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SUMMARY
The evolutionarily conserved ULK1 kinase complex acts as gatekeeper of canonical autophagy and regulates
induction of autophagosome biogenesis. To better understand control of ULK1 and analyze whether ULK1
has broader functions that are also linked to the later steps of autophagy, we perform comprehensive phos-
phoproteomic analyses. Combining in vivo with in vitro data, we identify numerous direct ULK1 target sites
within autophagy-relevant proteins that are critical for autophagosome maturation and turnover. In addition,
we highlight an intimate crosstalk between ULK1 and several phosphatase complexes. ULK1 is not only a
PP2A target but also directly phosphorylates the regulatory PP2A subunit striatin, activating PP2A and
serving as positive feedback to promote autophagy-dependent protein turnover. Thus, ULK1 and phospha-
tase activities are tightly coordinated to robustly regulate protein degradation by autophagy.
INTRODUCTION

Macroautophagy, hereafter referred to as autophagy, summa-

rizes constitutive and stimulus-dependent lysosomal degradation

pathways that are critical for cell homeostasis (Dikic and Elazar,

2018; Mizushima and Levine, 2020). In general, autophagy acts

cytoprotective and is often found dysregulated in human dis-

eases, including metabolic diseases like cancer and metabolic

syndrome (Mizushima and Levine, 2020). The hallmark of auto-

phagy is the formation of a double membrane vesicle, the auto-

phagosome. Autophagosome turnover is a hierarchical process

and canbe classified into five distinct steps: initiation by formation

of a cup-shaped membrane, called phagophore, followed by

elongation, maturation, closure, and finally fusion with endo-

somes and lysosomes leading to the formation of autolysosomes

(Mintern and Villadangos, 2012; Nakatogawa, 2020).

Autophagosome initiation is regulated by two evolutionary

conserved kinase complexes: (1) the protein kinase ULK1/2 com-

plex (Chan et al., 2007), which activates, among others, (2) the

VPS34 lipid kinase complex, a class III phosphatidylinositol 3-ki-

nase complex (PtdIns3K), which generates phosphatidylinositol-

3-phosphate that serves as docking site for further protein recruit-

ment (Nakatogawa, 2020; Siva Sankar and Dengjel, 2020). ULK1

(or its homolog ULK2) is a Ser/Thr kinase forming a tetrameric

complex with ATG13, ATG101, and RB1CC1/FIP200 (McAlpine

et al., 2013; Zachari and Ganley, 2017). Upon cell stress, ULK1 is

activated, phosphorylating itself and its complex members. This

leads to endoplasmic reticulum (ER) recruitment of the complex

and the formation of active phagophore initiation sites through

direct interactions with ER membrane proteins VAPA/VAPB
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(vesicle-associated proteinsA/B) (Zhaoet al., 2018). VAPs interact

with WD repeat-containing protein WIPI2, which in turn forms a

tethering complex strengthening ER-phagophore contact sites,

making ER essential for autophagosome biogenesis. WIPI pro-

teins are, among others, important for the recruitment of the lipid

transferase ATG2, and they control the size of autophagosomes

(Bakula et al., 2017; Valverde et al., 2019). ULK1-dependent acti-

vationof theVPS34complexhappensviaphosphorylationofcom-

plex members AMBRA1 (Di Bartolomeo et al., 2010), PIK3C3/

VPS34 (Di Bartolomeo et al., 2010; Egan et al., 2015), PIK3R4/

VPS15 (Gwinn et al., 2008; Mercer et al., 2021), BECN1 (Russell

et al., 2013), and ATG14 (Wold et al., 2016). In contrast to the

well-understood function of ULK1 in autophagy initiation, its role

in later stages of the process is less clear. Interestingly, its yeast

homologAtg1hasalso recentlybeenshown tophosphorylatepro-

teins that are important in autophagosome maturation and auto-

phagosome-lysosome fusion, indicating that the function of

ULK1 in autophagy regulation might bemore complex than antic-

ipated (Barz et al., 2020; Gao et al., 2020; Hu et al., 2019).

The major inhibitory kinase complex of autophagy functioning

upstream of ULK1 is the mechanistic target of rapamycin com-

plex 1 (mTORC1), which phosphorylates and inhibits ULK1 and

ATG13 under nutrient-rich conditions (Ganley et al., 2009; Hoso-

kawa et al., 2009; Jung et al., 2009). To activate ULK1, inhibitory

mTORC1 phosphorylation sites, among others, on Ser637 and

Ser757onmurineULK1must be removed (Kim et al., 2011; Shang

et al., 2011). Amino acid starvation leads to protein phosphatase

2A (PP2A)-dependent dephosphorylation of Ser637 of ULK1

(Wong et al., 2015), whereas genotoxic stress leads to protein

phosphatase 1D (PPM1D)-dependent dephosphorylation of the
l Reports 36, 109762, September 28, 2021 ª 2021 The Author(s). 1
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Figure 1. Global phosphoproteomic

approach to identify ULK1-regulted phos-

phosites

(A) SILAC-based quantitative MS workflow. Ulk1/

ulk2 double knockout mouse embryonic fibro-

blasts (DKO MEFs) and ulk1/ulk2 DKO MEFs

expressing FLAG-tagged human ULK1 (ULK1

MEFs) were used to identify phosphosites

potentially being regulated by ULK1. Cells kept

in fed conditions (DMEM) were compared to

starved cells kept for 1 h in Hank’s balanced salt

solution (HBSS).

(B) Correlation of biological replicates. Phos-

phorylation events in ULK1 MEFs were

compared to events in DKO MEFs, both starved

in HBSS for 1 h. Five biological replicates were

performed. Shown are Person correlation co-

efficients r.

(C) Data analysis pipeline. Number of identified

and quantified phosphosites fulfilling the indi-

cated criteria comparing ULK1 MEFs to DKO

MEFs.

(D) Regulation of potential ULK1 target sites.

Average intensities based on the summed ex-

tracted ion currents (XICs) of peptides carrying

respective phosphosites in relation to the fold

change of regulation (log2 SILAC ratio) are used

to highlight significantly regulated sites (n = 5;

p < 0.05; BH-corrected). Sites highlighted in red

represent potential ULK1 target sites.

(E) Biological processes potentially regulated by ULK1. GO network of proteins carrying significantly positively regulated sites highlighted in (D).

(F) Motif analysis of significantly upregulated sites. Significantly upregulated phosphosites were used to generate a kinase motif, which nicely corresponds

to the published ULK1 motif.
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same site promoting ULK1 and with this autophagy activity (Torii

et al., 2016). Glucose starvation was shown to induce ULK1 activ-

ity by protein phosphatase 1 (PPP1CA)-dependent dephosphor-

ylation of Ser757 (Pyo et al., 2018). Thus, ULK1has been shown to

be a target of several phosphatase complexes; however, whether

ULK1 also regulates phosphatase activity is largely unknown.

In the current study, we aimed to identify direct, bona fide

ULK1 targets by performing sets of in vivo and in vitro phospho-

proteomic experiments, in order to better understand ULK1

function in autophagy regulation. In vitro reactions were per-

formed by a newly developed, highly multiplexed kinase assay

using entire proteome as input. We identified numerous direct

ULK1 target sites on proteins being important in later stages of

autophagy, i.e., in autophagosome maturation and autophago-

some-lysosome fusion. In addition, we characterized a network

of phosphatases being regulated by ULK1 and highlight the

function of onemember of the network, striatin/STRN a regulato-

ry PP2A subunit and member of evolutionary conserved striatin-

interacting phosphatase and kinase (STRIPAK) complexes (K€uck

et al., 2019). ULK1 and PP2A-STRN are linked via a positive

feedback loop critical for robust activation of autophagy.

RESULTS

In vivo phosphoproteomics identifies potential ULK1
target sites
To generate a comprehensive dataset of potential ULK1-depen-

dent phosphorylation events in vivo, we employed mouse em-
2 Cell Reports 36, 109762, September 28, 2021
bryonic fibroblasts (MEFs) isolated from ulk1/ulk2 double

knockout (DKO) mice that were re-transfected with either an

expression plasmid encoding FLAG-tagged human ULK1 or

the respective empty plasmid as control (Wu et al., 2020). Briefly,

MEFs were differentially labeled by stable isotope labeling by

amino acids in cell culture (SILAC) and kept in full or starvation

medium for 1 h (Figure 1A). Phosphopeptides were processed

as outlined and analyzed by liquid chromatography-tandem

mass spectrometry (LC-MS/MS) (Figure 1A; see STAR Methods

for details). We performed five biological replicates with a decent

correlation, considering the noise of phosphoproteomic experi-

ments (Figure 1B), and identified a total of 37,300 phosphosites

on 6,278 proteins (Figure 1C). Of these, 20,709 were used for

further analyses, as they could be localized to specific amino

acid residues, were quantified in minimally two biological repli-

cates, and were normalized to respective protein abundances

(Table S1).

To identify sites that exhibited a significant fold change in

phosphorylation in starvation conditions due to the presence of

ULK1, we utilized a random effect model, considering the vari-

ability among replicates, sites, and the number of replicates for

each site (p < 0.05; Table S1) (Hu et al., 2019). In addition, we

calculated an outlier significance score on the merged log2-

transformed phosphosite ratio data according to Cox and

Mann (2008) (significance A; p < 0.05; BH-corrected). Only sites

fulfilling the significance criteria in both tests were further consid-

ered. This led to the identification of 1,023 significantly upregu-

lated, potential ULK1 target sites: less than 5% of the entire



Resource
ll

OPEN ACCESS
dataset (Figures 1C and 1D). Gene Ontology (GO) enrichment

analyses of proteins carrying regulated phosphosites highlighted

that proteins were involved in intracellular and vesicular trans-

port and autophagy, indicating that our experimental strategy

was successful (Figure 1E). In addition, neighboring residues of

regulated sites matched well with the previously proposed

ULK1motif (Figure 1F), indicating that our data are of high quality

and largely confirm current knowledge (Egan et al., 2015).

