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SUMMARY

Heat shock protein-90 (Hsp90) chaperone machinery is involved in the stability and activity 

of its client proteins. The chaperone function of Hsp90 is regulated by co-chaperones and 

post-translational modifications. Although structural evidence exists for Hsp90 interaction with 

clients, our understanding of the impact of Hsp90 chaperone function toward client activity 

in cells remains elusive. Here, we dissect the impact of recently identified higher eukaryotic 

co-chaperones, FNIP1/2 (FNIPs) and Tsc1, toward Hsp90 client activity. Our data show that 

Tsc1 and FNIP2 form mutually exclusive complexes with FNIP1, and that unlike Tsc1, FNIP1/2 

interact with the catalytic residue of Hsp90. Functionally, these co-chaperone complexes increase 

the affinity of the steroid hormone receptors glucocorticoid receptor and estrogen receptor to 

their ligands in vivo. We provide a model for the responsiveness of the steroid hormone receptor 

activation upon ligand binding as a consequence of their association with specific Hsp90:co-

chaperone subpopulations.
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In brief

Backe et al. demonstrate that responsiveness of the steroid hormone receptors upon ligand-

binding-mediated activation depends on their association with specific Hsp90:co-chaperone 

(FNIP1, FNIP2, and Tsc1) subpopulations. This study reveals that formation of different 

Hsp90:co-chaperone:client complexes provide differentially primed pools of client proteins ready 

to act in different cellular environments.

INTRODUCTION

Heat shock protein-90 (Hsp90) is a molecular chaperone responsible for maintaining the 

stability and activity of a large and disparate set of proteins, termed clients (Schopf et 

al., 2017). Due to the quantity and diversity of its clients, Hsp90 has been nicknamed 

“guardian of the proteome.” The Picard lab maintains an updated list of Hsp90 clients 

(https://www.picard.ch/downloads/Hsp90interactors.pdf) including kinases and transcription 

factors (Taipale et al., 2012; Tang et al., 2022), as well as all steroid hormone receptors 

(SHRs). The capacity of Hsp90 to chaperone its approximately 300 client proteins is strictly 

dependent on its ATP hydrolysis activity (Biebl and Buchner, 2019; Panaretou et al., 2002; 

Prodromou, 2012). Hsp90 functions as a dimer, in which each protomer can be subdivided 

into three distinct domains (Ali et al., 2006; Verba et al., 2016). The amino-terminal domain 

(NTD) contains the ATP-binding pocket (Prodromou et al., 1997). A highly charged and 

flexible linker connects the NTD to the middle domain (MD) (Hainzl et al., 2009; Tsutsumi 
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et al., 2012), and the carboxy-terminal domain (CTD) provides the dimerization interface 

(Harris et al., 2004; Prodromou and Pearl, 2003; Weikl et al., 2000).

Proteins termed co-chaperones regulate various aspects of Hsp90 chaperone function 

including rate of ATP hydrolysis and client recruitment and loading onto the chaperone 

machinery (Biebl et al., 2020; Cox and Johnson, 2011; Eisele et al., 2021). Of the ~25 

co-chaperones described to date, a set of core co-chaperones that are essential for client 

maturation in yeast have been identified (Dean and Johnson, 2021; Sahasrabudhe et al., 

2017). While most of these co-chaperones have a human ortholog, whether the essential 

complement of core co-chaperones is strictly conserved in humans remains unknown.

Our lab has identified three new co-chaperones (FNIP1, FNIP2, and Tsc1) exclusive 

to high eukaryotes that function as client scaffolds to load both kinase and non-kinase 

clients onto Hsp90 (Woodford et al., 2016, 2017). We found several similarities in the 

observed functions of the FNIPs and Tsc1 as Hsp90 co-chaperones. All three co-chaperones 

decelerated Hsp90 ATPase activity and were required for the stability of Hsp90 clients such 

as glucocorticoid receptor (GR), folliculin (FLCN), Cdk4, and Raf (Woodford et al., 2016, 

2017). Additionally, FNIP1 and Tsc1 displayed similar mechanisms for binding to Hsp90, 

and all three co-chaperones competed for binding to Hsp90 with the activating co-chaperone 

Aha1. Furthermore, FNIP1, FNIP2, and Tsc1 all enhanced Hsp90 binding to ATP and the 

ATP-competitive inhibitor ganetespib (GB). Furthermore, we have shown that Tsc1 can 

compensate for FNIP1 to scaffold FLCN to Hsp90 under certain cellular conditions (Sager 

et al., 2018); however, it is unclear whether these proteins act antagonistically, cooperatively, 

or independently.

SHRs are a well-described class of Hsp90 clients whose stability and activity are highly 

dependent on the chaperone machinery. Work led largely by Pratt and Toft has contributed 

extensively to our understanding of SHR chaperoning by molecular chaperones (Bresnick 

et al., 1988, 1989; Dittmar et al., 1997; Fang et al., 1996; Johnson and Toft, 1994; Picard 

et al., 1990; Pratt, 1987; Pratt et al., 1992; Pratt and Toft, 2003). The current model of GR 

maturation describes a process in which Hsp70 first binds to GR, unfolding a portion of the 

GR ligand-binding domain (LBD) and is subsequently passed to Hsp90 for final maturation 

by an adaptor co-chaperone, Hsp70-Hsp90 organizing protein (Hop) (Chen et al., 1996; 

Chen and Smith, 1998; Kirschke et al., 2014; Lorenz et al., 2014; Moessmer et al., 2022). 

However, the mechanism by which Hsp90 primes its clients, including GR, for activation is 

unresolved.

Here, we show that the co-chaperones FNIP1, FNIP2, and Tsc1 enhance SHR activity by 

increasing affinity for ligand. Fine-tuning of SHR ligand affinity and activity is increasingly 

relevant, as ligand-competitive inhibitors are under investigation in cancer and other diseases 

(Abdou et al., 2008; Crawford et al., 2018; Koorneef et al., 2020; Sharma et al., 2018). 

