > 0.75, class

I sites according to Olsen et al., 2006) and normalized the remain-

ing sites to protein levels to discriminate regulated phosphosites

from regulated proteins. For each KoI, we requested a minimum

of three datapoints of biological replica, of which minimally one

had to derive from the comparison of rapamycin-treated wild-

type and KoID cells. This led to an average of more than 18,500

phosphosites per KoI (Figure 2B; Table S1). Among these sites,

we screened for potential KoI target sites, applying the following

criteria: sites had to be significantly positively regulated and

exhibit a minimum 2-fold change comparing (1) rapamycin-

treated and untreated wild-type cells and (2) rapamycin-treated

wild-type and KoID cells (random effect model, 95% confidence

interval; Hu et al., 2019). In addition, phosphosites that were regu-

lated when comparing rapamycin-treated and untreated KoID

cells (negative control) were removed from the final shortlist,

which contained 120, 19, 167, 89, 29, and 73 potential Atg1,

Gcn2, Npr1, Rim15, Slt2, and Yak1 target residues that fulfilled
Cell Reports 37, 110149, December 28, 2021 3
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Figure 2. Quantitative phosphoproteomics

of rapamycin-treated yeast protein kinase

mutants

(A) Quantitative MS-based proteomics workflow.

Yeast cells were labeled by Lys0, Arg0 (light); Lys4,

Arg6 (medium); or Lys8, Arg10 (heavy) amino acid

variants and samples processed as outlined.

(B) Identified phosphosites. Data filtering steps are

indicated.

(C) Cumulatively identified phosphosites. In 37 SI-

LAC experiments, a total of 48,058 phosphosites

were identified. A non-linear fit (red line) of data-

points (gray circles) indicates saturation and pre-

dicts a total of 50,417 identifiable phosphosites

(black dashed line).

(D) Number of phosphosites per protein. Phospho-

site numbers are binned according to x axis labels,

and respective protein counts are indicated on the y

axis.

(E) Average spacing between phosphosites within

proteins. Average spacings between phosphosites

(in number of amino acids) are binned according to x

axis labels, and respective protein counts are indi-

cated on the y axis.

(F and G) GO analysis of proteins carrying more than

45 (F) or no (G) phosphosites. Listed are significantly

enriched GO terms (p < 0.05, Bonferroni step-down

corrected). Sizes of nodes represent significance.

Coloring indicates GO term grouping based on

shared genes between respective terms. The lead-

ing group term is based on highest significance.

Common groups between (F) and (G) were

removed. See also Table S1.
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all of our high-stringency criteria (Table S2). In the following para-

graphs, we will briefly discuss our data on Npr1, Rim15, Slt2, and

Yak1 in the context of the current literature.

Npr1-dependent phosphoproteome analyses have so far been

carried out with both exponentially growing and rapamycin-

treated cells (Li et al., 2019; MacGurn et al., 2011). In the former

study, loss of Npr1 was associated with a weak phosphoproteo-

mic response, which is not surprising because Npr1 is predomi-

nantly inactive in exponentially growing cells (Li et al., 2019). In the

latter study with rapamycin-treated cells, however, loss of Npr1
4 Cell Reports 37, 110149, December 28, 2021
seemingly caused a significant phospho-

proteomic response, although the extent

of this response remained largely elusive

as the primary mass spectrometry data re-

mained undisclosed (MacGurn et al.,

2011). Here, we not only recovered and

provided the target residues for most

Npr1 effector proteins identified in the latter

study but also (1) detected the majority of

the currently known Npr1 target residues

in various proteins (e.g., in Art1/Ldb19,

Orm2, Mep2, and Par32 [Boeckstaens

et al., 2014; Boeckstaens et al., 2015; Bre-

slow et al., 2010;MacGurn et al., 2011; Shi-

mobayashi et al., 2013; Varlakhanova et al.,

2018]), (2) identified residues in potential
Npr1 targets (e.g., Rho5, Bul1/2, and Pib2 [Annan et al., 2008;

Brito et al., 2019; Merhi and André, 2012]), and (3) pinpointed

86 uncharted Npr1 targets (Figure 3; Table S2). Together with

our deduced kinase consensus motif for Npr1 (Figure 3), our

Npr1-directed phosphoproteome therefore provides a wealth of

interesting leads for future studies.

The study by Li and co-workers also included rim15D cells,

which only weakly affected the phosphoproteome in exponen-

tially growing cells (Li et al., 2019). Nevertheless, this study

was able to identify the only currently known bona fide target



Figure 3. Target interaction network of Atg1, Gcn2, Npr1, Rim15, Slt2, and Yak1

Potential target proteins (containing at least one protein kinase target residue) were extracted from Table S1 and visualized with Cytoscape 3.8.2 (Shannon et al.,

2003). Motif analyses were generated based on all regulated phospho-residues within the associated clusters of proteins using WebLogo (Crooks et al., 2004).

Red circles denote proteins with experimentally confirmed protein kinase target residues. Orange circles denote proteins with potential protein kinase target

residues, which were identified by phosphoproteomic, gel electrophoretic mobility, or protein kinase assays (Table S2). Purple circles denote Rim15-regulated

proteins for which we recovered at least one Rim15-controlled phospho-peptide, which, based on published proteomics analyses, has previously been found to

be regulated by PP2ACdc55 (Table S2). Art1, Orm2,Mep2, Pib2, Ylr257W, and Sec7 contain confirmed or potential Npr1 target residues, butmay also be regulated

by at least one other kinase. Similarly, Atg9 contains known Atg1 target residues (Figure 1) but may also be phosphorylated by Npr1 at Ser122 (Table S1). See also

Figures S1–S5 and Tables S2 and S3.
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residues of Rim15 (i.e., Ser64 and Ser63 in the PP2ACdc55 inhibi-

tors Igo1 and Igo2, respectively) as top hits, which fits well with

the reported role of Rim15 in coordinating the G1-S transition

in response to both cell cycle cues that emanate from the cy-

clin-dependent protein kinase Cdc28 in exponentially growing

cells and nutrient signals that are mediated by TORC1 (Mor-

eno-Torres et al., 2017). In our current study, we recovered 89

potential Rim15 target residues, including Igo1-Ser64 and Igo2-

Ser63 (but did not detect any Rim15-regulated residues in the

poorly expressed transcription factors Hsf1 and Msn2 that can

be phosphorylated in vitro by Rim15 [Lee et al., 2013]). Impor-

tantly, because the combined loss of Igo1 and Igo2 virtually phe-

nocopies the loss of Rim15 (Talarek et al., 2010), we expected

our Rim15-regulated phosphoproteome to mainly cover resi-

dues that are directly regulated by PP2ACdc55 rather than by

Rim15. In support of this assumption, we found the consensus

motif for in vivo Rim15-regulated sites (Figure 3) to perfectly

match the proposed PP2ACdc55-directed (S/T)P motif (Baro

et al., 2018; Godfrey et al., 2017; Mok et al., 2010). Moreover,

and even more strikingly, 32.5% of our Rim15-regulated resi-

dues have independently been identified as potential PP2ACdc55

targets (Baro et al., 2018; Touati et al., 2019) (Table S2). Thus,

Rim15 appears to primarily impinge on phospho-residues via

PP2ACdc55, and our respective phosphoproteome, while exqui-

sitely well-covering earlier work, also singled out 56 additional

potential effectors of the Gwl pathway. Among these, we would

like to specifically highlight the transcriptional repressor Rph1

that is known to inhibit autophagy downstream of Rim15 and

in which we identified Ser412 as a Rim15-regulated residue (Ber-

nard et al., 2015). In addition, Rim15 also controls the phosphor-

ylation state of residues in the glycogen synthase Gsy1 and the

large subunit of trehalose 6-phosphate synthase/phosphatase

complex Tsl1, which may explain why rim15D mutants are un-

able to accumulate these reserve carbohydrates upon entry

into quiescence (Cao et al., 2016; Reinders et al., 1998).