ULK1 regulates autophagosome turnover
To screen data for sites that are likely important for cellular

phenotypes, we performed additional sets of SILAC-based

quantitative phosphoproteomic experiments in MEFs and

A549 human alveolar adenocarcinomic cells (Figure S1; biolog-

ical replicates n R 5 for each set; Table S1). Cells were treated

with rapamycin or starved for amino acids, with both treat-

ments leading to an inhibition of mTORC1 and consequently

activation of ULK1 and autophagy, and compared to cells

grown in full medium, i.e., active mTORC1, as negative control.

These experiments should highlight (1) evolutionary conserved

regulated sites, which should more likely be phenotypically

relevant and (2) sites that are responding to different auto-

phagy-inducing stimuli, which are more likely of central impor-

tance for autophagy regulation. Compared to data of the

genetic model shown in Figure 1, phosphorylation differences

due to culture conditions led to overall smaller fold changes

(Figure S1). Also, the overlap between datasets was small (Fig-

ure S1), and kinase motifs were more different from the pub-

lished ULK1 motif (Figure S2) (Nettling et al., 2015), indicating

that changes in culture conditions induce a broader, less spe-

cific cellular response involving additional kinases, and that

autophagy regulation by ULK1 only plays a minor role in overall

phosphorylation-based signaling under stress.

ULK1 was described to be important for autophagy initiation

(Chan and Tooze, 2009), and in agreement, we identified

numerous potential ULK1 target sites on proteins contributing to

autophagosome biogenesis, such as integral ER proteins VAPA

and VAPB, which contribute to ER-phagophore contact site for-

mation and selective removal of ER by autophagy, and PIK3R4/

VPS15, a regulatory subunit of the VPS34 complex (Figure 2)

(Nthiga et al., 2020; Thoresen et al., 2010; Zhao et al., 2018). In

addition, ULK1 appears to be involved in several feedback loops

affecting mTORC1 and AMPK regulators, such as LAMTOR/Ra-

gulator and metadherin/MTDH (Bar-Peled et al., 2012; Bhutia

et al., 2010). However, we also identified potential ULK1 target

sites on numerous proteins that are critical for autophagosome

expansion, maturation, and autophagosome-lysosome fusion,

including ESCRT and SNARE protein members (Figure 2). Of the

53 proteins carrying significantly dysregulated phosphosites and

being involved in autophagy and/or vesicle trafficking, eight

were already known to be ULK1 target proteins, and of the listed

sites, five were already reported as ULK1 target sites (Figure 2)

(Mercer et al., 2018, 2021). Thus, we conclude thatwe have signif-

icantly expanded the list of potential ULK1 targets and that, as

similarly recently described for the yeast homolog Atg1 (Hu

et al., 2019), the effects of ULK1 on autophagy regulation also

appear to be more complex than anticipated, affecting not just

its initiation but all steps of the process.
Whole-proteome, on-bead in vitro kinase assay
identifies direct ULK1 targets
To be able to discriminate direct from indirect ULK1 effects, we

developed a highly multiplexed on-bead in vitro kinase assay

(OBIKA) using immobilized cell proteome under native condi-

tions as the input for in vitro kinase reactions (Figure 3A). By im-

mobilizing cell lysate on N-Hydroxysuccinimid (NHS)-activated

Sepharose under native conditions, repeated buffer exchanges

were possible to support respective in vitro reactions (Figure S3).

Bound proteins were dephosphorylated by l-phosphatase to

reduce the abundance of endogenous phosphosites (Figure 3B).

As native conditions were used, immobilized kinases were still

active, as shown by the detection of increased phosphorylation

events after the addition of ATP (Figure 3B). To discriminate

phosphorylation events of the kinase-of-interest added exoge-

nously from reactions catalyzed by endogenous kinases immo-

bilized on beads, (quasi)covalent kinase inhibitors were used to

permanently block endogenous kinase activities (Figures 3A

and 3B; see STAR Methods for details).

We tested our setup by monitoring known phosphosites using

site-specific antibodies coupled to western blot. The ULK1

target site Ser29 on ATG14 was only phosphorylated in the pres-

ence of exogenous, active wild-type ULK1 (ULK1WT) (Park et al.,

2016). The kinase dead variant of the enzyme (ULK1KD) and

heat-inactivated ULK1WT did not have this effect. In contrast,

the MEK sites Thr202 and Tyr204 on ERK1 were phosphorylated

by endogenous MEK immobilized on beads in the presence of

ATP. The addition of kinase inhibitors blocked this phosphoryla-

tion event, and exogenous ULK1WT or ULK1KD did not

significantly interfere with the phosphorylation of these sites

(Figure 3C).

Next, we coupled this assay to label-free quantitative MS and

compared assays in the presence of ULK1WT to (1) assays per-

formed in the presence of ULK1KD and (B) assays performed

without any exogenous kinase, both serving as negative con-

trols. This led to the identification of 4,255 significantly regu-

lated ULK1 target phosphosites on 2,458 proteins (Figure 3D;

p < 0.05; BH-corrected; n = 3; Table S2). Analyzing phospho-

sites surrounding amino acids, the ULK1 motif was confirmed,

supporting that the shortlisted sites were indeed direct ULK1

target sites (Figure 3E; Figure S2) (Egan et al., 2015). To identify

ULK1 target sites of physiological relevance within the list of

in vitro sites, we compared in vitro with in vivo data. We quan-

tified 10,687 common sites by both approaches, of which a to-

tal of 1,924 sites were significantly regulated (Figure 3F). Of

these, 187 sites on 157 proteins were significantly, positively

regulated in both approaches, characterizing them as bona

fide ULK1 target sites (Figure 3G; Table S3), among them

several proteins already known to be important in autophagy

but not having been characterized as ULK1 targets, such as

VAPA, VAPB, and the E3 ligase HUWE1, which is important

for the removal of mitochondria by autophagy (Figure 3F) (Di

Rita et al., 2018; Nthiga et al., 2020; Zhao et al., 2018). Protein

interaction analysis using STRING-DB generated a network of

118 out of the 157 shortlisted proteins, which carry GO terms

associated to vesicle and ER-Golgi transport, indicating a

potentially broader role of ULK1 (Figure S4) (Szklarczyk et al.,

2019).
Cell Reports 36, 109762, September 28, 2021 3



Figure 2. ULK1 regulates autophagosome turnover

Shown are proteins that have been linked to autophagy and were identified as carrying significantly upregulated, potential ULK1 phosphosites in (1) ULK1

compared to DKO MEFs (both for 1 h in HBSS; Figure 1). To identify potential in vivo relevant sites, three additional SILAC-based comparisons were performed

comparing (2) ULK1 MEFs in HBSS to ULK1 MEFs in DMEM (n = 5), (3) A549 cells treated with rapamycin (Rapa) to untreated A549 cells in DMEM (n = 8), and (4)

A549 cells in HBSS to A549 cells in DMEM (n = 8). Solid lines indicate known interactions/signaling events. Dashed lines indicate predicted interactions/signaling

events by the current data.
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ULK1 regulates phosphatase activity
Comparing regulated phosphosites due to changes in cell cul-

ture conditions, i.e., starved/rapamycin-treated versus non-

starved/non-treated conditions, we noticed that similar numbers

of sites were significantly down- and upregulated (Figure S1). In

our setting, downregulation of sites may reflect the inhibition of

the master regulator of cell growth mTORC1 (Saxton and Saba-

tini, 2017). It may also indicate increased phosphatase activity

due to growth inhibition, which is supported by the enrichment

of phosphorylated proteins carrying the GO term ‘‘phosphatase

binding’’ (Figure 1E). To directly study changes in phosphatase

activity due to culture conditions, we used the non-specific

phosphatase substrate p-Nitrophenyl phosphate and could

show that phosphatase enzymatic activity is increased by 30%

in starvation compared to growth conditions (Figure S5). This in-

crease seemed not to depend on functional autophagy, as ATG7

KO cells exhibited a similar response (Figure S5), indicating that
4 Cell Reports 36, 109762, September 28, 2021
upstream signaling events that regulate autophagy might also

play a role in regulating activities of phosphatases (O’Prey

et al., 2017). Whether ULK1 directly regulates phosphatases is

largely unknown. Therefore, we screened the list of bona fide

ULK1 targets identified in this study for catalytic and regulatory

phosphatase subunits and could generate a network of 14 pro-

teins, indicating that ULK1 directly regulates an elaborate

phosphatase network, among them all three members of the

striatin family of regulatory PP2A subunits, STRN, STRN3, and

STRN4, as well as PP6 regulatory subunits (Figures 3F and 4A).

To address altered phosphoprotein phosphatase (PPP) activ-

ity due to increased ULK1 activity, we performed chemical

proteomic experiments. Immobilized nonselective PPP inhibitor

microcystin-LR was used in combination with differentially

treated, SILAC-labeled cells to perform activity-based enrich-

ments of PPP complexes (see STARMethods for details). Briefly,

microcystin-LR binds to the active site of catalytic subunits of



Figure 3. Proteome-wide, on-bead in vitro

kinase assay (OBIKA) identifies bona fide

ULK1 targets

(A) OBIKA workflow. After the indicated kinase

reaction, samples were processed for bottom-up

phosphoproteomic experiments as outlined in

Figure 1A.