Furthermore, in many cases, cancers become resistant to hormone therapy, highlighting the 

importance of understanding the mechanisms of resistance and potential pathways to bypass 

such resistance.
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RESULTS

Hsp90 catalytic loop facilitates binding of Tsc1 and FNIPs co-chaperones

We have recently identified FNIP1/2 and Tsc1 as decelerators of the Hsp90 chaperone 

machinery (Sager et al., 2019; Woodford et al., 2016, 2017); however, a mechanistic 

understanding of this regulation remains elusive. Here, we immunoprecipitated FNIP1, 

FNIP2, and Tsc1 with the goal of identifying a global interactome by mass spectrometry 

(Figure 1A; Table S1). We identified 20 proteins that interacted with both FNIP1 and 

Tsc1, 11 proteins that interacted only with Tsc1, and 34 proteins that were specific for 

FNIP1. Notably, FNIP2 shared only three interactors with FNIP1 and two with Tsc1. We 

confirmed interaction between selected endogenous proteins by immunoblot (Figures S1A 

and S1B). One of the key findings of this experiment was the presence of reciprocal Tsc1 

and FNIP1 interaction; however, FNIP2 was notably absent. We confirmed this finding by 

immunoprecipitation (IP) of FNIP1- and FNIP2-HA and coIP of endogenous Tsc1 (Figure 

1B). The reciprocal IP of Tsc1-FLAG provided similar data (Figure 1C). While FNIP1 and 

Tsc1 were consistently found in complex together, FNIP2 and Tsc1 did not interact.

Hsp90 chaperone activity is coupled to conformational changes directed by its ability to 

hydrolyze ATP. These include “open” and “closed” states of Hsp90, which can be mimicked 

by point mutations in the ATP-binding domain (Panaretou et al., 1998). Previous work 

from our group showed preferential binding of Tsc1 to the Hsp90α-E47A mutant, which 

promotes the closed conformation of Hsp90 (Woodford et al., 2017). Both FNIP1 and FNIP2 

also preferred binding to this closed conformation mutant (Figures S2A and S2B). Our work 

has previously shown that FNIP1/2 and Tsc1 compete with the accelerator of Hsp90 ATPase 

activity (Aha1) for binding to Hsp90 (Woodford et al., 2017). Hsp90α-V411 is required 

for Aha1 binding to Hsp90 (Meyer et al., 2004), so we utilized the previously established 

Hsp90α-V411E mutant to evaluate whether FNIP1/2 occupy a similar binding surface. Our 

data showed that, as expected, interaction of Tsc1 with Hsp90 is abrogated (Figure 1D). We 

did not, however, obtain similar data with FNIP1 and FNIP2, suggesting a distinct Hsp90 

interaction surface compared with Tsc1 (Figure 1D).

Given that these co-chaperones bind to the middle domain (MD) and impact Hsp90 activity, 

we tested whether deletion of the Hsp90 catalytic domain impacted the binding of FNIP1/2 

and Tsc1 to Hsp90. Interestingly, FNIP1 and FNIP2 displayed a marked increase in binding 

to Hsp90 lacking its catalytic loop (ΔCAT) (Figure 1E); however, Tsc1 interaction was 

unaffected. In order to identify key residues in Hsp90 potentially involved in interaction 

with FNIPs and Tsc1, we made a series of mutations within the catalytic domain of Hsp90 

(Figure 1F). Our data show that the catalytic residue R399A mutant as well as Q403A 

abrogated interaction with both FNIPs and Tsc1 while demonstrating stronger binding to 

Aha1 when compared with the wild-type (WT)-Hsp90 (Figures 1G and S2C). Looking at 

the overall pattern of interaction, FNIP1 and Tsc1 show similar binding with respect to 

the Hsp90 catalytic domain mutants; however, this pattern is distinct from that of FNIP2 

(Figures 1G and S2C). Taken together, our data show that Tsc1 interacts exclusively with 

FNIP1 and that FNIP1/2 and Tsc1 utilize unique strategies for Hsp90 interaction.
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Architecture of FNIP2 co-chaperone association with Hsp90

Previous work has dissected FNIP1 and Tsc1 interaction with Hsp90 in detail, identifying 

the C terminus of FNIP1 (FNIP1-D) and Tsc1 (Tsc1-D) as the critical Hsp90-binding 

element (Baba et al., 2006; Huang and Manning, 2008; Woodford et al., 2016, 2017) (Figure 

2A). However, it is unknown whether the FNIP2 co-chaperone employs a similar binding 

strategy to Hsp90. Using a similar truncation strategy (Hasumi et al., 2008; Woodford et al., 

2016), we identified the FNIP2 N terminus (aa 1–584; FNIP2-AB) as necessary for Hsp90 

binding (Figure 2B). Attempts to divide this region further resulted in a loss of binding, 

though the extreme N terminus (aa 1–281; FNIP2-A) retained some ability to interact with 

Hsp90 (Figure 2C). We have previously shown that full-length FNIP2 prefers binding to 

the MD of Hsp90 (Woodford et al., 2016). Interestingly, while FNIP2-AB bound weakly to 

the Hsp90 MD, it demonstrated a marked preference for the Hsp90 C domain (Figure 2D). 

Some Hsp90 co-chaperones (HOP, PP5, FKBP51/52, and Cpr6) possess a tetratricopeptide 

repeat domain (TPR) that facilitates interaction with Hsp90 via its C-terminal MEEVD 

extension. Though we did not identify any predicted TPR domains in FNIP1/2, we assayed 

their requirement for Hsp90-MEEVD. Perhaps unsurprisingly, interaction of FNIP1/2 was 

independent of this Hsp90 binding motif (Figures S3A and S3B).

FNIP1 and FNIP2 have previously been reported to homo- and heterodimerize (Hasumi 

et al., 2008; Woodford et al., 2016). Additionally, we have shown that the D fragment of 

FNIP1 also forms a homodimer (Figure 2E), leading us to ask whether these two Hsp90-

binding fragments also exist in the same complex. Our data show that the Hsp90-binding 

components of these co-chaperones (FNIP1-D, FNIP2-AB) interact in cells (Figure 2F), 

suggesting that the C domain (D fragment) of FNIP1 and the N domain of FNIP2 (AB 

fragment) are sufficient to form a complex with Hsp90. This interaction is represented 

schematically in Figure 2G. Given that FNIP1 and Tsc1 also interact in cells (Figures 1A–

1C), we next asked if the Hsp90-binding domains were sufficient to mediate interaction 

between FNIP1 and Tsc1. Our data show that FNIP1-D and Tsc1-D domains interact in cells 

(Figure 2H). Taken together, our data demonstrate that despite a high degree of sequence 

similarity, FNIP1/2 utilize distinct strategies to interact with Hsp90.