An Slt2-dependent phosphoproteome analysis has so far

been carried out with exponentially growing cells, where Slt2 is

predominantly inactive (Li et al., 2019). A comparison of our rapa-

mycin-sensitive, Slt2-dependent phosphoproteome with the

latter study therefore expectedly revealed little target overlap.

Here, we found that Slt2 potentially targets 29 residues, of which

seven (in five proteins) seemed to be exclusively regulated by

Slt2, while the majority of the other residues were also co-regu-

lated by Npr1 (see below). This small cluster of Slt2-specific

target residues, which defined a proline-directed (S/TP) kinase

motif that is characteristic for MAPKs (Figure 3) (Übersax and

Ferrell, 2007), pinpoints a role for Slt2 in controlling the calci-

neurin-activated transcription factor Crz1 and the transcriptional

repressor Mig1 (Figure 3 and Table S2). Because Crz1 has pre-

viously been reported to cooperate with the CWI pathway in

cell wall remodeling and Mig1 presumably mediates glucose

repression downstream of Pkc1 (Mishra et al., 2017; Salgado

et al., 2002), these findings warrant future mechanistically ori-

ented studies of the respective phosphorylation events. Curi-

ously, our Slt2 target profile did not include a number of proteins

and residues that are otherwise known to be phosphorylated by

Slt2 under a variety of stress conditions (Table S2). While this

may be explained in part by the fact that phosphopeptides can
6 Cell Reports 37, 110149, December 28, 2021
escape detection by mass spectrometry because of their low

abundance (e.g., Bcy1 and Sic1), their physical properties,

and/or experimental differences in phosphopeptide purification

protocols, we also deem it possible that TORC1 inactivation

and different stresses could each prime and direct Slt2 toward

specific subsets of effectors. Such a model would also be in

linewith the observation that different stresses, such asmechan-

ical, oxidative, hypo-osmotic, or heat stress, laterally impinge on

individual elements of the CWI pathway (Harrison et al., 2004).

Finally, to our knowledge, previous phosphoproteome studies

have so far not included yak1D cells. With respect to the Yak1

target proteins proposed in the literature, our rapamycin-sensi-

tive phosphoproteome of yak1D cells identified residues in

Bcy1 (Griffioen et al., 2001) but was unable to capture any resi-

dues in the poorly expressed transcription factors Hsf1, Msn2,

Ifh1, and Crf1, or in the mRNA-modifying enzymes Dcs1 and

Pop2 (Kim et al., 2011; Lee et al., 2008; Malys et al., 2004; Martin

et al., 2004; Moriya et al., 2001). Notably, however, our list of 60

potential Yak1 target proteins is likely to contain numerous bio-

logically relevant hits (Figure 3), because we found, surprisingly,

that a large fraction of the Yak1-controlled residues are simulta-

neously targeted by the Gwl pathway (see below).

Atg1 and Gcn2 implement discrete facets of the
quiescence program
For a global overview on how Atg1, Gcn2, Npr1, Slt2, Rim15, and

Yak1 partition the regulation of their downstream effectors, we

next performed Gene Ontology (GO) term enrichment analyses

of all proteins carrying significantly regulated phosphosites (Ta-

ble S2). As previously published, Gcn2 and Atg1 have target pro-

files that are dedicated mainly to the control of protein synthesis

and autophagy, respectively (Dokládal et al., 2021; Hu et al.,

2019), and these profiles overlap only marginally with the ones

of Npr1, Slt2, Rim15, and Yak1 as visualized by our detailed pro-

tein target interaction network (Figures 3 and S1). Interestingly,

however, Atg1 controls the phosphorylation state of Ser136 at

the end of the Gcn1-binding domain in Gcn2 (Hinnebusch,

2005) (Figure 3; Table S2), pinpointing the existence of a poten-

tially intriguing direct crosstalk between these kinases.

PP2ACdc55 and Yak1 delineate a functionally coupled
phosphatase-kinase module
Like Atg1 and Gcn2, Rim15 and Yak1 each regulate their own

specific subsets of cellular events but also clearly co-regulate

various processes such as chromatin remodeling, lipid biosyn-

thesis, and mRNA catabolism (Figure S1). Strikingly, Rim15 and

Yak1 potentially control the latter processes through a significant

proportion of shared target proteins (>51% for each kinase), with

a majority (>75%) of regulated amino acid residues in these pro-

teins being (directly or indirectly) targeted by both kinases (Fig-

ure 3; Table S2). These data can most easily be explained with

a model in which Rim15 controls Yak1 target residues via Igo1/

2-mediated inhibition of PP2ACdc55, which is not only supported

by previous observations that placed Rim15 and Yak1 parallel

to each other in the control of chronological lifespan-promoting

transcriptional events (Cao et al., 2016; Zhang et al., 2013), but

also by the similarity of our Yak1- and PP2ACdc55-directed

sequence motifs (Figure 3). To experimentally address this
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Figure 4. The Gwl pathway and Yak1

converge on Gis1-Ser398/425

(A) Phosphorylation of Gis1-Ser425 in recombinant

bacteria. Recombinant Gis1-myc13 variants were

co-expressed, or not, with recombinant Yak1-HA.

Bacterial lysates were then analyzed by immuno-

blotting using anti-pSer425-Gis1, anti-c-Myc, and

anti-HA antibodies.

(B) Phosphorylation of Gis1-Ser425 or Gis1-HA3 in

exponentially growing (EXP) and rapamycin-treated

(RAP; 200 ng ml�1, 30 min) wild-type (WT) and

indicated mutant yeast strains expressing plasmid-

encoded Gis1-HA3. Whole cell lysates were

analyzed as in (A). The mean ratios of Gis1-pS425/

Gis1-HA3 (n = 3; ±SD) were normalized to the one of

rapamycin-treated WT cells (set to 100%).

(C) SSA3-LacZ expression (in Miller units) in

glucose-limited, post-diauxic WT and indicated

mutant strains (n = 3; +SD; data are presented as

means). Unpaired Student’s t tests were used to

determine significant differences when compared to

the respective WT control (*p % 0.05; **p % 0.001;

***p % 0.0001).

(D) Model for the control of Gis1 by the Yak1-

PP2ACdc55 protein kinase-phosphatase module.