(B) Summed intensities and numbers of identified

phosphosites highlight the effects of indicated

steps within the OBIKA workflow. The addition of

ATP leads to increased detection of phosphosites

due to activity of endogenous kinases immobilized

on NHS beads. Addition of the kinase inhibitor

FBSA blunts this activity (box whisker plots; whis-

kers indicate largest and lowest points within 1.5

times of the interquartile range; n = 3). After each

indicated step, three wash steps were performed

prior to on-bead trypsin digestion, phosphopeptide

enrichment, and analysis by LC-MS/MS.

(C) Proof of principle of OBIKA, analyzing known

phosphosites by site-specific western blots. The

MEK phosphosites on ERK1/2 were phosphory-

lated by endogenous, bead-bound MEK after the

addition of ATP, which could be blocked by cova-

lently inhibiting bead-bound MEK by FBSA. The

ULK1 target site on ATG14, Ser29 was only phos-

phorylated after the addition of exogenousULK1WT.

ULK1KD or heat-inactivated ULK1WT were used as

negative controls. Cell lysate was generated using

DKO MEFs.

(D) Significantly regulated phosphosites of ULK1

OBIKAs. Volcano plot comparing ULK1WT (WT) with

ULK1KD (KD) OBIKAs (n = 3). Significantly regulated

sites aremarkedwith dashed lines (FDR < 0.05; BH-

corrected). Sites marked in red are examples of

proteins linked to autophagy as well as of phospha-

tasesubunits identified in this study, includingSTRN.

(E) Motif analysis of in vitro ULK1 targets. Sites

identified in vitro confirm the published ULK1 motif.

(F) New bona fide ULK1 sites identified in vivo and in

vitro. Scatterplot highlights extent of regulation of

newly identified ULK1 target sites identified by both

in vivo and in vitro phosphoproteomic approaches.

Significantly regulated sites in both approaches are

marked in red (p < 0.05; BH-corrected).

(G)Comparisonbetween invivoand invitroanalyses.

Venn diagram depicts the overlap of both ap-

proaches on site and protein level.
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PPP (Goldberg et al., 1995), its binding being dependent on the

abundance as well as on the accessibility, i.e., activity of the

catalytic subunit (Lyons et al., 2018). Thus, based on altered

enrichment levels, changes in PPP activity can be inferred. To

test if microcystin-LR-based enrichments can indeed be used

to deduce changes in phosphatase activity, we performed mi-

crocystin-LR-based enrichments in combination with increasing

concentrations of okadaic acid, a rather specific PP2A inhibitor

(Takai et al., 1992). Supporting the interpretation that enrichment

levels reflect at least partial changes in activity, we could

outcompete PP2A enrichment by okadaic acid, whereas we

did not observe an effect on PP1 enrichments (Figure S5).

Comparing (1) starved ULK1MEFs to starved DKOMEFs (Fig-

ure 4B; n = 3; Table S4) and (2) rapamycin-treated A549 cells to

cells kept in full medium (Figure 4C; n = 3; Table S4), we
observed genotype- and stimulus-dependent increased enrich-

ments of PP2A and PP6 complexes, which both consist of

catalytic, scaffold, and regulatory subunits (Shi, 2009). The

increased enrichment of respective catalytic subunits indicated

increased phosphatase activity under the examined conditions

(Figures 4B and 4C). The observed differential enrichment of

specific phosphatase regulatory subunits indicated altered com-

plex compositions due to stress conditions. Interestingly, STRN,

STRN3, and STRN4, as well as the regulatory PP6 subunits

PPP6R2 and PPP6R3, which were already identified as

carrying significantly regulated phosphosites within ULK1 kinase

motifs, were enriched under autophagy-promoting conditions

(Figures 4A–4C). The increased enrichment of STRN, STRN4,

and PPP6R2 from rapamycin-treated A549 cells could also be

shown by microcystin-LR-based activity purification coupled
Cell Reports 36, 109762, September 28, 2021 5



Figure 4. The ULK1-regulated phosphatase network

(A) Protein interaction network of phosphatase subunits that were identified as being direct ULK1 targets. A network of 14 phosphatase-interacting

proteins that carry ULK1-regulated phosphosites was constructed using cytoscape according to data from STRING DB (Szklarczyk et al., 2019).

Catalytic subunits not phosphorylated by ULK1 are marked in gray. Phosphosites are indicated as red circles. Boxes mark structural phosphatase

families: PPPL, PPP-like fold phosphatases; PTP, protein tyrosine phosphatases; HAD, haloacid dehalogenase; PTEN, phosphatase and tensin ho-

molog.

(B and C) Phosphatase-activity enrichment MS. Cells were treated as indicated, and phosphatases were enriched based on their activity using immobilized

microcystin-LR. (B) showsMEFs and (C) shows A549 cells highlighting the increased enrichment of PP2 and PP6 subunits, among them all three striatin isoforms,

STRN, STRN3, and STRN4 in mouse and human cells (each n = 3).

(D) Phosphatase-activity enrichment western blot. Proteins identified as enriched under autophagy inducing conditions in (B) and (C), reflecting higher phos-

phatase activity, were analyzed by immobilized microcystin-LR-based affinity purification (AP) coupled to western blots confirming MS experiments.

MAP1LC3B-II (LC3 II) was used to highlight autophagy flux in the respective conditions, actin was used as loading control. Concanamycin A (ConA), an inhibitor of

lysosomal V-ATPase, was used to inhibit lysosomal acidification and, by this, block protein degradation. Numbers indicate fold change as determined by

densitometry. PIBs, phosphatase-inhibitor beads.

(E) Anti-SHA-STRN AP coupled to MS. In a reverse AP, ectopically expressed SHA-tagged STRN was enriched, and binding proteins were quantified compared

to negative controls using cells not expressing SHA-STRN by label-free MS. Annotated PP2A subunits were significantly enriched (n = 3; **p < 0.01; t test). Error

bars indicate the 95% confidence interval. Note: STRN isoform 2 was used for all ectopic expression experiments.
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to western blot (Figure 4D). In a reversed setup by classical affin-

ity purification-MS experiments, increased binding of PPP2CB,

PPP2R1A, and R1B to SHA-tagged STRN was confirmed (Fig-

ure 4E; n = 3). Thus, induction of autophagy and increased

ULK1 activity led to increased PP2A activity, which was accom-

panied by changes in PP2A protein-protein interactions, i.e.,

binding to striatin regulatory complex members.

STRN is a direct ULK1 target and its phosphorylation
promotes autophagy
To test if changes in STRN abundancewere coupled to ULK1 ac-

tivity in a potential feedback mechanism, we ectopically ex-

pressed wild-type STRN (STRNWT) in HeLa and Caco-2 cells

and could indeed show that this led to cell-line-independent,

increased ULK1 activity, as indicated by ATG14 Ser29 phos-

phorylation (Figures 5A and 5B; n = 3; Figure S6) (Klionsky

et al., 2021). In agreement, we also identified increased abun-

dance of ULK1 target sites on FIP200/RB1CC1 and RPTOR in

cells ectopically expressing STRNWT (Figure 5C) (Gwinn et al.,

2008; Mercer et al., 2021). In contrast, shRNA-based knock-

down of STRN led to a reduction of ULK1 activity (Figure S6).

The effect of STRN on ULK1 seemed to be direct via the PP2A

holo-complex, as we detected a decreased abundance of inhib-

itory mTORC1 target sites on ULK1 in HeLa cells ectopically ex-

pressing STRN (Figure 5D) (Egan et al., 2011; Shang et al., 2011).

mTORC1 activity itself seemed not be perturbed by changes in

STRN abundance, as a respective target site on ribosomal pro-

tein S6 kinase RPS6KB1 was unresponsive (Figure S6) (Saitoh

et al., 2002).

The identified ULK1 target site Ser227 on STRN is highly

conserved within vertebrates, indicating physiological relevance

(Figure 5E). To further prove that ULK1 is the kinase responsible
Figure 5. STRN is a direct ULK1 target

(A–D) Ectopic expression of STRN increases ULK1 activity. HeLa cells transfected

STRNWT (WT) were analyzed on changes in ULK1 activity by monitoring: (A and B)

Actin was used as loading control. (B) shows quantification of three biological repl

by quantitative phosphoproteomics. XICs of respective phosphopeptides were u

phosphorylation of known inhibitory mTORC1 target sites on ULK1 itself. Data w

phorylation site could not be unambiguously localized. Expression of STRN led to

interval (*p < 0.05; **p < 0.01; t test). Note: STRN isoform 2 was used for all ecto

(E) Conservation of amino acid sequences surrounding the ULK1 target site Ser22

ULK1 target sites are marked in red. Serine residues phosphorylated by ULK1 a

(F) The ULK1 kinasemotif is necessary for phosphorylation of STRNSer227 by ULK1

STRNL224A highlight the importance of the leucine residue at �3 (n = 3; **p < 0.0

reactions. Respective phosphopeptides, i.e., STRN222-235, were quantified by M

(G) Time-dependent phosphorylation of STRN Ser227 under starvation conditio

phosphorylation was relatively quantified using a parallel-reaction monitoring (P

standard deviations. All time points are significantly different from 0 minutes (t te

(H and I) Non-phosphorylatable STRN mutant inhibits ULK1 activity. ULK1 activ

phorylatable alaninemutation in STRN (S227A) reduces ULK1 activity, whereas th

inhibitor MRT68921 was used as control. Actin was used as loading control. (A) sh

replicates (*p < 0.05; **p < 0.01; t test). Error bars indicate the 95% confidence i

(J and K) Non-phosphorylatable STRNmutant blocks LC3 lipidation. Non-function

blocked autophagy flux under starvation conditions, as analyzed by LC3 lipidati

phenotype. Actin was used as loading control. (A) shows respective vector contro

Error bars indicate the 95% confidence interval.

