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SUMMARY
Cellular homeostasis relies on both the chaperoning of proteins and the intracellular degradation system that
delivers cytoplasmic constituents to the lysosome, a process known as autophagy. The crosstalk between
these processes and their underlying regulatory mechanisms is poorly understood. Here, we show that
themolecular chaperone heat shock protein 90 (Hsp90) forms a complex with the autophagy-initiating kinase
Atg1 (yeast)/Ulk1 (mammalian), which suppresses its kinase activity. Conversely, environmental cues lead to
Atg1/Ulk1-mediated phosphorylation of a conserved serine in the amino domain of Hsp90, inhibiting its
ATPase activity and altering the chaperone dynamics. These events impact a conformotypic peptide adja-
cent to the activation and catalytic loop of Atg1/Ulk1. Finally, Atg1/Ulk1-mediated phosphorylation of
Hsp90 leads to dissociation of the Hsp90:Atg1/Ulk1 complex and activation of Atg1/Ulk1, which is essential
for initiation of autophagy. Our work indicates a reciprocal regulatory mechanism between the chaperone
Hsp90 and the autophagy kinase Atg1/Ulk1 and consequent maintenance of cellular proteostasis.
INTRODUCTION

The molecular chaperone heat shock protein 90 (Hsp90) is

involved in maintaining the stability and activity of a large and

diverse group of proteins commonly referred to as client pro-

teins.1 The vast majority of Hsp90 clients (https://www.picard.

ch/downloads/Hsp90interactors.pdf) are protein kinases, and

many are also involved in phosphorylation and regulation of

the Hsp90 chaperone function.2,3 Additionally, some of these

Hsp90 phosphorylation events feedback to control the specific

signaling and cellular process associated with that particular ki-

nase.3–6

Hsp90 chaperone function is coupled to its ATPase activity,

which is regulated by co-chaperones as well as post-transla-

tional modifications (PTMs), which, collectively, is known as

the ‘‘chaperone code.’’3,7–9 Hsp90 exists as a homodimer, and

each protomer is comprised of three structural domains.10,11

The amino-terminal domain contains the nucleotide-binding

pocket,12,13 which is also a binding site for Hsp90 inhibitors.14,15

The middle domain serves as the binding site for the majority of
This is an open access article under the CC BY-N
client proteins and many co-chaperones.1,8 The amino and mid-

dle domains are connected by a flexible and highly charged

linker region.16,17 The carboxyl domain is constitutively dimer-

ized18–21 and contains the extremeC-terminal MEEVD sequence

that serves as an interaction site for tetratricopeptide repeat

(TPR)-domain-containing co-chaperones.22–25 Upon ATP bind-

ing to the nucleotide binding pocket, Hsp90 undergoes confor-

mational changes, eventual transient dimerization of the

amino-terminal domain, and subsequent ATP hydrolysis.26–29

This provides a platform for binding and release and chaper-

oning of the client proteins.

Autophagy is a lysosomal-dependent cellular pathway that

mediates the degradation of organelles, protein aggregates,

and specific proteins and is essential for cell survival, develop-

ment, and homeostasis.30,31 There are three main pathways

where different cargos are delivered to lysosomes. They include

macroautophagy, microautophagy, and chaperone-mediated

autophagy.31–33 In the latter process, the cargo is selectively

recognized by a chaperone protein and then internalized into a

lysosome for its degradation.34
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Figure 1. Ulk1-mediated phosphorylation

of a conserved serine in amino domain of

Hsp90

(A) Schematic representation of yHsp90 domain

architecture. A PreScission Protease cleavage

motif was inserted between the N-terminal domain

and the charged linker. Amino acid residues within

the yHsp90 N-terminal domain fitting the con-

sensus phosphorylated (phos)-(Ser/Thr) Phe motif

are colored red, with the surrounding motif high-

lighted yellow.

(B) WT-yHsp90-His6 or indicated yHsp90 mutants

were expressed as the sole copy of Hsp90 in

yeast. yHsp90-His6 was isolated by Ni-NTA pull-

down. The N-domain was further isolated by

cleavage with PreScission Protease, and phos-

phorylation of N-yHsp90-His6 was determined by

immunoblotting with an anti-Phos-(Ser/Thr) Phe

antibody.

(C) yHsp90-His6-WT or S25A was expressed in

yeast with ATG1 expressed (WT) or ATG1

knocked out (Datg1). yHsp90-His6 was isolated by

Ni-NTA pull-down, and phosphorylation was

evaluated by immunoblotting with antibodies

against phos-Thr, phos-Ser, or phos-(Ser/Thr)

Phe.

(D) DLD-1 cells stably expressing WT ULK1 or ki-

nase-dead ULK1 (K46I) were transiently trans-

fected with hHsp90a-FLAG-WT or S39A. hHsp90-

FLAG was isolated by immunoprecipitation (IP),

and levels of phos-(Ser/Thr) Phe and phos-Ser

were determined by western blot.

(E) Recombinant hHsp90alpha-WT or S39A was

incubated with Ulk1 and with or without ATP.

hHsp90alpha was isolated by Ni-NTS pulldown,

and levels of phos-(Ser/Thr) Phe were determined

by immunoblot.

Article
ll

OPEN ACCESS
In this study, we dissected the relationship between macroau-

tophagy (hereafter autophagy) and the molecular chaperone

Hsp90. Hsp90 is subject to an array of PTMs that regulate its

chaperone function.3,35 The Atg1 (yeast)/Ulk1 (mammalian) ki-

nase is one of the most upstream components of the autophagy

machinery and is also an Hsp90 client protein.34,36 Here, we

showed that Hsp90 binds to and forms a complex with Atg1/

Ulk1, which suppresses its kinase activity. Activation of Atg1/

Ulk1, however, causes it to phosphorylate Hsp90, inhibiting

Hsp90 ATPase activity and altering the chaperone dynamics.

These events lead to dissociation of the Hsp90:Atg1/Ulk1 com-

plex and activation of Atg1/Ulk1, which is essential for the initia-

tion of autophagy.

RESULTS

Autophagy-initiating kinase Atg1/Ulk1 phosphorylates a
conserved serine in the amino domain of Hsp90
Phosphorylation motifs, or consensus amino acid sequences,

can aid in the understanding of kinase-substrate interactions to

provide deeper comprehension of the regulation that governs

cellular pathways. The commercially available phosphorylated
2 Cell Reports 42, 112807, July 25, 2023
(phospho)-(Ser/Thr) Phe antibody (Cell Signaling Technology)

detects phosphoserine or threonine in the context of tyrosine,

tryptophan, or phenylalanine at the �1 position or phenylalanine

at the +1 position (Figure 1A). We identified five potential phos-

phorylation sites that fit the consensus motif Y/W/F-phospho-

(p)S/T or pS/T-F: two threonine residues (T5, T157) and three

serine residues (S25, S126, S155) in the amino domain of yeast

Hsp82 (yHsp90) (Figure 1A). We took advantage of our previ-

ously published yHsp90-PreScission construct in which a

PreScission Protease cleavage site was introduced between

the amino domain and the adjacent charged linker region37,38

(Figure 1A). This allowed us to separate the amino domain

from the full-length yHsp90 protein. These yHsp90 proteins

were His6 epitope tagged at the amino terminus and expressed

as the sole copy of Hsp90 in yeast. We expressed and isolated

these yHsp90 phosphomutants by Ni-NTA agarose pull-down

followed by treatment with PreScission Protease to isolate the

yHsp90 amino domain. Immunoblotting of the isolated amino

domains with antibodies to both hexahistidine and p-(Ser/Thr)

Phe antibodies showed that S25 is subject to phosphorylation

(Figure 1B). We further showed that the p-(Ser/Thr) Phe antibody

is unable to detect the full-length non-phospho S25A-yHsp90
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mutant, suggesting this is the only site within the full-length

protein that fits this motif (Figure S1A). These data allowed us

to screen the yeast non-essential kinase deletion strain collec-

tion and identify Atg1 as the kinase targeting yHsp90-S25

(Figures S1B and S1C; Table S1). Using pan-phospho-serine

and p-(Ser/Thr) Phe antibodies with the full-length wild-type

yHsp90 (WT-yHsp90) and the S25A mutant, we provided defin-

itive data that Atg1 only phosphorylates yHsp90-S25 (Figure 1C).