Arrows and bars denote positive and negative in-

teractions, respectively. Solid arrows and bars refer

to direct interactions; dashed bars refer to indirect

interactions. For details see text.
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intriguing model, we decided to study whether Rim15 and Yak1

may, as predicted by our phosphoproteome data, separately

impinge on the transcription factor Gis1. Notably, PP2ACdc55 is

known to dephosphorylate Ser425 in Gis1 and thereby inhibit its

recruitment to the promoter regions of post-diauxic shift element

(PDS)-controlled genes (Bontron et al., 2013; Pedruzzi et al.,

2000). Inactivation of TORC1 (following rapamycin treatment or

glucose limitation) and consequent stimulation of the Gwl

pathway therefore activates Gis1-driven, PDS-element-depen-

dent transcription, which is in part due to PP2ACdc55 inhibition

and activation of a protein kinase that ensures Ser425 phosphor-

ylation and hence promoter recruitment of Gis1. In this context,

our phosphoproteome data indicated that Yak1 impinges on

Ser398 (Table S2) and, applying less stringent selection criteria

(Table S1), also on Ser425 in Gis1. To test whether Yak1 directly

phosphorylatesGis1-Ser425, we then assayedYak1 kinase activ-

ity in vivo by co-expressing Yak1 and Gis1 in bacteria. Using

phosphospecific anti-Gis1-pSer425 antibodies, we found that

Yak1 indeed phosphorylated Ser425 in Gis1 when Yak1 was co-

expressed with Gis1, but not when it was co-expressed with

Gis1S425A or when Yak1 and Gis1 were expressed individually

(Figure 4A). In addition, loss of Yak1, like loss of Rim15 or loss

of Igo1/2, strongly reduced the steady-state levels of Gis1-

pSer425 in exponentially growing yeast cells and largely pre-

vented the rapamycin-induced increase in Gis1-Ser425 phos-

phorylation observed in wild-type cells (Figure 4B). Conversely,

loss of Cdc55 significantly boosted Gis1-Ser425 phosphorylation

in exponentially growing and, even more robustly, in rapamycin-

treated cells in a strongly Yak1-dependent, but Rim15-indepen-

dent manner. Thus, the phosphorylation state of Gis1-Ser425 is

primarily defined by the Yak1-PP2ACdc55 protein kinase-phos-

phatase pair, although an additional protein kinase may ensure
the residual phosphorylation of Gis1-Ser425 that we observed in

rapamycin-treated yak1D cells. Yak1, like Rim15, has previously

been shown to be required for Gis1-dependent transcription of

SSA3 in rapamycin-treated cells (Zhang et al., 2013), which is

mediated by three PDS elements in the promoter of SSA3 (Boor-

stein and Craig, 1990; Pedruzzi et al., 2000). Here, we found that

loss of Yak1, like loss of Gis1, Rim15, or Igo1/2 combined, and

similar to the expression of a Gis1 allele with Ser to alanine (Ala)

replacements of the 6 Ser residues surrounding and including

Ser398 and Ser425 (Gis16A), strongly reduced SSA3-lacZ expres-

sion in glucose-limited cells (Figure 4C). Loss of Cdc55, however,

hyperactivated SSA3-lacZ expression under the same condi-

tions, and this effect was fully abrogated by loss of Gis1, but

not by loss of Rim15, and significantly and similarly reduced by

loss of Yak1 or the expression of the Gis16A allele. Thus, our

data corroborate our assumption that Yak1 and the Gwl pathway

coordinately control and converge on Ser398/425 of Gis1 (Fig-

ure 4D) but also indicate that PP2ACdc55 regulates Gis1 function

inpart via aSer398/425- andYak1-independentmechanism,which

is in line with previous conclusions (Bontron et al., 2013). In sum,

our Gis1-centered experiments provide a proof of principle for a

more general model put forward by our phosphoproteome data,

namely that Yak1 and the Gwl pathway have coevolved to coor-

dinately control the phosphorylation state of common target res-

idues. Such a design principle, i.e., the functional coupling of a

kinase and phosphatase, is not without precedent (e.g., the

Ca2+/calmodulin-regulatedphosphatase calcineurin has alsoco-

evolved with specific protein kinases to jointly control shared ef-

fectors), favors robust cellular responses, and endorses the

evolutionary acquisition of additional downstream targets while

preserving network architecture and wiring of feedforward regu-

latory loops (Goldman et al., 2014).
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Slt2 modulates Npr1 function
Interestingly, 72% (16/22) of the Slt2-regulated proteins were

also regulated by Npr1, and all but one (Orm2-Ser18) of 29 resi-

dues in the respective proteins were coregulated by Slt2 and

Npr1 (Table S2; Figure 3). Because the consensus phosphoryla-

tion motif of the latter cohort almost perfectly matched the Npr1-

specific, but not the proline-directed, Slt2 motif, we considered

the possibility that Slt2 may control Npr1-regulated residues in

some proteins indirectly via a protein phosphatase (similar to

Yak1 and the Gwl pathway above) or by inhibiting another pro-

tein kinase. In this context, our phosphoproteome data pin-

pointed Gip3, a protein phosphatase 1 (PP1) regulator (Pinsky

et al., 2006), as a potential Slt2 target. Loss of Gip3, however,

did not noticeably alter the electrophoretic mobility (on phostag

gels) of the shared Npr1/Slt2 targets Chs5, Tif11, and Sec7 when

extracted from rapamycin-treated cells. In control experiments,

however, we noticed that the rapamycin-induced dephosphory-

lation of Npr1 (Schmidt et al., 1998), which was visualized by an

increase in Npr1 electrophoretic mobility, significantly depended

on the presence of Slt2 (Figure S2A). In line with these findings,

our phosphoproteome data also revealed the presence of four

rapamycin-sensitive serine residues in the N-terminal part of

Npr1 that required the presence of Slt2 to be dephosphorylated

upon TORC1 inactivation (Figure S2B). Thus, Slt2 indirectly con-

trols the phosphorylation state of Npr1 by activating or inhibiting

an unknown protein phosphatase or kinase, respectively.

Npr1 controls the rate of autophagosome assembly via
Atg9
To also validate the data from our Npr1-controlled phosphopro-

teome, we next addressed the possibility that Npr1 may modu-

late macroautophagy by phosphorylating Ser122 within the

conserved transmembrane protein and integral unit of the core

macroautophagy machinery Atg9 (Noda et al., 2000). Notably,

Atg1-independent Atg9-Ser122 phosphorylation by an unknown

kinase controls the movement of Atg9 from peripheral sites to

the phagophore assembly site (PAS) and hence stimulates the

rate of autophagosome formation (Feng et al., 2016). In control

experiments, we confirmed that both the colocalization of

Atg9-GFPwith the PASmarker BFP-Ape1 andmacroautophagic

flux were significantly reduced or enhanced by introduction of

Ser122-Ala (Atg9S122A-GFP) or phosphomimetic Ser122-Asp

(Atg9S122D-GFP) mutations in Atg9, respectively (Figures 5A–

5C). Interestingly, while loss of Npr1 diminished both the coloc-

alization of Atg9-GFP with BFP-Ape1 and macroautopagic flux

comparably to the Ser122-Ala mutation in Atg9, the Ser122-Asp

mutation in Atg9 fully reversed these effects, which indicates

that Npr1 may control macroautophagy primarily through phos-

phorylation of Ser122 in Atg9. In line with this reasoning, our

in vitro kinase assays using purified kinase and substrate also

confirmed that Npr1 can directly phosphorylate Atg9-Ser122 (Fig-

ure 5D). Thus, Npr1-mediated phosphorylation of Atg9-Ser122

stimulates the rate of autophagosome formation by favoring

the association of Atg9 vesicles with the PAS during macroau-

tophagy. Notably, following recruitment of Atg9 to the PAS, it

can then be phosphorylated by Atg1 (on Ser19, Ser657, Ser802,

Ser831, Ser948, and Ser969, of which our Atg1-dependent phos-

phoproteome also identified Ser802 and Ser969), which then al-
8 Cell Reports 37, 110149, December 28, 2021
lows efficient recruitment of Atg8 and Atg18, which are required

for subsequent steps of macroautophagy (e.g., the isolation

membrane elongation) (Papinski et al., 2014) (Figure 5E).