(L andM) Non-phosphorylatable STRNmutant blocks p62/SQSTM1 dot turnover.

for endogenous p62/SQSTM1. ConA treatment leads to an accumulation of imm

shown (L). Quantification of p62/SQSTM1 dots was done using ImageJ and Fiji

confidence interval.
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for phosphorylating this site, we mutated leucin 224 within the

ULK1 motif to alanine and repeated in vitro kinase assays using

purified STRNWT and STRNL224A and comparing ULK1WT with

ULK1KD. Only the combination of STRNWT and ULK1WT gave

rise to a significant increase in phosphorylation of Ser227, high-

lighting the importance of the kinase motif and supporting the

interpretation that ULK1 directly phosphorylates this site

in vitro and in vivo (Figure 5F). This was further supported by a

time-dependent increase in phosphorylation over a period of

60 minutes in vivo, in agreement with a time-dependent increase

of ULK1 activity in autophagy-inducing conditions (Figure 5G)

(Rigbolt et al., 2014; Russell et al., 2013).

To study the functional consequences of ULK1 phosphoryla-

tion of STRN Ser227, we analyzed the effects of STRN site mu-

tants on ULK1 and autophagy activity. ULK1 activity was again

assessed by ATG14 Ser29 phosphorylation. Comparing ULK1

activity in cells expressing STRN mutants containing either a

phosphomimetic aspartate residue or a non-phosphorylatable

alanine residue instead of the characterized ULK1-dependent

Ser227 phosphorylation site, we could show that alanine muta-

tion led to a significant decrease in ULK1 activity (Figures 5H

and 5I; n = 3). This was rescued by aspartate mutation. As a pos-

itive control, ATG14 phosphorylation was blocked by the ULK1-

specific inhibitor MRT68921 (Petherick et al., 2015). Autophagy

activity was assessed by analyzing the lipidation of MAP1LC3B

(LC3-II), an autophagosomal marker protein important for auto-

phagosome maturation and target recruitment, and by studying

the turnover of p62/SQSTM1, the prototypic selective autophagy

receptor (Johansen and Lamark, 2020), in the absence and

presence of the lysosomal inhibitor concanamycin A (ConA).

Both assays are a well-established proxy to analyze auto-

phagy-dependent protein degradation within lysosomes, i.e.,
with an empty control vector (VC) and cells ectopically expressing SHA-tagged

the phosphorylation of Ser29 of ATG14 by phosphosite-specific western blots.

icates, and (C) shows the phosphorylation of indicated known ULK1 target sites

sed for quantification. Protein abundances were used for normalization; (D) the

ere analyzed as in (C). In the case of Thr755 and Ser758 of ULK1, the phos-

a significant increase of ULK1 activity. Error bars indicate the 95% confidence

pic expression experiments.

7 on human STRN. The hydrophobic amino acid residues in�3 position to the

re highlighted in yellow.

. In vitro kinase assays performed with purified ULK1WT, ULK1KD, STRNWT, and

1; t test). A respective alanine mutation significantly inhibited phosphorylation

S using XICs. Error bars indicate the 95% confidence interval.

ns. A549 cells were starved for up to 60 minutes in HBSS, and STRN Ser227

RM) assay analyzing the respective tryptic peptide (n = 3). Error bars indicate

st; p < 0.01).

ity was monitored via the phosphorylation of Ser29 of ATG14. The non-phos-

e phosphomimicking aspartatemutation (S227D) restoresWT levels. The ULK1

ows respective vector control cells. (I) shows quantification of three biological

nterval.

al alaninemutation of the ULK1 target site Ser227 of STRN (S227A) significantly

on (LC3-II). The phospho-mimicking aspartate mutation (S227D) rescued this

l cells. (K) shows quantification of three biological replicates (**p < 0.01; t test).

HeLa were either treated for 1 h with ConA (20 nM) or left untreated and stained

unostained protein. Scale bars, 10 mm. Representative confocal images are

(n R 4, M). *p < 0.05; **p < 0.01; ***p < 0.001; t test. Error bars indicate 95%
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autophagy flux (Klionsky et al., 2021). In agreement to the

observed effects on ULK1 activity, we could show that the

alanine mutation led to a significant block in autophagy flux,

whichwas rescued by the aspartate variant, as assayed bywest-

ern blot following LC3 lipidation (Figures 5J and 5K; n = 3) and by

immunofluorescence imaging studying the p62/SQSTM1 dot

formation (Figures 5L and 5M). Thus, ULK1 and PP2A-STRN

are linked in a positive feedback loop, the phosphorylation of

STRN Ser227 by ULK1 being critical for ULK1 activity and pro-

tein degradation by autophagy.

DISCUSSION

Autophagy is a vital, evolutionarily conserved catabolic process;

its robust regulation is a prerequisite for proper cell homeostasis

(Mizushima and Levine, 2020). Vital cellular pathways are

controlled by robust signaling systems, which are characterized

by multilayered regulatory circuits including feedback loops,

ensuring that only stimuli of the appropriate strength and dura-

tion are capable to turn the respective responses on or off (Aze-

loglu and Iyengar, 2015). In the present study, we uncovered

numerous ULK1 target proteins known to be important for auto-

phagy regulation, underlining its multilayered signaling input

affecting all steps of autophagosome biogenesis and turnover.

In addition, a positive feedback loop between ULK1 and the

PP2A complex was studied, characterizing the regulatory sub-

unit STRN as a bona fide ULK1 target being critical for proper

ULK1 and with this autophagy activation.

To identify and quantify phosphorylation-based signaling

events, MS-based phosphoproteomic approaches are the

method of choice (Aebersold and Mann, 2016). However, despite

enormous technical and bioinformatical progress in phosphosite

mapping and scoring (Ochoa et al., 2020), we still try to establish

comprehensive phosphosite repositories and are far from under-

standing their biological significance on a global scale. More than

95% of reported human phosphosites have no known biological

function or responsible kinase (Needhamet al., 2019). Knowledge

of kinase-substrate relations is not just of basic interest but has

direct translational implications, e.g., in kinase-inhibitor-based

cancer therapies. Knowledge of all substrates of a specific kinase

would allow a more efficient prediction of potential adverse ef-

fects of respective kinase inhibitors (Braun et al., 2020). Kinase-

substrate relationships have been studied by in vivo as well as

in vitro approaches (Arrington et al., 2019; von Stechow et al.,

2015; Wang et al., 2020). The discrimination of direct and indirect

kinase effects in vivo, however, is challenging. Therefore, the gold

standard to biochemically prove direct kinase-substrate relation-

ships are in vitro kinase assays, in which purified kinase and sub-

strate are incubated and phosphorylation reactions are analyzed.

One shortcoming of these approaches is the identification of

false-positive sites due to a lack of substrate competition. To

address this, different variants of in vitro kinase assays were

developed in which more complex samples, such as peptide li-

braries or denatured protein mixtures, were used (Kubota et al.,

2009; Xue et al., 2014). Still, the usage of peptides or denaturing

conditions, which interfere with tertiary/quaternary protein struc-

tures important for kinase-substrate interaction, raise questions

on the in vivo relevance of such assays.
Here, we introduced an OBIKA that addresses these short-

comings by using an immobilized cell proteome under native

conditions as input for in vitro kinase reactions, in which endog-

enous kinases are permanently inhibited. As proof of concept,

we studied ULK1 signaling and its role in regulating protein

degradation by autophagy. By combining in vivo and in vitro

phosphoproteomic datasets, we identified 187 bona fide ULK1

target sites, which more than triples the number of known

ULK1 target sites according to www.phosphosite.org. As is

commonly the case for phosphoproteomic studies, the overlap

between the dataset of this study with other recently published

ULK1 datasets is rather small (Mercer et al., 2018, 2021), which

is likely due to the differently used cell models, experimental ap-

proaches, and noise of these studies. This also indicates that the

actual number of phosphorylation events is likely significantly

higher than reported in the respective studies. Although we

cannot exclude a systematic bias of OBIKA leading to the iden-

tification of false-positive sites, as indicated by the higher num-

ber of potential ULK1 target sites compared to in vivo analyses,

we are confident that the presented method highlights a signifi-

cant improvement compared to current approaches. Combining

in vitro analyses with pharmacological inhibition of WT kinases

in vitro as well as in vivo might further help in shortlisting true ki-

nase targets. The underlying principle of the in vitro assay should

also be applicable to study other posttranslational modifications,

such as acetylation and ubiquitination, with the only prerequisite

being the availability of covalent inhibitors of enzymes catalyzing

the respective reactions.

Interestingly, ULK1 appeared to directly regulate an entire

phosphatase network, including PP2A, PP5, and PP6 Ser/Thr

phosphatase complexes. Also, protein-tyrosine phosphatases

were characterized as direct ULK1 targets. Phosphotyrosine-

based signaling is supposed to happen upstream of ULK1, indi-

cating a potential feedback of ULK1 to signal transducers at the

plasma membrane. The heterotrimeric PP2A complex, consist-

ing of the catalytic subunit PPP2CA, the scaffolding subunit

PPP2R1B/PRL65, and the regulatory subunit PPP2R5A/

B55alpha, was shown to be critical for ULK1 dephosphorylation

under starvation conditions (Wong et al., 2015). We character-

ized the regulatory PP2A subunit STRN as a direct ULK1 target

and showed increased interaction of STRN, PPP2R1A/1B, and

PPP2CB under autophagy-inducing conditions. Striatins are

also members of the evolutionarily conserved STRIPAK com-

plexes, which link PP2A complexes with germinal center kinases

(K€uck et al., 2019) including STK26/MST4, which was recently

shown to activate autophagy via phosphorylation of ATG4B

(Huang et al., 2017). In addition, striatins were shown to trans-

form anti-tumorigenic into pro-tumorigenic PP2A complexes

by interfering with the tumor suppressor Hippo pathway, which

was shown to crosstalk with autophagy, e.g., via AMP-activated

protein kinase, affecting tumor progression in a context-depen-

dent manner (Kim et al., 2020; Tang and Christofori, 2020; Tang

et al., 2020). Thus, it appears that several distinct PP2A com-

plexes are involved in autophagy regulation, ULK1 potentially

affecting PP2A complex architecture and, with this, the PP2A

substrate repertoire and/or subcellular localization. Striatins

appear to function as important scaffolds, linking autophagy

signal transduction to several other cellular pathways, by
Cell Reports 36, 109762, September 28, 2021 9
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supporting, among others, the direct dephosphorylation, i.e.,

activation of ULK1 by PP2A.