Serine 25 is highly conserved in eukaryotic Hsp90 proteins, and

S39 is the equivalent residue in human Hsp90a (hHsp90a). To

assess whether hHsp90a-S39 is also subject to phosphorylation

by Atg1/Ulk1, we utilized DLD-1 (colorectal adenocarcinoma)

cell lines that either express two copies of ULK1-WT (WT/WT)

or haveULK1 knocked out and a kinase-deadULK1-K46Imutant

reintroduced on a single allele (KO/K46I). Using anti-p-(Ser/Thr)

Phe antibody, we showed hHsp90a-WT phosphorylation in

ULK1-WT/WT DLD-1 cells. Notably, we did not detect phos-

phorylation of non-phosphomutant hHsp90a-S39A (Figure 1D).

We were also unable to observe hHsp90a phosphorylation

with the same antibody in the DLD-1 cells expressing only ki-

nase-dead ULK1-K46I (Figure 1D). Next, we used bacterially ex-

pressed and purified hHsp90a-His6 and S39A together with re-

combinant Ulk1 (Abcam) in an in vitro kinase assay. Our data

provided further evidence toward Ulk1-mediated phosphoryla-

tion of hHsp90a-S39 since we were unable to detect the phos-

phorylation of hHsp90a-S39A with p-(Ser/Thr) Phe antibody

(Figure 1E).

Contrary to previously published work,39 we were unable to

confirm Ulk1-mediated phosphorylation of the co-chaperone

Cdc37 (Figures S1D and S1E). We were only able to confirm

the phosphorylation of S13 and S125 in Cdc37, but these were

not catalyzed by Ulk1 (Figure S1D). Taken together, our data

showed Atg1/Ulk1 phosphorylates a conserved serine site

(yS25/hS39) in the amino domain of Hsp90.

Atg1/Ulk1 phosphorylation of Hsp90 reduces its ATPase
activity and impacts co-chaperone binding
In order to determine the effect of S25 phosphorylation onHsp90

function, we first examined the ATPase activity of the yeast

Hsp90 phosphomutants. The non-phosphorylatable S25A and

phosphomimetic S25E as well as WT yHsp90 were expressed

and purified from bacteria, and their ATPase activity was

measured using a coupled enzyme assay.40 We found that the

S25A mutation led to a decrease in yHsp90 ATPase activity

(�60%) compared with the WT yHsp90 (Figure 2A). The phos-

phomimetic S25E mutation led to a further decrease in ATPase

activity to �25% of WT (Figure 2A). We next examined the bind-

ing affinity of the ATP analog AMPPNP with S25A and S25E

compared with WT yHsp90 using isothermal titration calorimetry

(ITC) (Figure 2B). We found a slight decrease in the affinity of

binding of AMPPNP to S25A and S25E. Notably, when we

expressed hHsp90a-FLAG-WT, S39A, and S39E in mammalian

cells, we did not observe changes in binding to ATP or a

biotinylated Hsp90 inhibitor (biotin-ganetespib [Biotin-GB])

(Figures S2A–S2C).

The co-chaperone Aha1 is the potent activator of Hsp90

ATPase activity.41–44 We therefore measured the binding affinity

of the recombinant yeast Aha1 (yAha1) with the phosphomu-
tants. Both S25 phosphomutants bound Aha1with similar affinity

to WT yHsp90 (Figure 2B). We next pulled down yHsp90 and the

S25A and S25Emutants from yeast using Ni-NTA and confirmed

the similar affinity of yAha1 to S25A and S25E (Figures 2C and

2D). Interestingly, the binding of Sti1 was diminished by S25E

mutation (Figures 2C and 2D). Conversely, interaction with

Cdc37 and Sba1 were both increased in the S25E mutant

(Figures 2C and 2D). We next expressed hHsp90a-FLAG and

the S39A and S39E mutants in HEK293 cells and found a similar

binding pattern to the co-chaperones Aha1, HOP, Cdc37, and

p23 (Figures 2D and 2E). Taken together, our data suggest that

phosphomutants of S25 negatively impact yHsp90 ATP binding

and ATPase activity. Additionally, the binding of these yHsp90

and hHsp90a phosphomutants to the Hsp90 ‘‘late complex’’

co-chaperones, p23 and Cdc37, was increased. Collectively,

our data suggest that Hsp90 phosphomutants impact the chap-

erone function.

Hsp90 phosphorylation and activation of autophagy
differentially regulate client proteins
In order to further characterize the chaperone function of the

S25 phosphomutants, we examined the stability and activity

of a well-established kinase client, v-Src. We were able to ex-

press v-Src under the GAL1 promoter in yeast expressing

either WT yHsp90 or the S25A or S25E mutants. Although the

stability and activity (evident by pan-phosphotyrosine antibody)

of v-Src in S25A-expressing yeast was greater than WT, v-Src

was completely unstable in yeast expressing the S25E mutant

(Figure 3A). We obtained similar data for the stability of a native

yeast Hsp90 client, active Ste11 kinase (Ste11DN), the ortholog

of mammalian Raf-1 (Figure 3B).45,46 The MAPK kinase Mpk1/

Slt2 (an Erk5 ortholog) is an Hsp90 client and is involved in

maintaining the cell wall integrity pathway.47 We activated

Slt2 by treating the yeast cells with 10 mM caffeine and

measured the activity of Slt2 using the RLM1-lacZ reporter.

Similar to the other kinase clients v-Src and Ste11, Slt2 activity

was significantly increased in the S25A cells even in the

absence of stress but can be further increased with caffeine

stress (Figures 3C and S3A).

In order to obtain insight into the impact of the S25 phospho-

mutants on chaperoning of non-kinase clients, we first examined

Hsf1 activity using an HSE-lacZ promoter assay. Our data

showed that phosphomimetic S25E caused an increase in heat

shock response even in the absence of heat stress (Figures 3D

and S3B). We obtained similar data with the activity of the

steroid hormone receptors (SHRs) glucocorticoid receptor

(GR), androgen receptor (AR), and estrogen receptor a (ERa)

following hormone stimulation (Figures 3E–3G and S3C–

S3E).48–50 Collectively, these data suggest that phosphomimetic

S25E has a negative impact on the stability and activity of the ki-

nase clients v-Src, Ste11, and Slt2. Conversely, this phosphomi-

metic mutant has the opposite effect and positively impacted the

activity of Hsf1 and the SHR non-kinase clients.

Phosphorylation of Hsp90-S25 is essential for Atg1/Ulk1
activity
We next examined the impact of Hsp90 phosphorylation toward

binding and kinase activity of Atg1/Ulk1. Using a proximity ligation
Cell Reports 42, 112807, July 25, 2023 3
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Figure 2. Phosphorylation of S25/S39 affects Hsp90 ATPase activity and co-chaperone binding

(A) yHsp90-WT, S25A, and S25Ewere bacterially expressed and purified and used in an ATPase assay. ATP hydrolysis rates are presented as a parentage of the rate of

WT-yHsp90. Data represent the mean and standard deviation of 3 independent replicates. A Student’s t test was used to determine significance (****p < 0.0001).

(B) ITC was used to determine the affinity of WT-yHsp90, S25A, and S25E for ligand (AMPPNP) and the co-chaperone Aha1. N, stoichiometry of the interaction;

knockdown (KD) (mM), dissociation constant; DH (cal/mol), enthalpy; DS (cal/mol/�), entropy.
(C) Lysate was collected from yeast expressingWT-yHsp90-His6, S25A, or S25E as the sole copy of Hsp90. Ni-NTA pull-down was performed to isolate yHsp90-

His6. Co-pull-down of co-chaperones was evaluated bywestern blot. PP30-Ycplac195-Hsc82was used as a control (C). a-Tubulin was used as a loading control.

Densitometry was performed using ImageStudioLite v.5.2.5 to quantify western blot band signal intensity. Heatmap colors represent the mean signal intensity

values of co-chaperone coIP normalized to WT. Tukey’s multiple comparisons test was used to determine statistical significance for three independent mea-

surements. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

(D) HEK293 cells were transiently transfected with hHsp90a-FLAG-WT, S39A, S39E, or empty vector (EV) as a control. hHsp90a-FLAG was isolated by IP, and

coIP of co-chaperones was determined by western blot. GAPDH was used as a loading control. Densitometry was performed using ImageStudioLite v.5.2.5 to

quantify western blot band signal intensity. Heatmap colors represent the mean signal intensity values of co-chaperone coIP normalized to WT. Tukey’s multiple

comparisons test was used to determine statistical significance for three independent measurements. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

4 Cell Reports 42, 112807, July 25, 2023
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Figure 3. yHsp90-S25 phosphomutants impact chaperoning of client proteins

(A)GAL1-v-SRC was transformed into yeast cells expressing yHsp90-His6-WT, S25A, or S25E. Yeast was grown on glucose (�) or galactose (+) to induce v-Src

expression. v-Src stability was determined by western blot for total v-Src protein. v-Src activity was determined by western blotting with an anti-pan-phos-

photyrosine antibody.