Distal protein kinases engage in multilayered TORC1
feedback control circuits
TORC1 often operates in the context of feedback loops, which

enable it to maintain various aspects of cellular homeostasis (Elt-

schinger and Loewith, 2016). In this context, our phosphopro-

teome data also provide a wealth of leads that may help untangle

the architecture of these built-in feedback mechanisms that are

still incompletely understood. For instance, Npr1may phosphory-

late the putative amino acid sensor and phosphatidylinositol-3-

phosphate binding protein Pib2 to mediate an earlier proposed

TORC1 feedback control mechanism (Brito et al., 2019; Michel

et al., 2017; Tanigawa and Maeda, 2017) (Figure S3A). In a similar

vein, Npr1 may also phosphorylate the presumed Psr1/2 phos-

phatase regulator Whi2, which negatively controls TORC1 via a

still poorly defined means (Chen et al., 2018; Teng et al., 2018)

(Figure S3B). Moreover, the PKA signaling pathway may receive

inputs via Atg1 (on Gpa2) and Yak1 (on Bcy1), which could serve

to control TORC1 through Rim15-dependent phosphorylation of

the protein kinase Ksp1 that reportedly inhibits macroautophagy

by activating TORC1 (Umekawa and Klionsky, 2012) (Figure S3C).

Finally, our data also pinpoint a possible role of Yak1 in phosphor-

ylating the TORC1 subunit Tco89 and of Atg1 in phosphorylating

the Seh1 subunit of SEACAT (i.e., the SEA complex that activates

TORC1), which regulates TORC1 indirectly through the Rag

GTPases (Panchaud et al., 2013) (Figures S3D and S3E). Com-

bined, our data therefore indicate the existence of a multilayered

regulatory network that engages distal effector kinases in com-

plex feedback loops and thus provide a framework for future

studies aimed at deciphering the mechanisms that enable

TORC1 to ensure robust and homeostatic cellular responses.

Sch9 may antagonize the quiescence program in part
through Mck1
The proximal TORC1 effector Sch9 stimulates growth by pro-

moting Ribi, ribosomal protein (RP) gene expression, and RNA

polymerase III-dependent transcription mainly via phosphoryla-

tion of a set of transcriptional repressors including Stb3, Dot6,

Tod6, and Maf1 (Albert et al., 2016; Huber et al., 2009, 2011; Ya-

buki et al., 2019). In a similar vein, it sustains fermentative growth

by phosphorylation of the transcription factor Hcm1 (Deprez

et al., 2018; Rodrı́guez-Colman et al., 2013). In parallel, Sch9

plays a key role in preventing the induction of specific aspects

of the quiescence program through inhibition of Rim15, Slt2,

and Yak1 (Figure 1). Whether Sch9 may antagonize the quies-

cence program by inhibiting protein kinases other than Rim15,

Slt2, and Yak1 is currently not known. To address this question,

we reanalyzed a recently published phosphoproteome dataset,

which served to identify proximal Sch9 targets that are hypo-

phosphorylated following acute inhibition of an ATP-analog-sen-

sitive Sch9as allele (Plank et al., 2020). Accordingly, we were able

to extract 121 residues that were oppositely regulated (i.e., hy-

per-phosphorylated) upon inactivation of Sch9 and that we

were able to match with phospho-residues in our current study

(Table S3; Figure S4A). Among these residues, 39 were also
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Figure 5. Npr1 controls the rate of autopha-

gosome assembly by phosphorylation of

Atg9-Ser122

(A) Representative fluorescence microscopy im-

ages of wild-type (WT) and indicated mutant cells

expressing Atg9-GFP variants and plasmid-en-

coded BFP-Ape1. Cells were cultured in SD (syn-

thetic defined) medium lacking histidine and then

starved for nitrogen for 30 min. Scale bars: 5 mm.

(B) Quantification of colocalization between Atg9-

GFP variants and BFP-Ape1. For each strain, at

least 80 cells were recorded (n = 3; +SD; data are

presented as means). Unpaired Student’s t tests

were used to determine significant differences in (B)

and (C) when compared to the respective WT

control (*p % 0.05; **p % 0.001; ***p % 0.0001).

Colocalization in npr1D and npr1D atg9S122D is

significantly different (p = 0.0002).

(C) WT and indicated mutant cells (all pho8D60)

were grown exponentially in YPD (yeast extract-

peptone-dextrose) and then shifted to SD-N for 4 h.

Pho8D60 phosphatase activities were normalized to

the ones of nitrogen-starved WT cells (100%; n =

6; +SD; data are presented as means). Macro-

autophagy flux in npr1D and npr1D atg9S122D is

significantly different (p = 0.0192).

(D) In vitro phosphorylation of Atg9 by Npr1. Re-

combinant Atg9 was subjected to in vitro kinase

assays using GST-Npr1 or kinase-dead GST-

Npr1K467R (Npr1KD). The phosphorylation level of

Ser122 in Atg9 was compared between samples

treated with GST-Npr1 or GST-Npr1KD. Localization

probabilities and posterior error probabilities (PEP)

are indicated.

(E) Model for the regulation of Atg9 by Npr1 and

Atg1. Solid arrows refer to direct interactions;

dashed bars refer to indirect interactions. Of the

previously identified six Atg1 target residues in Atg9 (light and dark green numbered serines [Ser]), we identified here Ser802 and Ser969 (dark green). In addition,

we also identified Ser135 (turquoise) as a potential Atg1 target residue in Atg9. For details, see text.
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significantly hyperphosphorylated in rapamycin-treated wild-

type cells and hence fulfilled the criteria for being potentially

phosphorylated by an Sch9-inhibited effector kinase(s). While

77% (or 30 of 39) of these residues were controlled by Rim15,

Slt2, and/or Yak1 as expected, 23% (or 9 of 39) appeared indeed

to be controlled through at least one other kinase (Figure S4A).

Intriguingly, a motif analysis indicated that the majority of these

remaining phospho-sites perfectly matched the consensusmotif

predicted to be targeted by the glycogen synthase kinase-3

(GSK-3) (i.e., [S/T]XXXpS/pT where the +4pS/pT represent prim-

ing sites for GSK-3-dependent phosphorylation [Kaidanovich-

Beilin and Woodgett, 2011; Sutherland, 2011]) (Figure S4B).

Combined with the independent observations that Mck1, one

of four GSK-3 orthologs in yeast (Kassir et al., 2006), (1) functions

downstream of TORC1 (Lee et al., 2012), (2) mediates the slow

growth of sch9D cells (Peterson and Liu, 2021), and (3) stimu-

lates the quiescence program in parallel to Rim15 and Yak1

(Cao et al., 2016; Quan et al., 2015), our analyses therefore sug-

gest that TORC1 inhibits the quiescence program in part via

Sch9-dependent inhibition ofMck1. Furthermore, this potentially

linear pathway may be evolutionarily conserved, as mTORC1 in-

hibits GSK-3 via the ribosomal protein S6 kinase (S6K1) (Zhang

et al., 2006), and hence warrants future studies.
Evolutionary conservation of distally controlled TORC1
effector kinases
Yak1 is a founding member of the highly conserved DYRK family

that hosts several mammalian orthologs (Aranda et al., 2011).