Taken together, we developed a proteome-wide in vitro kinase

assay with which kinase substrates under native conditions

can be screened in a highly multiplexed manner and used it

to study the crosstalk between ULK1 kinase and PP2A

phosphatase complexes. By studying autophagy signaling, we

identified kinase-phosphatase networks and highlighted the

function of one kinase-phosphatase feedback mechanism on

protein degradation. Our data imply the existence of additional

highly sophisticated kinase-phosphatase feedbackmechanisms

being critical for the robust regulation of protein turnover by

autophagy.
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Antibodies

Mouse monoclonal anti-PPP6R2 Santa Cruz Biotechnology Cat#sc-376238; RRID:AB_10986121

Mouse monoclonalanti-STRN Santa Cruz Biotechnology Cat#sc-136084; RRID:AB_2271282

Rabbit polyclonal anti-STRN4 MERCK Cat#SAB1302464

Rabbit polyclonal anti-LC3A/B Cell Signaling Technology Cat#4108S; RRID:AB_2137703

Rabbit monoclonal anti-ATG14-pS29 Cell Signaling Technology Cat#92340S; RRID:AB_2800182

Rabbit monoclonal anti-ATG14 Cell Signaling Technology Cat#96752; RRID:AB_2737056

Rabbit polyclonal anti-RPS6KB1-pT389 Cell Signaling Technology Cat#9205; RRID:AB_330944

Rabbit polyclonal anti-ERK1/2-pT201/Y204 Cell Signaling Technology Cat#9101S; RRID:AB_331646

Mouse monoclonal anti-b-Actin Santa Cruz Biotechnology Cat#sc-47778; RRID:AB_2714189

Peroxidase-conjugated goat anti-rabbit IgG Jackson Immuno Research Cat#111-035-045; RRID:AB_2337938

Peroxidase-conjugated goat anti-mouse IgG Jackson Immuno Research Cat#115-035-062; RRID:AB_2338504

guinea pig anti-SQSTM1 Progen Cat#GP62-C; RRID:AB_2687531

anti-guinea pig Invitrogen Cat#A11073; RRID:AB_2534117

Bacterial and virus strains

E. coli DH5a CGSC Cat#12384

Chemicals, peptides, and recombinant proteins

DMEM PAN Biotech Cat#P04-04510

SILAC-DMEM PAN Biotech Cat#P04-02505

DPBS PAN Biotech Cat#P04-36500

HBSS GIBCO Cat#14025100

FBS Biowest Cat#S181B-500

Dialyzed FBS Biowest Cat#S181D-500

Penicillin/streptomycin PAN Biotech Cat#P06-07100

GlutaMAX GIBCO Cat#35050038

Trypsin for cell culture PAN Biotech Cat#P10-023100

Pierce Anti-HA Magnetic Beads Thermo Scientific Cat#88837

Strep-Tactin�XT 4Flow� IBA Cat#2-5030-010

Nitrocellulose membrane 0.45 mm Amersham Cat#GE10600000

PVDF membrane 0.2 mm Amersham Cat#GE10600021

TransBlot Turbo RTA Midi NC BIO-RAD Cat#1704271

TransBlot Turbo RTA Midi PVDF BIO-RAD Cat#1704273

WesternBright ECL Advansta Cat#K12049-D50

Benzonase Sigma-Aldrich Cat#1.01697.0001

Arg10 Sigma-Aldrich Cat#608033

Arg6 Sigma-Aldrich Cat#643440

Lys4 Sigma-Aldrich Cat#616192

Lys8 Sigma-Aldrich Cat#608041

Arg0 Sigma-Aldrich Cat#11039

Lys0 Sigma-Aldrich Cat#L8662

L-Proline Fluka Cat#81710

PhosSTOP Roche Cat#04-906-837-001

Proteases Inhibitor Cocktail Roch Cat#11-697-498-001

Rapamycin LC Laboratories Cat#R-5000

(Continued on next page)
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Concanamycin A (conA) Santa Cruz Cat#sc-202111A

Microcystin-LR Enzo Life Sciences Cat#ALX-350-012-M001

50-(4-Fluorosulfonylbenzoyl) adenosine
hydrochloride (FSBA)

Sigma-Aldrich Cat#F9128

Staurosporine LC Laboratories Cat#S-9300

MRT68921 Selleck Cat#S7949

NHS-activated Sepharose 4 fast flow GE Healthcare Cat#17-0906-01

Trifluoroacetic acid (TFA) Sigma-Aldrich Cat#302031

Formic acid (FA) Merck Cat#5.43804.0250

Ammonia solution 25% Merck Cat#5438300250

Titanium dioxide (TiO2) GL Sciences Cat#5020-75010

Trypsin Promega Cat#V5113

g-[18O4]-ATP Cambridge Isotope

Laboratories

Cat#OLM-7858-20

ATP Sigma-Aldrich Cat#A6419

Vivacon 500, 10’000 MWCO HYDROSART Sartorius Cat#VN01H02

C8 disc 3M Empore Cat#14-386

C18 disc 3M Empore Cat#14-386-2

Lys-C FUJIFILM Wako Pure

Chemical Corporation

Cat#129-02541

HR-X Column Macherey-Nagel Cat#730936P45

C18 Cartridges Macherey-Nagel Cat#731802

MS-grade Water VWR Cat#23595.328

MS-grade Acetonitrile VWR Cat#20060.32

C18 Column for High pH Fractionation Waters Cat#186003034

Pierce Anti-HA Magnetic Beads Thermo Scientific Cat#88837

Lambda Protein Phosphatase NEB Cat#P0753L

Protein MettaloPhosphatases Buffer NEB Cat#B0761

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad Cat#5000-0006

Biotin Sigma-Aldrich Cat#B4501

Glycerol (beta-) phosphate disodium salt Sigma-Aldrich Cat#50020

Critical commercial assays

Pierce BCA Protein Assay Kit Thermo Scientific Cat#23225

WesternBright ECL Advansta Cat#K12049-D50

SuperSignal West Femto Chemiluminescent Thermo Scientific Cat#34096

Deposited data

PPPome activity enrichment MS-RAW files ProteomeXchange PXD022383

global phosphoproteomics

MS-RAW files

ProteomeXchange PXD022303

OBIKA MS-RAW files ProteomeXchange PXD022759

Western blot RAW figures Mendeley Data https://doi.org/10.17632/4c4jcf27cp.1

Experimental models: Cell lines

DKO MEFs (Figures 1, 2, 3, and 4B) Wu et al., 2020 N/A

ULK1 MEFs (Figures 1, 2, and 4B) Wu et al., 2020 N/A

A549 (Figures 2, 4C, 4D,

5G, S1, S2, S6A, and S7)

ATCC CRM-CCL-185

HeLa ATCC CRM-CCL-2

SHA-ULK1 HeLa (Figure 3) This study N/A

(Continued on next page)
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SHA-ULK1 D165A HeLa (Figure 3) This study N/A

VC HeLa (Figures 4E, 5A–5D, 5L, 5M, and S8A) This study N/A

SHA-STRN HeLa (Figures 4E, 5, and S8A) This study N/A

SHA-STRN S227A HeLa (Figures 5H–5M) This study N/A

SHA-STRN S227D HeLa (Figures 5H–5M) This study N/A

SHA-STRN L224A HeLa (Figure 5F) This study N/A

shSTRN HeLa (Figure S8C) This study N/A

VC Caco2 (Figures S8B, S8D, and S8E) This study N/A

SHA-STRN Caco2 (Figures S8B, S8D, and S8E) This study N/A

MCF7 (Figure S6B) ATCC HTB-22

MCF7 ATG7 KO clone 1 (Figure S6B) This study N/A

MCF7 ATG7 KO clone 2 (Figure S6B) This study N/A

Recombinant DNA

Modified pCW57.1, SV40-Puromycin

was replaced with MND-Blasticidin

This study N/A

pLKO.1 Wiederschain et al., 2009 Addgene 21915

ULK1 Löffler et al., 2011 N/A

ULK1 D165A Löffler et al., 2011 N/A

STRN-isoform-II genomics-online.com Cat#ABIN3986511

ATG7-CRISPR plasmid O’Prey et al., 2017 N/A

Software and algorithms

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

Photoshop Adobe https://www.adobe.com/

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

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

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

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

Motif Analysis NIH https://www.phosphosite.org/

staticMotifAnalysis.action

Clustal Omega Madeira et al., 2019 https://www.ebi.ac.uk/Tools/msa/clustalo/

Skyline MacLean et al., 2010 https://skyline.gs.washington.edu/

project/home/software/Skyline/begin.view

Difflogo Nettling et al., 2015 https://bioconductor.org/packages/

release/bioc/html/DiffLogo.html
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Lead contact
Further information and requests formaterials, resources, and reagents should be directed to andwill be fulfilled by the LeadContact,

Jörn Dengjel (joern.dengjel@unifr.ch).

Materials availability
All unique/stable reagents, i.e., plasmids and cell lines, generated in this study are available from the LeadContact without restriction.