Differential regulation of client protein activity by FNIPs and Tsc1 co-chaperones

We have previously shown that FNIPs and Tsc1 regulate the chaperoning of Hsp90 client 

proteins (Sager et al., 2019; Woodford et al., 2016, 2017); however, the combinatorial 

impact of these co-chaperones toward kinase and non-kinase clients remained unknown. 

Here, we utilized baker’s yeast S. cerevisiae expressing human Hsp90α as the sole copy 

of Hsp90 (Mollapour et al., 2010). As S. cerevisiae does not have true FNIP and Tsc1 

orthologs, we were able to express these co-chaperones alone and in combination to assess 

their impact on bona fide Hsp90 clients. Our data show that expression of FNIP1 and 

FNIP2, individually and in combination, enhances the activity of the kinase clients v-Src 

(Nathan and Lindquist, 1995) and Slt2 (Truman et al., 2006) (measured by RLM1-lacZ 
reporter) (Figures 3A and 3B; Table S2). Conversely, expression of Tsc1 in yeast negatively 

impacts the activity of these two kinases, while expression of FNIP2 compensates for this 

Tsc1-mediated suppression (Figures 3A and 3B). Additionally, expression of FNIP1 in 
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combination with Tsc1 greatly enhanced kinase client stability and activity compared with 

Tsc1 alone (Figures 3A and 3B).

Previous work has shown that heat shock factor (HSF1) is also an Hsp90 client (Zou et 

al., 1998). We used heat shock element lacZ (HSE-lacZ) reporter in order to evaluate the 

impact of FNIPs and Tsc1 toward HSF1 activity. Expression of FNIPs and Tsc1 alone leads 

to elevated HSF1 activity, even in the absence of heat-shock stress (Figure 3C). Interestingly, 

this effect was further elevated upon expression of these co-chaperones in combination, as 

well as with heat stress (Figure 3C). Collectively, our data suggest that cooperative action of 

these co-chaperones attunes the stability and activity of Hsp90 client proteins (Figure 3D).

FNIPs and Tsc1 co-chaperones enhance the activity and ligand binding of SHRs

Hsp90 chaperones SHRs such as GR, androgen receptor (AR), and estrogen receptor (ERα) 

(Binart et al., 1995; Bresnick et al., 1988; Fang et al., 1996). We have previously shown 

that FNIPs and Tsc1 impact the stability of GR (Woodford et al., 2016, 2017). However, the 

effect of these co-chaperones toward SHR activity and ligand binding remained elusive. 

Here, we expressed FNIPs and Tsc1 individually and in combination in S. cerevisae 
expressing GR and human Hsp90α as the sole copy of Hsp90. Our data show that FNIPs 

and Tsc1 enhanced GR activity in cells (Figure 4A). Interestingly, combinatorial expression 

of FNIP1/FNIP2, FNIP1/Tsc1, and FNIP2/Tsc1 further enhanced the activity of GR (Figure 

4A). We made similar observations with regards to the impact of FNIPs/Tsc1 on the activity 

of AR (Figure 4B) and ERα (Figure 4C). Taken together, our data suggest that Tsc1 

expression significantly increased SHR activity in combination with either FNIP1 or FNIP2 

when compared with FNIP1/FNIP2 (Figures 4A–4D).

We next examined whether expression of these co-chaperones affects GR binding to its 

ligand (dexamethasone). We expressed FNIPs and Tsc1 co-chaperones both alone and in 

combination in yeast that expresses GR (Figure S4A) and challenged the cell lysate with 

increasing amounts of biotinylated dexamethasone (Figure 4E). Although our data show that 

GR is capable of binding to dexamethasone in the absence of FNIPs and Tsc1, expression 

of these co-chaperones increases the affinity of GR for its ligand (Figure 4E). Furthermore, 

combination expression of FNIP1/FNIP2, FNIP1/Tsc1, and FNIP2/Tsc1 further increased 

GR binding to dexamethasone (Figure 4E). These data reflect our earlier observation 

of increased GR activity. Additionally, our data demonstrated that combined expression 

of FNIP1/FNIP2, FNIP1/Tsc1, and FNIP2/Tsc1 enhanced ERα binding to its ligand (β-

estradiol-biotin) (Figures 4F, 4G, and S4B). Taken together, FNIPs and Tsc1 enhance GR 

and ERa binding to their ligands and, consequently, stimulate their activity.

Hsp90 induces conformational alterations in GR LBD

Previous work has shown that Hsp90 binds to the GR LBD (Simons et al., 1989); however, 

the structural interaction of FNIPs and Tsc1 co-chaperones in this complex remains elusive. 

We initially co-expressed FNIP1-HA with different functional domains of GR-FLAG 

(Figure 5A) in HEK293 cells and showed that FNIP1 and FNIP2 interact with both 

the ligand and DNA-binding domains (Figures 5B and 5C). Surprisingly, Tsc1 interacted 

exclusively with the LBD of GR (Figure 5D).
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Since our findings clearly demonstrate that the Hsp90 chaperone machinery influences GR 

ligand binding, we dissected this process at the structural level. Molecular simulations of 

GR ligand binding and release highlighted three α helices (α-helix-3, −7, and −11) in the 

GR LBD that move to form a site for ligand entry and exit from the ligand-binding pocket 

(Figure 5E) (Edman et al., 2015). We used limited proteolysis-coupled mass spectrometry 

(LiP) analysis to determine the impact of Hsp90 and dexamethasone on the conformation of 

recombinant GR protein (Figure 5F; Table S3). We found that three peptides in the GR LBD 

lost protease sensitivity in at least one of the conditions. The region of D641-Y648, which 

connects α-helix-10 and −11, lost protease sensitivity in the presence of dexamethasone. 

Addition of Hsp90α precluded protease sensitivity of the carboxy-end of α-helix-7 (I701-

W712), which is important for positioning the ligand entry/exit pore. Notably, peptide S746-

N759, which partially comprises the ligand-dependent transcriptional activation domain-2 

(AF-2) (MacGregor and Jordan, 1998) in helix-12, lost protease sensitivity under both 

conditions. Collectively, our results show that the Hsp90:co-chaperone complex interacts 

with GR through the LBD and subsequently alters the LBD conformation.