(B) Yeast with yHsp90-His6-WT, S25A, or S25E was also transformed with GAL1-Ste11(DN)-myc. Cells were grown on glucose (�) or galactose (+) media, and

Ste11(DN)-myc protein stability was examined by immunoblotting.

(C) RLM1-LacZ reporter plasmid was transformed into yeast expressing yHsp90-His6-WT, S25A, or S25E. Cells were grown to mid-log phase and stressed with

8 mM caffeine for 4 h. Rlm1 activity was measured using a b-galactosidase assay. Data are presented as mean ± standard deviation derived from three inde-

pendent replicates. Tukey’s multiple comparisons test was used to determine statistical significance. **p < 0.01, ***p < 0.001, and ****p < 0.0001.

(D) Yeast with yHsp90-His6-WT, S25A, or S25E was also transformed with HSE-LacZ reporter plasmid. Hsf1 activity was measured by b-galactosidase assay

after cells were heat shocked at 39�C for 40 min. Data are presented as mean ± standard deviation derived from three independent replicates. Tukey’s multiple

comparisons test was used to determine statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

(legend continued on next page)
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assay (PLA), we observed the interaction of hHsp90a-FLAG and

its S39 phosphomutants with Ulk1 in HEK293 cells (Figures 4A

and S4A). As expected, WT-hHsp90a-FLAG was predominantly

located in the cytoplasm, with faint staining observed in the

nucleus. Importantly, neither the localization pattern of total

hHsp90a-FLAGnorUlk:hHsp90a-FLAGcomplexeswereaffected

by the S39A or S39Emutation (Figures 4A andS4A).We next tran-

siently expressed and immunoprecipitated hHsp90a-FLAG and

the S39A and S39E mutants from HEK293 cells. Co-immunopre-

cipitation of Ulk1 was examined by immunoblotting, and our

data showed a strong association between the non-phosphomu-

tant hHsp90a-S39A compared with the WT hHsp90a and phos-

phomimetic S39E with Ulk1 (Figure 4B). This binding pattern

was consistent when Ulk1-myc was co-expressed in mammalian

cells (Figure S4B). Similar datawere also obtainedwith yeast Atg1

(Figure 4C). We also showed this effect by briefly (20 min) treating

the cells with rapamycin, thereby activating Ulk1 (Figure 4C).

These data suggest that phosphomutants are able to mimic the

non-phospho and the phospho form of hHsp90a. Previous works

have shown thatAtg1autophosphorylation is coupled to its kinase

activity.51,52Weshowed thatwhileAtg1 isboundtightly to thenon-

phospho-mutant yHsp90-S25A-His6, it does not have any kinase

activity, as evidenced by its lack of autophosphorylation signal

(Atg1 total phosphoserine and phosphothreonine status) (Fig-

ure 4C). Conversely, we did not observe binding of Atg1 to the

phosphomimetic yHsp90-S25E-His6, yet it had a very strong

phosphoserine and phosphothreonine signal, indicating its kinase

hyperactivity (Figure 4C). Furthermore, uponAtg1activationby ra-

pamycin treatment, it dissociated from WT yHsp90 and showed

an increase in autophosphorylation (Figure 4C).

To gain amechanistic understanding of the impact of Hsp90 to-

ward Atg1/Ulk1 kinase activity, we conducted limited proteolysis-

coupled mass spectrometry (LiP-MS) with recombinant hHsp90a

and Ulk1 in the presence or absence of ATP. LiP-MS is a powerful

approach by which altered proteolytic cleavage can be used to

determinestructural changes inaproteinof interest inducedbyas-

sociation with other proteins. Peptides with altered cleavage pat-

terns under different conditions are termed ‘‘conformotypic pep-

tides’’ and indicate a conformational change of the protein in this

region53 (Table S2). We have previously shown that regions of

Hsp90 client proteins predicted to undergo local unfolding are

also key regions for client protein interaction with Hsp90 and the

chaperone machinery.54 When comparing trypsin-digested Ulk1

protein in the presence or absence of hHsp90a, we identified pep-

tides that structurally align with regions of local unfolding in other

kinase clients that we have reported previously (Figures S5A–

S5C).54 Furthermore, when assessing the impact of ATP on the

Ulk1:Hsp90 complex, we identified a single conformotypic Ulk1
(E) Yeast expressing yHsp90-His6-WT, S25A, or S25Ewas transformedwithGR an

the addition of 30 mM dexamethasone for 2.5 h. GR activity was measured by b-g

from three independent replicates. Tukey’s multiple comparisons test was used

(F) Yeast expressing yHsp90-His6-WT, S25A, or S25Ewas transformedwith AR an

the addition of 20 nM dihydrotestosterone (DHT) for 2.5 h. AR activity wasmeasure

derived from three independent replicates. Tukey’s multiple comparisons test w

(G) Yeast expressing yHsp90-His6-WT, S25A, or S25Ewas transformedwith ERa a

the addition of 200 nM b-estradiol for 2.5 h. ERa activity was measured by b-galac

three independent replicates. Tukey’s multiple comparisons test was used to de
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peptide corresponding to residues 118-FLQQIAGAMRLL-129

(Figure 4D). Notably, the proteolytic sensitivity of this peptide

was unchanged when comparing Ulk1 alone with Ulk1+ATP in

the absence ofHsp90, confirming that the change is not due solely

to ATP binding to Ulk1 (Table S2). This conformotypic peptide is

adjacent to the activation and catalytic loop of Atg1/Ulk1 (Fig-

ure 4D) and can potentially impact the kinase activity as a result

of binding and phosphorylation of Hsp90 (Figure 4D). To test

whether the identified conformotypic peptide is essential for

Ulk1/Atg1 activation, we introduced mutations within the confor-

motypic peptide region of Atg1. First, we mutated the two

conserved Ala residues (A157, A159) to Phe (M1). Additionally,

we mutated the two conserved Gln residues (Q154, Q155) to Ala

(M2). To test whether mutation of the conformotypic peptide had

an impact on Atg1 activation, we immunoprecipitated (IP) Atg1-

FLAG-WT and mutants from yeast cells that were treated with ra-

pamycin or left untreated (Figure 4E). Consistent with our previous

data, Atg1-WT had basal phosphorylation of Ser and Thr. Treat-

ment with rapamycin increased p-Ser and p-Thr Atg1, which

was coupled to dissociation from yHsp90. Notably, neither Atg1-

M1 or -M2 showed an increase in phosphorylation following rapa-

mycin treatment, suggesting that the conformotypic peptide is

essential for the activity of Atg1.

Atg1/Ulk1-mediated phosphorylation of Hsp90 is
essential for autophagy induction
To examine the impact of Atg1/Ulk1-mediated phosphorylation of

Hsp90 on macroautophagy (referred to as autophagy), we

measured the processing of a GFP-Atg8 fusion protein.55 Atg8 is

usually delivered into the lumen of vacuole56–58 and degraded by

vacuolar hydrolases. This leads to release ofmore stableGFPpro-

tein.30,59 The level of free GFP is used as a measure of the auto-

phagy activity present.59 No processing of the GFP-Atg8 fusion

was detectable in non-p-S25A cells (Figure 5A). In contrast,

GFP-Atg8 processing was detectable in the phosphomimetic

S25E mutant even in the absence of rapamycin treatment (Fig-

ure 5A). Deregulation of autophagy in these S25 phosphomutants

was further corroborated by examination of the subcellular locali-

zation of theGFP fluorescence in these cells. InWTcells, theGFP-

Atg8 is delivered to the vacuole, and the free GFP accumulates

within the lumenofvacuole (Figure5B). Incontrast, noGFPfluores-

cence is detected in the vacuoles of the non-p-S25Amutant (Fig-

ure 5B). Conversely, in the phosphomimetic S25E mutant, Atg8 is

incorporated into the autophagosome and transported to the

vacuolar compartment even in the absence of rapamycin. This re-

sulted in thepresenceofGFPfluorescence in thevacuolesof these

cells (Figure 5B). We next askedwhether the deregulation of auto-

phagy inS25phosphomutants is dependent or independent of the
dGRE-LacZ reporter plasmids. Cells were grown tomid-log phase followed by

alactosidase assay. Data are presented as mean ± standard deviation derived

to determine statistical significance. ****p < 0.0001.

dGRE-LacZ reporter plasmids. Cells were grown tomid-log phase followed by

d by b-galactosidase assay. Data are presented asmean ± standard deviation

as used to determine statistical significance. ****p < 0.0001.

nd ERE-LacZ reporter plasmid. Cells were grown tomid-log phase followed by

tosidase assay. Data are presented asmean ± standard deviation derived from

termine statistical significance. ****p < 0.0001.
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Figure 4. Phosphorylation of S25-Hsp90 is essential for Atg1/Ulk1 activity

(A) HEK293 cells were transfected with hHsp90a-FLAG-WT, S39A, S39E, or EV as a control. Immunofluorescence staining was used to detect total

hHsp90a-FLAG protein (green). Duolink proximity ligation assay was used to detect hHsp90a-FLAG:Ulk1 complexes (red). DAPI was used for nuclear staining.