Data and code availability
Proteomic data have been deposited at PRIDE DB and are publicly available as of the date of publication. Accession numbers are

listed in the Key resources table. Rawwestern blot and imaging data are deposited onMendeley Data and are publicly available as of

the date of publication. DOI is listed in the Key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All cell lines used in this study were genotyped prior use and regularly tested negative for mycoplasma. Following cell lines were used

mouse embryonic fibroblasts (MEFs), A549 lung carcinoma cells (ATCC, CCL-185), HeLa cervix adenocarcinoma cells (ATCC, CCL-

2), CaCo-2 colorectal adenocarcinoma cells (ATCC, HTB-37) and MCF7 breast adenocarcinoma cells (ATCC, HTB-22). Cells were

cultured in DMEM (10% FBS, 1% penicillin/streptomycin) at 37�C and 5% CO2.

METHOD DETAILS

Recombinant DNA constructs and virus production
Striatin (STRN) cDNA (isoform-2) was obtained from genomics-online company and ULK1WT, ULK1D165A (kinase dead) plasmids

were previously described (Löffler et al., 2011). Note that Ser227 corresponds to Ser215 in Strn isoform-2. Strep-Tactin-HA tag

(SHA) was fused N-terminal to STRN, ULK1WT and ULK1D165A, cloned into pCW57.1 vector (modified vector with MND-Blasticidin

instead of hPGK-Puromycin) using Gibson assembly (NEB) for ectopic expression under doxycycline (2 ng/ml) inducible promoter.

Phosphomutants (S215D and S215A) and motif mutant L212A of STRN were cloned in the same way as wild-type STRN. For induc-

ible shRNA-based knock down of STRN, the vector pLKO.1 (Addgene, 21915) was used. Following striatin shRNA sequence

(TRCN0000036947) was chosen from the Broad RNAi consortium: Forward sequence: 5‘-CCGGCGTCATTGATACTTCAA-

CAATCTCGAGATTGTTGAAGTATCAATGACGTTTTTG-3‘, Reverse sequence: 5‘-AATTCAAAAACGTCATTGATACTTCAACAATCTC

GAGATTGTTGAAGTATCAATGACG-3‘. As negative control a shRNAs targeting luciferase was used. Respective constructs cloned

into lentiviral vectors were co-transfected with packaging and envelope plasmids using jetPRIME reagent (polyplus transfection) in

HEK293T cells. Fresh DMEM was supplemented to cells 6 hours post transfection. After 24 hours, the culture supernatant was

filtered using 0.22 mm filter and 8 mg/ml of polybrene was supplemented before infecting recipient cells. Stable cell-lines were gener-

ated using blasticidin selection (5 mg/ml for 6 days) in respective cell lines containing the required vector. STRNWT and phosphomu-

tants were ectopically expressed in HeLa cells and ULK1WT, ULK1D165A were expressed in ULK1 knockout HeLa cells.

ULK1 and ULK1D165A protein purification
ULK1�/� HeLa cells expressing SHA-ULK1WT and SHA-ULK1D165A were grown in 20x15 cm dishes for each construct. Before har-

vesting, cells were treated with HBSS with concanamycin A (conA, 2 nM, Santa Cruz) for 1 hour. Cell lysates were obtained using

modified-RIPA (150 mMNaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate, and EDTA-free protease inhib-

itor and PhosSTOP) as lysis buffer. Immunoprecipitations were carried out using 2mL of Strep-Tactin� XT-4Flow slurry for each pro-

tein purification. Lysates were incubated with beads equilibrated with lysis buffer at 4�C overnight in a rotor. Beads were washed

three times with lysis buffer before eluting proteins with 3 3 200 mL of 100 mM biotin containing elution buffer (50 mM Tris-HCl,

pH 7.5, 100 mM NaCl, 0.05% Tween-20, 20% glycerol and 3 mM DTT). All steps were performed at 4�C.

Cell culture and treatments
Ulk1/ulk2 double knock out (DKO)MEFs were kindly provided by Tullia Lindsten (Memorial Sloan Kettering Cancer Center, New York,

USA). Ulk1/ulk2 DKO MEFs transfected with empty vector or cDNA encoding FLAG-tagged human ULK1 have been described pre-

viously (Wu et al., 2020). Briefly, the vectors pMSCVpuro or pMSCVpuro/FLAG-hULK1were transfected into Plat-E cells (kindly pro-

vided by Toshio Kitamura, Institute of Medical Science, University of Tokyo, Japan) using FuGENE� 6 (Promega; E2692). After 48 h,

retroviral supernatant was collected and used for the infection of ulk1/ulk2 DKO MEFs in combination with 10 mg/mL polybrene

(Sigma-Aldrich; H9268-106). After 12 h, cells were selected in medium containing puromycin (2.5 mg/mL). Following selection, single

cell clones used in this study were obtained by limiting dilution.

For SILAC-labeling, cells were grown in SILAC-DMEM, supplemented with 10% dialyzed FBS 1% penicillin/streptomycin and 1%

GlutaMax, containing non-labeled or labeled arginine and lysine variants: Lys0 and Arg0 for light, Lys4 and Arg6 formedium aswell as

Lys8 and Arg10 for heavy. The final concentration of arginine was 42mg/L, and of lysine was 73mg/L. A final concentration of 26mg/

L L-proline was added to avoid arginine to proline conversion. Cells were split and culturemedia were changed 18 hours before treat-

ments. Cells were incubated with either DMSO (vehicle), 200 nM rapamycin, 2 nM conA or 1 mMMRT6892 in DMEMor in HBSS. Cells

were washed once with PBS before HBSS treatment. All treatments were incubated for 1 hour before harvesting cells. For inducible

and empty vector control cell lines, protein expression was induced by adding 2 ng/ml doxycycline 20 hours before treatments. After

treatment, cells were washed twice with ice-cold PBS, scraped and collected in tubes, followed by centrifugation to pellet cells. Su-

pernatant were discarded and cell pellets were stored in �80�C for further use.

Cell lysis
For immunoblotting, cell pellets from 1x10 cm dish were lysed in 200 mL of lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM

EDTA, 1%NP-40, 2%SDS, and benzonase 1:5000). For immunoprecipitation, cell pellets from one 15 cmdisheswere lysed in 800 mL

of modified RIPA buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate, EDTA-free

protease inhibitor and PhosSTOP). For PPPome enrichment, cell pellets from 2x15 cm dishes were lysed in 1.6 mL of phosphatase

pulldown buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM beta-glycerophosphate, 0.5% Triton X-100, 0.1 mM DTT, and
e4 Cell Reports 36, 109762, September 28, 2021
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EDTA-free protease inhibitor) at a total protein concentration of 1 mg/mL (Lyons et al., 2018). For phosphoproteome and PRM an-

alyses, cell pellets from 4x15 cm dishes were lysed in 8MUrea in 50mMTris-HCl pH 8.0. Lysates were sonicated three times for 10 s

on ice and centrifuged at 21,0003 g at 4�C for 15 min. Protein concentration was determined by BCA assay. Protein amounts were

adjusted to equal concentrations with lysis buffer for all samples.

Immunoblotting
Protein extracts were mixed with 6 x Laemmli buffer (0.375 M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6 M DTT, 0.06% bromophenol

blue) to 1x and incubated at 75�C for 10min. 30 mg of total protein from each sample were separated by SDS-PAGE using homemade

gels. Separated proteins were transferred to a nitrocellulose membrane for proteins larger than 30 kDa or a PVDFmembrane for pro-

teins smaller than 30 kDa for 30 min using Trans-Blot� Turbo transfer system (BIO-RAD, 1704150) or for 2 hours using wet transfer

system under a constant electric current. Membranes were blocked by either 5%milk or 5%BSA in TBS-T (10mMTris, 150mMNaCl

and 0.1% Tween-20). Membranes were incubated overnight at 4�C with respective primary antibodies. Membranes were washed

thrice with TBS-T before incubating with peroxidase-conjugated secondary antibodies for 1 hour. Blotted proteins were visualized

using either SuperSignal West Femto Chemiluminescent or WesternBright ECL and the Odyssey� Fc reader (LI-COR Biosciences -

GmbH). Antibodies against b-actin were used to quantify and normalize protein amounts. Densitometry measurements were per-

formed using ImageJ 1.53d (Wayne Rasband, National Institutes of Health).

Immunostainings and fluorescence microscopy
For immunofluorescence, the indicated cells were seeded on collagen I (ThermoFisher, A10483-01, diluted in 0.02M acetic acid to

50ug/ml)-coated coverslips 24 h prior to experiments. The next day, cells were treated as indicated and fixed using ice-cold 100%

methanol (MetOH) for 10 min. Fixed cells were washed 6 times in PBST, blocked in PBST containing 5% horse serum (ThermoScien-

tific, 16050) for 30 min, and finally washed 6 times in PBST. Cells were incubated in a wet chamber with a primary antibody solution,

overnight at 4�C. Cells were then washed 6 times in PBST and incubated in the secondary antibody solution in the dark, for 2 h at

room temperature. After incubation, cells were washed 6 times with PBST, incubated in 10 mM Hoechst 33342 solution (Sigma-Al-

drich, 14533) for 1 min, washed again 6 times, and embedded in ProLong Gold antifade reagent (ThermoFisher, P36931). Confocal

imaging was performed using a Leica STELLARIS 8 FALCON system. Images were analyzed, quantified, and prepared with Fiji em-

ploying intensity thresholding, size exclusion, and noise filtering, based on signal intensities of the ConA control. For quantification of

p62/SQSTM1 dots cells with high background were manually excluded. Per condition around 60-90 cells were analyzed.