DISCUSSION

Hsp90 is involved in maintaining the stability and activity of its client proteins. The 

chaperone function of Hsp90 is regulated by co-chaperones. However, it is unclear how 

specialized co-chaperones in higher eukaryotes, such as FNIPs and Tsc1, work in concert 

to regulate the activation of client proteins. Our previous work has shown that FNIPs and 

Tsc1 decelerate the ATPase activity of Hsp90 and behave as a scaffold for client protein 

binding to the chaperone machinery. Here, we provide evidence that FNIP2 amino-terminal 

domain (FNIP2-AB), contrary to FNIP1, binds to the carboxy-domain of Hsp90. These 

data confirm that these two co-chaperones are not functionally identical, as suggested 

by previous work (Hasumi et al., 2008). Our network analysis provided further evidence 

that FNIP1 and Tsc1 function in similar cellular pathways and interact with a largely 

overlapping set of proteins and, notably, each other. In contrast, FNIP2 and Tsc1 form 

mutually exclusive complexes with FNIP1 and Hsp90. It is noteworthy that FNIP1, FNIP2, 

and Tsc1 interactomes revelated additional hits involved in pathways such as transcription 

and chromatin remodeling that warrant further investigation.

This raises the question of what is the physiological benefit of these hetero-co-

chaperone:Hsp90 complexes? Our data presented here suggest that the responsiveness 

of the SHR upon ligand binding depends on their association with the specific in vivo 
Hsp90:co-chaperone sub-populations, potentially allowing cells to fine-tune SHR response 

to varying agonist availability (Figure 6). Based on our data presented here, we propose 

that these co-chaperones, in complex with Hsp90, aid in the necessary repositioning of the 

C terminus of GR LBD, priming GR for ligand binding (Fang et al., 2006; Kaziales et 

al., 2021). Furthermore, these results suggest that levels of FNIPs and Tsc1 proteins may 

be useful biomarkers for determining patient responsiveness to hormone therapy. Mutation 

and inactivation of Tsc1 results in a multifaceted syndrome called tuberous sclerosis 

(TS) classified by tumors in different organs such as the skin, heart, lung, and kidneys. 

Patients with TS may be less likely to respond to hormone-derived drugs such as the ER 

agonists raloxifene and tamoxifen, which are commonly used to treat breast cancer. Further 
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understanding of the mechanism in which these co-chaperones enhance SHR ligand affinity 

will be critical to uncovering the precise translational application of the results presented 

here.

SHRs are a well-characterized class of Hsp90 clients, and previous works provide a 

compelling model for GR activation by Hsp90 in vitro (Kirschke et al., 2014; Lorenz et al., 

2014; Murphy et al., 2003). Additionally, previous studies have also suggested that Hsp90 

participates in the activation process by maintaining SHRs in a high-affinity ligand-binding 

conformation (Fang et al., 1996). Our results are in agreement with this; however, previous 

studies did not take into account the influence of highly specialized co-chaperones such 

as FNIPs and Tsc1 in eukaryotes. In this study, we took advantage of our previously 

established yeast system (Mollapour et al., 2010; Piper et al., 2003; Sager et al., 2019) 

and dissected the impact of these co-chaperones toward SHR activity and ligand binding. 

Our findings provide further evidence that FNIP1/2 together, as well as FNIP1/Tsc1, can 

form heterotrimeric complexes with Hsp90 and increase binding of SHRs, such as GR 

and ERα, to their ligands. FNIP2 and Tsc1 also form mutually exclusive complexes with 

Hsp90 and consequently increase SHR activity. Proteins that increase the transcriptional 

activity of SHR are generally termed “co-activators” and contain an “LxxLL” motif that 

interacts with the AF-2 domain of SHR (Heery et al., 1997; Savkur and Burris, 2004). 

Intriguingly, FNIP1, FNIP2, and Tsc1 all contain LxxLL motifs (FNIP1 262LSSLL266; 

FNIP2 245LSSLL249; Tsc1 113LPSLL117), suggesting that these co-chaperones may be 

SHR co-activators. Interestingly, expression of Tsc1 with either FNIP1 or FNIP2 provides 

increased activation relative to FNIP-only combinations, despite our finding that FNIP2 

and Tsc1 do not work in the same complex. This suggests that the FNIPs and Tsc1 have 

complementary, but not redundant, function toward client activation.

We have previously shown that knock down of FNIP1, FNIP2, or Tsc1 is detrimental to 

the stability of kinase and non-kinase clients. Surprisingly, over-expression of Tsc1 had a 

negative impact on kinase protein levels, whereas over-expression of FNIP1 or FNIP2 led 

to an increase in kinase client protein levels. This is in line with our findings here that 

Tsc1 negatively impacted v-Src and Slt2 activity compared with the FNIPs, which enhanced 

v-Src and Slt2 activity (Figure 3A). One possible explanation for the observed differences 

in FNIPs’ and Tsc1’s impact on kinase clients is that the FNIPs, but not Tsc1, interact 

with several other co-chaperones including p23 and Hop. While Hop engages the Hsp90 

system early in the chaperone cycle to bridge client proteins to Hsp90 from Hsp70, p23 

is considered a late-acting co-chaperone involved in the final steps of the chaperone cycle. 

FNIPs binding to these co-chaperones suggests they may be found throughout the entirety 

of the chaperone cycle, whereas Tsc1 may be a more specialized co-chaperone present only 

early in the Hsp90 cycle. However, due to the exquisite complexity and number of other 

co-chaperones, it is difficult to disentangle the exact temporal steps of FNIP1, FNIP2, and 

Tsc1 in the Hsp90 chaperone cycle. Notably, all three of these co-chaperones can be in 

complex with the co-chaperone PP5 (Woodford et al., 2016, 2017), a protein phosphatase 

that dephosphorylates and inactivates GR (Wang et al., 2007; Zuo et al., 1999). The Hsp90 

co-chaperones FKBP51 and -52 are also specialized SHR co-chaperones that regulate SHR 

maturation and play a role in translocation of ligand-bound SHR to the nucleus (Guy et al., 

2015; Mazaira et al., 2021; Riggs et al., 2007). While it remains unknown whether FNIPs 
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and Tsc1 are important for subcellular localization of SHR, the current understanding of 

SHR activation would suggest that all components of the complex present at the time of 

ligand binding localize to the nuclear membrane. Whether FNIPs and Tsc1 interact with 

FKBP51/52 is also unknown and may provide a clue as to the importance of FNIPs and Tsc1 

in SHR translocation.