Scale bar is 10 mm.

(B) hHsp90a-FLAG-WT, S39A, or S39E was transiently expressed and isolated from HEK293 cells. coIP of endogenous Ulk1 was evaluated by immunoblot. EV

was used as a control. GAPDH was used as a loading control.

(C) Yeast expressing yHsp90-His6-WT, S25A, or S25E in theDatg1 strain was transformedwith Atg1-FLAG. Cells were grown to mid-log phase and left untreated

(�) or treated with 200 ng/mL rapamycin (+) for 20 min. Atg1-FLAG was isolated by IP, and Atg1 phosphorylation was evaluated by immunoblot for phos-Ser and

phos-Thr. coIP of yHsp90-His was determined by immunoblot. a-Tubulin was used as a loading control.

(legend continued on next page)
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Atg1 kinase. Deletion ofATG1 in the PP30 strain expressing either

WT yHsp90 or its phosphomutant S25A or S25E completely

impaired the autophagy activity as assessed by GFP-Atg8 immu-

noblottingand itsaccumulation to thevacuole (Figures5Cand5D).

In order to investigate the formation of pre-autophagosomal struc-

tures (PASs) in yeast, we introduced GFP-Atg17 to our yeast

strains expressing yHsp90-WT, S25A, or S25E. We used the

DAtg1 strain expressing yHsp90-WT as a control. Localization of

GFP-Atg17 to thevacuole (markedbyFM4-64) indicates formation

of a PAS complex.60,61WeobservedGFP-Atg17punctawithin the

vacuole of yeast expressing yHsp90-WT only upon treatment with

rapamycin, confirming the presence of PASs upon induction of

autophagy. Consistent with our previous findings, GFP-Atg17

localization to the vacuole was not seen in yeast expressing

yHsp90-S25A under any conditions, whereas yeast expressing

yHsp90-S25E showed the formation of PASevenwithout rapamy-

cin (Figure 5E). We next used the Pho8D60 assay to measure au-

tophagic flux in yeast expressing the phosphomutants. Deletion

of the first 60 amino acids of Pho8 (Pho8D60) prevents its translo-

cation into theendoplasmic reticulum; therefore, inactivePho8D60

remains in the cytosol. Upon induction of autophagy, Pho8D60 is

transported and activated in the vacuole as a part of autophago-

somes. Therefore, Pho8D60 alkaline phosphatase (ALP) activity

can be used as a readout for autophagy function.62 Our data

showed an increase in Pho8D60-derived ALP activity in WT yeast

cells after autophagy was induced by 200 ng/mL rapamycin treat-

ment for 4h (Figure5F). Incontrast, thenon-p-S25Amutantdidnot

show an increase in ALP activity, whereas the phosphomimetic

S25E had high ALP activity in the absence of rapamycin treatment

(Figure 5F). To determinewhether this phenomenon also occurs in

mammalian cells, we examined LC3B conversion in HEK293 cells

expressing hHsp90a-WT, S39A, or S39E. During autophagy,

LC3B-I is converted into the lower-molecular-weight LC3B-II,

which is correlated with the number of autophagosomes.63,64

Consistent with our data from yeast, overexpression of

hHsp90a-S39E, but notWTorS39A, resulted in increasedconver-

sion of LC3B-I to LC3B-II, indicating induction of autophagy (Fig-

ure 5G). In linewith these findings, treatmentwith the lysosomal in-

hibitor Bafilomycin A (Baf A) led to increased LC3B conversion in

cells expressing the control plasmid (empty vector [EV]),

hHsp90a-WT, or S39A, whereas cells expressing hHsp90a-S39E

had increased LC3B conversion even in the absence of Baf A (Fig-

ure 5H). Collectively, our results suggest the integral role of Atg1/

Ulk1-mediated phosphorylation of Hsp90 in the autophagic

pathway.

DISCUSSION

The molecular chaperone Hsp90 is subject to an array of PTMs,

mostly by its client proteins, that regulate its chaperone function.
(D) LiP-MS was performed on Ulk1:hHsp90a and Ulk1:hHsp90a+ATP to identif

domain (AlphaFold-O75385) with the conformotypic peptide (F118-L129) is highlig

important regions of Ulk1 was visualized using Chimera Chimera v.1.14 (UCSF).

PTM (phos-T180, acK162): green.

(E) Yeast expressing yHsp90-His6-WT in the Datg1 strain was transformed with A

phase and left untreated (�) or treated with 200 ng/mL rapamycin (+) for 20 min

immunoblot for phos-Ser and phos-Thr. coIP of yHsp90-His was determined by
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Thisphenomenon is referred toas thechaperonecode.3Here,we

have shown that the autophagy-activating kinase Atg1/Ulk phos-

phorylates a conserved serine site (yHsp90-S25/hHsp90a-S39)

within the amino domain of Hsp90. Data from our orthogonal ap-

proaches have revealed the significance of this phosphorylation

in regulation of Hsp90 function and chaperoning of its clients,

including Atg1/Ulk1.

Atg1/Ulk1 is an Hsp90 client, and inhibition of Hsp90 causes

degradation of Atg1/Ulk1.36 Our findings here suggest that this

is due to Hsp90 binding to and insulation of Atg1/Ulk1 at steady

state (Figure 6). Further, our data suggest that upon activation

by environmental cues, Atg1/Ulk phosphorylates Hsp90 and in-

hibits its ATPase activity, which leads to dissociation of the Atg1/

Ulk1:Hsp90complex.Using standardizedmethodsas recommen-

ded by the autophagy scientific community,31 we evaluated the

ability of Hsp90 phosphomutants to promote the initiation

of autophagy. Our results indicated that Atg1/Ulk1 phosphoryla-

tion of Hsp90 triggers the release and autophosphorylation of

Atg1/Ulk1 and the subsequent activation of autophagy (Figure 6).

Togain insight into thisprocessat the structural level,weassessed

the impactofATPontheUlk1:Hsp90complexbyLiP-MSand iden-

tified a conformotypicpeptide that is adjacent to the activationand

catalytic loops of Atg1/Ulk1 (Figure 4). This finding supports our

model, as this conformational change likely impacts the kinase ac-

tivityasa result of phosphorylationofanddissociation fromHsp90.