Affinity purification
Affinity purification (AP) was performed by KingFisher Duo Prime System (ThermoFisher). Briefly, 80 mL of anti-HA magnetic beads

slurry were washed with modified RIPA and incubated with lysate for 1 hour at RT. The beads were washed three times in modified

RIPA before elution followed by FASP sample processing as described (Wi�sniewski et al., 2009). Briefly, beadswere loaded on the 10

KD cut-off filter, spun (6000 g, 10 min) and proteins were reduced with 1 mM DTT in 8 M urea/100 mM ABC buffer for 20 min at RT

followed by alkylation using 1mM IAA in 8MUrea/100mMABCBuffer for 20min in the dark at RT. Urea was replaced by 50mMABC

buffer, Trypsin was added (trypsin:protein ratio = 1:100) and proteins digested overnight at 37�C. The next day peptides were spun

down and purified by STAGE tips.

PPPome activity enrichment
Phosphatase inhibitor beads (PIB) were synthesized as described previously (Lyons et al., 2018). with following modifications: 1.5 g

(permg ofMCLR used) of NHS-activated Sepharose beadswerewashedwith 33 5mL of 1mMHCl followed by 23 5mL of coupling

buffer (100 mM NaHCO3, pH 8.2). Aminoethanethiol-MCLR was resuspended in 100 mL of methanol and coupled to the activated

beads in coupling buffer for 1.5 h at room temperature. To enrich phosphatases based on their activity, lysates were incubated

with 20 mL of solid packed PIB resin at 4�Con a rotor. After 2 hours, PIBswere spun down andwashed 3 xwith phosphatase pulldown

buffer. Proteins bound to beads were either digested in solution (for MEFs) or eluted twice using 2 x Laemmli buffer at 75�C followed

by in-gel digestion (for A549).

In vitro kinase assay
For OBIKA, cell pellets were lysed in primary amine-free lysis buffer (50 mM HEPES pH 8.0, 1% NP-40, 150 mM NaCl, 0.1% sodium

deoxycholate, 1 x EDTA-free protease inhibitor) and centrifuged at 4000 rpm for 10 min at 4�C. Total protein amount was quantified

by BCA assay and 100 ml of lysate was kept as input. According to binding tests (Figure S3), 300 ml of beads can bind 2 mg of protein.

5 mL of NHS-activated Sepharose beads were washed with 3 3 10 mL of ice cold 1 mM HCl and 2 3 10 mL of lysis buffer before

incubating with 60 mg protein to saturate beads. The coupling was performed on a rotor at 4�C overnight. Next, beads were spun

down to remove supernatant (flow-through). The total protein amount of both input and flow-through was measured by BCA assay

or analyzed by SDS-PAGE. Beads were washed with 33 10 mL of phosphatase buffer (50 mMHEPES, 100 mMNaCl, 0.1% NP-40).

1 mL of phosphatase buffer containing 5,000 to 10,000 units of lambda phosphatase with 1 mMMnCl2 was added and incubated for

4 hours at room temperature or overnight at 4�C on the rotor to dephosphorylate endogenous proteins. Beads were washed with 23

10 mL of kinase buffer (50 mM Tris-HCl pH 7.6, 10 mM MgCl2, 150 mM NaCl and 1x PhosSTOP). Endogenous kinases bound to
Cell Reports 36, 109762, September 28, 2021 e5
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beads were inhibited by incubation with 1 mM FSBA in 1 mL of kinase buffer at RT on the rotor for 2 hours. In addition, straurosporine

was added to a final concentration of 100 mM to inhibit the remaining active kinases for 1 hour. The beads were washed with 3 3

10 mL of kinase buffer to remove non-bound kinase inhibitors. The supernatant was removed completely by gel loading tips. Kinase

buffer was added to a total volume of 900 mL for ATP only control samples and 800 mL for both kinase dead and WT ULK1 samples.

100 ml of 10 mM ATP and 10 mL of 100 mM DTT were added into each tube and 100 ml of purified kinases were added to kinase dead

and WT ULK1 samples. Kinase assays were performed on a rotor at 37�C for 4 hours. Finally, reactions were quenched by adding

0.96 g urea into each tube, followed by protein digestion, fractionation, and phosphopeptides enrichment.

For purified STRN kinase assays, STRNWT and STRNL212A were purified by anti-HA magnetic beads. Beads were incubated with

either purified WT or kinase dead ULK1 in kinase buffer (50 mM Tris-HCl pH 7.6, 10 mMMgCl2, 150 mM NaCl, 1x PhosSTOP, 1 mM

DTT and 1 mM g-[18O4]-ATP). The assay was stopped by the addition of 8 M urea followed by protein digestion

Protein digestion and sample preparation for MS
For affinity purifications and purified STRN, beads were mixed with 8 M urea and 1 mM DTT and transferred onto 10 kDa MW cut-off

filter. Protein digestion for MS analysis was performed overnight according to the FASP protocol (Wi�sniewski et al., 2009). On day 2,

peptides were eluted twice with 200 mL 50mMammonium bicarbonate into fresh tubes. Eluates were acidified with 5 mL TFA to a final

concentration of 1%. Eluates of AP samples were desalted by STAGE tips. Eluates of in vitro kinase assay samples were frozen,

lyophilized prior to phosphopeptide enrichment.

For in vivo phosphoproteome and OBIKA samples, lysates or proteins on beads were reduced by 1 mM DTT, alkylated by 5 mM

iodoacetamide, and digested by Lys-C for 4 h. The concentration of urea was diluted to 1 M before overnight trypsin digestion. The

peptides were purified and fractionated as described previously (Hu et al., 2019). Briefly, peptides were purified by SPE using HR-X

columns in combination with C18 cartridges. The purified peptides were frozen, lyophilized and fractionated by HpH reversed phase

chromatography (Batth et al., 2014). 96 fractions were mixed with an interval of 12 to yield 12 final fractions. The peptides were acid-

ified, frozen in liquid nitrogen and lyophilized prior to phosphopeptides enrichment.

For phosphopeptides enrichment, samples were incubated with 2mg TiO2 slurry, which were pre-incubated with 300mg/mL lactic

acid in 80% acetonitrile, 1% TFA prior to enrichment (Zarei et al., 2016) for 30 min at room temperature. For peptide elution, TiO2

beads were transferred to 200 mL pipette tips, which were blocked by C8 discs. Tips were sequentially washed with 200 mL of

10% acetonitrile/1% TFA, twice 200 mL of 80% acetonitrile/1% TFA, and 100 mL of LC-MS grade water. Phosphopeptides were

eluted with 50 mL of 1.25% ammonia in 20% acetonitrile and 50 mL of 1.25% ammonia in 80% acetonitrile into single tubes. Eluates

were acidified with 5 mL of formic acid. Samples were concentrated by vacuum concentration and resuspended in 20 mL of 0.1%

formic acid for LC-MS/MS analysis. The tip flow-through was desalted by STAGE tips for non-phosphopeptide analysis.

PRM assays
A549 cells were starved for up to 60 min in HBSS. Lysates were digested by Lys-C for 4 hours and trypsin overnight. Peptides were

purified by STAGE tips. Phosphopeptides were enriched as outlined above in the section Protein Digestion and Sample Preparation

for MS. The tip flow-throughwas desalted by STAGE tips for protein analysis. STRNSer227 phosphorylation was relatively quantified

using a parallel-reaction monitoring (PRM) assay using standard settings.

LC-MS/MS analyses
LC-MS/MS measurements were performed on a QExactive (QE) Plus and HF-X mass spectrometer coupled to an EasyLC 1000 and

EasyLC 1200 nanoflow-HPLC, respectively (all Thermo Scientific). Peptides were fractionated on a fused silica HPLC-column tip (I.D.

75 mm, New Objective, self-packed with ReproSil-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): samples were loaded with 0% B with a max. pres-

sure of 800 Bar; for OBIKA, peptides were separated by 2%–25% B within 85 min with a flow rate of 250 nL/min, and for the rest of

experiments, peptides were separated by 5%–30% B within 85 min with a flow rate of 250 nL/min. For PRM assays, phosphopep-

tides were separated by 25%–33% B within 35 min, and non-phosphopeptides were separated by 10%–30% within 41 min with a

flow rate of 250 nL/min. Spray voltage was set to 2.3 kV and the ion-transfer tube temperature to 250�C; no sheath and auxiliary gas

were used. 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 (QE Plus)/50000 (HF-X) and a resolution of 17’500 for QE Plus 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 Homo sapiens (March,

2016),Musmusculus database (April, 2016) plus human ULK1 and common contaminants such as keratins and enzymes used for in-

gel digestion as reference. Carbamidomethylcysteine was set as fixed modification and protein amino-terminal acetylation, serine-,

threonine- and tyrosine- (heavy) phosphorylation, and oxidation of methionine were set as variable modifications. The MS/MS toler-

ance was set to 20 ppm and three missed cleavages were allowed using trypsin/P as enzyme specificity. Peptide, site, and protein

FDR based on a forward-reverse database were set to 0.01, minimum peptide length was set to 7, the minimum score for modified

peptides was 40, and minimum number of peptides for identification of proteins was set to one, which must be unique. The ‘‘match-

between-run’’ option was used with a time window of 0.7 min. MaxQuant results were analyzed using Perseus (Tyanova et al., 2016).

For PRM assays, the m/z of peptides were listed in an inclusion list. MS/MS scans were performed using a normalized collision
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energy of 25%, a maximum target value of 1000000 and a resolution of 35’000 for QE Plus and 30’000 for HF-X. MS raw files were

analyzed using Skyline (MacLean et al., 2010).

MS-based proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Perez-

Riverol et al., 2019). (a) PPPome activity enrichment: identifier PXD022383; (b) global phosphoproteomics: identifier PXD022303; (c)

OBIKA: identifier PXD022759.