Interestingly, mammalian DYRK kinases regulate various pro-

cesses including cell cycle, cell proliferation, differentiation,

and quiescence and consequently play a role in a broad spec-

trum of both physiological and pathological processes such

as muscle development, erythropoiesis, neurodegeneration,

tumorigenesis, and cancer (Abbassi et al., 2015; Soppa and

Becker, 2015). Likewise, Rim15 is orthologous to the Gwl ki-

nases in higher eukaryotes that control cell cycle, mitosis,

meiotic maturation, DNA replication, and cancer (Castro and

Lorca, 2018). Npr1 and Slt2, in contrast, do not have clear ortho-

logs inmammals, although Slt2 shares significant sequence sim-

ilarities with several MAPKs. Consequently, we deem it possible

that some of our identified Yak1 and Rim15 substrates may be

subjected to evolutionarily conserved control mechanisms. We

therefore retrieved the human orthologs of our Yak1 and

Rim15 targets and were able to identify several highly conserved

residues in effector proteins that are commonly or separately

regulated by Rim15 and Yak1 (Figure S5). These include, for

instance, the Mih1/MPIP3 protein phosphatase that is involved
Cell Reports 37, 110149, December 28, 2021 9
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in cell cycle regulation, the Rph1/KDM4C histone demethylase,

the Rsc1/PB1 chromatin remodeling complex subunit, and the

translation initiation factor eIF4G (Tif4632/IF43G) that may be

key for proper control of various DYRK- and/or Gwl-dependent

processes. Thus, our data may also serve to guide future

research in mammalian cells.

Limitations of the study
With respect to the chosen data-dependent phosphoproteomic

analyses, the following limitations apply. Because of the partially

stochastic, intensity-based selection of peptides for fragmenta-

tion by MS/MS, datasets generated in different SILAC experi-

mentsmay varywith respect to the sequencedphosphopeptides.

This leads to missing values and incomplete data matrices when

several SILAC experiments are merged; in our case, 17 datasets

per KoI. However, compared to other types of analyses, the

absence of a datapoint in a specific experiment cannot be inter-

preted as no or low signal.Missing values have to be disregarded,

i.e., treated as ‘‘not determined.’’ Missing values in combination

with the noise of phosphopeptide analyses might lead to the

exclusion of biologically meaningful hits. In addition, some phos-

phosites might have only been quantified in multiply phosphory-

lated peptides. In such cases, one cannot determine which of

the sites, a single one or a combination, are regulated.
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Binda, M., Péli-Gulli, M.P., Bonfils, G., Panchaud, N., Urban, J., Sturgill, T.W.,

Loewith, R., and De Virgilio, C. (2009). The Vam6 GEF controls TORC1 by acti-

vating the EGO complex. Mol. Cell 35, 563–573.

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A.,

Fridman,W.H., Pagès, F., Trajanoski, Z., andGalon, J. (2009). ClueGO: a Cyto-

scape plug-in to decipher functionally grouped gene ontology and pathway

annotation networks. Bioinformatics 25, 1091–1093.

Boeckstaens, M., Llinares, E., Van Vooren, P., and Marini, A.M. (2014). The

TORC1 effector kinase Npr1 fine tunes the inherent activity of theMep2 ammo-

nium transport protein. Nat. Commun. 5, 3101.

Boeckstaens, M., Merhi, A., Llinares, E., Van Vooren, P., Springael, J.Y., Wint-

jens, R., and Marini, A.M. (2015). Identification of a novel regulatory mecha-

nism of nutrient transport controlled by TORC1-Npr1-Amu1/Par32. PLoS

Genet. 11, e1005382.

Bonenfant, D., Schmelzle, T., Jacinto, E., Crespo, J.L., Mini, T., Hall, M.N., and

Jenoe, P. (2003). Quantitation of changes in protein phosphorylation: a simple

method based on stable isotope labeling and mass spectrometry. Proc. Natl.

Acad. Sci. USA 100, 880–885.

https://doi.org/10.1016/j.celrep.2021.110149
https://doi.org/10.1016/j.celrep.2021.110149
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref1
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref1
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref1
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref2
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref2
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref2
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref3
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref3
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref3
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref3
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref4
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref4
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref4
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref4
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref5
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref5
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref5
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref6
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref6
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref6
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref6
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref7
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref7
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref7
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref7
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref7
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref8
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref8
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref8
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01645-4/sref12


Resource
ll

OPEN ACCESS
Bontron, S., Jaquenoud, M., Vaga, S., Talarek, N., Bodenmiller, B., Aebersold,

R., and De Virgilio, C. (2013). Yeast endosulfines control entry into quiescence

and chronological life span by inhibiting protein phosphatase 2A. Cell Rep. 3,

16–22.

Boorstein, W.R., and Craig, E.A. (1990). Regulation of a yeast HSP70 gene by a

cAMP responsive transcriptional control element. EMBO J. 9, 2543–2553.

Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P., and

Boeke, J.D. (1998). Designer deletion strains derived from Saccharomyces

cerevisiae S288C: a useful set of strains and plasmids for PCR-mediated

gene disruption and other applications. Yeast 14, 115–132.

Breslow, D.K., Collins, S.R., Bodenmiller, B., Aebersold, R., Simons, K., Shev-

chenko, A., Ejsing, C.S., and Weissman, J.S. (2010). Orm family proteins

mediate sphingolipid homeostasis. Nature 463, 1048–1053.

Brito, A.S., Soto Diaz, S., Van Vooren, P., Godard, P., Marini, A.M., and Boeck-

staens, M. (2019). Pib2-dependent feedback control of the TORC1 signaling

network by the Npr1 kinase. iScience 20, 415–433.

Cao, L., Tang, Y., Quan, Z., Zhang, Z., Oliver, S.G., and Zhang, N. (2016). Chro-

nological lifespan in yeast is dependent on the accumulation of storage carbo-

hydrates mediated by Yak1, Mck1 and Rim15 kinases. PLoS Genet. 12,

e1006458.

Castro, A., and Lorca, T. (2018). Greatwall kinase at a glance. J. Cell Sci. 131,

jcs222364.

Chen, X., Wang, G., Zhang, Y., Dayhoff-Brannigan, M., Diny, N.L., Zhao, M.,

He, G., Sing, C.N., Metz, K.A., Stolp, Z.D., et al. (2018). Whi2 is a conserved

negative regulator of TORC1 in response to low amino acids. PLoS Genet.

14, e1007592.

Chen, Z., Malia, P.C., Hatakeyama, R., Nicastro, R., Hu, Z., Péli-Gulli, M.P.,
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Dokládal, L., Stumpe, M., Pillet, B., Hu, Z., Garcia Osuna, G.M., Kressler, D.,

Dengjel, J., andDe Virgilio, C. (2021). Global phosphoproteomics pinpoints un-

charted Gcn2-mediated mechanisms of translational control. Mol. Cell 81,

1879–1889.e6.