Post-translational modification (PTM) tunes Hsp90 chaperone and co-chaperone function 

and co-chaperone interaction. This constellation of PTM-mediated regulatory signals is 

collectively known as the chaperone code (Backe et al., 2020). We and others have reported 

PTMs of Tsc1 (Astrinidis et al., 2003; Lee et al., 2008; Li et al., 2018), FNIP1 (Manford et 

al., 2020; Sager et al., 2019), and PP5 (Dushukyan et al., 2017). We have also previously 

unraveled a CK2- and PP5-dependent mechanism that acts to titrate FNIP1 interaction 

with Hsp90 (Sager et al., 2019). This system is likely to be a critical determinant of GR 

ligand binding and maturation and potentially also the other SHRs. Further, Hsp90 itself 

exhibits decreased MD acetylation (residues K407/K419) in response to Tsc1 loss, and in 

fact, Tsc1 requires this acetylation for its interaction with Hsp90 (Woodford et al., 2019). 

This modification could potentially allow Hsp90 to discriminate between these specialized 

co-chaperone complexes, though its impact on FNIP-mediated regulation of Hsp90 function 

remains an open question.

Limitations of the study

It is noteworthy that we did not observe some of the common clients of Hsp90 in our 

FNIP1, FNIP2, or Tsc1 interactome. It is not unusual, based on previously published work, 

to not be able to see the established interacting proteins through mass spectrometry analysis. 

This could be potentially because of their nature of transient interaction. Crucially, our 

interactome findings revealed an interaction between FNIP1 and Tsc1 that was previously 

unknown. Here, we use point mutations and truncation constructs to dissect the binding 

mechanism for FNIP1, FNIP2, and Tsc1 to Hsp90 and each other. Most of these mutants 

have been previously characterized and are known to properly fold; however, there is still the 

possibility that some of the results presented here could be affected by misfolding or altered 

conformation of mutant or truncated proteins.

STAR★METHODS

RESOURCE AVAILABILITY

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 PRIDE (Perez-Riverol et al., 2019) 
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partner repository 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 SUBJECT DETAILS

Cell lines—Cultured human embryonic kidney (HEK293) cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine 

serum (FBS, Sigma-Aldrich). HEK293 cells were acquired from (American Type Culture 

Collection, ATCC). Cells were maintained in a CellQ incubator (Panasonic Healthcare) at 

37°C in an atmosphere containing 5% CO2.

Plasmids—For mammalian expression pcDNA5-FNIP1-HA and pcDNA5-FNIP1-D-HA, 

pcDNA3-Hsp90α truncations (Woodford et al., 2016), pcDNA3-FNIP1-FLAG and 

pcDNA3-FNIP1-D-FLAG (Sager et al., 2019), pcDNA3.1-Tsc1-FLAG and pcDNA3.1-

Tsc1-D-FLAG (Woodford et al., 2017) constructs were cloned previously. pcDNA3-FNIP2-

FLAG, pRS422-ADH-FNIP1-myc, pRS422-ADH-FNIP2-myc, pRS422-ADH-Tsc1-myc, 

p424-ADH-FNIP1-FLAG, p424-ADH-FNIP2-FLAG, and p424-ADH-Tsc1-FLAG were 

subcloned using the restriction enzymes into their respective vectors (see Table S4). The 

empty vectors (EV) containing these tags were used and also referred to as controls. 

pHCA/rGR (Garabedian and Yamamoto, 1992), constitutively expressing glucocorticoid 

receptor (GR) under control of the Alcohol dehydrogenase promoter (ADH1), the GRE 

reporter vector pΔDS26X, a URA3 vector which expresses β-galactosidase (encoded by 

lacz) as a reporter gene under control of a promoter bearing 3×GR response elements 

(Schena et al., 1989) was reported previously (Sager et al., 2019). pUCdeltaSS-ERE (Picard 

et al., 1990), 2xRLM1-LacZ reporter plasmid (Truman et al., 2006), 4XHSE-LacZ-pUp41a 

(Truman et al., 2006), and YpRS426-GAL1-v-Src plasmid (Murphy et al., 1993) were all 

reported previously. pcDNA3.1-GR-FLAG and truncation constructs, p413-GPD-V5-ERα, 

and p413-GPD-V5-AR were synthesized by Genscript. Point mutations were made using 

site-directed mutagenesis (see Table S4) and confirmed by DNA sequencing.

Yeast strains—The yeast strain pp30 (MATa, trp1-289, leu2-3,112, his3-200, ura3-52, 
ade2-101, lys2-801, hsc82KANMX4, hsp82KANMX4) expressing Hsp90α-Ycplac111 as 

the sole Hsp90 was used in this study. These yeast strains were reported previously 

(Mollapour et al., 2011).

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 (Adams et al., 1997). Medium pH was adjusted to 6.8 

with NaOH before autoclaving.
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Protein extraction, IP and immunoblotting—Protein extraction from both yeast and 

mammalian cells was carried out using methods previously described (Mollapour et al., 

2010). For immunoprecipitation, mammalian cell lysates were incubated with anti-FLAG 

or anti-HA antibody conjugated agarose beads (Sigma) for 2 h at 4°C. Immunopellets 

were washed 4 times with fresh lysis buffer (20mM Tris-HCl (pH 7.4), 100 mM NaCl, 

1 mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche), and PhosSTOP (Roche)) 

and eluted in 5x Laemmli buffer. Precipitated proteins were separated by SDS-PAGE and 

transferred to nitrocellulose membranes. Co-immunoprecipitated proteins were detected 

by immunoblotting with antibodies recognizing FLAG, 6x-His (ThermoFisher Scientific), 

Hsp90-835-16F1, GAPDH, p23 (ENZO Life Sciences), Tsc1, FLCN, GR, Myc, V5, 

GAPDH, Hsp90α, FNIP2, c-Src (Cell Signalling), phospho-tyrosine, v-Src (Millipore), 

FNIP1, FNIP2 (NCI), FNIP1 (antibodies-online.com), Aha1 (StressMarq Biosciences), HA 

(Roche). Secondary antibodies raised against mouse, rabbit, and rat (Cell Signaling) and 

goat (Santa Cruz Biotechnology) were used (See Key resources table).

Protein extraction from yeast—Yeast cells were collected from liquid culture by 

centrifugation and resuspended in 500μL of protein extraction buffer (20mM Tris-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. To lyse the cells, tubes 

were agitated using a bead beater (mini-Beadbeater 8, Biospec 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 new microfuge tube and centrifuged (10,000Xg; 10 min) to pellet insoluble aggregates. 