Previous work has reported the mutation of S25 to proline had

little effect on Hsp90 ATPase activity, and it could not be stimu-

lated by the co-chaperone Aha1.44 Although this mutant had an

elevated heat shock response, it had a slight negative impact

on activity of the kinase client v-Src. Our findings here have

shown that mutation of S25 to non-phosphorylatable S25A or

phosphomimetic S25E also has an opposite effect on the activity

of kinase versus non-kinase clients. While non-phospho-mutant

S25A led to hyperactivity of typical kinase clients (v-Src, Slt2,

and Ste11), non-kinase client activity (Hsf1, GR, ERa, AR) was

negatively impacted. Conversely, non-kinase clients had signifi-

cantly higher activity in the presence of phosphomimetic

yHsp90-S25E, whereas kinase clients were inhibited, potentially

due to a slowchaperone cycle of thismutant, as different ATP hy-

drolysis rates may favor certain classes of clients.65–68

Although it is tempting to use global analysis to identify phos-

phorylation sites on proteins of interest, this does not appear to

be an efficient strategy for understanding Hsp90 functional regu-

lation. Our study highlights the complexity of Hsp90 PTMs and

the importance of detailed investigation of each PTMand its con-

sequences toward Hsp90 chaperone function and regulation of

different cellular processes. Here, we have shown how phos-

phorylation of a single residue on Hsp90 controls a cellular pro-

cess. As Hsp90 functions in many cellular processes, namely

signaling pathways, our work emphasizes the importance of
y regions of altered protease sensitivity. Ribbon structure of the Ulk1 kinase

hted magenta (left). The proximity of the conformotypic peptide to functionally

Conformotypic peptide: magenta; activation loop: yellow; catalytic loop: red;

tg1-FLAG-WT or conformotypic peptide mutants. Cells were grown to mid-log

. Atg1-FLAG was isolated by IP, and Atg1 phosphorylation was evaluated by

immunoblot. a-Tubulin was used as a loading control.
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Figure 5. Atg1/Ulk1-mediated phosphorylation of Hsp90 is essential for autophagy induction

(A) Yeast expressing yHsp90-His6-WT, S25A, or S25E was transformed with GFP-Atg8. Cells were grown to mid-log phase and treated with rapamycin (200 ng/

mL) for the indicated times. Induction of autophagy was evaluated by immunoblotting for GFP to detect cleavage of Atg8. a-Tubulin was used as loading control.

(B) Yeast expressing yHsp90-His6-WT, S25A, or S25E and GFP-Atg8 was grown to mid-log phase and treated with rapamycin (200 ng/mL) for 2 h. Cells were

stained with 8 mM vacuole marker FM4-64 (red) for 30 min prior to imaging. Induction of autophagy was evaluated by visualizing localization of GFP-Atg8 to the

vacuole. Scale bar is 5 mm.

(C) ATG1 was knocked out of yeast expressing yHsp90-His6-WT, S25A, or S25E and GFP-Atg8. Cells were grown to mid-log phase and treated with rapamycin

(200 ng/mL) for the indicated times. Induction of autophagy was evaluated by immunoblotting for GFP to detect cleavage of Atg8. a-Tubulin was used as loading

control.

(legend continued on next page)
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detailed studies of PTMs to dissect their physiological impact at

the cellular level individually.

Hsp90 is subject to additional regulatory mechanisms by co-

chaperones, many of which are themselves regulated by PTM,7

which poses an additional challenge toward understanding the

impact of PTMs on regulating the global chaperone function.

Further exploration of post-translational regulation of Hsp90 and

its co-chaperones may unravel additional cellular processes

that depend on Hsp90. Many of the well-known Hsp90-depen-

dent pathways are those that are dysregulated in cancer, and as

such, Hsp90 inhibitors have gone through extensive testing and

development in both the pre-clinical and clinical settings.14,69,70

Additionally, pimitespib (Jeselhy, TAS-116), an Hsp90 inhibitor,

has recently been shown to meet its primary endpoint in a ran-

domized phase III clinical trial, and it has been approved for treat-

ment of advanced gastrointestinal stromal tumor (GIST) in

Japan.71 This is an important milestone in the development of

Hsp90 inhibitors. Therefore, a complete understanding of the

direct role of Hsp90 in various cellular processes and how

Hsp90 function in these pathways is regulatedmay provide clues

as to how and when Hsp90 inhibitors will be most successful for

treatment of diseases, such as human cancer.

Limitations of the study
Our data in yeast expressing phosphomutant-Hsp90-S25A or

-S25E show a broad impact on kinase and non-kinase clients sta-

bility and/or activity, indicating how this point mutation impacts

Hsp90 chaperone function. Based on the data presented here

that Ulk1 specifically phosphorylates this residue of Hsp90, we

speculate that in a cellular context with mixed populations of

Hsp90, only Ulk1 activity would be impacted by this phosphoryla-

tion. We suspect that Ulk1-mediated phosphorylation of Hsp90 is

part of a regulatory feedback loop in which Hsp90 chaperones

Ulk1, and Ulk1 in turn phosphorylates Hsp90, triggering release

of the active kinase and resetting the chaperone cycle without im-

pacting other Hsp90 clients. However, there are technical consid-

erations that can require further validation of the results in

mammalian cells. Principally, HEK293 cells used in this study ex-

press endogenous Hsp90a, which has activity that would

contribute to the results related to the induction of autophagy.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
(D) Yeast with ATG1 KO expressing yHsp90-His6-WT, S25A, or S25E and GFP-Atg8 w

vacuolemarkerFM4-64 (red) for 30minprior to imaging. Inductionofautophagywaseval

(E) Yeast expressing yHsp90-His6-WT, S25A, or S25E and GFP-Atg17 was grown to

ATG1 KO expressing yHsp90-His6-WT was used as a control. Cells were stained w

autophagosomal structure formation was evaluated by visualizing localization of GFP

(F) Pho8D60 gene was transformed into yeast expressing yHsp90-His6-WT or the p

untreated (�) or treated with 200 ng/mL rapamycin (rapa) for 4 h. ALP activity is pre

reaction time (mins). Data are presented asmean ± standard deviation derived from th

determine statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.00

(G) HEK293 cells were transfected with hHsp90a-FLAG-WT, S39A, S39E, or EV as

LC3B. GAPDH was used as a loading control.

(H) HEK293 cells transiently expressing hHsp90a-FLAG-WT, S39A, S39E, or EV was

determined by immunoblotting for LC3B. GAPDH was used as a loading control.
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Figure 6. Atg1/Ulk1-mediated phosphoryla-

tion of Hsp90 regulates chaperone function

and promotes induction of autophagy

Schematic model of Ulk1:Hsp90-mediated regu-

lation of autophagy. Hsp90 chaperones Ulk1 and

holds the kinase in an inactive state. Environmental

cues trigger Ulk1 to phosphorylate hHsp90a-S39,

which inhibits Hsp90 ATPase activity and the

chaperoning of kinase clients but promotes non-

kinase client activity. Conversely, Hsp90 phos-

phorylation leads to dissociation of Ulk1, allowing

for Ulk1 autophosphorylation and subsequent ac-

tivity. The culmination of these events results in

increased cellular autophagic flux.
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Antibodies

Rabbit anti-FLAG tag Thermo Scientific Cat# PA1-984B; RRID:AB_347227

Mouse anti-6x-His epitope tag (HIS.H8) Thermo Scientific Cat# MA1-21315; RRID:AB_557403

Rabbit anti-p23 Enzo Life Sciences Cat# ADI-SPA-670-D; RRID:AB_991602

Rabbit anti-Cdc37 StressMarq Biosciences Cat# SPC-142; RRID:AB_2570605

Rabbit anti-Aha1 StressMarq Biosciences Cat# SPC-183; RRID:AB_1944037

Rabbit anti-GR (D6H2L) Cell Signaling Technology Cat# 12041; RRID:AB_2631286

Rabbit anti-AR (D6F11) Cell Signaling Technology Cat# 5153; RRID:AB_10691711

Rabbit anti-ERa (D6R2W) Cell Signaling Technology Cat# 13258; RRID:AB_2632959

Rabbit anti-myc tag (71D10) Cell Signaling Technology Cat# 2278; RRID:AB_490778

Rabbit anti-HOP Cell Signaling Technology Catt# 5670; RRID:AB_10828378

Rabbit anti-Cdc37 Cell Signaling Technology Catt# 4793; RRID:AB_10695539

Rabbit anti-Ulk1 Cell Signaling Technology Catt# 8054; RRID:AB_11178668

Rabbit anti-LC3B Cell Signaling Technology Catt# 3868; RRID:AB_2137707

Mouse anti-GAPDH Cell Signaling Technology Cat# 97166; RRID:AB_2756824

Rabbit anti-phospho-(Ser/Thr)Phe Cell Signaling Technology Cat# 9631; RRID:AB_330308

Mouse anti-phospho-threonine (PTR-8) Sigma-Aldrich Cat# P6623; RRID:AB_477393

Mouse anti-phospho-serine (PSR-45) Sigma-Aldrich Cat# P5747; RRID:AB_477376

Mouse anti-GFP Biolegend Cat# B34 902601; RRID:AB_2565021

Rat anti-tubulin Abcam Cat# ab6161; RRID:AB_305329

Mouse anti-phospho-tyrosine (4G10) Millipore Cat# 05–321; RRID:AB_309678

Mouse anti-v-src (clone 327) Millipore Cat# MABS193; RRID:AB_11205595

anit-Sti1HOP Dr. Daniel C. Masson, National

Cancer Institute, USA

N/A

anit-Sba1p23 Institute of Cancer Research, UK N/A

anit-Cdc37p50 Dr. Len Neckers, National Cancer

Institute, USA

N/A

anit-yAha1 Dr. Len Neckers, National Cancer

Institute, USA

N/A

Anti-mouse Alexa Fluor secondary ThermoFisher Scientific Cat# A-11001; RRID:AB_2534069