Drummond, D.A., Bloom, J.D., Adami, C., Wilke, C.O., and Arnold, F.H. (2005).

Why highly expressed proteins evolve slowly. Proc. Natl. Acad. Sci. USA 102,

14338–14343.

Eltschinger, S., and Loewith, R. (2016). TOR complexes and the maintenance

of cellular homeostasis. Trends Cell Biol. 26, 148–159.
Feng, Y., Backues, S.K., Baba, M., Heo, J.M., Harper, J.W., and Klionsky, D.J.

(2016). Phosphorylation of Atg9 regulates movement to the phagophore assem-

bly site and the rate of autophagosome formation. Autophagy 12, 648–658.

Gander, S., Bonenfant, D., Altermatt, P., Martin, D.E., Hauri, S., Moes, S., Hall,

M.N., and Jenoe, P. (2008). Identification of the rapamycin-sensitive phos-

phorylation sites within the Ser/Thr-rich domain of the yeast Npr1 protein ki-

nase. Rapid Commun. Mass Spectrom. 22, 3743–3753.

Garrett, S., Menold, M.M., and Broach, J.R. (1991). The Saccharomyces cer-

evisiae YAK1 gene encodes a protein kinase that is induced by arrest early

in the cell cycle. Mol. Cell. Biol. 11, 4045–4052.

Generoso, W.C., Gottardi, M., Oreb, M., and Boles, E. (2016). Simplified

CRISPR-Cas genome editing for Saccharomyces cerevisiae. J. Microbiol.

Methods 127, 203–205.
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Antibodies

Rabbit anti-pSer425-Gis1 (1:5,000) De Virgilio lab N/A

Mouse anti-c-Myc (9E10) (1:3,000) Santa Cruz Biotechnology sc-40

Mouse anti-HA (12CA5) (1:1,000) De Virgilio lab N/A

Goat anti-mouse IgG-HRP conjugate

(1:3,000)

BIO-RAD 1706516

Goat anti-rabbit IgG-HRP conjugate

(1:3,000)

BIO-RAD 1706515

Rabbit anti-Adh1 (1:100,000) Calbiochem 126745

Bacterial strains

E. coli Rosetta (DE3) Novagen 70954

E. coli DH5a CGSC 12384

Chemicals, peptides, and recombinant proteins

2-nitrophenyl-b-D-galactopyranoside Sigma-Aldrich 73660

Arg10 Sigma-Aldrich 608033

Arg6 Sigma-Aldrich 643440

C18 Cartridges Macherey-Nagel 731802

Complete EDTA-free

Protease Inhibitor Cocktail

Roche 11-697-498-001

Diabur-Test 5000 Accu-Chek 10647659074

Glutathione Sepharose 4B GE Healthcare 17-0756-01

HR-X Column Macherey-Nagel 730936P45

Lys4 Sigma-Aldrich 616192

Lys8 Sigma-Aldrich 608041

Lys-C FUJIFILM Wako Pure

Chemical Corporation

129-02541

Ni-NTA agarose QIAGEN 30210

Pefabloc Sigma-Aldrich 76307

PhosSTOP Roche 04-906-837-001

Phos-tag Acrylamide AAL-107 Wako Chemicals 304-93521

Rapamycin LC Laboratories R-5000

ReproSil-Pur 120 C18-AQ, 1.9 mm Dr. Maisch r119.aq.

TiO2 GL Sciences 5020-75010

Trypsin Promega V5113

Yeast nitrogen base CONDA 1553-00

Critical commercial assays

QuikChange Multi Site-Directed

Mutagenesis Kit

Agilent 200514

ECL Western Blotting Detection GE Healthcare RPN2106

Deposited data

MS-RAW files ProteomeXchange PXD028028

Original Data Mendeley Data https://dx.doi.org/10.17632/

wjpppv72v9.2
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Experimental models: Organisms/strains

BY4741 Euroscarf [BY4741] MATa; his3D1 leu2D0 met15D0

ura3D0

BY4742 Euroscarf [BY4742] MATa; his3D1 leu2D0 lys2D0

ura3D0

YL515 (Figures 4B, 4C, and S2) Binda et al., 2009 [BY4741/2] MATa; his3D1 leu2D0 ura3D0

YL516 Binda et al., 2009 [BY4741/2] MATa; his3D1 leu2D0 ura3D0

YDR096W (Figure 4C) Euroscarf [BY4741] gis1D::kanMX4

LD6121 (Figure 4C) This study [YL515]

gis1S398A,S399A,S400A,S421A,S424A,S425A

MP150 (Figures 4B and 4C) This study [BY4742] yak1D::kanMX4

LD6032 (Figures 4B and 4C) This study [BY4742] cdc55D::hisMX6 yak1D::kanMX4

YSB148 (Figures 4B and 4C) Bontron et al., 2013 [BY4741] cdc55D::kanMX6

CDV288-12B (Figures 4B and 4C) This study [BY4742] igo1D::kanMX4 igo2D::kanMX2

YFL033C (Figures 4B and 4C) Euroscarf [BY4741] rim15D::kanMX4

YSB150 (Figures 4B and 4C) Bontron et al., 2013 [YL516] cdc55D::kanMX6 rim15D::natMX4

LD6181 (Figure 4C) This study [BY4741] cdc55D::hphNT1 gis1D::kanMX4

LD6182 (Figure 4C) This study [YL515] cdc55D::hphNT1

gis1S398A,S399A,S400A,S421A,S424A,S425A

MJ5682 (Figures 3, S1, and S3;

Tables S1 and S2)

Hu et al., 2019 [YL515] arg4D::hisMX4 lys2D::hphNT1

LD5320 (Figures 3, S1, and S3;

Tables S1 and S2)

This study [YL516] rim15D::hphNT1 arg4D::URA3

lys2D0

LD5321 (Figures 3, S1, and S3;

Tables S1 and S2)

This study [YL516] yak1D::hphNT1 arg4D::URA3

lys2D0

LD5757 (Figures 3, S1, and S3;

Tables S1 and S2)

This study [YL515] npr1D::natNT2 arg4D::hisMX4

lys2D::hphNT1

LD5758 (Figures 3, S1, and S3;

Tables S1 and S2)