Supernatant was then transferred to a fresh microfuge.

Assays for Hsp90 client activity in yeast—Expressed v-Src protein were 

detected with v-Src antibody (Millipore). v-Src activity was determined by detecting 

tyrosine phosphorylation with 4G10 mouse anti-phosphotyrosine antibody (Millipore). 

β-galactosidase assay for measuring GRE-LacZ expression (Garabedian and Yamamoto, 

1992), ERE-LacZ (Picard et al., 1990), HSE-LacZ expression (Hjorth-Sorensen et al., 2001), 

and RLM1-LacZ (Truman et al., 2006) were described previously (Mollapour et al., 2014). 

Note that GRE-LacZ reporter was also used to measure AR activity (Picard et al., 1990).

β-Galactosidase assay—Yeast cells expressing the appropriate steroid hormone receptor 

(GR, AR, ER) and their element-Lac-Z reporter were grown overnight to exponential phase 

with a cell density of 2–3×106 cells per ml in 50mL of the same medium at 30°C. Then 

30μM dexamethasone (Dex), 20nM Dihydrotestosterone (DHT), or 200nM β-Estradiol. 

was added and followed by incubation at 30°C for 2.5hr before SHE-LacZ activity was 

measured. Heat shock element (HSE)-LacZ expressing yeast cells were heat shock at 

39°C for 40 min. Cells were collected by centrifugation (2000×g; 5 min), washed once 

with dH2O, and frozen at −80°C. β-Galactosidase activity was measured as previously 

described (Mollapour et al., 2011). Cell lysate (10μL) was mixed with equal volume of 2X 

Z-buffer (60mM Na2HPO4, 5mM KCl, 0.5mM MgSO4, pH adjusted to 7.0). The mixture 

was added to 700μL of 2mg/ml ONPG solution (O-Nitro-phenyl-β-D-galactopyranoside 

dissolved in 1X Z buffer) prewarmed at 30°C. The reaction was stopped by adding 500μL 

Backe et al. Page 11

Cell Rep. Author manuscript; available in PMC 2022 July 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://antibodies-online.com/


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 assay. 

The β-Galactosidase activity was calculated using the following formula: Enzyme Activity = 

1000×OD420/minute/[10μL×protein concentration(μg/μl)].

Mass spectrometry analysis—Immunoprecipitated samples were loaded onto an SDS-

PAGE gel and following Coomassie staining visible bands were manually cut into small 

pieces approximately 1 mm × 1 mm. 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 were processed by MaxQuant and proteins were identified by database 

searching with Uniprot human database. Data are presented in (Table S1).

Limited proteolysis coupled mass spectrometry analysis—Limited proteolysis of 

GR was achieved by exposing 10μg recombinant GR (0.5 μg/μL; Thermo Scientific) +/−1.0 

μg recombinant Hsp90α to 2.0 μg/mL TPCK-treated trypsin (Sigma) for 6 min on ice, 

as previously described (Woodford et al., 2021). Digest was loaded onto an SDS-PAGE 

gel and following Coomassie staining visible bands were manually cut into small pieces 

approximately 1 mm × 1 mm. 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 were processed by MaxQuant and proteins were identified by database searching 

with Uniprot human database. Data are presented in (Table S1).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using GraphPad Prism version 9.2.0 for macOS (GraphPad 

Software, La Jolla, California, USA, www.graphpad.com). Statistical significance was 

ascertained between individual samples using Tukey’s multiple comparisons test (Table S3). 

Significance was denoted as asterisks in each figure: *p < 0.05; **p < 0.05; ***p < 0.005; 

****p < 0.0005. Error bars represent the standard deviation (S.D.) for three independent 

experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FNIP1 forms mutually exclusive functional complexes with FNIP2 and Tsc1 

co-chaperones

• Hsp90 co-chaperone complexes differentially regulate client protein activity

• FNIP1/2 and Tsc1 enhance steroid hormone receptor ligand binding and 

activity

• Hsp90 induces structural changes in the glucocorticoid receptor ligand-

binding pocket
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Figure 1. Hsp90 catalytic loop facilitates binding of Tsc1 and FNIPs co-chaperones
(A) FNIP1-FLAG, FNIP2-FLAG, or Tsc1-FLAG was transiently expressed in HEK293 

cells. FLAG-tagged proteins were isolated by immunoprecipitation (IP) and subject to liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) to identify interacting proteins. 

Interacting proteins were divided into categories based on biological function using https://

string-db.org. See also Figure S1.

(B) FNIP1-HA, FNIP2-HA, or empty vector (EV; control) was immunoprecipitated from 

HEK293 cells. coIP of Tsc1 was examined by immunoblot.
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(C) Tsc1-FLAG was immunoprecipitated from HEK293 cells. coIP of FNIP1 or FNIP2 was 

examined by immunoblot. GAPDH was used as a loading control.

(D) Hsp90α-FLAG-wild type (WT) and -V411E were transiently transfected and 

immunoprecipitated from HEK293 cells. EV was used as a control. coIP of co-chaperones 

were examined by immunoblot.

(E) Full-length Hsp90α-FLAG or Hsp90 without the catalytic loop (ΔCAT) was expressed 

and immunoprecipitated from HEK293 cells. coIP of clients and co-chaperones was 

evaluated by immunoblot. EV was used as a control.

(F) Structure of a single Hsp90β protomer (PDB: 5FWK) with the catalytic residues colored 

as follows: red, N396; orange, I397; yellow, S398; green, R399; blue, E400; purple, M401; 

pink, L402; black, Q403. Structures were rendered using Chimera v.1.12 (UCSF).

(G) Heatmap representation of Hsp90α-FLAG catalytic point mutant interaction with co-

chaperones. See also Figure S2.
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Figure 2. Architecture of FNIP2 co-chaperone association with Hsp90
(A) Schematic of FNIP1 and Tsc1 carboxy-domains (FNIP1-D, Tsc1-D) binding to the 

middle domain of Hsp90.

(B) Domains of FNIP2-HA were transiently expressed in HEK293 cells and isolated by IP. 

Endogenous Hsp90 coIP was evaluated by immunoblot. EV was used as a control. The ratio 

of Hsp90-coIP:FNIP2-IP was determined by densitometry.
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(C) Hsp90-binding domain of FNIP2 was divided into smaller fragments, which were 

subsequently expressed and isolated from HEK293 cells. coIP of endogenous Hsp90 was 

examined by immunoblot. EV was used as a control.