Anti-mouse secondary Cell Signaling Technology Cat# 7076; RRID:AB_330924

Anti-rabbit secondary Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Anti-rat secondary Cell Signaling Technology Cat# 7077; RRID:AB_10694715

Bacterial and virus strains

BL21(DE3) ThermoFisher Scientific Cat# EC0114

DH5-alpha Electrocompetent E coli GoldBio Cat# CC-203

Chemicals, peptides, and recombinant proteins

ATP Sigma-Aldrich Cat# FLAAS

ATP Sigma-Aldrich Cat# A9187

Phosphoenol pyruvate Roche Cat# 10108294

Pyruvate kinase Roche Cat# 10109045001

Lactate Dehydrogenase Sigma-Aldrich Cat# L1006

NADH Roche Cat# 10128023001

Recombinant Hsp90a Dr. Chrisostomos Prodromou,

University of Sussex

N/A
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Ulk1 Abcam Cat# ab95322

PreScission Protease GenScript Cat# Z02799

TPCK-Trypsin Sigma-Aldrich Cat# T1426

FM4-64 ThermoFisher Scientific Cat# T13320

Rapamycin LC Laboratories Cat# R-5000

Biotin-Ganetespib Synta Pharmaceuticals Cat# STA-12-7346

Caffeine Millipore-Sigma Cat# C0750-500G

Dexamethasone Millipore-Sigma Cat# D4902

DHT Millipore-Sigma Cat# D-073

b-Estradiol Millipore-Sigma Cat# E2758

Nourseothricin Gold Biotechnology Cat# N-500-100

Alpha-napthyl phosphate disodium salt Sigma-Aldrich Cat# N7255

Bafilomycin A1 LC Laboratories Cat# B-1080

Critical commercial assays

Mirus TransIT-2020 MirusBio Cat# MIR5405

Anti-FLAG M2 affinity gel Sigma-Aldrich Cat# A2220

Duolink Proximity Ligation Assay Millipore-Sigma Cat# DUO92101

Ni-NTA Agarose ThermoFisher Scientific Cat# 88221

ATP agarose Novus Biologicals Cat# 510-0002

Strept agarose ThermoFisher Scientific Cat# 20349

Deposited data

Raw and analyzed data This paper ProteomeXchange Consortium via the

PRIDE; PDX038924

Experimental models: Cell lines

HEK293 ATCC Cat# CRL-1573; RRID:CVCL_0045

HAP1 WT Horizon Discovery Cat# C631; RRID:CVCL_Y019

HAP1 Ulk1 KO Horizon Discovery Cat# HZGHC000072c011;

RRID:CVCL_TW31

DLD-1 WT Horizon Discovery Cat# HD PAR-111; RRID:CVCL_0248

DLD-1 Ulk1 (K46I/+cKO) Horizon Discovery Cat# HD 105-025

Experimental models: Organisms/strains

PP30-HSP82-His6 Mollapour et al.4 N/A

Oligonucleotides

DNA primers Eurofins Genomics See Table S1

Recombinant DNA

pRS416-ATG1-FLAG This study N/A

pHsp82-His6-Presc Mollapour et al. and

Mollapour et al.37,38
N/A

pRK-Ulk1-myc Jung et al.72 Cat# 31961; RRID:Addgene_31961

GFP-ATG8 Abeliovich et al.73 Cat# 49425; RRID:Addgene_49425

pJK59-ATG17-GFP Ragusa et al.60 Cat# 44175; RRID:Addgene_44175

ptfLC3 Kimura et al.74 Cat# 21074; RRID:Addgene_21074

pHCA/rGR Garabedian and

Yamamoto75
N/A

GRE-LacZ Schena et al.76 N/A

AR Backe et al.77 N/A

ER Backe et al.77 N/A

pUCdeltaSS-ERE Picard et al.78 N/A

2xRLM1-LacZ Truman et al.47 N/A
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4XHSE-LacZ-pUp41a Truman et al.47 N/A

YpRS426-GAL1-v-Src Murphy et al.79 N/A

STE11DN-myc-pYES2 Sager et al.80 N/A

pcDNA3-Cdc37-FLAG WT Oberoi et al.81 N/A

pRSETA-Hsp82-His6 Panaretou et al.40 N/A

Software and algorithms

Biorender https://biorender.com/ N/A

Fiji (ImageJ) Schindelin et al.82 https://ImageJ.net/software/fiji/

UCSF Chimera, candidate version 1.14 Pettersen et al.83 https://www.cgl.ucsf.edu/chimera/

GraphPad Prism version 9.2.0 for macOS GraphPad Software, La Jolla, California,

USA, www.graphpad.com
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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, Mehdi

Mollapour (mollapom@upstate.edu).

Materials availability
Plasmids generated in this study will be made available on request, but we may require a payment and/or a completed materials

transfer agreement if there is potential for commercial application.

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE84 partner repos-

itory and are publicly available as of the date of publication. Accession numbers are 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.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Cultured human embryonic kidney (HEK293) cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich),

parental (WT) and Ulk1 KO HAP1 cells were cultured in Isocove’s Modified Dulbecco’s Medium (IMDM; Gibco) and DLD-1 cells

were grown in RPMI 1640 (Sigma-Aldrich). All growth media was supplemented with 10% fetal bovine serum (FBS, Sigma-

Aldrich). HEK293 cells were acquired from (American Type Culture Collection, ATCC), HAP1 and DLD-1 cells were purchased

from Horizon Discovery. Cells were maintained in a CellQ incubator (Panasonic Healthcare) at 37�C in an atmosphere containing

5% CO2.

Plasmids
Atg1-FLAG was constructed by PCR from pRS406-Atg1 (Addgene # 166846) by amplifying ATG1 and the flanking region (�974bp

to +460bp) using the primers ATG1-NOT1-F and ATG1-NOT1-R (Table S3). The PCR product was inserted into the pRS416 vector

using restriction digest with NotI. DYKDDDDK (FLAG) was inserted at the 30 end bymutagenesis using the primers ATG1-FLAG-F and

ATG1-FLAG-R (Table S3). Hsp82-His6 with a PreScission protease cleavage site introduced between the amino-domain

and charged linker region was cloned previously.37,38 pRK5-Ulk1-myc (#31961), GFP-Atg8 (#49425), pJK59-GFP-Atg17 (#44175)

and ptfLC3 (#21074) were purchased from Addgene.

pHCA/rGR,75 constitutively expressing glucocoticoid receptor (GR) under control of the Alcohol dehydrogenase promoter (ADH1),

theGRE reporter vector pDS26X, aURA3 vector which expresses b-galactosidase (encoded by lacz) as a reporter gene under control

of a promoter bearing 33GR response elements76 was reported previously.80 V5-ERa and V5-AR constitutively expressing estrogen

receptor-alpha (ERa) and androgen receptor (AR), respectively, under control of the Glycerol-3-Phosphate Dehydrogenase (GPD1)

promoter were previously described.77 pUCdeltaSS-ERE,78 2xRLM1-LacZ reporter plasmid,47 4XHSE-LacZ-pUp41a,47 YpRS426-

GAL1-v-Src plasmid,79 STE11DN-myc-pYES2,80 and pcDNA3-Cdc37-FLAG WT81 were all reported previously. Point mutations

were made using site-directed mutagenesis (see Table S3) and confirmed by DNA sequencing.
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Yeast strains
The yeast strain pp30 (MATa, trp1-289, leu2-3,112, his3-200, ura3-52, ade2-101, lys2-801, hsc82KANMX4, hsp82KANMX4) ex-

pressing HSP82-His6 (yHSP90)-Ycplac111 as the sole Hsp90 was used in this study. These yeast strains were reported previously.4

ATG1 was deleted in these strains by using ATFDEL and ATRDEL primers and pAG25 (selection marker nourseothricin resistance

gene clonNAT) to PCR 50bp upstream and downstream of ATG1 gene. The PCR product was then used to transform PP30 stains

expressing Hsp82-His6 or the phosphomutants Hsp82-His6-S25A or Hsp82-His6-S25E. Colonies resistant to 200mg/ml nourseothri-

cin were selected and used to confirm ATG1 deletion by PCR reacting using ATFOR and ATREV primers.85 Wild type ATG1 gene

yielded a product of 3188bp where as the Datg1 1883bp. The 50 and 30 junction were also checked by PCR using primers 5’ =

NATF3 and ATREV; 3’ = NATR and ATFOR.