QUANTIFICATION AND STATISTICAL ANALYSES

The in vivo phosphoprotome data were analyzed as described (Hu et al., 2019). Briefly, measurements of the log2 fold changes on

each site were combined into a random effect model, considering a priori the sites as a random effect and including the variability

among replicates by also considering the replicates as a random effect. Themodel assigns an average effect size and its correspond-

ing 95% confidence interval to each site. If the confidence interval includes values of zeros, then there is no statistically significant

log2 fold change, whereas if the confidence interval is above (below) zeros, there is statistical evidence for upregulation (downregu-

lation). Additionally, significant outliers (significance A) were determined by Perseus using the fitted values of the random effect

model. Briefly, shortlisted significant regulated phosphosites had to fulfill both selection criteria: (a) their average fold change had

to be significant as determined by the random effect model taking the variability among biological replicates, sites, and the number

of replicates for each site into account (p < 0.05); and (b) the average fold change had to be an outlier as determined by significance A

(p < 0.05).

OBIKA data were analyzed using Perseus. Missing values in control experiments were replaced by random values of a normal

distribution to mimic low abundancemeasurements. Both width and down shift were applied according to default settings. Replace-

ment of missing values was applied to each expression column separately. Replicates were grouped and significant changes deter-

mined (FDR % 0.05).

GO-term analyses were performed with Cytoscape 3.8.0 (Shannon et al., 2003), and ClueGO 2.5.7 (Bindea et al., 2009). Ontology

enrichment (background: genome) was calculated using those genes, whose proteins carried phosphosites that were statistically

significantly regulated, either positive or negative. GO-biological process (BP), and -molecular function (MF) were selected for cal-

culations. GO term fusion was used. Only pathways with a p value% 0.01 were determined as significant (Bonferroni corrected). GO

tree interval was set between 4 and 5. GO clusters contained at least 3 (HBSS/DMEM), 20 (ULK1/DKO) genes or 2% (HBSS/DMEM),

10% (ULK1/DKO) of all input genes. Enrichment/depletion (two-sided hypergenometric test) and Bonferroni p value correction were

selected for statistical analyses. Sequence logos and motif analyses were performed using the service of the PhosphoSitePlus�
website. The background for both calculations was based on the respective input sequences. Homolog sequences alignments

were performed with Clustal Omega, a web tool of EMBL-EBI, using default settings (Madeira et al., 2019). Protein homologs

were extracted from UniProt. Phosphatase binding proteins were connected to known interactors using the STRING database.
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Supplemental Figure S1 

 

Supplemental Figure S1: Global in vivo phosphoproteomic approaches to identify 

potential ULK1 target sites in ULK1 MEFs (A-D) and A549 cells (E-M). Related to Figure 

1 and 2. (A) Regulation of phosphosites of ULK1 MEFs kept for 1 h in HBSS compared to 

DMEM. Average intensities based on the summed extracted ion currents (XIC) of peptides 

carrying respective phosphosites are shown in relation to the fold change of regulation (log2 

SILAC ratio) of five biological replicates. Significantly regulates sites are marked in color 

(p<0.05, BH corrected). (B) Motif analysis of significantly positively regulated phosphosites of 

ULK1 MEFs kept for 1 h in HBSS compared to DMEM highlighted in panel (A). (C) GO network 

of proteins carrying significantly positively regulated sites highlighted in panel (A). (D) Overlap 

of significantly dysregulated sites between the two indicated MEF experiments (five biol. 

replicates each). (E) SILAC-based quantitative MS workflow. Human A549 lung 



 
 

adenocarcinoma cells were used to identify phosphosites potentially being regulated by ULK1 

by comparing cells kept in fed conditions (DMEM) to starved cells (HBSS, 1 h) or cells treated 

with rapamycin (200 nM, 1 h). (F) Number of identified and quantified phosphosites fulfilling 

the indicated criteria comparing (i) A549 cells treated with rapamycin to non-treated cells, and 

(ii) A549 cells kept for 1 h in HBSS compared to DMEM. (G-H) Regulation of phosphosites of 

A549 cells treated for 1 h with rapamycin compared to non-treated cells (G), or starved A549 

cells (HBSS) compared to non-starved cells (DMEM) (H). Shown are average intensities based 

on the summed extracted ion currents (XIC) of peptides carrying respective phosphosites in 

relation to the fold change of regulation (log2 SILAC ratio) of eight biological replicates. 

Significantly regulates sites are marked in color (p<0.05). (I-J) Motif analysis of significantly 

positively regulated phosphosites of A549 cells treated with rapamycin (I), or starved (J) 

compared to non-treated cells (DMEM). (K-L) GO network of proteins carrying significantly 

positively regulated sites after rapamycin treatment (K) or starvation (L). (M) Overlap of 

significantly dysregulated sites between the two indicated A549 experiments (eight biol. 

replicates each).     



 
 

Supplemental Figure S2 

 

 

 

Supplemental Figure S2: Similarity analysis comparing the published ULK1 motif with 

motifs generated in this study. Related to Figure 1, 3, and S2. (A) DiffLogo was used to 

plot pair-wise difference logos displaying distances between each motif (green background 

color = similar; red = dissimilar). Sequence logos of each motif and leaf-ordered cluster tree 

are also plotted. (B) Distances between logos as indicated by the cluster tree in panel A. Psite: 

published ULK1 motif on https://www.phosphosite.org/. As negative control (neg ctrl) a uniform 

distribution of the 20 proteinogenic amino acids over all positions was used. 

  



 
 

Supplemental Figure S3 

 

 

 

Supplemental Figure S3: SDS-PAGE analyses highlight native conditions of on bead in 

vitro kinase assays. Related to Figure 3. (A) Multimeric protein complexes are bound to 

NHS beads via primary amino groups in a mild lysis buffer containing 1% NP-40. After three 

washes no additional proteins are removed from the beads. The addition of the strong 

denaturing agent SDS to the lysis buffer leads to elution of additional proteins. (B) Lambda 

phosphatase treatment does not interfere with binding of native protein complexes to NHS 

beads. Addition of SDS to the lysis buffer does still lead to elution of non-covalently bound 

proteins.    



 
 

Supplemental Figure S4 

 

 

 

Supplemental Figure S4: Interaction analysis of newly identified ULK1 target proteins. 

Related to Figure 3. (A) STRING DB was used to analyze known protein-protein interactions 

of the newly identified 157 bon fide ULK1 targets (Table S4). An interaction network of 118 

proteins including ULK1 could be generated. Thickness of edges indicates confidence of 

interaction. Proteins are represented by nodes. (B) Examples of significantly enriched 

pathways and processes linked to proteins in the network highlight the function of ULK1 in 

vesicle generation and transport. GO: gene ontology; BP: biological process; MF: molecular 

function; CC: cellular component. 

  



 
 

Supplemental Figure S5 

 

 

Supplemental Figure S5: Altered phosphatase activity in autophagy conditions. Related 

to Figure 4. (A) Increased phosphatase activity in starved A549 cells. p-Nitrophenyl phosphate 

was employed to study phosphatase activity due to culture conditions. Starvation conditions 

(HBSS) led to a 1.3fold increase of phosphatase activity compared to fed cells (DMEM). 

Phosphatase units are depicted per g cellular proteins (n=3, T test, **: p<0.01). Error bars 

indicate 95% confidence intervals. (B) Increased phosphatase activity does not depend on 

functional autophagy. p-Nitrophenyl phosphate was employed to study phosphatase activity 

due to culture conditions in MCF7 WT and ATG7 KO cells. Starvation conditions (HBSS) led 

in all cases to a significant increase of phosphatase activity compared to fed cells (DMEM). 

Phosphatase units are depicted per g cellular proteins (n=3, T test, *: p<0.05). Error bars 

indicate 95% confidence intervals. (C-F) Activity-based enrichment of PP2A by 

microcystin-LR beads. Whole cell lysates were incubated with increasing concentrations of 

okadaic acid (OA) for 1 h at RT followed by phosphatase enrichment using microcystin-LR 

coupled beads (n=3). Whereas OA interferes with binding of PP2A subunits in a concentration-

dependent manner (C-D), the used concentrations do not interfere with PP1 subunit binding 

(E-F). Samples without OA were used to define 100% binding. Curve fitting was performed by 

nonlinear regression. Error bars indicate standard deviation.  



 
 

Supplemental Figure S6 

 

 

 

Supplemental Figure S6: Overexpression of STRN in human cancer cell lines leads to 

increased ULK1 activity as monitored by ATG14Ser29 phosphorylation. Related to Figure 

5. (A) HeLa cells were treated with rapamycin (Rapa) and concanamycin A (conA) as 

indicated. Ectopic expression of WT STRN (WT) leads to increased ULK1 activity as analyzed 

by its target site Ser29 on ATG14. In agreement LC3 lipidation is increased indicating an 

increased autophagy flux. Actin was used as loading control. Vector control cells (VC) were 

used as negative control. Shown are two biological replicates. (B) Caco-2 cells were treated 

with rapamycin (Rapa) as indicated. Ectopic expression of WT STRN leads to increased ULK1 

activity as analyzed by its target site Ser29 on ATG14. VC cells were used as negative control. 

Actin was used as loading control. Shown are three biological replicates. (C) shRNA-based 

knock down of endogenous STRN in HeLa cells leads to decreased ATG14 Ser29 

phosphorylation, indicating reduced ULK1 activity. (D) Ectopic expression of WT STRN does 

not alter mTORC1 activity in Caco-2 cells as analyzed by RPS6KB1 phosphorylation. VC cells 

were used as negative control. Actin was used as loading control. Bar diagram shows 

quantification of three biological replica. n.s.: not significant; *** = p<0.001. Error bars indicate 

standard deviation. 
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