(D) Hsp90α-FLAG domains were co-transfected in HEK293 cells with FNIP2-AB-HA. 

Hsp90α domains were isolated, and coIP of FNIP2-AB-HA was examined by immunoblot. 

EV was used as a control.

(E) FNIP1-D-HA and FNIP1-D-FLAG were co-expressed in HEK293 cells. FNIP1-D-

FLAG was isolated by IP. coIP of FNIP1-D-HA was examined by immunoblot. FNIP1-D-

HA transfection without FNIP1-D-FLAG was used as a control.

(F) FNIP1-D-FLAG and FNIP2-AB-HA were co-expressed in HEK293 cells. FNIP1-D-

FLAG was immunoprecipitated, and coIP of FNIP2-AB-HA was evaluated by immunoblot. 

FNIP2-AB-HA expressed alone was used as a control.

(G) Schematic representation of FNIP1-carboxy-domain and FNIP2-amino-domain binding 

to Hsp90-MD or Hsp90-MD and -CTD, respectively.

(H) Tsc1-D-FLAG was transfected alone or with FNIP1-D-HA in HEK293 cells. coIP of 

Tsc1-D-FLAG with FNIP1-D-HA was examined by immunoblot.
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Figure 3. Differential regulation of client protein activity by FNIPs and Tsc1 co-chaperones
(A) GAL1-v-SRC was transformed into yeast cells with human Hsp90α, containing 

different combinations of FNIP1-myc, FNIP1-FLAG, FNIP2-myc, FNIP2-FLAG, Tsc1-

myc, or Tsc1-FLAG. Empty vector (EV) was used as a control. Cells were grown on 

glucose (−) or galactose (+) media. v-Src activity was examined by immunoblotting for 

total phosphotyrosine. v-Src, Hsp90α, and co-chaperone expression was determined by 

immunoblotting. v-Src activity was quantified by densitometry of total phosphotyrosine 
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from samples grown on galactose (+) media. Tukey’s multiple comparisons test was 

performed to assess statistical significance (****p < 0.0005).

(B) RLM1-LacZ activity was measured in yeast expressing human Hsp90α and containing 

different combinations of FNIP1-myc, FNIP1-FLAG, FNIP2-myc, FNIP2-FLAG, Tsc1-

myc, or Tsc1-FLAG. Empty vector (EV) was used as a control. Cells were grown to mid-log 

phase and stressed with 8 mM caffeine for 4 h. Data are presented as mean ± standard 

deviation derived from three independent experiments. Tukey’s multiple comparisons test 

was performed to assess statistical significance (****p < 0.0005). Hsp90α and co-chaperone 

expression was determined by immunoblotting.

(C) HSE-LacZ was transformed into yeast cells with human Hsp90α and containing 

different combinations of FNIP1-myc, FNIP1-FLAG, FNIP2-myc, FNIP2-FLAG, Tsc1-

myc, or Tsc1-FLAG. Empty vector (EV) was used as a control. Cells were heat shocked at 

39°C for 40 min, and heat-shock response was measured in three independent experiments. 

All data represent mean ± standard deviation (SD). Tukey’s multiple comparisons test was 

performed to assess statistical significance (****p < 0.0005). Hsp90α and co-chaperone 

expression was determined by immunoblotting.

(D) Percentage of client activity (Figures 3A–3C) represented as a heatmap.
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Figure 4. FNIPs and Tsc1 co-chaperones enhance the activity and ligand binding of steroid 
hormone receptors
(A) GR activity was measured in yeast expressing human Hsp90α and containing different 

combinations of FNIP1-myc, FNIP1-FLAG, FNIP2-myc, FNIP2-FLAG, Tsc1-myc, or Tsc1-

FLAG. Empty vector (EV) was used as a control. Cells were grown to mid-log phase 

followed by the addition of 30 μM dexamethasone final concentration. Data are presented 

as mean ± standard deviation derived from three independent experiments. Tukey’s multiple 

comparisons test was performed to assess statistical significance (****p < 0.0005). Hsp90α 
and co-chaperone expression was determined by immunoblotting.
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(B) AR activity was measured as above, using 20 nM DHT as ligand in place of 

dexamethasone.

(C) ER activity was measured as above, with the exception of 200 nM β-estradiol that was 

used in place of dexamethasone.

(D) Percentage of SHR activity (Figures 4A–4C) represented as a heatmap.

(E) Lysates from yeast expressing human GR and Hsp90α and containing different 

combinations of FNIP1-myc, FNIP1-FLAG, FNIP2-myc, FNIP2-FLAG, Tsc1-myc, or 

Tsc1-FLAG were collected and incubated with biotinylated dexamethasone. Streptavidin-

coated agarose beads were used to isolate the fraction of GR bound to the biotinylated 

dexamethasone. Relative GR affinity for ligand was determined by immunoblotting. Empty 

vector (EV) was used as a control. See also Figure S4.

(F) Lysates from yeast expressing human ERα and Hsp90α and containing different 

combinations of FNIP1-myc, FNIP1-FLAG, FNIP2-myc, FNIP2-FLAG, Tsc1-myc, or 

Tsc1-FLAG were collected and incubated with biotinylated β-estradiol. Streptavidin-coated 

agarose beads were used to isolate the fraction of ERα bound to the biotinylated β-estradiol. 

Relative ERα affinity for ligand was determined by immunoblotting. Empty vector (EV) 

was used as a control. See also Figure S4.

(G) Percentage of SHR bound to ligand (Figures 4E and 4F) at the lowest ligand 

concentration (0.1 μM dexamethasone-biotin, 10 nM β-estradiol-biotin) represented as a 

heatmap.
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Figure 5. Hsp90 induces conformational alterations in glucocorticoid receptor ligand-binding 
domain
(A) Schematic representation of GR domains.

(B) GR-FLAG-WT and -domains were co-expressed with FNIP1-HA. GR domains were 

isolated by FLAG IP. coIP of FNIP1-HA was assessed by immunoblot. GAPDH was used as 

a loading control.

(C) GR-FLAG-WT and -domains were co-expressed with FNIP2-HA. GR domains were 

isolated by FLAG IP. coIP of FNIP2-HA was determined by immunoblot. GAPDH was used 

as a loading control.
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(D) GR-FLAG-WT and -domains were co-expressed with Tsc1-HA. GR domains were 

isolated by FLAG IP. coIP of Tsc1-HA was assessed by immunoblot. GAPDH was used as a 

loading control.