This study [YL515] slt2D::natNT2 arg4D::hisMX4

lys2D::hphNT1

SEY6210 Robinson et al., 1988 MATa; leu2-3,112 ura3-52 his3-D200

trp1-D901 suc2-D9 lys2-801; GAL

YKF001 (Figures 5A–5C) Feng et al., 2016 [SEY6210] atg9D::LEU2 ATG9-GFP::URA3

pho13D pho8D60

YKF002 (Figures 5A–5C) Feng et al., 2016 [SEY6210] atg9D::LEU2 atg9S122A-

GFP::URA3 pho13D pho8D60

YKF003 (Figures 5A–5C) Feng et al., 2016 [SEY6210] atg9D::LEU2 atg9S122D-

GFP::URA3 pho13D pho8D60

LD6175 (Figures 5A–5C) This study [SEY6210] npr1D::hphNT1 atg9D::LEU2

ATG9-GFP::URA3 pho13D pho8D60

LD6176 (Figures 5A–5C) This study [SEY6210] npr1D::hphNT1 atg9D::LEU2

ATG9S122D-GFP::URA3 pho13D pho8D60

YMM31-1A (Figure S2) This study [YL515] slt2D::kanMX4

LD6069 (Figure 5D) This study [YL515] npr1D::hphNT1

Recombinant DNA

pLD3533 (Figure 4A) This study [pET-24d] YAK1-HA

pLD3896 (Figure 4A) This study [pET-Duet] GIS1-myc13

pLD3930 (Figure 4A) This study [pET-Duet] gis1S425A-myc13

pSB009 (Figure 4B) Bontron et al., 2013 CEN/ARS, URA3, ADH1p-GIS1-HA3

pSB010 (Figure 4B) Bontron et al., 2013 CEN/ARS, URA3, ADH1p-gis1S425A-HA3

pLD3707 (Figures 4B and 4C) This study CEN/ARS, MET15

pRS317 (Figures 4B and 4C) Sikorski and Hieter, 1989 CEN/ARS, LYS2

pLD3920 (Figure 4C) This study CEN/ARS, URA3, SSA3-lacZ

(Continued on next page)
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pDP245 (Figures 5A and 5B) Torggler et al., 2016 CEN/ARS, HIS3, APE1p-TagBFP-APE1,

CUP1p-APE1

pLD4150 (Figure S2) This study CEN/ARS, LEU2, SLT2

pRS415 (Figure S2) Brachmann et al., 1998 CEN/ARS, LEU2

pAS103 (Figure S2) Schmidt et al., 1998 2m, URA3, HA-NPR1

pBS2 (Figure 5D) Bonenfant et al., 2003 2m, URA3, GST-NPR1

pBS3 (Figure 5D) Bonenfant et al., 2003 2m, URA3, GST-npr1K467R

pLD4159 (Figur 5D) This study [pET15b] ATG91-315

Software and algorithms

ClueGO 2.5 Bindea et al., 2009 http://apps.cytoscape.org/apps/cluego

Cytoscape 3.8.2 Shannon et al., 2003 https://cytoscape.org

ImageJ NIH https://imagej.nih.gov/ij/index.html

MaxQuant Cox and Mann, 2008 https://maxquant.net/maxquant/

MV_pairwise_alignment N/A https://github.com/mvisani/

MV_pairwise_alignment

Perseus Tyanova et al., 2016 https://maxquant.net/perseus/

Prism 8 Graphpad https://www.graphpad.com/

scientific-software/prism/

WebLogo 3 Crooks et al., 2004 https://weblogo.berkeley.edu
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Claudio

De Virgilio (claudio.devirgilio@unifr.ch).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact.

Data and code availability

d The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-

pository with the dataset identifier PRIDE Archive: PXD028028 (Perez-Riverol et al., 2019). Source data for gel images and

graphs can be found in Mendeley Data: https://dx.doi.org/10.17632/wjpppv72v9.2

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae strains used in this study are listed in the key resources table. They were grown as described in method

details below. Recombinant proteins were expressed in Escherichia coli Rosetta (DE3) and cloning procedures were carried out in

E. coli DH5a.

METHOD DETAILS

Yeast strains, plasmids, and growth conditions
Saccharomyces cerevisiae strains and plasmids are listed in key resources table. CRISPR-Cas9 genome editing was performed as

described (Generoso et al., 2016). Gene deletion was performed using the pFA6a system-based PCR-toolbox (Janke et al., 2004).

Plasmidmutagenesiswasperformedusing theQuikChangeMulti Site-DirectedMutagenesisKit (Agilent).Unlessotherwisestated, yeast

strains were grown to mid-log phase in synthetic dextrose (SD) medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, and 2%

glucose) at 30�C. For in vivoSILACexperiments, yeast strainsweregrown in syntheticdextrosecompletemediumcontainingeither non-

labeled or labeled lysine (30 mg L-1) and arginine (30 mg L-1) variants: ‘‘Heavy’’ L-arginine-13C6-
15N4 (Arg10) and L-lysine-13C6-

15N2
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(Lys8), or ‘‘medium’’ L-arginine-13C6 (Arg6) and L-lysine-2H4 (Lys4) amino acids (Sigma-Aldrich) were used as labels. Cells were treated

or not with 200 ngmL-1 rapamycin for 30min. The following double and triple labeling experimentswere performed (three biological rep-

licates each, 18 SILAC analyses in total):
Light label Medium label Heavy label

WT + Rapamycin rim15D + Rapamycin yak1D + Rapamycin

WT + Rapamycin slt2D + Rapamycin npr1D + Rapamycin

npr1D - Rapamycin - npr1D + Rapamycin

yak1D - Rapamycin - yak1D + Rapamycin

slt2D - Rapamycin slt2D + Rapamycin -

rim15D - Rapamycin rim15D + Rapamycin -

Data comparison was performed by using respective common samples for normalization.
MS sample preparation, phosphopeptide enrichment, and LC-MS/MS and data analyses
MS samples and LC-MS/MS analyses were performed as described in Dokládal et al. (2021) and Hu et al. (2019). Briefly, yeast strains

were grown in synthetic dextrose complete medium containing either non-labeled or labeled lysine and arginine variants. Dried TCA-

treated cell pellets (100 mg) of each label were mixed, proteins extracted with 8 M urea, reduced and alkylated with DTT (1 mM) and

iodoacetamide (5mM), respectively, anddigestedbyLys-C (WAKO) for 4 hatRT.Ureawasdiluted to1Mand trypsin (Promega) diges-

tion was performed overnight. The next day, peptides were purified by SPE (HR-X columns and C18 cartridges; Macherey-Nagel),

eluateswere frozen in liquid nitrogen and lyophilizedovernight. Thenext day, peptideswere fractionatedbyHpHRP-chromatography,

fractions were acidified, frozen in liquid nitrogen, and lyophilized overnight. The fourth day, dried peptides were suspended in 200 ml

80% acetonitrile/1% TFA for phosphopeptide enrichment. Phosphopeptides were enriched by TiO2 beads (GL Sciences). The tip

flow-throughwas used for non-phosphopeptide analysis. LC-MS/MSmeasurements were performed on aQExactive (QE) Plus (pep-

tides) and HF-X (phosphopeptides) mass spectrometer coupled to an EasyLC 1000 and EasyLC 1200 nanoflow-HPLC, respectively

(all Thermo Scientific). Peptides were separated on a fused silica HPLC-column tip (I.D. 75 mm, New Objective, self-packed with Re-

proSil-Pur 120 C18-AQ, 1.9 mm [Dr. Maisch] to a length of 20 cm) using a gradient of A (0.1% formic acid in water) and B (0.1% formic

acid in 80% acetonitrile in water). Mass spectrometers were operated in the data-dependent mode; after each MS scan (mass range

m/z = 370 – 1750; resolution: 70,000 for QE Plus and 120,000 for HF-X) a maximum of ten, or twelve MS/MS scans were performed

using a normalized collision energy of 25%, a target value of 1,000 (QEPlus) or 5,000 (HF-X), and a resolution of 17,500 for QEPlus and

30,000 for HF-X. MS raw files were analyzed using MaxQuant (version 1.6.2.10) (Cox and Mann, 2008) using a UniProt full-length

S. cerevisiae database (March, 2016) and common contaminants, such as keratins and enzymes used for in-gel digestion, as refer-

ence. Carbamidomethylcysteine was set as fixed modification and protein amino-terminal acetylation, serine-, threonine- and tyro-

sine- phosphorylation, and oxidation of methionine were set as variable modifications. MS/MS tolerance was 20 ppm and three

missed cleavages were allowed using trypsin/P as enzyme specificity. Peptide, site, and protein FDR based on a forward-reverse

databasewere set to 0.01,minimumpeptide lengthwas set to 7, theminimumscore formodified peptideswas 40, andminimumnum-

ber of peptides for identification of proteins was set to one, which must be unique. MaxQuant results were analyzed using Perseus

(Tyanova et al., 2016).