METHOD DETAILS

Yeast growth media
Yeast cells were grown on YPDA (2% (w/v) Bacto peptone, 1% yeast extract, 2% glucose, 20 mg/L adenine), YPGal (2% (w/v) Bacto

peptone, 1% yeast extract, 2% galactose, 20 mg/L adenine) and YPRaf (2% (w/v) Bacto peptone, 1% yeast extract, 2% raffinose,

20 mg/L adenine). Selective growth was on dropout 2% glucose (DO) medium with appropriate amino acids.86 Medium pH was

adjusted to 6.8 with NaOH before autoclaving.

Protein purification
Wild type and mutant forms of Hsp90 and co-chaperones of Hsp90 were expressed as previously described with His6-tags.

87,88

Briefly, we used Talon affinity chromatography Superdex 75 or 200 PG, as appropriate, for gel filtration chromatography and finally

Q-sepharose ion-exchange chromatography.

In vitro kinase assay
Bacterially expressed and purified hHsp90a-His6 and the non-phosphomutant S39A were bound to Ni-NTA agarose and then resus-

pended in 40mL protein kinase buffer (PK buffer) consists of 50mM Tris HCl pH7.5, 10mM MgCl2, 0.1mM EDTA, 2mM DTT. Each

reaction also contained 20-30ng of recombinant Ulk1 (0.5 mg/mL; ab95322, Abcam) followed by adding 0.2 mM ATP final concentra-

tion and incubation at 30�C for 10min. The reaction was quenched by addition of 40mL of protein loading buffer, boiling of samples for

3 min, followed by immunoblotting.5

Protein extraction from yeast
Yeast cells were collected from liquid culture by centrifugation and resuspended in 500mL of protein extraction buffer (20mMTris-HCl

(pH 7.4), 500 mM NaCl, 1 mM MgCl2, protease inhibitor cocktail (Roche), and PhosSTOP (Roche)) and two pellet volumes of acid

washed glass beads as previously described.4 To lyse the cells, tubes were agitated using a bead beater (mini-Beadbeater 8, Bio-

spec Products, USA) for 30 s at maximum speed and then 30 s on ice. This procedure was repeated 6X followed by (10,000Xg; 5 s) to

pellet the beads and unbroken cells. The supernatant was transferred to a newmicrofuge tube and centrifuged (10,000Xg; 10 min) to

pellet insoluble aggregates. Supernatant was then transferred to a fresh microfuge.

Protein extraction from mammalian cells
Protein extraction from mammalian cells was carried out using methods previously described.4 Adherent cells were washed with

ice-cold PBS and lysed with 200mL lysis buffer (20mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM MgCl2, 0.1% NP40, protease

inhibitor cocktail (Roche), and PhosSTOP (Roche)). Cells were briefly sonicated and centrifuged at 4�C, 10,000Xg for 8 min

to pellet cell debris. The supernatant (cell lysate) was transferred to a fresh tube and stored at �80�C or used in downstream

assays.

Pulldown, immunoprecipitation (IP) and immunoblotting
For pulldown, yeast cell lysates were incubated with Ni-NTA agarose (Qiagen) for 2 h 4�C or anti-FLAG antibody conjugated agarose

beads (Sigma) for 2 h at 4�C. Protein bound to beads waswashedwith fresh extraction buffer 4 times and eluted in 5x Laemmli buffer.

Precipitated proteins were separated by SDS-PAGE and transferred to nitrocellulosemembranes. IP of protein frommammalian cells

was performed as above with anti-FLAG conjugated agarose beads.

Co-precipitated proteins and inputs were detected by immunoblotting with antibodies recognizing FLAG, 6x-His

(ThermoFisher Scientific), phos-(Ser/Thr)-Phe, GAPDH, HOP, hCdc37, Ulk1, myc-tag, LC3B (Cell Signaling), phosphoserine,

phospho-threonine, FLAG (Sigma-Aldrich), GFP (BioLegend) tubulin (Abcam) phosphotyrosine, v-Src (Millipore), p23 (ENZO

Life Sciences), hAha1 (StressMarq Biosciences), Sti1Hop (a kind gift from Dr. Daniel C. Masison, NCI, USA), Cdc37p50 and

yAha1 (a kind gift from Dr Len Neckers, NCI, USA), Sba1 (Institute of Cancer Research, UK). Secondary antibodies raised

against mouse, rabbit, and rat (Cell Signaling) and anti-mouse Alexa Fluor 488 (ThermoFisher were also used (See Key Re-

sources Table).
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PreScission protease cleavage and immunoblotting
PreScission Protease cleavage was achieved by incubating yHsp90His6 bound to Ni-NTA agarose with 10 units of PreScission Pro-

tease in 50mM Tris-HCl, 150mM NaCl, 1 M EDTA, 1mM DTT (pH 7.0) at 5�C for 2hr.

Non-essential yeast kinase delete screen
EUROSCARF collection of haploid non-essential kinase deletes in BY4741 (MAT a; Dhis3- D1; leu2-D0; met15-D0; ura3-D0) back-

ground (www.uni-frankfurt.de/fb15/mikro/euroscarf/) was used to screen for S25 phosphorylation (Table S1). These stains were

transformed with yHsp90His6-Ycplac111. The wild type BY4741 was also transformed with the same construct as well as the

S25A mutant. These mutants were grown in liquid DO media with appropriate amino acids in 96-well plate. Cells were centrifuged

at 4000 RPM for 5min and then washed with ice-cold TBS. Pellet were then resuspended in 50mL of protein loading buffer (10%SDS,

500MmDTT, 50%Glycerol, 500mM Tris-HCL and 0.05% bromophenol blue dye) and then boiled for 5min followed by centrifugation

at 4000 RPM for 5min. The lysate was spotted on nitrocellulose membrane 10 times and then probed with either anti-6x-His

(ThermoFisher Scientific) or anti-phospho-(Ser/Thr) Phe (Cell Signaling) antibodies.

ATPase activity measurements
ATPase assays were conducted using the pyruvate kinase-lactate dehydrogenase assay as previously described (Panaretou

et al., 1998).

Isothermal titration calorimetry and Kd measurements
Heat of interaction was measured on an ITC200 microcalorimeter (Microcal) under the buffer conditions 20mM Tris, pH 7.5, contain-

ing 5mMNaCl and 6mMMgCl2 for AMPPNP binding experiments. For AMPPNP interactions, 20 aliquots of 14.8mL of 1mMAMPPNP

were injected into 50mM wild type yHsp90 or mutant S25A or S25E. In contrast, for Aha1 experiments we injected 10 aliquots of

400mM Aha1 into 30mM Hsp90. Heat of dilution was determined in a separate experiment by diluting protein or ligand into buffer,

and the corrected data fitted using a nonlinear least square curve-fitting algorithm (Microcal Origin) with three floating variables: stoi-

chiometry, binding constant and change in enthalpy of interaction. Heat of interaction was measured on an MSC system (Microcal),

with a cell volume of 1.458mL, under the buffer conditions 20mM Tris pH 8.0 containing 1mM EDTA, 5mM NaCl and 7mM MgCl2
at 30�C.