(E) Ribbon structure of GR LBD bound to dexamethasone (PDB: 4UDC). Helices important 

for positioning the ligand entry/exit pore (α-helix-3, -7, -11, and -12) are colored blue. 

Residues that make contact with dexamethasone (Q570, N564, T739) are colored orange. 

Dexamethasone is colored green.

(F) Ribbon structure of GR LBD bound to dexamethasone (PDB: 4UDC) with peptides 

identified by LiP highlighted. Red, peptides 701–712; blue, peptides 641–648; purple, 

peptides 746–759. Structures were rendered using Chimera v.1.14 (UCSF).
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Figure 6. Hsp90:co-chaperone complexes regulate GR response to ligand
Schematic model of the cellular pool of Hsp90:co-chaperone complexes. Hsp90 exists in 

complex with different combinations of co-chaperones, which aid in scaffolding of clients 

such as GR to Hsp90. When cellular concentrations of ligand are low, only the co-chaperone 

complexes that promote the highest ligand-affinity client conformation allow ligand binding 

and subsequent activity. When excesses ligand is present, all Hsp90:co-chaperone complexes 

promote GR ligand binding and activity. Hsp90 is depicted as blue ovals, co-chaperones are 

depicted as colored rectangles (red, FNIP1; yellow, FNIP2; blue, Tsc1), GR is shown as a 

purple circle, and dexamethasone is depicted as white stars.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

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

Rat anti-Hsp90 (16F1) Enzo Life Sciences Cat# ADI-SPA-835; RRID:AB_11181205

Mouse anti-GAPDH (1D4) Enzo Life Sciences Cat# ADI-CSA-335; RRID:AB_10617247

Rabbit anti-PP5 Cell Signaling Technology Cat# 2289; RRID:AB_2168757

Rabbit anti-phospho-Akt S473 (D9E) Cell Signaling Technology Cat# 2289; RRID:AB_2315049

Mouse anti-Akt (2H10) Cell Signaling Technology Cat# 2967; RRID:AB_331160

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

Rabbit anti-HA tag (C29F4) Cell Signaling Technology Cat# 3724; RRID:AB_1549585

Rat anti-HA tag (3F10) Roche Cat# 3F10; RRID:AB_2314622

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

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

Rabbit anti-FNIP1 (181) NCI (Baba et al., 2006) n/a

Rabbit anti-FNIP2 (3G) NCI (Hasumi et al., 2008) n/a

Rabbit anti-Tsc1 (D43E2) Cell Signaling Technology Cat# 6935; RRID:AB_10860420

Rat anti-Aha1 (25F2.D9) StressMarq Biosciences Cat# SMC-172; RRID:AB_2242422

Rabbit anti-p23 Enzo Life Sciences Cat# ADI-SPA-670; RRID:AB_10617386

Rabbit anti-FLCN (D14G9) Cell Signaling Technology Cat# 3697; RRID:AB_2231646

Mouse anti-Src (L4A1) Cell Signaling Technology Cat# 2110; RRID:AB_10691385

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

Rabbit anti-Hsp90α (D1A7) Cell Signaling Technology Cat# 8165; RRID:AB_11217436

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

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

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

Chemicals, peptides, and recombinant proteins

Caffeine Millipore-Sigma Cat# C0750-500G

Dexamethasone Millipore-Sigma Cat# D4902

DHT Millipore-Sigma Cat# D-073

β-Estradiol Millipore-Sigma Cat# E2758

Dexamethasone-Biotin Santa Cruz Biotech Cat# sc-499756

β-Estradiol-Biotin Fitzgerald Industries Cat# 65R-AE001

Recombinant GR ThermoFisher Scientific Cat# A15663

Recombinant Hsp90α Dr. Chrisostomos Prodromou, University of 
Sussex

n/a

Critical commercial assays

Mirus TransIT-2020 MirusBio Cat# MIR5405
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-FLAG M2 affinity gel Millipore-Sigma Cat# A2220; RRID:AB_10063035

Anti-HA agarose ThermoFisher Scientific Cat# 26182; RRID:AB_2532162

Deposited data

Raw and analyzed data This paper ProteomeXchange Consortium via the PRIDE; 
PDX030486

Experimental models: cell lines

HEK293 ATCC Cat# CRL-1573; RRID:CVCL_0045

Experimental models: organisms/strains

PP30-Hsp90α (Piper et al., 2003) n/a

Oligonucleotides

DNA primers Eurofins Genomics See Table S4

Recombinant DNA

pcDNA3-cFLAG (Sanjabi et al., 2005) RRID:Addgene_20011

pcDNA5-FNIP1-HA (Baba et al., 2006) n/a

pcDNA5-FNIP1-D-HA (Baba et al., 2006) n/a

pcDNA3-FNIP1-FLAG (Sager et al., 2019) n/a

pcDNA3-FNIP2-FLAG This study n/a

pcDNA5-FNIP2-HA (Hasumi et al., 2008) n/a

pcDNA3.1-Tsc1-FLAG (Woodford et al., 2016) n/a

pcDNA3-Tsc1-HA (Hu et al., 2008) RRID:Addgene_19911

pcDNA3.1-Tsc1-D-FLAG (Woodford et al., 2016) n/a

pRS422-ADH-FNIP1-myc This study n/a

pRS422-ADH-FNIP2-myc This study n/a

pRS422-ADH-Tsc1-myc This study n/a

p424-AHD-FNIP1-FLAG This study n/a

p424-AHD-FNIP2-FLAG This study n/a

p424-AHD-Tsc1-FLAG This study n/a

p413-GPD-V5-AR This study n/a

p413-GPD-V5-ERα This study n/a

pcDNA3.1 GR-FLAG This study n/a

p424-ADH ATCC Cat# 87373

pRS422-ADH ATCC Cat# 87479

pHCA/rGR (Garabedian and Yamamoto, 1992) n/a

PΔDS26X (Schena et al., 1989) n/a

2xRLM1-LacZ (Truman et al., 2006) n/a

4XHSE-LacZ-pUp41a (Truman et al., 2006) n/a

YpRS426-GAL1-v-Src (Murphy et al., 1993) n/a

pUCdeltaSS-ERE (Picard et al., 1990) RRID:Addgene_108217
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