GO-term analyses were performed with Cytoscape 3.8.2 (Shannon et al., 2003) and ClueGO 2.5.3. (Bindea et al., 2009). The GO

cellular compartment enrichment was calculated compared to the yeast genome andGO term fusionwas used. Only pathwayswith a

p value% 0.05 were determined as significant (Bonferroni step-down corrected). The GO tree interval was set between 3 and 8. GO

clusters contained at least 5 genes or 4% of genes.

Protein purification and Npr1 in vitro kinase assay
GST-Npr1 and GST-Npr1K467R were expressed in an npr1D strain. The cells were grown in synthetic raffinose medium (0.17% yeast

nitrogen base, 0.5% ammonium sulfate, 2% raffinose, and 0.1% sucrose) lacking uracil. At OD600 of 0.5, galactose (2%) was added,

the cells were further grown for 4 h and treated for 30min with 200 ngmL-1 rapamycin before being collected by filtration and frozen in

liquid nitrogen. Cells were then disruptedwith glass beads (0.25-0.50mmdiameter; Retsch) in lysis buffer (phosphate-buffered saline

[pH 7.3], 1 3 cOmplete EDTA free protease inhibitor cocktail (Roche), 1 3 Pefabloc SC (Sigma), 1 3 PhosSTOP (Roche), and 0.5%

Nonidet P40) using a Fast-Prep-24TM (MP Biomedicals; 5,000 rpm, 6 3 30 s, 1 min pause). The lysates were clarified by centrifu-

gation (3,2203 g, 5min, 4�C) and incubated at 4�C for 2 hwith glutathione Sepharose 4B (GEHealthcare). The resin was thenwashed

three times with phosphate-buffered saline (pH 7.3) and bound GST-Npr1 variants were eluted with 50 mM Tris-HCl (pH 8.0), 10 mM

glutathione, and 10% glycerol, for 30 min at room temperature.

Recombinant His6-Atg9
1-315 was purified from E. coli Rosetta (DE3). The bacteria were lysed in 50 mM sodium phosphate (pH 8),

300mMNaCl, 10mM imidazole, 13cOmpleteEDTA freeprotease inhibitor cocktail (Roche), 13PefablocSC (Sigma), 13PhosSTOP
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(Roche), 1 mM DTT, and 0.1% Nonidet P40, and the clarified lysates were incubated at 4�C for 2 h with Ni-NTA agarose (QIAGEN).

The resin was then washed three times with 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, and 50 mM imidazole and bound

His6-Atg9
1-315 was eluted with 50 mM sodium phosphate (pH 8), 300 mM NaCl, 250 mM imidazole, and 10% glycerol, for 1 h at

4�C. For Npr1 in vitro kinase assay, 40 mL of purified GST-Npr1 or GST-Npr1K467R were mixed with 40 mL of His6-Atg9
1-315 purified

from E. coli, in kinase assay buffer (50 mM Tris-HCl [pH 7.5], 2 mM MnCl2). The reaction (400 mL) was started by addition of 1 mM

ATP, the samples were incubated for 30 min at 37�C, and analyzed by MS as described (Hu et al., 2019).

Cell lysate preparation and immunoblot analysis
Yeast cellswere treatedwith 6.3%w/v trichloroacetic acid (final concentration) for at least 10min on ice, pelleted,washedwith ice-cold

acetone, dried, disrupted with glass beads in urea buffer (50 mM Tris.Cl [pH 7.5]), 6 M urea, 1% SDS, 1 3 Pefabloc SC (Sigma), and

50mMNaF)usingaPrecellys homogenizer, andboiled for 5min in 2-mercaptoethanol containingLaemmli samplebuffer.E. coli lysates

were prepared by boiling bacterial pellets for 10 min in Laemmli sample buffer and centrifuging for 10 min at 16,0003 g. Gis1-Ser425

phosphorylationwasmonitoredusinga rabbit polyclonal phosphospecificanti-pSer425-Gis1 antibody (dilution 1:5,000;GenScript). For

HA-tag and c-Myc-tag detection, mouse anti-HA 12CA5 (dilution 1:1,000) or anti-c-Myc 9E10 (dilution 1:3,000; Santa Cruz Biotech-

nology) antibodies were used, respectively. HA-Npr1 phosphorylation was assessed by phosphate-affinity gel electrophoresis on

6% SDS-PAGE gels containing 25 mM Phos-tag (Wako) and 50 mM MnCl2. ECL Western Blotting Detection (GE Healthcare) was

used for the western blot development.

b-galactosidase assays
To test theSSA3-LacZ activity, cellswere grown in SDmedium lacking uracil for 48 h. Glucose deprivationwas checked usingDiabur-

Test 5000 (Accu-Chek). Cell pellets were resuspended in Z-buffer and processed for b-galactosidase assay with the SDS/chloroform

cell permeabilization method as previously described (Guarente, 1983). b-galactosidase activity was measured using 2-nitrophenyl-

b-D-galactopyranoside (Sigma-Aldrich) as substrate.

Fluorescence microscopy
To monitor the Atg9-GFP colocalization with BFP-Ape1, cells were grown in SD medium lacking histidine and then starved for nitro-

gen for 30 min. Images of live fluorescent cells were captured with an inverted spinning disk confocal microscope Visitron VisiScope

CSU-W1 that was equipped with a scientific grade 4.2 sCMOS camera and a 1003 1.3 NA oil immersion Nikon CFI series objective,

and processed using ImageJ software. For each strain, at least 80 cells were recorded and the pictures show representative cells in

each case.

ALP assays
Autophagy was induced by shifting the cells for 4 h to nitrogen starvation medium according to (Noda et al., 1995). Autophagic flux

was determined as described (Klionsky et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

To identify rapamycin sensitive, potential kinase target sites by MS-based proteomics, we combined the measurement of the log2-

fold change on each site and for 17 replicates per kinase (5x wt+/wt-, 5x wt+/atg1D-, 4x wt+/KoI delta-, 3x wt+/KoI delta+) into a

random effect model as described, yielding an average effect size and its corresponding 95% confidence interval for each site (Do-

kládal et al., 2021; Hu et al., 2019). Sites had to be (i) significant according to the random effect model and (ii) minimally 2-fold regu-

lated in (a) cells treated or not with rapamycin, and (b) comparing WT and KoI delta cells both treated with rapamycin (log2R 0.95).

Sites regulated comparing KoI delta cells treated or not with rapamycin were excluded (negative control).

If not otherwise stated, three independent biological replicates were performed and analyzed for statistically significant differences

using unpaired Student’s t tests employing the following annotation: *p % 0.05; **p % 0.001; ***p % 0.0001.
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