Yeast Hsp90 client activity assays
Expressed STE11DN-cMYC80 and v-Src proteins were detected with Myc mouse antibody (Cell signaling Technology) and EC10

mouse antibody (Millipore) respectively. v-Src activity with 4G10 mouse anti-phosphotyrosine (Millipore). b-galactosidase assay

for measuring GRE-LacZ expression,75 ERE-LacZ,78 HSE-LacZ expression,89 and RLM1-LacZ47,77. Note that GRE-LacZ reporter

was also used to measure AR activity.78

b-Galactosidase assay
Yeast cells expressing the appropriate steroid hormone receptors; GR, AR, ER and their element-Lac-Z reporter were grown over-

night to exponential phase with a cell density of 2-33106 cells/mL in 50mL of the samemedium at 30�C. Then, 30mMdexamethasone

(DEX), 20nM Dihydrotestosterone (DHT), or 200nM b-Estradiol was added to a final concentration followed by incubation at 30�C for

2.5 h before measurement of Steroid Hormone Receptor-LacZ activity. Heat shock element (HSE)-LacZ expressing yeast cells were

heat shocked at 39�C for 40 min. RLM1-LacZ expressing cells were stressed with 8mM caffeine for 4 h. Cells were collected by

centrifugation (20003g; 5 min), washed once with dH2O, and frozen at�80�C. b-Galactosidase activity was measured as previously

described.5,77 Cell lysate (10mL) was mixed with equal volume of 2XZ-buffer (60mM Na2HPO4, 60mM NaH2PO4, 5mM KCl, 0.5mM

MgSO4, pH adjusted to 7.0). The mixture was added to 700mL of 2 mg/mL ONPG solution (O-Nitrophenyl-b-D-galactopyranoside

dissolved in 1X Z buffer) prewarmed at 30�C. The reaction was stopped by adding 500mL of 1M Na2CO3. The optical density at

420nm (OD420) of each reaction mixture was determined. The protein concentration of the lysate was determined by the BioRad

Bradford assay. The b-Galactosidase activity was calculated using the following formula: Enzyme activity = 10003OD420/minute/

[10mL3protein concentration(mg/mL)].

Proximity ligation assay (PLA)
PLAwas performed using manufacturers protocol (Sigma-Aldrich) as previously described.90 HEK293 cells were plated overnight on

glass coverslips and then transiently transfected with pcDNA3-EV, pcDNA3-hHsp90a-FLAG-WT, S39A or S39E overnight. Cells

were fixed in 4% paraformaldehyde for 20 min at room temperature, washed 3x with fresh PBS+ (1X PBS, 1mM MgCl2, 1mM

CaCl2, pH 7.4), and then permeabilized with 0.2% Triton X-100 at room temperature for 4 min followed 3 washes with fresh

PBS+. Samples were incubated with Duolink Blocking Solution in a humidity chamber for 1 h at 37�C (Sigma-Aldrich). Rabbit

anti-Ulk1 (Cell Signaling Technology) and mouse anti-FLAG (Sigma-Aldrich) were diluted 1:100 in Duolink Antibody Diluent

(DUO82008; Sigma-Aldrich) and applied to coverslips. Coverslips were incubated in a humidity chamber 1 h at 37�C. Coverslips
were washed 2X with Duolink Wash Buffer A (Sigma-Aldrich). Duolink anti-mouse (MINUS) (Sigma-Aldrich) and anti-rabbit (PLUS)

(Sigma-Aldrich) probes were diluted in Duolink antibody diluent according to manufacturer’s instructions and in incubated in a
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humidity chamber 1 h at 37�C.Coverslips werewashed 2Xwith DuolinkWashBuffer A. Coverslips were incubatedwith Duolink ligase

enzyme according to manufacturer’s instructions then washed 2X with Duolink Wash Buffer A. Samples were incubated with anti-

mouse Alexa Fluor 488 (ThermoFisher) secondary antibody at 1:900 dilution for 45 min followed by two washes in Wash Buffer A.

Duolink In Situ Detection Reagents Red (Sigma-Aldrich) were used for signal amplification and detection according tomanufacturer’s

instruction. Coverslips were washed twice with 1X Wash Buffer B followed by one wash with 0.01X Wash Buffer B. Coverslips were

mounted onto slides using Duolink In SituMountingMediumwith DAPI (Sigma-Aldrich). Imageswere obtained using a Leica TCSSP8

confocal microscope. Image analysis was done with the ImageJ V2.1.0/1.53c program.

Limited proteolysis coupled mass spectrometry analysis
Limited proteolysis of Ulk1 was achieved by exposing 10mg recombinant Ulk1 (0.5 mg/mL; ab95322, Abcam) with 1.0 mg recombinant

Hsp90a and 200mM of ATP (preincubated on ice) to 2.0 mg/mL TPCK-treated trypsin (Sigma) for 6 min on ice, as previously

described.91 Digest was loaded onto an SDS-PAGE gel and following Coomassie staining visible bands were manually cut into small

pieces approximately 1 mm3 1mm. The selected protein gel bands were in-gel digested with chymotrypsin and the tryptic peptides

were desalted and subjected to LC-MS/MS. The mass spec data was processed by MaxQuant and proteins were identified by data-

base searching with Uniprot human database. Data are presented in (Table S2).

Pho8D60 assay (ALP assay)
The Pho8D60 assay is a quantitative enzymatic assay to monitor bulk autophagy. Phos8S1 and Pho8S4 primers and clonNAT (pYM-

N15; nourseothricin resistance) from EUROSCARF (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/data/Knop.html) were used to

PCR amplify a product containing the constitutive GPD1 promoter and selection marker clonNAT flanked by 40 nucleotides just up-

stream of the initiation codon of the PHO8 gene and 40 nucleotides downstream of amino acid 60. The PCR product was then used to

transform PP30 stain expressing Hsp82-His6 or the phosphomutants Hsp82-His6-S25A or Hsp82-His6-S25E and also containing the

wild type PHO8 gene. Colonies resistant to 200mg/mL nourseothricin were selected and used to confirm if the PHO8 gene was

correctly replaced with nourseothricin marker, GPD1 promoter and pho8D60, which lacks first 60 amino acid of PHO8 by PCR using

Pho8S2 and Pho8S3 primers. Yeast strains harboring Pho8D60 gene were grown on liquid YPD tomid-log phase (O.D.600 = 0.5 to 1)

for at least over 3 doubling time. For induction of autophagy, rapamycin (200 ng/mL final concentration) was added to the culture

media and incubated for 4 h. Cells were centrifuged at 1500 g for 3 min and washed with ice-cold water. Yeast cells pellets were

suspended in 0.2 mL of ice-cold assay buffer (100 mM of Tris-HCl, pH 9.0; 10 mM of MgSO4, and 10 mM of ZnSO4) and the suspen-

sion was transferred to a 1.5-mL microcentrifuge tube. Acid-washed glass beads (425–600 mm) were added to the level of the inter-

face. Tubes were placed on ice for at least 5 min, then vigorously mixed by the beads-beater (6 3 30 s), placing for at least 30 s in-

tervals on ice in between themixing. Additional 0.2mL of assay buffer was added,mixed, and centrifuged at 14,000 g for 1min 0.3mL

of the supernatant fraction were transferred to a new 1.5-mL microcentrifuge tube. 0.05 mL of the cell lysate solution was added to a

0.45 mL with assay buffer in new tube and then prewarmed into a 30�Cwater bath for at least 1 min. Assy was initiated by addition of

0.05 mL of 55 mM a-naphthyl phosphate disodium salt dissolved in assay buffer, mixed well, and incubated at 30�C for 20 min. Re-

action was stopped by addition of 0.5 mL of stop buffer (2 M glycine-NaOH (pH 11.0)). Fluorescence was measured at wavelength of

345 nm for excitation and 472 nm for emission. Protein concentration of the cell lysate was also determined using Bradford assay.

ALP activity is presented as emission per the amount of protein in the reaction (mg) and the reaction time (min).

Vacuole staining and fluorescence microscopy
PP30 stains expressing yHsp90-His6-WT or the phosphomutants Hsp82-His6-S25A or Hsp82-His6-S25E as well as GFP-Atg8 or

GFP-Atg17 grown to mid-log on YPDA and then treated either with or without rapamycin (200 ng/mL final concentration) for 2 h fol-

lowed by vascular staining with 8mMFM4–64 (Invitrogen) at 30�C for 30min. Live cells were washedwith YPDA and then immediately

visualized using a Revolve R4 Microscopy System (Discover Echo Inc.) with GFP and red filters. Images were captured using ECHO

imaging software (Discover Echo Inc.).

QUANTIFICATION AND STATISTICAL ANALYSIS

Densitometry was performed using ImageStudioLite v5.2.5 to quantify immunoblot band signal intensity. All statistics were per-

formed using GraphPad Prism version 9.2.0 for macOS (GraphPad Software, La Jolla, California, USA, www.graphpad.com). Sta-

tistical significance was ascertained between individual samples using a Student’s t-test or Tukey’s multiple comparisons test where

indicated. Significance was denoted as asterisks in each figure: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars represent

the standard deviation (S.D.) for three independent experiments.

PREPARATION OF FIGURES Some Figure panels were prepared using BioRender software (https://biorender.com/).
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